O@ g:ol:; ~Electrc

BIC-stimulated tunable second-harmonic generation in transition metal
dichalcogenide film coupled with high-quality dielectric metasurface
Alena A. Nazarenko, Alexander I. Musorin, Boris S. Luk'yanchuk and Andrey A. Fedyanin

Citation: Nazarenko AA, Musorin Al, Luk’yanchuk BS, et al. BIC-stimulated tunable second-harmonic generation in
transition metal dichalcogenide film coupled with high-quality dielectric metasurface. Opto-Electronics Plus 1,
250003(2025).

Received: 13 June 2025; Accepted: 28 July 2025; Published online: 31 July 2025

Related articles

Dual bound states in the continuum enhanced second harmonic generation with transition metal
dichalcogenides monolayer

Peilong Hong, Lei Xu, Mohsen Rahmani

Opto-Electronic Advances 2022, 5(7): 200097 doi: 10.29026/0ea.2022.200097

Resonantly enhanced second- and third-harmonic generation in dielectric nonlinear metasurfaces
Ji Tong Wang, Pavel Tonkaev, Kirill Koshelev, Fangxing Lai, Sergey Kruk, Qinghai Song, Yuri Kivshar, Nicolae C. Panoiu
Opto-Electronic Advances 2024, 7(5): 230186 doi: 10.29026/0ea.2024.230186

Light-matter interaction in strong coupling regime based on bound states in the continuum
Peijuan Dai, Hetan Chen, Wei Wang
Opto-Electronics Plus 2025, 1(1): 250005 doi: 10.29026/0ep.2025.250005

High-Q resonances governed by the quasi-bound states in the continuum in all-dielectric metasurfaces
Cizhe Fang, Qiyu Yang, Qingchen Yuan, Xuetao Gan, Jianlin Zhao, Yao Shao, Yan Liu, Genquan Han, Yue Hao
Opto-Electronic Advances 2021, 4(6): 200030 doi: 10.29026/0ea.2021.200030

More related articles in Opto-Electronic Journals Group website E

MFI“
L[]

M Opto-Electronic
Journals Group

L) OE_Journal . 4 @OptoElectronAdv


https://www.oejournal.org/oep/
https://www.oejournal.org/article/doi/10.29026/oea.2022.200097
https://www.oejournal.org/article/doi/10.29026/oea.2022.200097
https://doi.org/10.29026/oea.2022.200097
https://www.oejournal.org/article/doi/10.29026/oea.2024.230186
https://doi.org/10.29026/oea.2024.230186
https://www.oejournal.org/article/doi/10.29026/oep.2025.250005
https://doi.org/10.29026/oep.2025.250005
https://www.oejournal.org/article/doi/10.29026/oea.2021.200030
https://www.oejournal.org/article/doi/10.29026/oea.2021.200030
https://www.oejournal.org/article/doi/10.29026/oea.2021.200030
https://doi.org/10.29026/oea.2021.200030
https://www.oejournal.org/article/doi/#relative-article
https://www.oejournal.org/article/doi/#relative-article

Opto-Electronics
Plus

www.oejournal.org/oep

oz5)

Article

July 2025, Vol. 1, No. 1

DOI: 10.67704/0ep.2025.250003

BIC-stimulated tunable second-harmonic generation in transition
metal dichalcogenide film coupled with high-quality dielectric

metasurface

Alena A. Nazarenko?, Alexander . Musorin®?, Boris S. Luk'yanchuk? and Andrey A. Fedyanin?*

Abstract: Atomically thin films of transition metal dichalcogenides (TMDCs) are a promising class of novel materials
that can contribute to the development of new information processing methods in optoelectronics and photonics.
However, the functionalities of TMDCs monolayers for nonlinear-optical applications are limited by the atomic
length of the light-matter interaction. Marrying these monolayers with resonant dielectric metasurfaces enables
higher efficiencies of nonlinear processes, thereby circumventing the aforementioned drawback. This paper demon-
strates the amplification of second-harmonic generation efficiency up to 3 orders of magnitude attributed to quasi-
bound state in the continuum (quasi-BIC). The enhancement occurs during the gradual spectral tuning of the quasi-
BIC state, excited in a metasurface made of titanium dioxide nanodisks, until its spectral position coincides with a
solitary bright exciton of a molybdenum diselenide monolayer. This spectral overlap is achieved by varying the angle
of incidence of incoming radiation.

Keywords: nonlinear optics; second-harmonic generation; transition metal dichalcogenides; bound states in the

continuum; dielectric metasurfaces

Introduction

The growing interest in two-dimensional films of transi-
tion metal dichalcogenides (TMDCs) is related to their
tunable optical and electrical properties, which open up
new possibilities for their applications in optoelectronics
and photonics'. TMDC monolayers form an X-M-X lattice
with atomic layers being weakly bonded to each other by
means of van der Waals coupling. An array of transition
metal atoms, M, is located between two arrays of chalcogen
atoms, X. Molybdenum, tungsten or chromium are often
used as transition metal atoms, while sulfur, selenium or
tellurium play the role of chalcogen atoms. Monolayers of
transition metal dichalcogenides exhibit a direct band gap?,
strong two-dimensional electron confinement and reduced
dielectric screening, leading to the formation of exciton
states at room temperature®*. The broken inversion symme-
try in TMDC monolayers results in notably high values of
second-order nonlinear susceptibility’~’, establishing them
as highly suitable candidates for optical second-harmonic

generation (SHG) applications.

The efficiency of nonlinear-optical effects in TMDC films
can be significantly increased by coupling them with reso-
nant metasurfaces® '>. Metasurfaces provide a pathway to
metadevices that enable comprehensive control over light
parameters'*!>. Since plasmonic metasurfaces have large
ohmic losses, the current research is focused on high-index
dielectric metasurfaces, the optical losses of which are
primarily determined by emission!®-’. The presence of Mie
resonances in dielectric metasurfaces results in the
enhancement of local fields, which in turn boosts the effi-
ciency of harmonic generation®?!-23,

In this paper, we demonstrate the amplification of the
nonlinear signal in the TMDC monolayer due to the inte-
gration of the film with a metasurface that supports high-
quality bound state in the continuum (BIC) resonance. We
propose a way to maximize the nonlinear signal by adjust-
ing the spectral position of the metasurface resonance
through varying the angle of incidence (AOI) of the funda-
mental radiation. This approach enables us to minimize the
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distortion of the resonance wavelength caused by inaccura-
cies and deviations in the manufacturing process and
simultaneously increase the overlap integral with excitons
of the TMDC film maximizing the SHG efficiency.

Results and discussions

Optical spectroscopy

The metasurface under study is a square array of TiO,
nanodisks on a transparent fused silica substrate (see Fig.
1(a)). The radius of the disks is = 185 nm, the disks’ height
is h = 120 nm, the period of the structure is p = 410 nm.
Molybdenum diselenide monolayer is chosen as a transi-
tion metal dichalcogenide, as it exhibits exciton resonant
feature in the spectral range of Ti: Sapp laser generation,
which is widely used in optical experiments due to wave-
length tunability, operation stability and appropriate
intensities. The MoSe, monolayer is characterized by a
Lorentzian second-order nonlinear susceptibility spectral
profile with an extremum around 800 nm’ (see Fig. 1(b)).
The thickness of the monolayer equals to 0.75 nm
(hgae = 0.75 nm). The dispersion of the complex refractive
index is consistent with the literature®* and presented in Fig.
1(b). The large absolute value of the imaginary part of the
MoSe; refractive index ~ 0.5 in the studied spectral range
does not significantly affect the transmission coefficient due
to the small thickness of the film. The mentioned above
parameters of the metasurface induce a quasi-BIC reso-
nance in the vicinity of MoSe, nonlinear susceptibility reso-
nance, as will be shown later.

The metasurface is irradiated with s-polarized light with
intensity of I, = 1 GW/cm?, which is a typical value for
nonlinear optical experiments’® and below the laser-
induced damage threshold of MoSe,’. The amplitude of the
incident  electric  field can be  estimated as

Ey =1/20\/thy/€0 8.7 x 107 V/m and the magnetic field

Hy = Eo\/&0/t, 2.3 x 10° A/m, where &, y, are vacuum
permittivity and vacuum permeability, respectively. The
power of the incident radiation in this case will be fairly
estimated as W, = [,p? ~1.7 W, where p* is the cell area
with a period of p. The calculations are carried out using
the finite element method in COMSOL Multiphysics soft-
ware and are described in detail in the Supplementary
materials.

Figure 2(a) shows the transmittance spectra of the sample
at several AOI. The calculations were performed in the
wavelength range from 700 nm to 850 nm, which includes
the spectral area around the maximum of nonlinear suscep-
tibility of the film and displays the positions of the quasi-
BIC resonance in the case of oblique incidence of light. The
transmittance spectrum for normal incidence has no reso-
nant features, which, however, emerge at oblique incidence
(see Fig.2(a)). For instance, a high-quality resonance is
observed at the wavelength of 712 nm at AOI = 1° (cyan
curve in Fig. 2(a)) and shifts to 730 nm at AOI = 10°. This
behavior is typical for quasi-bound states in the
continuum?. BIC modes do not vanish with system param-
eters variation, which allows to characterize them by topo-
logical invariants, or topological charges. For the further
check of the excited in the TiO, metasurface resonance we
evaluate a topological charge g according to the formulae:

q= % $.dk - Vi (k)>525, Here, ¢ (k) is the angle of
polarization vector and C is a closed circular path in
momentum space that goes around the studied mode in the
counterclockwise direction. According to our calculations,
described in detail in the Supplementary materials, the
topological charge of the studied system is equal to +1,
which proves the existence of the quasi-BIC resonance in
our system.

This high-quality resonance is the overlapped magnetic
dipole (MD, orange curve) and magnetic quadrupole (MQ,
violet curve) modes according to the multipole decomposi-
tion”?* shown in the Fig. 2(b). The minor contributions

Refractive index

700

750 800
Wavelength (nm)

850

Fig. 1 | (a) Schematic illustration of the sample; (b) spectra of the real (n, black curve) and imaginary (k, red curve) parts of the refractive index of the
MoSe, monolayer? and the spectrum of the second-order nonlinear susceptibility (y¥, blue curve).
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Fig. 2 | (a) Transmittance spectra at various AO/: 0° (black curve), 1° (cyan
curve), 10° (green curve), 21.5° (blue curve), 30° (red curve), (b) MD, MQ
modes and (c) ED, EQ modes of the multipole decomposition at 1° and
21.5° (the inset demonstrates the same spectra on a different scale).

from electric modes are displayed in the Fig. 2(c).

Estimations of the field amplitude enhancement are
carried out for the wavelength of 712 nm at AOI = 1° (see
Fig.3). Figure3 illustrate the electric field distribution
normalized by E, and Figure 3 are the magnetic field distri-
butions normalized by H,, where E, and H, are electric and
magnetic field amplitudes of the incident field. The strong
field localization due to the presence of quasi-BIC reso-
nance is observed inside the disk at the middle of its height.
The field amplification is equal to 180 for the electric field
and to 590 for the magnetic field. At the top of the disk,
where the nonlinear material is supposed to be located, the
amplification reaches 120 for the electric field and 400 for
the magnetic field (see Fig.3(c-f)), that is sufficient to
observe second-harmonic (SH) signal enhancement.

The quasi-BIC resonance aligns spectrally with the peak
of the nonlinear susceptibility of the MoSe; monolayer at
the AOI of 21.5° and the wavelength of 779 nm (see Figs.
1(b) and 2(a)). A further increase in the angle of incidence
up to 30° leads to the red shift of the BIC resonance to 822
nm. The resonances have high quality factors (Q-factors)
with transmittance dropping almost to zero. The asymmet-

ric Fano type lineshape of the resonances prompts the
calculation of Q-factor values using the Fano formula®,
which gives the following results: Q, = 6 x 10* for AOI = 1°,
Q = 614 for 10°, Qs = 275 for 21.5° and Q;, = 250 for
30°. An increase of the Q-factor value with decreasing
asymmetry of the system is another indication that the reso-
nance is a quasi-bound state in the continuum. Such modes
have been observed previously in similar nanodisk
arrays®**!. This increase in the Q-factor is accompanied by
growing local field values: 19 and 25 for the electric and
magnetic fields respectively at the AOI = 30°, 20 and 31 at
21.5°, 22 and 63 at 10° and the aforementioned values 180
and 590 at 1°.

Nonlinear-optical spectroscopy

This section describes the influence of varying Q-factors
and the overlap of resonances on the SHG process. The
source of the nonlinear signal is MoSe, monolayer placed
on top of the metasurface, where the local field enhance-
ment is 120 at AOI = 1° for the wavelength 712 nm. The
high values of local fields in the area of nonlinear material
allow for the significant values of nonlinear polarization
according to the formula PV (2w) = y® (w) E (0) E (w).
This value can be further increased at the exciton-induced
maximum of x® (w)of the TMDC monolayer. Thus, the
considerable values of SHG are expected to be observed in
the case of the spectral overlap of the quasi-BIC and exci-
ton resonances. The monolayer thickness is taken to be kg,
= 0.75 nm and dispersion of the complex refractive index
corresponds to literature* (see Fig. 1(b)). Calculations of
the nonlinear response of such hybrid metasurface are also
carried out using the finite element method in COMSOL
Multiphysics software by setting the surface current density
of the film, as described in detail in the Supplementary
materials.

Figure 4(a) shows the second-harmonic (SH) spectra for
five angles of incidence of s-polarized light in a logarithmic
scale: 0° (black curve), 1° (cyan curve), 10° (green curve),
21.5° (blue curve) and 30° (red curve). The only resonant
feature at normal incidence is associated with the bright
exciton state in the monolayer at the wavelength of 779 nm.
The SH signal at this fundamental wavelength reaches
6x1071® W. This value is similar in order of magnitude to
the response of the film placed on top of an unstructured
layer of TiO; of the same thickness of h = 120 nm. The
maximum of the SH signal in this structure is 1 x 1071° W
(calculations are not presented).

Two resonances are observed in second-harmonic spec-
tra at AOI = 1° and 10° (see Fig. 4(a)). The nature of the left
one is the quasi-BIC resonance of the metasurface, while
the right one is the material resonance of the two-dimen-
sional TMDC film at 779 nm. The SH signal power for 1° is
2 x 107* W at the wavelength of the structural resonance
(712 nm) and 6 x 1071© W at the exciton state. This corre-
sponds to a 33-fold SHG signal amplification due to the
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Fig. 3 | Normalized electric (a-c) and magnetic (d-f) field distributions inside a unit cell of the metasurface at AO/ = 1° at the resonance wavelength of the
quasi-BIC mode at 712 nm, respectively (cross sections at the middle of the disk’s height: (a,d); cross sections through the disk diameter: (b,e); cross
sections at the top of the disk: (c,f). Green arrows denote the electric and magnetic field directions.
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Fig. 4 | (a) Second-harmonic (SH) power spectra in a log-scale at various AOI: 0° (black curve), 1° (cyan curve), 10° (green curve), 21.5° (blue curve), 30° (red

curve), (b) angular-resolved SH power spectrum in a log-scale.

presence of the metasurfaceresonance. Thenonlinear signal at
10° turns out to be equal to 2 x 107 W at the fundamental
wavelength of 730 nm and 6 x 107 W at the exciton
position. The signal amplification due to the metasurface
resonance is ~ 330 relative to the material resonance of the
monolayer.

A similar situation is observed at AOI = 30°. There are also
two resonant features in the SH spectrum. The left one now
is the exciton state with a signal magnitude of 5 x 10-1° W.

The right one is the quasi-BIC resonance with the magni-
tude of 5 x 10~* W, which means a 100-fold increase in the
signal due to the metasurface resonance.

The SH signal reaches the value of 4 x 10 W in the case
of spectral overlap of the 2D material and metasurface reso-
nances at 21.5°. This corresponds to an increase of the
nonlinear signal of ~ 7000 times compared to the solitary
exciton state and at least 20 times compared to the nonlinear
signal from the quasi-BIC resonance at other AOIs. The
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ratio of the maximum SH power at 21.5° (4 x 10 W) to
that of the TMDC film on an unstructured layer of TiO,
(I x 1071 W) is 4 x 10* (see Table 1). The efficiency of
nonlinear conversion to the second harmonic can be esti-
mated as 1.8x107°. For instance, the SHG conversion effi-
ciency for single graphene nanoparticles is 10782, It has also
been demonstrated that this efficiency reaches 107 in
LiNbO3 metasurfaces®, while its typical value for metasur-
faces based on III-V semiconductors is 105, which is
achieved in GaAs*, AlGaAs® and GaP** nanodisk arrays. In
the referenced works, the metasurfaces themselves serve as
nonlinear materials with thicknesses of several hundred
nanometers, in contrast to this paper, which features a
nonlinear material with a thickness of only 0.75 nm. Table 1
summarizes the current achievements in SHG in hybrid
systems of TMDCs coupled with nanostructured materials.
It demonstrates that SH signal relative to nonstructured
film in the current paper exceeds most of the results
achieved in other works. The only research that surpasses
our result exploits two BIC resonances and a nanostruc-
tured WS, monolayer'2

We do not attempt to perform spectral overlap of the
highest Q-factor quasi-BIC resonance and the exciton reso-
nance of a dichalcogenide film. Instead, the design is
dictated by the necessity of the metasurface resonance to
correlate with the laser pump pulse bandwidth in order to
achieve better efficiency of nonlinear effects®?. That is, we
designed the structural resonance to match the spectral
width of conventional femtosecond laser pulses (~5 nm)
typically used in nonlinear optical experiments.

Figure 4(b) shows a map of the SH power at various
wavelengths and AOIs of fundamental radiation. It clearly
illustrates the reasonability of the spectral overlap of both
structural and material resonances. The SH signal from the
bright exciton at 779 nm has a relatively low amplitude of
approximately 1071 W, which remains constant across vari-
ous AOIs and is quite challenging to detect. In contrast, the
structural resonance exhibits a larger amplitude of about

10®* W and undergoes a redshift as the AOI increases.
Continuous tuning of this BIC-induced second-harmonic
resonance across the spectrally fixed exciton line reveals the
significant enhancement at the spectral overlap with the
signal reaching 10 W. In addition to the SHG enhance-
ment, the map also indicates broadening of the quasi-BIC
resonance as it approaches the exciton one, which is
attributed to the exciton's significant spectral width of about
15 nm. In some experiments, such spectral broadening can
enable an even better correspondence with the laser pump
pulse bandwidth, thereby allowing for greater efficiency in
SHG. For instance, a Ti: Sapp femtosecond laser can be
used as a source of fundamental radiation illuminating the
sample mounted on a piezo-stage for the precise AOI
adjustment. The nonlinear signal can be detected by the
photomultiplier tube with appropriate fundamental radia-
tion filtration®.

Conclusions

In this work, the amplification of the second-harmonic
signal by spectrally overlapping quasi-BIC resonance of the
metasurface and material resonance of the TMDC film is
shown. The SHG enhancement reaches 3 orders of magni-
tude compared to the solitary exciton. The hybrid metasur-
face under study is MoSe, monolayer placed on top of a 2D
array of TiO, nanodisks. The efficiency of SHG in a
dichalcogenide film depends on the relative spectral posi-
tion of the metasurface resonance and the exciton reso-
nance of the TMDC film. The highest SHG efficiency is
reached in the case of the spectral overlap of these reso-
nances, which is achieved by tuning the spectral position of
the quasi-BIC resonance by means of varying the AOI of
fundamental s-polarized radiation. The SH signal in this
case is increased by 3 orders of magnitude compared to the
solitary exciton resonance and by at least 20 times
compared to the metasurface resonance at other angles of
incidence.

Table 1 | Existing SHG enhancement of TMDCs coupled with nanostructured materials.

TMDC Nanostructure SHG enhancement relative to nonstructured film
1L-MoSe; Si waveguide 5 times®’
3R-MoS; (110 nm thickness) All-TMDC nanodisks 23-fold’
1L-WSe;, Si photonic crystal cavity 200%
1L-MoS; Metasurface of Si cruciform-shaped silicon metaatoms 600
1L-WSe;, Multiple-hole Si-metasurface 2 orders*®
1L-MoSe; TiO2 metasurface 2 orders!?
3R-Mo0S; (25 nm thickness) All-TMDC metasurface of circular and triangular holes 3 orders**
1L-WS, Si metasurface of bar pairs 1140-fold®
1L-WS;, Si hole metasurface 1580 times*
1L-MoSe; TiO, disks metasurface 4 orders (this work)
1L-WS, GaP photonic grating slab 7 orders*?

250003 (Page 5 of 7)


https://doi.org/10.67704/oep.2025.250003

Nazarenko AA et al. Opto-Electron Plus 1, 250003 (2025)

https://doi.org/10.67704/0ep.2025.250003

This method of increasing the efficiency of SHG can be

of great importance in photonics. It provides the ability to
adjust the spectral position of the resonance in the case of
imprecise sample manufacturing and obtain large values of
nonlinear signal, allowing for an increase in the efficiency of
devices that operate on the basis of nonlinear-optical
phenomena, such as lasers, ultrafast sensors, and optical
communication systems.
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