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ABSTRACT

The miniaturization and functionality of Mie-tronic devices impose the use of high-index materials with a blueshifted transparency
window and high quadratic nonlinearity. In this regard, transition metal dichalcogenides (TMDCs) are promising candidates,
which also exhibit excitons at room temperature. In this work, C-exciton-enhanced second-harmonic generation (SHG) in single
cylindrical and cubic Mie-resonant nanoparticles made of 2H — MoS, flakes is investigated. The study shows that SHG rotational
anisotropy (SHG-RA) is sensitive to the geometric shape of nanoparticles. In particular, the rotational patterns from cuboid
nanoparticles exhibit considerable two-fold modulation, which is governed by the altering pump field distribution inside the
nanoparticle as it rotates relative to the pump polarization direction. A slight deviation from the cube shape results in a strong

spectral dependence of rotational patterns when tuning the wavelength through a Mie-driven SHG resonance. These results may

be important for designing and optimizing the nonlinear response of TMDC-based metasurfaces.

1 | Introduction

The rapid advancement of nanophotonics is fundamentally
driven by the tendency to confine and manipulate light at the
subwavelength scale. Dielectric and semiconductor nanoanten-
nas have emerged as pivotal components in this field, capable
of supporting high-quality optical resonances with efficient light
localization. Mie-type resonances in nanoparticles are of particu-
lar interest, offering a versatile platform for on-chip nanolasers,
sensors, and nonlinear optical converters [1-5]. In contrast to
the plasmonic counterparts [6], dielectric Mie resonators exhibit
significantly lower optical losses and can sustain both electric
and magnetic resonant modes, providing a rich foundation for
engineering a strong linear and nonlinear optical responses

[7-11]. In particular, second-harmonic generation (SHG) is sen-
sitive to local electromagnetic field enhancement and increases
dramatically when either the fundamental or the harmonic
frequency overlaps with a resonant mode of a nanostructure,
enabling detectable signals even from individual nanoparticles
[12-15]. Beyond second-harmonic (SH) intensity enhancement,
recent efforts have also focused on controlling the directional
characteristics of the nonlinear emission from individual nanoan-
tennas, as demonstrated for GaAs structures [16, 17]. Therefore,
materials with a high refractive index and a large quadratic
susceptibility are in demand for use in nonlinear nanophotonics.

Among such materials, transition metal dichalcogenides
(TMDCs) have emerged as a particularly promising class due
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to their unique electronic and optical properties [18-25]. In
their monolayer form, TMDCs exhibit a direct bandgap in the
visible and near-infrared range and a lack of inversion symmetry,
resulting in a strong second-order nonlinear optical susceptibility
[26-33]. The crystal structure of a TMDC monolayer belongs
to the D,, point group, which dictates a characteristic six-
fold SHG rotational anisotropy (SHG-RA), allowing SHG-RA
measurements to reconstruct the crystallographic orientation
and to probe valley physics [34-36]. The bulk TMDCs retain
the exciton response of monolayers, possessing a blueshifted
transparency window and a higher refractive index compared
to silicon. Being a centrosymmetric material, bulk TMDC
in hexagonal phase (2H) should not exhibit second-order
nonlinear effects in the volume in the dipole approximation,
while demonstrating a near-surface SHG response, as well as a
quadrupole contribution in the spectral region of the material
resonances, such as excitons [37, 38]. These effects can be
significantly increased in Mie-resonant structures due to the
strong electromagnetic field localization in the vicinity of the SH
sources’ location. Thus, maximum amplification of the nonlinear
response is achieved if the pump wavelength is adjusted to
excite the Mie resonance, and the harmonic wavelength is
tailored to the spectral position of the exciton resonance of the
material [13, 39, 40].

The SHG response is determined by the second-order nonlinear
susceptibility tensor Y and the distribution of electromagnetic
fields inside the structure, which in turn is defined by the
type of resonances excited. Therefore, SHG-RA dependences of
Mie-resonant structures should depend on both the nonlinear
material and the geometry of the nanoresonators. In this work,
a comparative experimental study of the SHG-RA response of
molybdenum disulfide (MoS,) nanoantennas supporting Mie
resonances in the near-infrared spectral range is presented.
Two distinct nanoantenna shapes are investigated: cuboid and
cylinder. The obtained results reveal a fundamental difference
in the origin of the measured SHG anisotropic patterns. For
cylindrical nanoantennas, the SHG-RA dependence is found
to be predominantly governed by the symmetry of the bulk
nonlinear susceptibility tensor of the crystalline material. In
contrast, the symmetry of the nanocuboid’s Mie modes them-
selves plays a defining role, significantly reshaping the SHG-RA
response. These findings provide new insights into nanoscale
nonlinear optics, highlighting how the dominant factor in SHG-
RA measurements can transition from material symmetry to
resonant mode symmetry based on geometry, with implica-
tions for the design of nonlinear metasurfaces and integrated
photonic devices.

2 | Results and Discussion

The schematic illustration of the system is presented in Figure 1a.
The sample under study was a set of individual subwavelength-
sized nanoresonators located at a two-layer SiO,/Si substrate.
Two geometries of nanoresonators are cylinders and cuboids
with dimensions of approximately four hundred nanometers.
The nanoparticle size was chosen to be sufficiently large so
that multiple Mie modes could be excited in the pump spectral
region near the doubled wavelength of the C-exciton, thereby
allowing the quadratic susceptibility resonance to be utilized [13,
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FIGURE 1 | (a) Schematic of the SHG experiment. (b,c) Scanning
electron microscope images of cylindrical (b) and cuboid (c) nanoparti-
cles. (d) SH image of a single cubic nanoparticle.

27]. The resulting high-order Mie modes exhibit sharp features
in the electric field distribution that can be localized near the
nanoparticle surface. Since the absorption coefficient of MoS,
at the C-exciton wavelength is about 0.1 nm™ [25] (penetration
depth ~ 10 nm), the SH signal originates from the top surface
layer of the structure. The localization of the electric field on the
top surface therefore not only enhances the SH signal under these
strong absorption conditions but also ensures high sensitivity to
small changes in geometric shape and pump wavelength.

The structures were fabricated from single-crystal 2H — MoS,
flakes by electron-beam lithography followed by reactive ion
etching (see Section S1). The sizes of the structures were verified
using scanning electron microscopy (SEM) (Figure 1b,c) and
atomic force microscopy (AFM) (Figure Sla) measurements. The
height of nanoparticles was 400 nm, the radius of the cylinders
was 215 nm, while the side length of the cuboids was 380 nm. More
accurate values of the geometrical parameters were obtained by
comparing the results of numerical simulation with experimental
data. The simulation revealed that the cube sides in the horizontal
cross-section are not equal and differ from each other by about 5%.

The SH signal was obtained using a home-built multiphoton
microscope specially designed for measuring optical harmonics
in a reflection configuration. The light source was a femtosecond
laser (Coherent Chameleon) tunable in the spectral range from
680 to 1080 nm. This spectral region corresponds to the trans-
parency of MoS, and covers wavelengths that are twice that of
the C-exciton [13, 27]. As the SH signal is generated by the first
10-15 nm of material, the effect of the even or odd number of
MosS, layers is not observed in the wavelength range under study.
The sample was illuminated by a slightly focused pump beam
with a diameter of 10 um at normal incidence on the sample
surface, thus providing near-plane-wave illumination. The SHG
image collected from the pumped area was captured with a CMOS
(Photometrics Prime) camera. This allowed the SH signal to be
detected only from particles as shown in Figure 1c. The image is a
bright area corresponding to a solitary nanoparticle. The signal
from the substrate is several orders of magnitude smaller than
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the signal from the particle at resonant wavelengths. The SH
intensity from the nanoresonator was obtained by integrating the
signals from the individual pixels within the sample region of the
image. For detailed information see Supporting Information in
Ref. [13]. The SH intensity of the sample as a function of pump
wavelength was measured by tuning the pump wavelength, while
keeping the pump power constant. The experimental scattering
spectra were obtained by placing a block in the detection channel
to suppress the central region of the back focal plane image,
through which the beam mirrored from the substrate passes.
To measure the rotational anisotropy of the second harmonic
generation (SHG-RA), the sample was rotated around the optical
axis while the polarization of the pump radiation remained fixed.
The reflected SH intensity as a function of the azimuthal angle
@ relative to the incident polarization direction was measured.
The zero azimuthal angle was defined by the alignment of the
pump polarization direction with the longest dimension of the
cuboid. For polarization-resolved measurements, an analyzer was
additionally placed in the detection channel, the orientation of
which was parallel or perpendicular to the polarization of the
pump radiation.

Numerical calculations of linear and nonlinear response were
performed in COMSOL Multiphysics software by the finite
element method (FEM). MoS, nanoresonators were simulated on
a multilayered SiO, /Sisubstrate with a 290-nm-thick SiO, layer.
The cuboid model had dimensions of 375 nm (width), 390 nm
(length), and 400 nm (height). The radius of the cylinder was
215 nm and its height was 400 nm. The simulation area was
bounded in all directions by perfectly matched layers (see details
in Section S2). The multipole decomposition of the scattering
cross-section (SCS) was conducted using the semianalytical
formula described in Ref.[41]. The refractive indices and the
absorption coefficients of the MoS,, Si and SiO, were taken
from the literature [25, 42, 43]. In the nonlinear simulation (see
Section S4), the second-order nonlinear susceptibility spectrum
was taken in the form of a Lorentzian function with a central
wavelength of 885 nm [27] and a FWHM of 50 nm (typical
for MoS, [44]), while the symmetry properties of 2H — MoS,
corresponded to the monolayer ones [26]. The calculation of
SHG-RA was performed by rotating the studied nanostructure
relative to the laboratory coordinate system with a fixed pump
polarization. The nonlinear response of the system is determined
both by the rotation of the structure itself and by the orientation of
the MoS, crystal axes relative to the structure’s sides. In the case
of cuboids, the angle between the crystal axis and the long side
was determined experimentally from the polarization-resolved
SHG-RA dependences and amounted to 40°.

Mie-type resonances excited in the nanoparticles manifest them-
selves as features in the scattering spectra. Figure 2a,c (dots)
display the experimental scattering spectra of the MoS, cylinder
and cuboid, respectively, for pump polarization along the long
side of the cuboid. The scattering cross-section spectra were also
calculated (Figure 2a,c, curves) to determine the influence of
excited Mie resonances on the linear optical response. The SCS
spectra for the orthogonal pump polarization (along the short
side of the cuboid) exhibit similar behavior and are presented in
Section S5. The main multipoles contributing to the SCS spectra
in the laser spectral range are presented in Figure 2b,d (a broad
spectral range is shown in the Section S2). The measured and

calculated results demonstrate good agreement in the spectral
shapes and the positions of the resonances. Due to the large
size of the nanostructures, all of the first four multipoles make
a significant contribution to SCS and spatial distribution of the
pump field inside the cuboid in the studied range.

At the start of the nonlinear measurements, we proved that the
entire detected signal was SH radiation, with no luminescence
present (see Section S3). The spectral dependences of the SH
power for the MoS, cylinder and cuboid, measured by tuning
the pump wavelength with the polarization along the long side
of the cuboid, are presented in Figure 3a. The corresponding
calculation results (Figure 3b) demonstrate good agreement with
experimental ones. The curves for both cylinder and cuboid show
the presence of three peaks with various amplitudes. For the
cuboid, the maximum SH power is observed at 830 nm. For the
cylinder, the peak position is 960 nm and corresponds to the
position of the second SHG peak of the cuboid. The amplitude
of the SH signal at 960 nm is similar for both nanoparticles. At
the resonances, the intensity of SHG from nanostructures exceeds
that from the MoS, flake and monolayer by an order of magnitude
(see Figure S4). Note that not all resonances observed in the
scattering spectra lead to resonances in the SHG spectra. Strong
absorption at the SH frequency means that only the uppermost 10-
nm-thick layer of the nanoparticle contributes to the detectable
SH signal. Therefore, SH is effectively generated only by pump
modes whose electric field is partially concentrated at the top
of the nanoparticle, and these modes also determine the SH
radiation direction (for detailed information, see Section S4).
As a result, the positions of the SHG peaks do not have to
coincide with the positions of the scattering peaks. Consequently,
based solely on scattering spectra and multipole decomposition
in such structures, it is difficult to predict the behavior of the
SHG response, and rigorous calculations of nonlinear response
are required.

To investigate the interplay between the crystal lattice symmetry
and the nanoresonator’s shape in the SHG process, the SHG-
RA measurements were carried out. The experimentally and
numerically obtained SH intensity dependences on the azimuthal
angle ¢ for the MoS, cylinder and cuboid are presented in
Figure 4a,b. The green curves indicate the measurements without
an analyzer (polarization-unresolved), while the blue curves
correspond to the parallel orientation of the SH and pump polar-
izations. The polarization-unresolved SHG-RA for the cylinder
demonstrates an almost constant SH intensity for all azimuthal
angles ¢. Small deviations of the experimental curve from the
constant value may be a consequence of the slight ellipticity
of the cylinder shape. The polarization-resolved measurements
demonstrate six pronounced peaks, in accordance with the D,
symmetry of monolayer MoS, crystal lattice. A similar behavior
has been observed in previous studies of SHG anisotropy from
MoS, monolayers [26-28], 2H — MoS, thin films [26, 37] and
nanodisks [13]. Therefore, the infinite rotational symmetry of the
cylinder does not contribute to the SHG-RA. In the case of the
cuboid, the polarization-unresolved rotational pattern exhibits a
two-fold symmetry. This is consistent with the two-fold symmetry
of the rectangle in the horizontal cross-section of the cuboid,
despite the slight difference in side length. For the square cross-
section, unpolarized SHG has a four-fold anisotropic response
as shown by numerical calculations (Figure S7). Therefore, even

Advanced Optical Materials, 2026

30f7

5UBD 17 SUOLILIOD dA a1 3|eal |dde 8y Aq pausenob afe sapiie YO ‘3sn JO Sa|n 40 Akeiq 1 auluQ AS|1AM UO (SUO 1}IPUOD-PUR-SWLBY/W0D AS 1M ARe.q U 1|UO//:SdNy) SUOPUOD pue SW | 3Y1 39S *[9202/60/20] U0 ArigiauluQ AB|IM * AISIBAIUN SIS MOISO|A AGSOLIOWOT - UlUeApa ABipuy A G0/ T/ WOPe/Z00T OT/I0p/U0D" A3 1M Afeiq 1 pU I UO’ paouRApe//SA1Y WOy papeojumod ‘0 ‘TL0TS6TZ



e experim.

—— calc. i{

1.0} IB))

©
N

o
[N

Scattering cross-section, arb.un.
© o ~0
» oo o o

©
N

o
[}

338

0.0

900 1000

Wavelength, nm

800

T T T T T T

1'O'QED —EQ —total i

—MD —MQ

0.8

0.8}

0.6}

0.4}

0.2}

0.0 . .
800 900

Wavelength, nm

1000

FIGURE 2 | Measured (dots) and calculated (curves) scattering spectra of the cylinder (a) and cuboid (c), along with the results of their multipole

decomposition (b,d). ED - electric dipole mode, MD - magnetic dipole mode, EQ - electric quadrupole mode, MQ - magnetic quadrupole mode.

(a) SH wavelength, nm
400 450 500
T T T 10
c
3
2
©
E
[5)
o
x
K
9]
3
[o]
Q
T
%)
(b) : , : A
—— Cylinder
30 + Cuboid
g -],
(_‘-’“ 20 |
)
5]
3
a 4 2
T 10 Lt
7]
0 i 1 n o
800 900 1000

Pump wavelength, nm
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are obtained for unpolarized SH radiation.

slight breaks in nanoparticle symmetry are captured by SHG-
RA patterns. Note that the unpolarized SHG pattern is sufficient
for assessing the symmetry of the structure under investigation.
The polarized SH rotational pattern from the cuboid exhibits six-
fold crystalline symmetry. However, the amplitude of the peaks
is affected by the cuboid’s two-fold symmetry. Unpolarized SHG
anisotropy occurs due to a change in the configuration of the
pump field inside the cuboid as it rotates relative to the pump
polarization direction (see Section S7). In this case, the pump field
intensity in the cuboid’s near-surface layer can vary significantly,
resulting in the SH intensity changing by an order of magnitude
for different orientations of the cuboid.

The local electromagnetic field distribution also depends strongly
on the pump wavelength due to the excitation of multiple
Mie-type resonances within the spectral range under study.
Consequently, tuning the pump wavelength should induce a pro-
nounced modification of the SHG anisotropy pattern, especially
near the resonances of the nonlinear response. Figure 5a,b shows
the SHG-RA patterns measured for the cuboid at two close pump
wavelengths of 810 and 820 nm near the largest SHG resonance
peak. Green curves correspond to the polarization-unresolved
SHG-RA measurements, blue and violet curves are related to
the parallel and perpendicular mutual orientations of the SH
and pump polarization directions, respectively. The unpolarized
SH patterns demonstrate two-fold symmetry for both pump
wavelengths. However, the direction of the SH intensity maxi-
mum rotates by approximately 90° as the wavelength changes.
This observation directly demonstrates the connection between
SHG rotational patterns and the wavelength- and polarization-
dependent distribution of the pump electric field inside the
cuboid. The observed behavior of anisotropic dependences
was numerically simulated by carefully selecting the cuboid
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parameters (Figure 5c,d). This effect is also analyzed qualitatively
by calculating the spatial field distributions within the top layer of
the MoS, cuboid at two excitation wavelengths and for different
azimuthal angles (see Section S7). The calculations show that
even at close wavelengths the modes excited inside the cuboid are
quite different. At the same time, due to the different lengths of
the cuboid’s sides, the modes also differ for the cases where the
polarization of the pump field is aligned along the long and short
sides of the cuboid (i.e., for ¢ = 0° and ¢ = 90°). For the short
wavelength, the pump field has a higher intensity at ¢ = 90° than
at o =0°. Asaresult, the lobes of the SHG-RA pattern are oriented
predominantly at the ¢ = 90° direction. For the long wavelength,
the highest intensity of the pump field is observed at ¢ = 0°, i.e.,
when the polarization of the pump field is aligned along the long
side of the cube. In this case, the lobes of the SHG-RA pattern are
oriented predominantly along the ¢ = 0° direction.

The polarization-resolved SH intensity dependences in Figure 5
demonstrate six peaks of different amplitudes, corresponding to
the crystal lattice contribution to the anisotropy pattern. The
directions of these maxima remain unchanged with the tuning
of the pump wavelength due to their association with the MoS,
crystallographic axes. Depending on the type of excited Mie mode,
the maximum of the polarized SHG is observed in either the
parallel or the perpendicular component of the SH signal. Thus,
the dependence of the SHG response on the excited Mie mode
type in the MoS, cuboid can be used to tune the SHG efficiency.
Moreover, the pronounced sensitivity of the nonlinear optical
response to the local field distribution implies that even minor
geometric variations in the resonator shape are dramatically
amplified in the SHG-RA patterns. In the case of a cuboid,
deviations of less than 5% from a square shape change the sym-
metry of the observed dependences (see Section S6). This extreme
structural sensitivity, which is inherently more pronounced in
the nonlinear regime than in its linear counterpart, suggests
that SHG-RA measurements can serve as an ultrasensitive probe
for quantifying nanoscale morphological deviations, offering a
non-invasive optical metrology tool for the quality control of
fabricated nanostructures.

3 | Conclusion

In conclusion, we have investigated the anisotropic SHG response
in the MoS, nanoantennas with cylindrical and cuboid shapes
in the near-infrared spectral range of the pump radiation cor-
responding to the C-exciton spectral range of the SH radiation.
Because of the infinite rotational symmetry of the cylinder,
the unpolarized SH intensity as a function of the azimuthal
angle of sample rotation is almost unchanged, as in the case of
the MoS, monolayer and thin films. The polarization-resolved
SHG anisotropy of the cylinder is governed by the MoS, crystal
symmetry. For the cuboid, the SHG-RA dependences exhibit
qualitatively different behavior. The finite rotational symmetry
of the cuboid leads to a corresponding modification of the
electric field distribution when the cuboid rotates. Consequently,
the Mie-modes altering during rotation strongly affect the SHG
anisotropy pattern of the MoS, cuboid. As a result, the unpo-
larized SHG-RA patterns are largely governed by the symmetry
of the nanoparticle, and in particular by the configuration
of the excited modes. The crystal lattice contribution to the

polarization-resolved SHG response is in turn modulated by
the Mie resonances excited within the structure. This interplay
between the excited mode configuration and the crystal lattice
symmetry enables the nonlinear optical response to be tailored by
changing the type of the excited mode, for example, by adjusting
the excitation wavelength. The type of the nonlinear susceptibility
tensor of MoS, also allows one to additionally switch between the
minimum and maximum of the nonlinear signal when changing
the direction of the detected SHG component. In addition, the
ability of the nonlinear response to amplify minor structural
variations — an effect far less prominent in linear measurements
- makes the SHG-RA method an exceptional candidate for
quantifying slight shape deviations. This approach thus provides
a non-invasive optical assay for assessing the structural fidelity of
nanophotonic devices. Moreover, the observed interplay between
crystal symmetry and resonator geometry offers a route to actively
tailor the nonlinear anisotropy of TMDC-based metasurfaces,
which is essential for applications such as polarization-sensitive
frequency conversion, optical routing, and on-chip nonlinear
signal processing.
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