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ABSTRACT: Transition metal dichalcogenides (TMDCs) have attracted

great interest due to their excellent electronic and optical properties.

Although much attention has been paid to TMDC monolayers, the high

refractive index of bulk TMDCs in the lossless region implies potential

applications of TMDC nanoparticles/nanostructures in the fields of

nanophotonics and nonlinear optics. In this work, the second harmonic

generation (SHG) in WS, nanoparticles with different geometrical

symmetries is investigated both numerically and experimentally. It is revealed

that such a WS, nanoparticle supports electric dipole (ED) mode, anapole

mode, and whispering gallery mode (WGM) in which the SHG is enhanced.

It is found that the SHG from a WS, nanoparticle with C, symmetry exhibits

a strong dependence on the polarization of the excitation laser light around

the ED resonance. Interestingly, it is observed that the SHG intensities at the two polarization angles perpendicular to each other (6
=0° and 6 = 90°) become equal at the ED resonance. On the short-wavelength side of the ED resonance, the SHG intensity at 6 =
0° is smaller than that at @ = 90°. The situation is reversed on the long-wavelength side. The strongest SHG is achieved at the
anapole resonance for § = 0° and at the WGM resonance for § = 90°. The polarization-dependent ED resonance manifested in the
scattering spectra of the WS, nanoparticle is responsible for this behavior. In a WS, nanodisk, the SHG becomes insensitive to the
polarization of the excitation laser light. It is shown that the SHG intensity from a WS, nanoparticle is much larger than that from a
WS, monolayer, with an enhancement factor of up to ~30. Our findings suggest a way to enhance and manipulate the second-order
nonlinear optical responses of TMDC nanoparticles and lay a foundation for the realization of TMDC-based photonic devices.
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B INTRODUCTION In recent years, dielectric nanomaterials and nanostructures
As a core research in nonlinear optics, second harmonic with lhligh refractivi indexes, such as n&noparticles,” nano-
generation (SHG) has been widely used in short-wavelength disks, © nanowires, © and metasurfaces, " have become the
coherent light sources, ultrafast optical modulation, biosensing, focus of many studies for the enhancement and manipulation
quantum information processing, etc.' ° Limited by the of SHG because significant electric field enhancement can be
symmetry of the atomic structure, however, SHG is not achieved at the optical resonances supported by these
supported in centrosymmetric materials. Based on the dipole nanostructures.'>'® Since the optical modes excited in such
approximation theory, the second-order nonlinear polar- dielectric nanomaterials usually exhibit nonuniform electric
izability vanishes (ie., y @) = 0) in such materials, implying field distributions over the constituent atoms, SHG can also be

that SHG is forbidden.® In order to overcome this limitation,
symmetry breaking is generally employed to realize SHG in
centrosymmetric materials. From the microscopic point of
view, the discontinuity of atoms on the surface or edge of the
structure automatically breaks the symmetry of the atomic
structure, resulting in the polarization source.”® On the other
hand, symmetry breaking can also be achieved by designing an

realized in dielectric materials with centrosymmetry. The
enhancement of the electric field in combination with the
second-order nonlinear polarization source implies that one
can achieve enhanced SHG at the optical resonances of
dielectric nanoparticles.

asymmetric structure.”'® Following these strategies, the Received: October 10, 2023
enhancement and manipulation of SHG in metallic nano- Revised: ~ November 30, 2023
particles and nanostructures have received intensive and Accepted:  November 30, 2023

extensive studies in the last two decades. In comparison, less Published: December 14, 2023

attention has been paid to dielectric nanoparticles and
nanostructures made of centrosymmetric materials.

© 2023 American Chemical Society https://doi.org/10.1021/acsanm.3c04844
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Figure 1. (a) Schematic showing the SHG process from a WS, nanoparticle excited by femtosecond laser light. (b) Permittivity of bulk WS,. The
lossless region is marked by gray color. (c) Scattering spectrum of a typical WS, nanoparticle. The SEM image of the WS, nanoparticle is shown in

the inset.

Recently, transition metal dichalcogenides (TMDCs) have
attracted great interest in nanophotonics due to their unique
optical properties. Most TMDCs exhibit large and anisotropic
permittivities.'’~'” In the near-infrared spectral range where
the optical loss of most TMDCs is negligible, some TMDCs
(e.g., MoS, and WS,) possess permittivities larger than those
of silicon (Si), germanium (Ge), and III-V compound
semiconductors (e.g., GaAs). Moreover, these TMDCs exhibit
significant exciton effects at room temperature,”~>* which
dramatically enhance the light—matter interaction.”> These
advantages make TMDCs potential dielectric materials for
building metasurfaces, metamaterials, and photonic devices,
which has become a research hotspot in the field of
nanophotonics. However, SHG in bulk TMDCs with
centrosymmetry (e.g., MoS, and WS,) is negligible.é’24 For
TMDCs with centrosymmetry, SHG is observed only in
TMDCs with odd layers and its intensity decreases rapidly
with an increasing layer number.”>™*” So far, two strategies
have usually been employed to enhance the SHG from
TMDC:s. In the first method, a TMDC monolayer is coupled
to a plasmonic or a photonic system support’n§ optical
resonances, such as plasmonic nanostructure,”**” optical
mic1‘ocavity,3’0_32 plasmonic nanoantenna,33 etc. In this case,
the nonlinear optical responses (e.g, SHG) of the TMDC
monolayer are enhanced by the near-field enhancement
provided by the optical resonances. In the second method,
TMDC nanoparticles or nanostructures supporting directly
optical resonances are fabricated to realize simultaneously the
symmetry breaking and electric field enhancement. For
example, it was shown that WS, nanodisks supporting optical
resonances can be employed to achieve strong SHG in the
visible light spectrum.’® In addition, lasing from WS,
nanodisks was also realized at room temperature by exploiting
the optical modes supported by WS, nanodisks.”> Enhanced
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SHG and third harmonic generation can be achieved in
metasurfaces made of TMDCs.*® Quasi-bound states in the
continuum with high-quality factors were demonstrated in a
MoS,-based metasurface.’” These results indicate that the
optical modes excited in TMDC nanoparticles can be exploited
to break the symmetry of the atomic structure and to realize
SHG enhancement.

In this work, we investigated the SHG in WS, nanoparticles
with different geometrical symmetries, paying attention to the
influences of the optical resonances supported by WS,
nanoparticles on the efficiency of SHG. By exciting WS,
nanoparticles with tunable femtosecond laser light, we revealed
that the SHG of a WS, nanoparticle can be enhanced at the
electric dipole (ED) resonance, the anapole resonance, and the
whispering gallery mode (WGM) resonance of the WS,
nanoparticle. In addition, we found that the SHG of a WS,
nanoparticle with C, symmetry exhibits a strong dependence
on the polarization of the excitation laser light, offering us the
opportunity to manipulate the SHG of the WS, nanoparticle
by simply changing the polarization angle of the excitation
laser light. By decomposing the scattering spectrum into Mie
resonances, we showed that the polarization-dependent SHG
observed in the WS, nanoparticle originates from the
polarization-dependent ED resonance. We compared the
SHG intensity from a WS, nanoparticle with that from a
WS, monolayer and observed an enhancement factor of up to
~30. The numerical analyses and experimental observations
provided in this work provide new insights for enhancing and
manipulating SHG in TMDC nanoparticles by exploiting the
optical modes excited in TMDC nanoparticles. They are
helpful for designing TMDC-based photonic devices.

https://doi.org/10.1021/acsanm.3c04844
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Figure 2. (a, b) SEM images of a hexagonal-prism-like WS, nanoparticle taken at a tilt angle of 90° (a) and 45° (b). (c) Schematic showing the
geometric structure of a hexagonal-prism-like WS, nanoparticle. (d, e) Scattering spectra of the WS, nanoparticle measured at polarization angles of
6 =0° (d) and 0 = 90° (e). In each case, the polarization of the excitation laser light is shown in the inset. (f, g) Simulated scattering spectra of the
WS, nanoparticle at polarization angles of @ = 0° (f) and 6 = 90° (g). In each case, the scattering spectrum is decomposed into the contributions of

Mie resonances of different orders.

B RESULTS AND DISCUSSION

Figure la schematically shows the SHG from a hexagonal-
prism-like WS, nanoparticle excited by femtosecond laser
pulses. Such WS, nanoparticles were dispersed on a silica
(SiO,) substrate coated with a thin layer of indium tin oxide
(ITO). In this work, we chose ITO as the substrate for WS,
nanoparticles because of its good conductivity. Thus, the
morphology characterization based on scanning electron
microscopy (SEM) enabled us to find hexagonal-prism-like
WS, nanoparticles. Since the refractive index of ITO is close to
that of SiO, and its influence on the scattering properties of a
WS, nanoparticle is negligible (see the Supporting Informa-
tion, Figure S1), it has been used as the substrate in the
investigation of the SHG from AlGaAs nanoparticles.”” Based
on SEM observation, it was found that most of the WS,
nanoparticles appeared as hexagonal prisms, although there
were also nanoparticles exhibiting other shapes (see the
Supporting Information, Figure S2).

Figure 1b shows the permittivity of bulk WS, obtained by
using spectroscopic ellipsometry.” It includes the data of both
the in-plane and out-of-plane directions, which is suitable for
simulating the optical properties of WS, nanoparticles. It is
noticed that the imaginary part of the in-plane permittivity
(red curve) drops to 0 when the wavelength exceeds ~700 nm.
In addition, the real part of the in-plane permittivity (blue
curve) is larger than 16. It implies that a WS, nanoparticle can
support optical resonance in the near-infrared spectral range.
In this work, we focus on the nonlinear optical responses of
WS, nanoparticles in the resonance region (marked by gray
color). Since bulk WS, is formed by stacking a large number of
single layers via the van der Waals force, the optical properties
of a WS, nanoparticle are also influenced by the out-of-plane
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permittivity, although its real part is much smaller than that of
the in-plane one (see Figure 1b).

Figure 1c shows the scattering spectrum of a typical WS,
nanoparticle measured by using a dark-field microscope with
unpolarized white light. In the absorption region, one can see a
scattering valley at A & 630 nm (marked by the red arrow). It
corresponds to the absorption peak (marked by the red
shadow) shown in Figure 1b, which originates from the direct
bandgap transition of excitons at the K point.”” In the
resonance region, one can identify a low-order Mie resonance
(marked by the orange arrow) supported by the WS,
nanoparticle (for the scattering spectra of more WS,
nanoparticles, see the Supporting Information, Figure S3).

In this study, we mainly explore the influence of the optical
resonances supported by a WS, nanoparticle on the SHG of
the WS, nanoparticle. We chose hexagonal-prism-like WS,
nanoparticles with an edge length larger than 200 nm so that
the low-order Mie resonances supported by WS, nanoparticles
appeared in the wavelength range of 750—850 nm, which can
be easily accessed by conventional femtosecond laser light.

Figure 2a)b shows the morphologies of a targeted WS,
nanoparticle characterized by SEM, including the top view
(Figure 2a) and the side view with a tilt angle of 45° (Figure
2b). The side length and height of the WS, nanoparticle, which
are used to characterize a hexagonal prism, can be estimated
from the SEM images. We also measured the height of the WS,
nanoparticle by using atomic force microscopy (AFM) (see the
Supporting Information, Figure S4). Since most of the WS,
nanoparticles did not appear as standard hexagonal prisms, we
introduce four parameters (a, b, ¢, and h) to describe the
structure of a WS, nanoparticle, which represent the long axis,
short axis, side length, and height of the WS, nanoparticle,
respectively, as shown in Figure 2c.

https://doi.org/10.1021/acsanm.3c04844
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Figure 3. (a, b) Dependence of the SHG intensity on the excitation wavelength observed for the WS, nanoparticle at polarization angles of 6 = 0°
(a) and 6 = 90° (b). In each case, the scattering spectrum of the WS, nanoparticle measured by using white light with the same polarization angle is
also provided for reference. (c) Dependence of the SHG efficiency on the excitation wavelength simulated for a WS, nanoparticle with the same
dimensions at polarization angles of # = 0° and @ = 90°. (d—h) Electric/magnetic field distributions calculated at different optical resonances. In
each case, the polarization of the excitation light is indicated by an arrow. (i) Dependence of the relative SHG intensity on the excitation
wavelength calculated for the WS, nanoparticle at polarization angles of 8 = 0° and 6 = 90°. The scattering spectrum of the WS, nanoparticle
illuminated with unpolarized white light is provided for reference. (j) Dependence of the scattering spectrum on increasing polarization angle
calculated for the WS, nanoparticle with the same dimensions. (k) Dependence of the ED resonance on increasing polarization angle calculated for

the WS, nanoparticle with the same dimensions.

For the WS, nanoparticle shown in Figure 2ab, the
structural parameters were found to be a = 580 nm, b = 444
nm, ¢ = 312 nm, and h = 148 nm. It possesses C, symmetry in
the x—y plane. Since the femtosecond laser light used to excite
the WS, nanoparticle is linearly polarized, it is expected that
the nonlinear optical responses of the WS, nanoparticle are
also polarization dependent. For the convenience of discussion,
we define the direction along the short axis (b axis) as the
polarization angle € = 0°. Thus, the direction along the long
axis (a axis) corresponds to the polarization angle 8 = 90°.

In Figure 2d,e, we present the scattering spectra measured
for the WS, nanoparticle by using white light polarized along
the short (6 = 0°) and long axis (6 = 90°), respectively. It is
noticed that the scattering peak appears at A & 790 nm when 0
= 0°. For € = 90°, the scattering peak is blue-shifted to 4 = 770
nm. The difference in the scattering peak arises from the
difference between the long and short axes. Based on the
structural parameters obtained by the SEM observation, we
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also simulated the scattering spectra of this WS, nanoparticle,
as shown in Figure 2f,g. It can be seen that the measured
scattering spectra agree well with the simulated spectra for
wavelengths shorter than 830 nm. The small discrepancies
originate mainly from the inaccuracy in the dimension and
permittivity of the WS, nanoparticle. In the long-wavelength
range, the scattering peak in the simulated scattering spectrum
was not observed in the measured spectrum due to the low
quantum efliciency of the photodetector. In order to
understand the physical origin of the scattering peak, the
scattering spectrum was decomposed into the contributions of
the Mie resonances. It was revealed that the scattering is
dominated by the ED resonance in both cases.

Now, we examine the nonlinear optical responses of the WS,
nanoparticle under the excitation of femtosecond laser pulses.
First, the WS, nanoparticle was excited by using 800 nm
femtosecond laser pulses with different pumping powers (see
the Supporting Information, Figure SS). The slope extracted
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from the dependence of the SHG intensity on the pumping
power plotted in a double logarithmic coordinate was found to
be ~1.81, verifying the second-order nonlinear optical effect of
SHG. After that, we fixed the polarization angle of the laser
light at & = 0° or 90° and measured the SHG intensities at
different excitation wavelengths. The dependence of the SHG
intensity on the excitation wavelength observed at 8 = 0° and 6
= 90° is shown in Figure 3a,b. In both cases, it was found that
the SHG of the WS, nanoparticle is enhanced at the
wavelength corresponding to the scattering peak (ie., A &
790 nm for 6 = 0° and A,, & 770 nm for & = 90°). In both
cases, the SHG enhancement was also observed at 4,, & 750
and A, ~ 820 nm. However, the strongest SHG was achieved
at 4., & 820 nm for 8 = 0°, while it was obtained at 4., & 750
nm for 8 = 90°.

In order to understand this behavior, we calculated the SHG
efficiency of the WS, nanoparticle, which can be expressed as
follows:

f Sq-nda
_ Ja
Msue =

Iy X s, (1)
where Sy is the Poynting vector of the second harmonic field,
n is the unit vector surrounding the nanoparticle, I, is the
intensity of the fundamental wave (I, = 1 GW/cm? in the
simulation), and s, is the illumination area of the incident light.
The SHG efficiencies calculated for the WS, nanoparticle at
0 = 0° and 0 = 90° are shown in Figure 3c. The calculation
results are roughly consistent with the experimental observa-
tions shown in Figure 3a,b. However, enhanced SHG efficiency
is observed at A, & 725 nm in the calculation results, which is
slightly different from the measurement results (1., &~ 750 nm).
This difference is also induced by the inaccurate dimensions
and permittivity of the WS, nanoparticle used in the numerical
simulations. In order to gain a deep insight into the physical
mechanism responsible for the SHG enhancement, we
calculated the electromagnetic field distributions at the
wavelengths where the SHG is enhanced, as shown in Figure
3d—h. As discussed above, the scattering peak of the WS,
nanoparticle is dominated by the ED mode. Thus, the SHG
enhancement achieved at the scattering peak comes mainly
from the electric field enhancement of the ED mode, as shown
in Figure 3d,e. Theoretically, SHG is forbidden in bulk WS,
due to the centrosymmetry of the atomic structure. However,
the nonuniform electric field distribution at the optical
resonance breaks the symmetry of the electric field exerted
on atoms, providing an effective polarization source for SHG.
Moreover, the electric field localization at the ED mode
enhances the nonlinear optical responses of the WS,
nanoparticle, leading to the enhanced SHG observed in both
the numerical simulation and the experimental observation.
We also examined the magnetic field distributions at 4., ~
725 nm, where the SHG enhancement is observed in both
cases (see Figure 3f,g). Apparently, they belong to WGMs
supported by the WS, nanoparticle. Although the WGMs can
be excited in both cases, the field distributions and radiation
losses (or quality factors) are different. For 8 = 0°, a larger
radiation loss leads to weaker SHG enhancement. As
compared with the ED and anapole modes, a larger
discrepancy is observed between the calculated wavelength
and the measured wavelength for the WGM. We think that the
larger discrepancy is caused by the deviation of the
nanoparticle shape from a perfect hexagonal prism and the
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inaccuracy of the refractive index of WS,. Since the electric
field of the WGM is mainly distributed on the edges of the
nanoparticle, the resonant wavelength of the WGM will be
affected by the change in the side length of the hexagonal
prism. In addition, the influence of the refractive index on the
resonant wavelength of the WGM is also not negligible.

For 0 = 0° it is noticed that the strongest SHG is achieved
at A, = 820 nm. Based on the electric field distribution
calculated at this wavelength (see Figure 3h), it is revealed that
the SHG enhancement comes from the anapole mode
supported by the WS, nanoparticle. The anapole mode
originates from interference between the ED and toroidal
dipole (TD) modes. The significantly reduced radiation loss of
the anapole mode has been employed to enhance SHG
efficiency.”*" In general, an anapole mode appears as a
scattering dip in the scattering spectrum. In Figure 2f, we did
not include the TD mode in the decomposition of the
scattering spectrum. Although the scattering at ~820 nm
involves the contributions of other Mie resonances (e.g, MD
and MQ), a scattering dip is still observed if we included the
contribution of the TD mode (see the Supporting Information,
Figure S6). Therefore, we think that the missing scattering dip
in the measured scattering spectrum (Figure 2d) is mainly due
to the deviation of the nanoparticle shape from a perfect
hexagonal prism. In the numerical simulations, the anapole
mode is observed only at @ = 0° because the formation
condition is rather strict. In comparison, the SHG enhance-
ment is also observed at € = 90° in the experiments. This is
because the femtosecond laser light used to excite the WS,
nanoparticle is not linearly polarized. We think that the SHG
enhancement observed at A, & 820 nm is caused by the
residual component in the direction 6 = 0°. Another difference
between the simulated and measured results, which is worth
noticing, is the SHG efficiencies of the WGM and the anapole
mode. In the simulation results, the SHG efliciency of the
WGM at @ = 90° is larger than that of the anapole mode at 6 =
0°. However, we observed reverse behavior in the experiments.
The reason is that the WGM is more sensitive to the
morphology of the WS, nanoparticle, such as the imperfection
and roughness, which may dramatically increase the radiation
loss of the WGM.

Apart from the SHG enhancement observed at the optical
resonances, it is noticed that the SHG intensity exhibits a trend
of decreasing with a decreasing wavelength at 6 = 0°. In
contrast, a reverse behavior is observed at € = 90°. This feature
offers us an opportunity for manipulating the SHG intensity
through adjusting the polarization angle of the excitation laser
light. In order to show this feature more clearly, we calculated
the relative SHG intensities at different wavelengths for the
cases of @ = 0° and 8 = 90°, which are defined as follows:

ISHG(Q)
Z ISHG(Q) )

The results are listed in Figure 3i. For 4., < 775 nm, the
relative SHG intensity at € = 0° is larger than that at 8 = 90°.
The situation is reversed when A, > 775 nm. The SHG
intensities at 6 = 0° and @ = 90° become equal at 4., & 775
nm. Interestingly, this wavelength coincides with the scattering
peak of the WS, nanoparticle illuminated with unpolarized
white light (see Figure 3i). In experiments, we also excited the
WS, nanoparticle by using femtosecond laser light at A., & 775
nm. Surprisingly, it was found that the SHG intensity is

L) = (6 = 0°, 90°)

)
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Figure 4. (a) SEM image of a disk-like WS, nanoparticle. (b, c) Dependence of the SHG intensity on the excitation wavelength observed for the
WS, nanodisk at polarization angles of # = 0° (a) and € = 90°. In each case, the scattering spectrum of the WS, nanoparticle measured by using
white light with the same polarization angle is also provided for reference. (d) Dependence of the relative SHG intensity on the excitation
wavelength calculated for the WS, nanodisk at polarization angles of @ = 0° and € = 90°. The scattering spectrum of the WS, nanodisk illuminated
with unpolarized white light is provided for reference. (e) Scattering spectrum calculated for the WS, nanodisk. The decomposition of the
scattering spectrum into Mie resonances is also provided. (f) Dependence of the SHG efficiency on the excitation wavelength simulated for a WS,
nanodisk with the same dimensions. The electric/magnetic field distributions calculated at different optical resonances are shown as insets.

independent of the polarization angle of the excitation laser
light at this wavelength (see the Supporting Information,
Figure S7). When the excitation wavelength deviates from this
wavelength, the SHG intensity becomes sensitive to the
polarization angle of the excitation light, making it possible to
manipulate the SHG intensity by simply varying the polar-
ization angle of the excitation light. This intriguing feature is
also confirmed in more WS, nanoparticles with different
morphologies (see the Supporting Information, Figure S8).
Although the SHG in a WS, nanoparticle is a second-order
nonlinear optical effect, it is closely related to the scattering of
the WS, nanoparticle, which is a linear optical process. In order
to gain deep insight into the relationship between the SHG
and the scattering, we simulated the polarization-dependent
scattering spectra of this WS, nanoparticle (a = 580 nm, b =
444 nm, ¢ = 312 nm, and h = 148 nm), as shown in Figure 3j.
It is remarkable that the scattering spectrum is changed
dramatically with increasing polarization angle. This behavior
is also confirmed by both the numerical simulation and the
experimental observation (see the Supporting Information,
Figure S9). As discussed above, the scattering of the WS,
nanoparticle is dominated by the ED mode, which governs the
nonlinear optical responses of the WS, nanoparticle. We
decomposed the scattering spectrum into the contributions of
Mie resonances (see the Supporting Information, Figure S10).
In Figure 3k, we present the dependence of the ED resonance
on the increasing polarization angle. With increasing polar-
ization angle, it was found that the ED resonance is split into
two resonances (two peaks). The intensity of the long-
wavelength resonance is reduced rapidly, while its wavelength
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is slightly red-shifted. In contrast, the short-wavelength
resonance exhibits a gradual increase in the intensity and a
small blue-shift in the wavelength. This behavior explains the
wavelength-dependent SHG intensity observed for the two
perpendicular angles (Figure 3i). It was revealed that the
wavelength at which the SHG intensities at the two
polarization angles become equal coincides with the wave-
length at which the scattering intensities (or ED amplitudes) at
the two polarization angles become equal (4, & 775 nm).
Therefore, we can conclude that the polarization-dependent
SHG intensity observed in such a WS, nanoparticle originates
from the polarization-dependent ED resonance, which is
attributed to the anisotropic geometrical structure of the WS,
nanoparticle.

In order to explore the impact of the geometrical symmetry
of a WS, nanoparticle on the SHG of the WS, nanoparticle, we
intentionally chose a WS, nanoparticle with a higher
symmetry, which can be considered as a nanodisk, as shown
in Figure 4a. The scattering spectra of the WS, nanoparticle
illuminated with white light polarized along # = 0° and 8 = 90°
are presented in Figure 4b,c. It was found that the two
scattering spectra are quite similar, with two scattering peaks
located at 4 & 750 and 4 = 800 nm. We fixed the polarization
angle of the laser light at & = 0° or 90° and changed the
excitation wavelengths. It was observed that the SHG intensity
exhibits a similar dependence on the excitation wavelength, as
shown in Figure 4b,c. The enhancement in the SHG intensity
is observed at 4., = 750, 770, and 820 nm. We also calculated
the relative SHG intensities at two polarization angles, as
shown in Figure 4d. The scattering spectrum of the WS,
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Figure S. (a, b) SHG spectra measured for a WS, monolayer at different excitation wavelengths by using femtosecond laser light polarized along 0
=0° (a) and 8 = 90° (b). (¢, d) Dependence of the SHG intensity on the excitation wavelength observed for the WS, nanoparticle and the WS,
monolayer at § = 0° (c) and 6 = 90° (d). The enhancement factors observed at different optical resonances are also provided.

nanoparticle illuminated with unpolarized white light is also
provided for reference. It was found that the difference
between the relative SHG intensities at the two polarization
angles becomes smaller. However, the SHG intensity still
exhibits polarization dependence at most excitation wave-
lengths due to the deviation of the nanoparticle shape from
that of a perfect nanodisk. In addition, the wavelength at which
the relative SHG intensities at two polarization angles become
equal does not correspond to the scattering peak. This
behavior is different from that observed for the WS,
nanoparticle with an asymmetric geometry (see Figure 3i).
Based on the SEM and AFM observations (see the Supporting
Information, Figure S11), we approximated the WS, nano-
particle as a nanodisk (r = 227 nm and h = 178 nm) and
simulated the scattering spectrum, as shown in Figure 4e. The
scattering spectrum is decomposed into Mie resonances of
different orders. It can be seen that the scattering is dominated
by the ED mode. We also calculated the SHG efficiency of the
WS, nanodisk based on eq 1, as shown in Figure 4f. The SHG
enhancement is observed at three wavelengths (4., = 750, 770,
and 820 nm), in good agreement with the experimental
observations (see Figure 4b,c). The electric field distributions
for the three modes exhibiting SHG enhancement are shown
in the insets of Figure 4f Based on the electric field
distributions, they are identified as ED and anapole-like
modes. For WS, nanoparticles with high symmetries (such as
nanodisks and hexagonal prisms), one can achieve only SHG
enhancement. The manipulation of SHG intensity via the
polarization angle of the excitation laser light is not realized
(see the Supporting Information, Figures S12 and S13).
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Based on the dipole approximation theory, SHG is negligible
in bulk materials with centrosymmetry, including WS,.*** By
exploitation of the optical resonances supported by a WS,
nanoparticle, the SHG of the WS, nanoparticle is greatly
enhanced. In order to quantitatively evaluate the SHG
enhancement, we compared the SHG intensities of a WS,
nanoparticle and a WS, monolayer. Based on previous
studies,” ™" the SHG is observed only in WS, with odd
layers and the strongest one is found in the WS, monolayer.
The SHG intensity decreases rapidly with an increasing layer
number, and it becomes negligible in bulk WS,. Therefore, we
chose the WS, monolayer as reference for the comparison of
the SHG intensity. In Figure Sa,b, we present the SHG spectra
of the WS, monolayer measured for a WS, monolayer at
different excitation wavelengths by using femtosecond laser
light polarized along @ = 0° and 90°, respectively. It is noticed
that the SHG of the WS, monolayer exhibits a similar
dependence on the excitation wavelength for the two
polarization angles. A detailed examination reveals that the
maximum SHG intensity appears at & = 0° while the minimum
one appears at 6 = 90° (see the Supporting Information, Figure
S14). In Figure Sc,d, we compared the SHG intensities of the
WS, nanoparticle and WS, monolayer under the same
excitation conditions for @ = 0° and 90°. In both cases, the
SHG intensity of the WS, nanoparticle is much larger than that
of the WS, monolayer, especially at optical resonances (e.g.,
ED, WGM, and anapole). The enhancement factor for the
SHG intensity can be as large as ~30. The large enhancement
in combination with the manipulation ability implies the
potential applications of WS, nanoparticles in the construction
of nanoscale nonlinear optical devices.
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B CONCLUSIONS

In summary, we have investigated systematically the SHG in
WS, nanoparticles with different symmetries. It was found that
the SHG can be dramatically enhanced at optical resonances
supported by WS, nanoparticles, such as ED, WGM, and
anapole resonances. It was revealed that the SHG enhance-
ment exhibits a strong dependence on the polarization of the
excitation light in WS, nanoparticles with lower symmetries,
which offers us an opportunity to manipulate the SHG
intensity by simply varying the polarization angle. This feature
is manifested in the polarization-dependent scattering of WS,
nanoparticles because the SHG enhancement is dominated
mainly by the ED resonance. It was shown that the SHG
intensity from a WS, nanoparticle is much larger than that
from a WS, monolayer, with an enhancement factor of up to
~30. Our findings are helpful for understanding the physical
mechanism for the SHG in centrosymmetric materials and
useful for designing nanoscale nonlinear optical devices based
on TMDC nanoparticles.

B METHODS

Sample Fabrication. The WS, nanoparticles and WS, mono-
layers used in this work were purchased from Sixcarbon Tech
Shenzhen. The WS, nanoparticles used in this study were synthesized
by using the chemical vapor deposition method. First, W and S were
mixed at a molar ratio of 1:2 and sealed in a quartz tube with high
vacuum. Then, the mixture was heated to 900 °C and kept at this
temperature for 100 h. The WS, powder obtained in this way was
dispersed uniformly in deionized water by using an ultrasonic wave.
After that, the aqueous solution containing WS, nanoparticles was
separated by centrifugation, dropped on an ITO substrate, and dried
naturally. Based on the SEM observation, the WS, nanoparticles
obtained in this way may exhibit different morphologies and sizes (see
the Supporting Information, Figure S2). It was easy to find hexagonal-
prism-like WS, nanoparticles because it is a relatively stable structure
for WS,. Based on the electron diffraction pattern and X-ray
diffraction spectrum, the crystal structure of the WS, nanoparticles
is dominated by the 2H phase (see the Supporting Information,
Figures S15 and S16 and Table S1).

Optical Characterization. The linear and nonlinear optical
responses of WS, nanoparticles were characterized by using an
inverted microscope (Observer Al, Zeiss) equipped with white light
and a femtosecond laser as excitation sources.

The scattering properties of WS, nanoparticles were characterized
by using a dark-field microscope with a home-built oblique incidence
system. In this case, the illumination light is incident on the WS,
nanoparticles at an angle of approximately 40°, and the forward
scattered light is collected by the objective lens of the dark-field
microscope.

WS, nanoparticles and monolayers were excited by using focused
femtosecond laser light with a 100X objective lens. The polarization
of the femtosecond laser light was changed by using a home-built
polarizer. The SHG intensities from WS, nanoparticles and
monolayers were collected by using the same objective and directed
to a spectrometer (SR-500i-B1, Andor) for spectral analysis or charge
coupled devices (DU970N, Andor) for imaging.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Simulated scattering spectra for a WS, nanoparticle
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more WS, nanoparticles; height characterization of WS,
nanoparticles; dependence of the SHG intensity of a
WS, nanoparticle on the pumping power; multipolar
decomposition of the scattering spectrum of a WS,
nanoparticle; dependence of the SHG intensity of a
WS, nanoparticle on the polarization angle of the
excitation laser light; polarization-dependent SHG
intensity observed in more WS, nanoparticles; evolution
of the scattering spectrum with increasing polarization
angle and multipole decomposition of the scattering
spectrum for a hexagonal-prism-like WS, nanoparticle;
height characterization of WS, nanoparticles; polar-
ization-dependent scattering spectra simulated for a
hexagonal-prism WS, nanoparticle; electric and mag-
netic field distributions calculated at the optical
resonances supported by a hexagonal-prism WS, nano-
particle; dependence of the SHG intensity on the
polarization angle observed for a WS, monolayer;
analysis of the crystal structure of WS, (PDF)
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