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as the basic frequency conversion, self-
referencing of frequency combs, optical 
atomic clocks, and the emerging all-optical 
quantum computing.[1–9] In practice, when 
the nonlinear optical crystals are excited 
by the linear-polarized lasers, the gener-
ated second harmonic generation (SHG) 
signal intensity is highly dependent on 
the angles between polarized light and 
crystal axis, which results from the anisot-
ropy of the intrinsic second-order polar-
izability tensorχ(2).[10–11] For example, the 
polarization-dependent SHG plot for the 
3R-MoS2 shows a six-fold petal shape.[12–14] 
In such cases, filtering or modulating the 
SHG signals to achieve the polarized-SHG 
with maximum intensity has been a huge 
hassle in a specific application scenario, 
given that linear-polarized SHG signals 
are preferred in the modulation and pro-

cessing of optical signals. Compared to fabricating complicated 
optical systems or designing plasmonic nanostructure, [15–17] 
achieving the polarization-independent SHG response directly 
from nonlinear crystals has been an aspirational approach, but 
such compound remains undiscovered yet.

Kagome semiconductor Nb3I8 has a layered CdI2 struc-
ture with one-quarter of the octahedral Nb vacancies.[18] The 
arrangements of occupied Nb atoms lead to the Nb3 triangles 
with one capping iodine ion. The one unpaired electron of Nb3 
cluster and Kagome lattice endows Nb3I8 with intriguing phys-
ical properties, such as topological flat bands, 2D magnetism, 
and large spontaneous valley polarization.[19–22] According to 
the topological charge stabilization rule, more electronegative 
elements prefer to occupy the electron-richer sites.[23–24] There-
fore, the less electronegative chalcogenides (S, Se, and Te) can 
replace the lower electron-density capping iodine ion, which 
results in the formation of Nb3I7X (X  = S, Se, Te). Compared 
to Nb3I tetrahedron, Nb3X has a larger dipole moment. The 
unidirectionally oriented Nb3X tetrahedral dipoles lead to 2D 
ferroelectric behavior of layered Nb3I7X, whereas alternating 
Nb3X diploes give an antiferroelectric structure. Moreover, 
Nb3I7X could show novel nonlinear optical properties due to the 
in-plane isotropic arrangement of nonlinear optical active units.

Here,  we  have successfully synthesized Nb3SeI7 crystals by 
a chemical vapor transport method using iodine. The single 
crystal X-ray diffraction reveals that Nb3SeI7 crystallizes in a 
noncentrosymmetric space group P63mc. The Janus structure 
and breathing Kagome lattice are verified by scanning trans-
mission electron microscopy. Nb3SeI7 has a band gap of 1.54 eV, 

Second harmonic generation (SHG) of 2D crystals has been of great interest 
due to its advantages of phase-matching and easy integration into nanopho-
tonic devices. However, the polarization-dependence character of the SHG 
signal makes it highly troublesome but necessary to match the laser polariza-
tion orientation relative to the crystal, thus achieving the maximum polarized 
SHG intensity. Here, it is demonstrated a polarization-independent SHG, for 
the first time, in the van der Waals Nb3SeI7 crystals with a breathing Kagome 
lattice. The Nb3 triangular clusters and Janus-structure of each Nb3SeI7 layer 
are confirmed by the STEM. Nb3SeI7 flake shows a strong SHG response 
due to its noncentrosymmetric crystal structure. More interestingly, the SHG 
signals of Nb3SeI7 are independent of the polarization of the excitation light 
owing to the in-plane isotropic arrangement of nonlinear active units. This 
work provides the first layered nonlinear optical crystal with the polarization-
independent SHG effect, providing new possibilities for nonlinear optics.
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1. Introduction
Second-order nonlinear optics has been a cornerstone in a 
large number of classical and quantum applications, such 
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and it shows SHG response in the wavelength ranging from 
800 to 1020 nm. More interestingly, Nb3SeI7 shows polarization-
independent SHG signals in perpendicular and parallel polari-
zation configurations under the excitation light at 820, 860, and 
900 nm for the first time.

2. Results and Discussion

Bulk Nb3SeI7 crystallizes in a hexagonal space group P63mc 
with lattice parameters of a  = 7.564 Å and c  = 13.654 Å. 
The detailed crystallographic information can be seen in 
Table S1–S4, Supporting Information.[25] Figure 1A shows that 
Nb3SeI7 has a van der Waals (vdW) layered structure stacked 
by Janus Nb3SeI7 layers, in which Nb atoms are sandwiched 
between the I and I-Se atomic layers. Anionic layer stacking 
mode is (…ABCB…), and adjacent layers are related by a 63-
screw axis. Each Nb atom is coordinated by five I atoms, one 
Se atom, and two Nb atoms. Nb-I bond lengths are 2.73 Å, 
2.92 Å, and 3.03 Å, and Nb-Se bond length is 2.56 Å, respec-
tively. The three Nb atoms are displaced from the octahedral 
central sites toward each other, resulting in the formation of 
trinuclear Nb3 clusters. The alternate Nb triangles with Nb-Nb 
distances of 3.01 Å and 4.58 Å form a breathing Kagome lat-
tice, as shown in Figure  1B. The Nb3 clusters are capped by 
the Se atoms, and all the Nb3Se tetrahedra are oriented in the 

same direction throughout the crystal structure, which breaks 
the central symmetry.

To further confirm the atomic configurations of Janus struc-
ture and Kagome lattice for Nb3SeI7 crystal, scanning transmis-
sion electron microscopy (STEM) was carried out. The cross-
sectional STEM high-angle annular dark-field (HAADF) image 
reveals that the Nb3SeI7 monolayer consists of one layer of 
Nb atoms sandwiched between two layers of I and I-Se atoms 
(Figure  1C). To distinguish the distribution of Se and I atoms 
in a quantitative way, the line profiles of intensity were plotted 
across the STEM image of two atomic layers (Figure S1, Sup-
porting Information). The blue curve shows the same inten-
sity of I atoms, whereas the periodic fluctuating intensity in 
the red line indicates the existence of Se-I atomic layers. This 
can reveal the Janus structure of monolayer Nb3SeI7. Figure 1D 
shows the STEM-HAADF image of (001) plane for the Nb3SeI7 
crystal. Because Nb3SeI7 layers take an ABAB stacking mode, 
the triangular Nb3 clusters of various layers overlap each other 
to form a six-pointed star, consistent with the atomic configu-
ration of its single crystal structure. The selected area electron 
diffraction (SAED) from [001] direction reveals the diffraction 
spots indexed as (−120) and (010) lattice planes (Figure S2, Sup-
porting Information). Moreover, the energy-dispersive X-ray 
spectroscopy mapping shows that the Nb, Se, and I elements 
are distributed uniformly with the atomic ratio of 1: 0.3: 2.3. 
(Figure S3, Supporting Information)

Small 2023, 2207934

Figure 1.  Crystal structure and STEM characterization of Nb3SeI7. a) Side view of Nb3SeI7 showing a Janus structure, where the blue, yellow, and red 
spheres represent Nb, I, and Se, respectively. b) Top view of monolayer Nb3SeI7 showing a breathing Kagome lattice. c) Atomic-resolution STEM-HAADF 
image of (100) lattice plane for Nb3SeI7 crystal. d) STEM-HAADF image of (001) lattice plane.
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The powder X-ray diffraction pattern of the Nb3SeI7 single 
crystal matches well with the simulated peaks from the 
resolved single crystal structure, indicating high purity and 
crystallinity of the Nb3SeI7 crystals (Figure 2A). The room-
temperature Raman spectrum of the Nb3SeI7 crystal shows 
seven characteristic peaks located at 93, 106, 112, 176, 220, and 
237 cm−1, respectively (Figure  2B). In addition, X-ray photo-
electron spectroscopy (XPS) was performed to detect the var-
ious bonding states of Nb and Se atoms in Nb3SeI7 crystals 
(Figure  2C,D, Supporting Information). The Se spectra show 
3d3/2 and 3d5/2 peaks at 55.2 and 54.5 eV, indicating a valence 
state of −2. The characteristic Nb 3d3/2 and 3d5/2 peaks located 
at 206.2 eV and 203.5 eV are the same as that of NbN,[25] which 
confirms that the valence state of Nb is +3.

The bandgap of Nb3SeI7 crystal was determined through the 
micro-optical absorption measurement in wavelengths ranging 
from 600 to 1100 nm. Figure 3A shows the absorption spectra 
of the Nb3SeI7 flake, revealing a band gap of 1.54 eV. Compared 
with Nb3I8 with a band gap of 1.0  eV, the larger band gap of 
Nb3SeI7 is caused by the decreased electron density of Nb 4d 
orbitals after the substitution of I atoms by Se atoms. In addi-
tion, the introduction of Se ion in capping I sites can change 
the layer stacking mode and increase the dipole moment. SHG 
measurements were performed to investigate the nonlinear 
optical properties of Nb3SeI7 crystals.

Figure  3B shows the strong SHG signals of Nb3SeI7 flakes 
under excitation wavelengths ranging from 800 to 1020  nm. 

The SHG peaks appear at half of the excitation wavelength and 
the maximum peak is located at 430  nm. To further confirm 
the contribution of signals originating from SHG, the SHG 
response was measured under various excitation power ranging 
from 10 to 40 mW (Figure 3C). The power dependence of SHG 
intensity was plotted in logarithmic coordinates. The curve can 
be fitted by a power-law function with a slope of 2.1, which is 
close to the theoretical value of 2 for SHG.[26] Figure 3D shows 
the robust SHG signals of Nb3SeI7 flake measured at temper-
atures ranging from 343 to 543 K, indicating its potential for 
high-temperature application.

The polarization dependence of SHG intensity in the 
Nb3SeI7 flake was characterized. The sample was rotated from 
0 to 180° with a step of 15° with excitation polarization fixed, 
then the collected SHG signals reveal the nonlinear response at 
various polarization angles. Figure S4, Supporting Information 
shows the polar plots of wavelength-dependent SHG intensities 
under the parallel and perpendicular polarization configura-
tion. The intensity under the parallel polarization is larger than 
that of perpendicular polarization under the excitation light 
below 440  nm. Figure 4A,C, Supporting Information shows 
near-circular SHG intensity plots at the excitation light of 820, 
860, and 900 nm under parallel and perpendicular polarization 
configurations. Impressively, the SHG response of Nb3SeI7 is 
nearly independent of the polarization of incident light as the 
SHG intensities are almost constant for various angle measure-
ments. This polarization-independence SHG phenomenon has 

Small 2023, 2207934

Figure 2.  a) Experimental and simulated XRD pattern of Nb3SeI7 crystals. b) Raman spectrum of Nb3SeI7 sample. c,d) High-resolution Nb 3d and Se 
3d XPS spectra.
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been realized in plasmonic nanostructures, such as the hexag-
onal gold nanoparticle array, multiarmed trapezoidal antenna, 
and oligomer clusters.[15–17] The in-plane isotropy of these sys-
tems assembled with NLO units leads to their SHG response 
independence from the polarized incident light.

However, for an inorganic compound, the generated SHG 
signal is always anisotropic which is normally decided by the 
crystal symmetry and orientation.[27–29] For example, monolayer 
MoS2 has a D3h point group, resulting in a sixfold symmetry in 
the polar plot (Figure S5, Supporting Information). With these 
regards, the polarization-independent SHG of Nb3SeI7 is anom-
alous, which has not been reported in other compounds yet. 
Inspired by the arrangement mode of plasmonic structures, 
we speculate that polarization-independent SHG signals may 
originate from the in-plane isotropic geometrical configura-
tion of Nb3Se NLO active units in the breathing Kagome lattice 
(Figure 4D).

3. Conclusion

In summary, we report a vdW layered crystal Nb3SeI7 crystal 
with a noncentrosymmetric structure. Nb3SeI7 layers featured 
a Janus structure, and the Nb3 clusters form the breathing 
Kagome lattice, as confirmed by the HAADF-STEM image. 
Nb3SeI7 has a band gap of 0.6 eV and shows a significant SHG 
response. Moreover, the polarized-SHG intensities are not 

affected by the polarization of the incident light, which can 
overcome the limitations of polarization-selective excitation of 
nonlinear optical crystals. Our work provides a new 2D noncen-
trosymmetric material for nonlinear optics, ferroelectric, and 
photo-electronics.

4. Experimental Section
Preparation of Nb3SeI7 Crystals: Nb3SeI7 crystals were synthesized by 

a chemical vapor transport method. The reagents Nb (Adamas-beta, 
99.9%), Se (Adamas-beta, 99.9%), and I (Adamas-beta, 99.9%) were 
mixed by a moral ratio of 3: 1: 7. The mixture was sealed in an evacuated 
silica tube, which was heated in a two-zone tube furnace. The tube was 
heated to a temperature gradient of 1073 K to 973 K at 3 K/min and held 
for 5 days. The shiny Nb3SeI7 crystals can be obtained in the cold area 
of the tube.

Single Crystal Determination: Suitable Nb3SeI7 single crystal was 
chosen to perform the data collection. Single-crystal X-ray diffraction 
was performed on a Bruker D8QUEST diffractometer equipped with Mo 
K α radiation. The diffraction data were collected at room temperature 
by the ω- and ϕ-scan methods. The crystal structures were solved and 
refined using APEX3 program. Absorption corrections were performed 
using the multiscan method.

Characterization: The element compositions of Nb3SeI7 crystal 
were confirmed through energy-dispersive X-ray spectroscopy. The 
microstructure of the exfoliated Nb3SeI7 flakes was studied by high-
resolution transmission electron microscopy. The Raman spectra 
measurements were carried out on a microscope spectrometer, equipped 
with ×50 optical objective and 1800 grooves mm−1 grating. The excitation 

Small 2023, 2207934

Figure 3.  a) Optical absorption of Nb3SeI7 flake. b) SHG signals of a Nb3SeI7 flake under different excitation wavelengths ranging from 800 to 1020 nm. 
c) SHG spectra in the incident light of 860 nm with power from 10 to 40 mW. Inset: Power-dependent SHG intensity. d) SHG signals were measured 
at temperatures from 343–543 K.
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power and wavelength were 1 mW and 532 nm, respectively. The SHG 
signals were collected in a chameleon femtosecond laser. To detect the 
polarized SHG, the incident laser was polarized, and the scattering light 
was in the direction parallel and perpendicular to the incident light. 
The optical bandgaps of Nb3SeI7 flakes with different thicknesses were 
determined by Jasco MSV-5200 microscopic spectrophotometer.

[CCDC 2 221 828 contains the supplementary crystallographic data 
for this paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.]
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