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III-Chalcogenide materials have been attracting increasing attention owing to their favorable properties.
Because of the special anisotropic structure, where atoms combine with each other by interlayer Van der
Waals interaction, III-Chalcogenides are also called the Van der Waals crystals. This novel structure makes
coaxial phase matching possible in nonlinear optical processes. On the other hand, the terahertz (THz) wave,
which can be generated via nonlinear optical processes such as difference frequency generation (DFG), has
both the straightness of the lightwave and the transparency of the electric wave. THz wave is safe for
human tissue and sensitive to intermolecular interaction, so it is widely applied in medical diagnose and
non-destructive detection. Indium selenide and gallium selenide compounds are typical Van der Waals

crystals and prospective nonlinear optical materials.

In this research, indium monoselenide (InSe) single crystals have been grown for a low-temperature
solution using the temperature difference method under controlled vapor pressure (TDM-CVP). The
selenium vapor pressure can be controlled during the crystal growth process, so the composition of crystals
has less deviation from the stoichiometric ratio. GaSe single crystals have also been grown using the
TDM-CVP. Because the growth is conducted in a low-temperature solution, the as-grown crystal is e-GaSe
single crystal without the coexistence of y polytype, which is a high temperature GaSe polytype and useless
in the DFG process. Moreover, TDM-CVP has been improved in this study. In this method, selenium vapor

at a pressure higher than the saturated vapor pressure is applied to molten indium, such that the selenium
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continuously dissolves into the indium solution until the solubility at the growth temperature is reached;
then a slow cooling process results in crystallization. One can prepare the target crystal just by controlling
the temperature without the need to consider the chemical composition of the solution in the crucible. The
growth speed is increased seven times by inducing a gradual cooling process to the previous method. The
In2Se3 and InSe single crystals have been prepared using the improved growth process. Furthermore, the
selenium. By adding fluxes into the solution, the growth temperature can be further decreased. The e-GaSe
crystals have been grown from Sn, Bi, Sh, In fluxes, and the crystal thickness is over ten times the thickness
of the TDM-CVP grown sample.

The crystallinity of the as-grown sample has been measured using characterizations like x-ray diffraction
(XRD), Raman spectroscopy, and transmission electron microscopy (TEM). The as-grown crystals have been
confirmed as GaSe and InSe single crystals. Besides, there is no coexistence of polytypes in these samples,
and their thickness is about 10 mm, so they are able to be applied in any nonlinear optical experiments and
the fabrication of thin film devices. The Van der Waals interactions in crystals have been quantitively
measured using a set of constructed experiment system. It is confirmed that the Van der Waals force of InSe
is stronger than that of GaSe. The author also suggested a theory to explain the phenomenon based on
London’s model. The second-order susceptibility of the as-grown crystals has been theoretically and
experimentally investigated. A second harmonic generation (SHG) optics system was constructed, and the
wavelength-dependent SHG efficiency has been measured. The results have been compared with the
second-order susceptibility calculated using the density functional theory (DFT) method. The second-order
nonlinear properties of the Sn flux-grown sample are most favorable compared with other fluxes. A DFG
optics system has been constructed to generate THz using our as-grown sample. In this DFG system, two
Cr:forsterite laser beams, pumped by a two-channel YAG laser, were used as the pump and signal beam. It
is confirmed the phase matching condition is changed in the flux-grown GaSe crystal. The new phase
matching condition is related to the amount of the flux that remained in the crystal. By applying the new
phase matching condition, the DFG optical system, with over 20 times generation efficiency larger than the
present crystal, has been developed. The THz waves generated via a nonlinear optical process have been
used in the non-destructive detection of some composite woven fiber samples. The silk and nylon fibers are
periodically arranged in the sample. In the THz transparent spectra, the diffraction of THz waves in the
periodic structure with a micrometer-order period has been observed. Besides, the absorptions of
intermolecular vibration of the macromolecule in nylon and silk have also been observed. So, not only the

structure but also the composition of the composite material sample can be investigated simultaneously
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using our nonlinear optical system.

In summary, the crystal growth method and condition, optical properties, and application of III-VI Van der
Waals crystal, including gallium selenide and indium selenide compounds, have been systematically
investigated in this study. We believe this study will benefit other research related to two-dimensional

material and pave the way for the nonlinear optical application of III-VI Van der Waals crystals.
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