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The controlled growth of indium selenides has attracted considerable research interests in condensed matter physics and materials science yet remains a challenge due to the complexity of the indium–selenium phase diagram. Here, we demonstrate the successful growth of indium selenides in a controllable manner using the high-pressure and high-temperature growth technique. The γ-InSe and α-In2Se3 crystals with completely different stoichiometries and stacking manner of atomic layers have been controlled grown by subtle tuning growth temperature, duration time, and growth pressure. The as-grown γ-InSe crystal features a semiconducting property with a prominent photoluminescence peak of ∼1.23 eV, while the α-In2Se3 crystal is ferroelectric. Our findings could lead to a surge of interest in the development of the controlled growth of high-quality van der Waal crystals using the high-pressure and high-temperature growth technique and will open perspectives for further investigation of fascinating properties and potential practical application of van der Waal crystals.
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INTRODUCTION
Indium selenides (InxSey) are group III–VI semiconductors with kinds of In and Se stoichiometries and several structural modifications, for example, InSe with β, ε, and γ phases, and In2Se3 with α, β, γ, and σ phases (Butler et al., 2013; Bandurin et al., 2017; Balakrishnan et al., 2018). The rich tapestry of stoichiometries and structures of indium selenides makes them the treasure trove for fascinating properties with prospects in both frontier fundamental research and electronic device design, such as exotic ferroelectricity in α-In2Se3, ultrahigh electron mobility (>104 cm2 V−1 s−1 at low temperature) of γ-InSe, and excellent photoresponsivity in β-InSe (Lei et al., 2014; Milutinović et al., 2016; Ding et al., 2017; Tang et al., 2019; Guo et al., 2020; Li et al., 2020; Ding et al., 2021).
Among them, γ-InSe and α-In2Se3 are two promising materials that have achieved considerable attention. Both γ-InSe and α-In2Se3 are layered structures with the intralayer being covalent bonded and the interlayers being interacted by van der Waals force, as shown in the schematic drawing of crystal structures in Figure 1. The γ-InSe consists of quadruple Se-In-In-Se layers in the rhombohedral stacking behavior (Figure 1A), while the α-In2Se3 is composed of Se-In-Se-In-Se quintuple layers arranged in a rhombohedral (R3m) crystal structure (Figure 1B) (Butler et al., 2013; Bandurin et al., 2017; Balakrishnan et al., 2018; Tang et al., 2019). Such different stacking behaviors of In and Se atoms result in the γ-InSe and α-In2Se3 featuring distinct physical properties, which offers a new frontier of investigation on the relationship between the structures and properties. However, it is still a challenge to grow γ-InSe and α-In2Se3 in a controllable way because the energy difference between abundant structures of indium selenides is quite small.
[image: Figure 1]FIGURE 1 | Schematic rhombohedral crystal structure of γ-InSe consisting of quadruple Se-In-In-Se layers (A) and α-In2Se3 composed of Se-In-Se-In-Se quintuple layers (B) in 3D form.
Several approaches have been attempted to control grow γ-InSe and α-In2Se3, including chemical vapor deposition (CVD), chemical vapor transport (CVT), physical vapor deposition (PVD), pulse laser deposition (PLD), and the Bridgman method (Ishii, 1988; Zhou et al., 2016; Yang et al., 2017; Hu et al., 2018). Although substantial success has been achieved, the controlled growth of γ-InSe and α-In2Se3 still suffers from nonuniformity and time-consuming issues. Thus, the development of novel growth techniques is highly desirable. Recently, a few studies reported the utilization of the high-pressure and high-temperature (HPHT) growth method to grow the two-dimensional layered single crystals (Watanabe and Taniguchi, 2019). The high temperature and high pressure facilitate the crystallization and growth of crystals remarkably, which has provided an alternative and effective way toward the controlled growth of single crystals. However, the controlled growth of indium selenides using the HPHT technique has not been investigated. In this work, we systematically investigate the controlled growth of γ-InSe and α-In2Se3 using the HPHT growth technique by subtly adjusting the growth temperature, duration time, and the ratios of precursors. The photoluminescence (PL) of the as-grown γ-InSe and the ferroelectricity of the α-In2Se3 are further investigated.
RESULTS AND DISCUSSION
The controlled growth of InxSey crystals with different stoichiometries was realized by the HPHT growth technique. Figure 2 summarizes the controlled growth of InxSey crystals with different stoichiometries by subtle tuning growth temperature, duration time, and the ratios of precursors (precursor In/Se ratio) with the growth pressure of 0.76 GPa. As shown in Figure 2A, the crystalline InxSey with mixed stoichiometries of 2:3 and 1:1 is obtained at 250°C with duration time of 20 min and precursor In/Se ratio of 2.1:3. Such a mixing behavior might be due to the nonuniform reaction under the relatively low growth temperature of 250°C, which is very close to the melting points of In (156.6°C) and Se (221°C). Importantly, if we increase the reaction temperature, the mixing behavior could be completely eliminated. As can be seen from Figure 2A, crystalline InSe with a stoichiometry of 1:1 could be obtained at growth temperature of 300°C and 350°C, while the crystalline In2Se3 with a stoichiometry of 2:3 is eventually achieved as the growth temperature further increases to 400°C with other growth conditions unchanged. The present results are in principle consistent with the provisional equilibrium In-Se binary phase diagram (Lu et al., 1999), in which In2Se3 crystals are preferred to be formed at relatively high temperatures.
[image: Figure 2]FIGURE 2 | Controlled growth of indium selenides using HPHT growth technique under 0.76 GPa. The growth temperature (A), growth duration time (B), and precursor ratio (C) dependence of the stoichiometry of final grown crystals. The shadow rectangle in (A) and (B) indicates the transition region. HPHT, high pressure and high temperature.
We further demonstrate that the stoichiometry of the obtained crystals could be effectively modulated by the growth duration time. As shown in Figure 2B, the stoichiometry of the obtained crystals changes from 2:3 (i.e., In2Se3) to 1:1 (i.e., InSe) with the growth duration time increasing from 10 to 30 min under 0.76 GPa and 400°C with precursor In/Se ratio of 2.1:3, indicating that the longer growth duration time is beneficial for the growth of InSe crystals. Further increasing duration time to 60 min does not change the stoichiometry of the obtained crystals.
In contrast to the growth temperature and duration time, the In/Se ratios of the precursors have no influence on the stoichiometry of the resultant crystals. The InSe crystals with a stoichiometry of 1:1 are obtained even with the precursor In/Se ratio changes in a wide range from 1.8:3 to 3:3 under the growth condition of 0.76 GPa, 400°C, and duration time of 30 min (Figure 2C).
We perform a systematical investigation on the growth of InxSey crystal with a controlled stoichiometry by adjusting the growth conditions, including growth pressure, duration time, and precursor ratios. As summarized in Supplementary Table S1, no bulk crystalline products were obtained under growth pressure above 2 GPa with various kinds of growth temperatures, growth duration time, and precursor In/Se ratio. This fact suggests that the high pressure above 2 GPa is not favorable in the growth of InxSey crystals.
Figure 3 shows the optical images and scanning electron microscopy (SEM) images of the obtained crystals grown under 0.76 GPa and 400°C with In/Se precursor ratio of 2.1:3 for 30 and 10 min. The stoichiometry of the crystals is determined to be InSe (Figure 3A) and In2Se3 (Figure 3B) by the energy-dispersive X-ray spectroscopy (EDS) analysis, as shown in Supplementary Figure S1. The as-grown crystals are shiny with large sizes of about 5 × 1.6 mm for InSe (Figure 3A) and of about 1.7 × 1.3 mm for In2Se3 (Figure 3B). In addition, the resultant crystals exhibit clearly layered structures, as shown in the SEM images in Figures 3C,D.
[image: Figure 3]FIGURE 3 | Optical images of as-grown InSe crystal (A) and In2Se3 crystal (B). SEM image of InSe crystal (C) and In2Se3 crystal (D) exfoliated on SiO2 substrate. SEM, scanning electron microscopy.
Raman spectra were utilized to identify the phases of the InSe and In2Se3 crystals, as indicated in Figure 4. Four Raman modes, namely, [image: image] at 114 cm−1, [image: image] at 177 cm−1, [image: image](LO) at 198 cm−1, and [image: image] at 226 cm−1, are clearly seen for InSe flakes, which suggests the as-grown InSe crystals are of γ-phase (Figure 4A) (Balakrishnan et al., 2018; Wu et al., 2019; Mudd et al., 2013). For In2Se3, three Raman peaks located at 103, 180, and 193 cm−1 are observed (Figure 4B), which can be ascribed to A1(LO + TO), A1(TO), and A1(TO) phonon modes, respectively, of rhombohedral α-In2Se3 with space group of R3m, as indicated in Figure 1B (Lewandowska et al., 2001). Generally, E modes correspond to the in-plane vibration modes, while A modes correspond to the out-of-plane vibration modes. In α-In2Se3, only A modes are observed, which is probably due to the parallel measurement configuration of Raman measurement so that the wave vector of the exciting light is parallel to the c-axis of the α-In2Se3 (Lewandowska et al., 2001).
[image: Figure 4]FIGURE 4 | Micro-Raman spectra of γ-InSe flake (A) and α-In2Se3 flake (B) with excitation laser wavelength of 532 nm.
The crystal structures of the single crystals are further investigated by transmission electron microscopy (TEM). The thin γ-InSe and α-In2Se3 flakes were transferred on Cu grids by mechanical exfoliation and standard wet transfer method. Figure 5A shows the morphology of γ-InSe flakes. The selected area electron diffraction pattern (Figure 5B) measured in the marked area (red ellipse in Figure 5A) shows a six-fold symmetry, which suggests that the InSe crystals are of hexagonal structure. The high-resolution TEM image of the InSe flake clearly shows the hexagonal structure with the angle between the well-recognized a and b axes at 120o (Figure 5C). The lattice constant is determined to be about 0.4 nm, which is consistent with the lattice spacing of layered γ-InSe (a = b = 4.005 Å, c = 24.96 Å) (Chen et al., 2015). The same TEM investigations were also carried out on α-In2Se3 flakes, as shown in Figures 5D–F. The lattice constant is measured to be about 0.35 nm, which corresponds to d-spacing (100) lattice planes of α-In2Se3 (Ho et al., 2013; Zhou et al., 2015; Feng et al., 2016; Zhou et al., 2017; Tang et al., 2019).
[image: Figure 5]FIGURE 5 | (A) TEM image of γ-InSe flake. (B) SAED pattern and (C) HR-TEM image of γ-InSe flake collected in the marked area in (A). (D) TEM image of α-In2Se3 flake. (E) SAED pattern and (F) HR-TEM image of α-In2Se3 flake collected in the marked area in (D). TEM, transmission electron microscopy; SAED, selected area electron diffraction; HR-TEM, high-resolution TEM.
Figure 6 shows the PL spectra of the γ-InSe flakes exfoliated from the as-grown crystals. A prominent peak at ∼1.23 eV is observed for ∼22-nm γ-InSe (Figure 6A). The thickness of γ-InSe flake is determined by the atomic force measurement, as shown in Supplementary Figure S2. By increasing the excitation laser power, the PL peak intensity increases. The excitation power dependence of the PL peak intensity follows the power law, [image: image], in which I, P, and k are integrated peak intensity, excitation laser power, and power-law index, respectively. As shown in the log–log plot in Figure 6B, the value of k is fitted to be about 0.5. This suggests that the recombination is most likely originated from the localized electron–hole pairs in the γ-InSe, which is consistent with the theoretical calculations for the phonon sideband emission process (Brener et al., 1992). A similar semiconducting property with a prominent PL peak at ∼1.37 eV is also observed for α-In2Se3 flake, as shown in Supplementary Figure S3.
[image: Figure 6]FIGURE 6 | (A) Photoluminescence (PL) spectra of the γ-InSe flake of about 22 nm at different incident laser power indicated. (B) Log–log plot of PL intensity as a function of the excitation power. The solid red line is the linear fitting curve with power-law index of ∼0.5.
The piezoelectricity of the as-grown α-In2Se3 has been further investigated by the piezoresponse force microscopy (PFM) measurements. Figure 7 shows the out-of-plane PFM amplitude (Figure 7A) and phase image (Figure 7B). The high and low amplitudes are clearly observed in the inner square and outer square, respectively, which corresponds to the opposite polarization states after writing with +7 V and −5 V, respectively. In addition, the domain wall between the oppositely polarized region is clear and does not coincide with the edges of the samples, which excludes the contribution of other artifact effects.
[image: Figure 7]FIGURE 7 | The out-of-plane PFM amplitude (A) and phase (B) of as-grown α-In2Se3 flake exfoliated on SiO2 substrate. The red and white dashed areas are polarized using different driving voltages of +7 V and −5 V, respectively. PFM, piezoresponse force microscopy.
CONCLUSION
The controlled growth of indium selenide crystals was achieved successfully using the HPHT growth technique. The stoichiometry and structure of the indium selenides were well controlled by tuning the growth temperature and duration time at specific growth pressure of 0.76 GPa. The relatively low growth temperature and long duration time are beneficial for the growth of γ-InSe. On the contrary, α-In2Se3 crystals could be easily obtained at relatively high growth temperature and short growth duration time. Moreover, diverse physical properties were observed in the resultant crystals; i.e., γ-InSe shows a prominent PL peak at ∼1.23 eV, and α-In2Se3 exhibits evident ferroelectricity, which holds promise for the potential applications in optoelectronics and ferroelectric memory devices. Our findings have provided an alternative strategy for crystals growth in a controlled manner and will stimulate further development of high-quality crystal growth with numerous fascinating physical properties and functional device applications.
METHODS
Characterization
Structural investigations and stoichiometry analyses of as-grown crystals were determined by EDS analysis through a field-emission SEM (JEOL-7100F, JEOL Ltd, Tokyo, Japan) at room temperature. The high-resolution images are measured by TEMs (JEM 2010; JEOL) with an acceleration voltage of 200 kV. The PL spectra were collected on micro-Raman/PL system (InVia, Renishaw, Wotton-under-Edge, UK) using an argon green laser at 514 nm. PFM measurements were performed in ambient conditions by using scanning probe microscopies (Bruker Dimension Icon-PT, Kontich, Belgium). Co/Cr tips (MESP, Bruker) were used for PFM measurements. An ac driving voltage of 0.5–1 V at a near resonance frequency of 280–400 kHz was applied to collect the PFM domain images (PFM phase and amplitude).
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