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A two-dimensional (2D) material known as indium selenide (InSe) is widely considered a promising layered semiconductor with potential applications in electronics and optoelectronics. However, the single phase of InSe is still a challenge due to the close formation energy of InSe and In2Se3. In this study, we demonstrate a novel growth method for 2D InSe with an indium precursor layer by molecular beam epitaxy. Indium pre-deposited on substrate at room temperature followed by growth of InSe at 550°C can overcome the problem of stoichiometry control and can be applied on amorphous substrate with high quality. According to Raman scattering spectra, X-ray diffraction, and high-resolution transmission electron microscopy results, we find that 2D InSe phase can be facile formed under both indium-rich and -poor conditions. The pre-deposited indium precursor effectively induces replacement with subsequent Se and In atoms to form the InSe phase while suppressing the In2Se3 phase. Additionally, this single phase InSe is stable in the atmosphere, exhibiting superior electronic properties even after over 100 days exposure. Recently, this method has been successfully applied to a flexible substrate, such as aluminum foil, resulting in reliable InSe quality. Our results demonstrate an innovative and forward-looking approach to developing 2D InSe material.
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INTRODUCTION
Layered two-dimensional van der Waals materials have attracted much attention in academia and industry due to their exceptional electronic and optical properties (Bonaccorso et al., 2010) (Huang et al., 2016) (Bandurin et al., 2017). These materials have shown promise for a wide range of applications, including field-effect transistors (FETs) (Fang et al., 2012) (Kim et al., 2012), solar cells (Liu et al., 2019), photodetectors (Curreli et al., 2020) (Yang and Hao, 2019), and gas sensors (Zhang et al., 2020). A comparison of III-VI layered materials such as GaSe, and In2Se3, InSe shows potential applications in next-generation electronics and optoelectronics due to their suitable bandgaps (Yang and Hao, 2019) (Zhang et al., 2020), from 1.3 eV (bulk) to over 2.2 eV (few layers) (Bandurin et al., 2017) (Brotons-Gisbert et al., 2016). In particular, it exhibits outstanding performance regardless of whether it uses ultra-high mobility FETs (Jiang et al., 2019) or photodiodes with high responsivity to photocurrent generation (Buscema et al., 2015). Recently, due to the unique anharmonic lattice dynamics of InSe, the feasibility of application in heat conduction has been studied (Zeng et al., 2020) (Zolfaghari, 2018).
The applications of 2D materials are constantly evolving. However, many 2D layered materials, including InSe, are prepared by mechanical exfoliation from bulk crystals using the Scotch-tape method (Balakrishnan et al., 2014) or grown by chemical (physical) vapor transport (Cai et al., 2019). This technology reduces precision, which could stagnate the commercialization of new devices. Fortunately, the molecular beam epitaxy (MBE) system has promising technology and has been employed to develop epitaxially grown 2D thin films via the Frank–van der Merwe growth mechanism (Sorokin et al., 2020) (Levi and Kotrla, 1997). According to our experiences, however, the growth selection of complicated InxSey compounds during thermodynamic processes is troublesome, especially InSe (Chevy, 1984) (Chatillon and Emery, 1993) (Hayashi et al., 2000). Due to its narrow growth windows, the In-Se MBE system could not effectively address the problem of In2Se3 and InSe coexistence merely through temperature control. In this study, we propose an unexpected method, that is InSe thin films grown with an indium precursor. A new growth mechanism of InSe van der Waals thin films has been employed and it is not limited by the crystallinity of the substrate. In this method, thin-film growth is favored by liquid indium atoms, enabling prioritized InSe phase growth, as well as suppressing the In2Se3 phase. Based on the experimental results, in this paper we elaborate on the comprehensive mechanism of the innovative InSe growth employing indium precursor using an MBE system.
EXPERIMENTAL DETAILS
Materials Properties
The binary two-dimensional chalcogenides include mono-chalcogenides (MX type), transition metal dichalcogenides (MX2 type), and tri-chalcogenides (M2X3 type) (Mortelmans et al., 2021), where X = (S, Se, Te) and M = (Ga, In). Here, the focus lies on the introduction of an MX2 type: Each mono-layer contains four covalently-bonded atomic pieces in series X-M-M-X. Ordered layer-to-layer, the vertical sequence is bound by van der Waal forces.
InSe in bulk is a direct bandgap semiconductor. There are three types (β, γ, and ε), which have differences in the symmetry and stacking of the crystalline structure (Han et al., 2014) (Gomes Da Costa et al., 1993) (Hao et al., 2019). Among those, the ε- and γ-InSe are the most familiar. Due to the similar hexagonal unit cell composition and the same lattice parameters, they are hardly distinguishable. In this study, the γ-InSe has been grown using a homemade MBE system and identified by XRD, which has a rhombohedral crystal structure with lattice parameters a = 4.002 Å and c = 24.96 Å (Han et al., 2014).
Characterization
The samples were characterized by Micro-Raman spectroscopy, X-ray diffraction (XRD), cross-sectional high-resolution transmission electron microscopy (TEM), and Synchrotron Radiation Soft X-ray Photoemission spectroscopy (SR-SXPS).
The Raman measurements were carried out at room temperature using an iHR550 0.55 m single spectrometer equipped with a confocal microscope. The spectral peak of an argon laser at λ = 514.5 nm was used as the excitation source to investigate a growth study of the ordinary MBE technique; the spectral peak of a semiconductor laser at λ = 532 nm was used as the excitation source to investigate the identification of InSe by the novel growth method in this article. The laser power in experiments was selected at around 80 µW with a spot size of 1 µm in diameter.
The cross-sectional high-resolution TEM (Jeol 2000EX) was performed to examine the microstructure. XRD (PANalytical X’Pert PRO MPD) was used for the crystalline identification.
SR-SXPS was carried out at the beamline BL-24A of the National Synchrotron Radiation Research Center (NSRRC). All surface-sensitive photoelectron spectra were measured at ultra-high vacuum (10−10 torr) and the binding energy was referenced to the Fermi-level of gold foil.
Crystalline Size and Micro Strain
In this work, the average crystalline size and micro strain associated with the InSe vdW thin film due to lattice deformation was estimated according to a uniform deformation model (UDM) by the Williamson–Hall (W-H) plot method (Mote et al., 2012) (Chierchia et al., 2003) (Heryanto et al., 2019) (Rabiei et al., 2020). In the W-H method, the isotropic nature of the crystal is considered based on the full width at half maximum (FWHM) broadening contribution (βT) of the reflection peak in XRD results, which is a combined effect of crystallite size of (βD) and micro strain (βε).
Crystalline size (D) and lattice strain (ε) due to crystal imperfection and distortion was calculated using the Scherrer formula:
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and
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Where k is a shape factor (k = 0.9), λ is the wavelength and for Cu-K alpha = 0.15406 nm, βD is the FWHM of crystalline size, βε is the FWHM of lattice strain, and θ is the position of peaks.
To decrease this instrument error, the assumption peak width (βT) is the sum peak width from the crystallite size of (βD) and micro strain (βε), which can be described as:
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or
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By rearranging the above equation, the W-H equation can be described as:
[image: image]
Where ε represents micro strain and is the gradient (slope) of the line, kλ/D is the y-intercept regarding crystallite size.
On the other hand, dislocation density (δ) can be described as:
[image: image]
Where D is the crystalline size that can be calculated using the Scherrer formula.
RESULTS AND DISCUSSION
The physical vapor deposition (PVD) method has been applied in the past to grow a single-crystal phase of InSe van der Waals (vdW) thin film (Hsiao-Yuan Huang, 2011). In this work, the InSe thin films were grown by a homemade molecular beam epitaxial system. The samples are grown at ultra-high vacuum (10−8 torr) and the experimental parameters are shown in Table 1. Growth rate and crystallographic orientation are adjusted by controlling the cell temperature of indium (TIn) and selenium (TSe) at the GaAs substrate. The substrate temperature (TSub) is chosen at 380°C (#IS3) and 400°C (#IS1, 2, and 4). The compound content ratio of indium and selenium are quantified by energy-dispersive X-ray spectroscopy. Both X-ray diffraction and Raman spectroscopy results, as shown in Figure 1, indicate that when the amount of indium increases, the phase transition from In2Se3 to InSe occurs (Hsiao-Yuan Huang, 2011) (Weszka et al., 2000) (Lewandowska et al., 2001) (Groot and Moodera, 2001). An overview of the growth conditions implies that this method requires precise temperature control of the substrate and indium. However, due to this narrow growth window for pure InSe, InSe-In2Se3 mixed crystals are readily present in the thin films, as seen in the results of sample #IS3.
TABLE 1 | Growth parameter list of InxSey.
[image: Table 1][image: Figure 1]FIGURE 1 | (A) XRD and (B) Raman spectra of InxSy with variation of In/Se ratio from 0,4 to 1.03, respectively.
The complex crystallographic orientation of the InxSey family makes phase control difficult. The experimental formation energy between InSe (−0.611 eV/atom) and In2Se3 (−0.572 eV/atom) is close, according to the open quantum materials database (Saal et al., 2013) (Kirklin et al., 2015). The phases of In2Se3 dominate when the amount of indium is deficient. Comparatively, multi-phases of InxSey, such as InSe, In2Se3 In4Se3 etc., would co-exist under indium rich conditions. In this study, we propose an innovative method for the growth of a single phase InSe thin film, alleviating the problem of the InSe-In2Se3 mixed crystal phase. This method is not only appropriate for growing on a lattice substrate, but is also valuable on an amorphous substrate. This method employs an indium precursor between the InSe epilayer and substrate. The concept and the detailed process can be summarized as: the indium precursor process is suitable when the substrate can be made sticky through indium deposition and can endure the subsequent growth temperature. The properties of the sticky coefficient and uniformity between the substrate and indium should be considered. Two substrates are used, sapphire and glass, to understand the advantage of this method. The experimental parameters are shown in Table 2. The excessive kinetic energy between the substrate and the dynamic indium molecular beam causes a poor sticky force when the amorphous substrate provides thermal energy, especially a glass substrate. Therefore, the substrate was held at room temperature (RT), to reduce the kinetic energy from the substrate surface, and rotated regularly during indium deposition (30 min). The indium molecular beam with a high cell temperature (830°C), i.e., high molecular flow, tends to stick to the substrate. After completing indium precursor deposition, the substrate is heated to 550°C; the solid indium precursor layer melts to a liquid state during this process. Following the indium precursor, a PVD InSe is deposited. The molecular beams of dynamic Se and In react with free-moving liquid indium, prioritizing the formation of a single-phase InSe thin film as a consequence. The thickness of InSe grown on glass (noted as #A1) is around 22 nm by high-resolution transmission electron microscopy (HRTEM). The growth periods are around 30 min for Indium-precursor and 30 min InSe growth. Therefore, the growth rate is around 0.73 nm/min. The growth period ratio of indium precursor and InSe is close to one in this case.
TABLE 2 | Growth parameter list of InSe with indium precursor.
[image: Table 2]Figure 2 shows the Raman scattering of InSe grown on glass (#A1) and sapphire (#A2). A surprising discovery reveals that as the InSe growth was completed, the 2-inch molybdenum sample holder (#A3), as shown in Figure 2A, also exhibits InSe properties. The reason of similar Raman scattering results of sample #A1 to #A3 is that they are grown under the same growth mechanism. Indium is used as substrate adhesive. Therefore, the residual indium on the surface of molybdenum acts as a precursor for InSe growth. The Raman spectra of all three samples reveal characteristic modes of InSe. The excitation laser is set at 532 nm. These peaked at 116, 176, 201, and 228 cm−1, which correspond to the A1’ (Γ12), E' (Γ31)-TO/E'' (Γ33), A2'' (Γ11)-LO, and A1’ (Γ13) vibrational modes of InSe, respectively (Sorokin et al., 2020) (Mazumder et al., 2020) (Molas et al., 2021). These contributions are from out-of-phase vibrations of the In–Se bond within each vdW layer, as illustrated in Figure 2C. The weak shift with the samples is a change in the In–Se intralayer bonds. The results indicate that regardless of whether latticed or amorphous substrates, only a clear γ–InSe single-phase exists (Sorokin et al., 2020) (Mazumder et al., 2020) (Molas et al., 2021).
[image: Figure 2]FIGURE 2 | (A) shows a landscape of InSe growth on substrates of glass (#A1), sapphire (#A2), and molybdenum (#A3), respectively. The red ring mark is the measurement position of the Raman spectrum. (B) displays Raman spectra of samples #A1 to A3. (C) schematic the phonon vibration mode of InSe molecule at 116, 176, 201, and 228 cm−1, respectively.
Figures 3A,B illustrate high-resolution transmission electron microscopy images of samples #A1 and #A2, respectively, revealing the InSe/substrate interface landscape. InSe layers are ordered stacked by vdW force on either sapphire or glass, where monolayer thickness is around 0.8 nm. Both samples exhibit a depletion layer of precursor indium between the InSe and substrate (∼1.5 nm). It appears that the indium precursor layer has interacted with Se and In molecules, allowing an adequate penetration for the InSe growth. Most importantly, based on this growth method, the substrate selectivity regarding lattice mismatch seems to be inconsequential.
[image: Figure 3]FIGURE 3 | Cross-sectional TEM images of InSe films growth on (A) glass and (B) sapphire substrate. The vertically ordered InSe layers using weak van der Waals forces are clear found.
X-ray diffraction (XRD) has been carried out by a ω-2θ scan as shown in Figure 4 to investigate crystalline information. In Figure 4A, both samples exhibit clear InSe reflections of (003), (006), (009), and (0,018), respectively, referred to the ICSD data base (Muschinsky and Pawlenko, 1969). Take the (006) reflection, for example (Figure 4B), and compare the measurements of their features. The InSe thin film on the sapphire substrate has a narrower peak, as expected, due to a guiding lattice structure. However, although the glass substrate is amorphous, the InSe has grown on it also demonstrates surprising crystallinity. The lattice constant of both samples is almost the same when calculating the d-spacings. To further explore detailed information regarding the substrate effect on InSe thin film, the Williamson–Hall (W-H) plot is illustrated in Figure 4C. Comparing both fitted straight lines, using a sapphire substrate can result in an increased slope and lower y-intercept, attributed to the narrow peak width. Based on slope and y-intercept, the average crystalline size (D, nm), strain (ε × 10−3), and dislocation density (δ × 10−4, nm−2) has been estimated. The geometric parameters of the InSe thin films are recorded in Table 3. Calculations indicate that for InSe thin film growth, sapphire as a substrate h has a slightly higher strain and crystalline size than the glass substrate. There is a possibility that InSe may still be affected by the lattice substrate, where the lattice guides the InSe, resulting in a lower dislocation density. However, this growth method exhibits similar results even on the amorphous substrate. Admittedly, our growth method can obtain outstanding InSe vdW thin films using a glass substrate. Moreover, it demonstrates that substrate selection will not affect this growth mechanism, which will be competitive for future manufacturing device applications.
[image: Figure 4]FIGURE 4 | (A) shows the XRD spectra of InSe grown on glass and sapphire substrate. The reflection of InSe displays at (003), (006), (009), (0,018), respectively. (B) the XRD spectra zoomed in on (006) reflection. (C) W-H plots of βcosθ versus 4sinθ for #A1 and #A2.
TABLE 3 | Geometric parameters of InSe thin films.
[image: Table 3]Next, the #A1 sample was exposed to the atmosphere for 100 days to reveal its oxidation-related stability. Raman spectra in Figure 5A indicate no significant difference in the signals, exhibiting a high-quality lattice reliability. Therefore, SR-XPS was employed to investigate the chemical state and the electronic properties of the oxidation-related InSe at the surface. The core level spectra of In 3 days and Se 3d orbital are shown in Figures 5B,C. Quantitative analysis indicates the stoichiometric ratio of In and Se is 53: 47. The slight satellite signals near the higher binding energy of prominent peaks of the core level orbital can be detected, which is the contribution of InSe-oxidation, and it represents 5% of the total quantity of InSe surface (∼6 nm, estimated by XPS). The valence band spectrum in Figure 5D demonstrates that a signal onset at 1.21 eV binding energy below the Fermi-level is the valence band maximum. It is solely contributed by the Se 4p orbital edge (Guo and Robertson, 2017) rather than by oxygen from the atmosphere. The bandgap of bulk γ–InSe is around 1.28 eV. This result thus predicts n-type InSe. Despite being placed in an atmospheric environment for 100 days, the sample only shows 5% oxidation. Most importantly, the electronic properties of the InSe film are not affected at all by the atmosphere.
[image: Figure 5]FIGURE 5 | (A) Raman spectra of the InSe molecule before and after 100 days of atmospheric exposure (B–D) display XPS measurements after 100 days of atmospheric exposure (B) Se 3 days and (C) In 3 days core level orbitals of InSe show that only 5% oxidation within the InSe surface (D) shows valence band spectra of InSe after atmospheric exposure.
The defective InSe by Se vacancies or edge sites can change its energy formation (Boukhvalov et al., 2017) (Politano et al., 2016). The catalytic processes of InSe with ambient gases in the atmosphere will occur, which can induce the surface reactivity regarding hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) (D’Olimpio et al., 2020). Those reaction activities can increase with decrease the thickness of InSe. Especially, the thickness closes to atomic scale. Furthermore, the electronic band structure of InSe flake with selenium vacancies is affected by atmospheric gases (Politano et al., 2017) (Boukhvalov et al., 2017), which is an opportunity to form a p-type in device character (Boukhvalov et al., 2017) (Politano et al., 2016). Our growth method can offer InSe with less defect density, which benefits the discussion for subsequent manufacturing of the device, clarifying the state of surface control.
In general, the growth of MBE is based on thermodynamic equilibrium. The surface lattices of substrates obtain thermal energy, causing the phonon resonance which is the anharmonic effect of lattice dynamics (Katsnelson, 2005), thereby generating kinetic energy that guides the coupling of dynamic molecular beam atoms. According to the Frank–van der Merwe growth mechanism, this process ideally would result in three key issues: the chemical bonding between atoms in a monolayer, the arrangement of small atomic displacements, and the layer-by-layer growth of a vdW thin film.
Due to the approximative compound-formation-energies of InSe and In2Se3, it is arduous to efficiently select a single crystalline phase of the film during epitaxy. The In2Se3 crystalline dominates under poor indium conditions. Hence, it is essential to ensure that the indium is stable and sufficient for reaction during InSe growth. According to the experience from CuInGaSe2 semiconductor, indium is a soft and malleable element which has a low melting point (156.60°C) and an excellent diffusion ability in the CIGS system during thermal process (Djessas et al., 2004) (Muzzillo et al., 2016). Indium is also commonly used in abrupt ion-implantation and has been applied to MOSFETs (Suzuki et al., 1999). Therefore, based on these experiences, using the liquid indium precursor layer, the properties of free-moving of dislocations (Ziman, 1972), forces the priority formation of the InSe phase during the growth process. Figure 6 illustrates the growth flow of this method. This innovative growth method overcomes the weakness of the lack of indium in the growth process of InSe (Figure 6B). Furthermore, the chemical bonding of two-dimensional vdW materials exists only in the monolayer, as well as the layer-to-layer is vdW forces. We speculate that the anharmonic effect of lattice substrates is beneficial in reducing the dislocation density and increasing the crystalline size. However, the results of this study imply that may not be necessary. Since the inherent anharmonic effect of honeycomb lattice InSe cooperates with the vdW forces’ dependency on layer stacking, this leads to coupling and orderly arranging by self-assembly interaction between the formed InSe molecules in the liquid indium environment (Figure 6C). Thus, those molecules can be easily placed in an orderly fashion on amorphous substrates. It also explains why the substrate type is not critical in our experiments.
[image: Figure 6]FIGURE 6 | schematics the mechanism of InSe growth flow with indium precursor method. (A) represents the deposition of indium precursor on substrate. (B) represents formation of InSe molecule assisted by liquid indium bank. (C) represents InSe layer of molecule self-assembly based on anharmonic properties and van der Waals force. (D) represents the formation of InSe vdW thin film.
Flexibility is an important characteristic of vdW thin film. Therefore, it is important to demonstrate the vdW thin film on a flexible substrate. An InSe vdW thin film has been successfully grown on a soft aluminum foil substrate using this novel method. Figure 7A shows a landscape of InSe growth on an aluminum substrate. The red ring mark is the measurement position of the Raman spectrum. Figure 7B schematic the diagram of InSe stacked on the aluminum substrate. Figure 7C displays the Raman spectrum of this sample. The Raman spectrum is similar to the previous one. The reliable InSe vdW thin film from this innovation growth method proves that the growth is not limited to substrates. It combines the growth mechanism of the indium precursor layer and InSe vdW layer, thus exhibiting the potential for device manufacturing applications in the future.
[image: Figure 7]FIGURE 7 | shows the growth of InSe with indium precursor on the flexible substrate. (A) shows a landscape of InSe growth on an aluminum substrate. The red ring mark is the measurement position of the Raman spectrum. (B) schematic the diagram of InSe stacked on the aluminum substrate. (C) displays the Raman spectrum of InSe/aluminum substrate.
CONCLUSION
In this study, we demonstrate a novel InSe growth method using MBE to address the problem regarding In2Se3-InSe phase coexistence in the vdW thin film. The indium precursor was employed to guide the phase transition due to the lack of indium during the epitaxy growth, resulting in a pure InSe phase. This method allows for a wider choice of substrates, which benefits from the character of the indium precursor layer and anharmonic lattice of InSe. During growth, free-moving liquid indium can participate in the formation of InSe molecules. Furthermore, the anharmonic lattice of InSe can vertically order layers using weak van der Waals forces. This method is an innovative and forward-looking approach to developing 2D InSe electric devices in the future.
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