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We investigated non-plasma HCl-gas etching properties on (011) β-Ga2O3, which is an attracting surface orientation allowing pit-free homoepitaxy. The etching occurred selectively in window regions of a patterned SiO2 mask, and resulting side-etched structures were dependent on the in-plane directions of the window edges. Particularly, the side etching markedly reduced when the windows aligned with the [01] direction due to the formation of (100)-faceted sidewalls. Although the (100) sidewalls were slightly tilted from the surface normal by 6.5°, their surfaces were flat and free of plasma damage. Therefore, the crystallographic etching could be a promising microfabrication process on (011) β-Ga2O3.


Recently, β-Ga2O3 has emerged as an ultrawide-bandgap semiconductor, offering a promising solution for cost-effective, high-performance power devices.1) Its large bandgap (4.4 eV and higher2)) enables power devices to operate at high voltages while reducing on-resistance, thereby facilitating the production of low-loss compact devices. The availability of melt growth techniques for synthesizing single crystals permits the production of low-defect-density (~103 cm−2) wafers,3)4)5)6)7) with sizes now reaching up to 6 inches, compatible with standard semiconductor processing equipment. Additionally, the use of halide vapor phase epitaxy (HVPE)—a high-purity, high-speed epitaxy method—enables the growth of lightly-doped (~1016 cm−3) thick homoepitaxial layers suitable for voltage-sustaining layers in power devices.8)9)10) The high thermal stability of β-Ga2O3 also allows for the use of ion implantation to conduct selective-area donor doping,11) simplifying the device fabrication process. With all these advantages combined, β-Ga2O3 shows greater promise than other wide-bandgap and ultrawide-bandgap semiconductors for the realization of next-generation power devices. However, some critical issues remain and must be addressed to advance the development of β-Ga2O3 devices.
The substrate orientation has been one of the key issues and still need to be explored. From the viewpoint of homoepitaxy, not only the growth rate but also the epitaxial structure and surface morphology are influenced by the substrate plane. To date, (100), (01), (010), and (001) substrates have been commercialized for β-Ga2O3 studies. The (100) and (01) substrates are unsuitable for homoepitaxy because twinning occurs due to the double positioning of adatoms.12)13) Single-domain homoepitaxy is feasible on the (010) and (001) substrates. However, streaky grooves (line-shaped pits) along the [010] direction and dot-like hillocks appear on the (001) and (010) substrates, respectively.8)9)14)15) In such a situation, Goto et al. recently reported the effect of substrate orientation on homoepitaxial growth using various orientation substrates, spanning from the (001) plane to the (010) plane around the [100] axis.15) They revealed that a smooth homoepitaxial surface without pits and hillocks can be achieved on the (011) substrate, as the (011) plane is nearly parallel to the dislocations that generate surface pits. Since flat epitaxial layers do not necessitate chemical mechanical polishing for device applications, the (011) plane is considered a promising substrate orientation. However, research on the (011) plane is still in early stages, with only a limited number of publications to date.16)17) Further research from a variety of perspectives is required to evaluate the validity of this orientation substrate.
In this study, we investigated the emerging crystallographic gas etching properties on (011) β-Ga2O3. Crystallographic gas etching allows for anisotropic etching based on the differences in surface energy densities of crystal facets. In the case of β-Ga2O3, planes with lower surface energy densities, especially the lowest-surface-energy-density (100) plane,18) form etched structures due to their higher chemical stability. In contrast to plasma-based dry etching, crystallographic etching proceeds without plasma excitation, thereby providing etched surfaces free from plasma damage and therefore preferred for use in device applications. To date, hydrogen environment anisotropic thermal etching,19)20)21) forming gas etching,22) HCl gas etching,23)24)25)26) Ga flux etching,27)28)29) and triethylgallium gas etching30)31) have been demonstrated on (010), (001), and (02) substrates. Their etching properties, particularly the in-plane side-etch behavior, are approximately similar regardless of the method although etching with Ga species (Ga flux etching and triethylgallium gas etching) is not precisely categorized as gas etching but Ga metal etching. Conversely, they are strongly dependent on the substrate orientation. Thus, we considered that an investigation on the (011) plane from the perspective of crystallographic etching would contribute for the evaluation of this orientation substrate. For the comparison to the results on other planes, we chose the HCl gas etching method that were performed on (010), (001), and (02) substrates.23)25)26)
The HCl gas etching experiment on the (011) plane was conducted as follows. A 0.13-μm-thick SiO2 layer was deposited on the surface of a (011) Sn-doped β-Ga2O3 single crystal substrate with a carrier density of 4.2×1018 cm−3 (Novel Crystal Technology, Inc.) by plasma-enhanced chemical vapor deposition. The layer was patterned using standard laser lithography and CHF3-plasma dry etching to form rectangular, radial-line, and striped windows. The dimensions of the rectangular window were as large as 100×150 μm2. The radial-line windows were composed of 36 line-shaped windows with a width of 0.7 μm, arranged in 10° increments starting from the [01] direction. It is important to note that the [01] direction is parallel to the intersection line between the (011) and (100) planes. Striped windows were aligned with the [01] direction; while the mask and window widths were 1.4 and 5.6 μm, respectively. The SiO2-masked substrate was introduced in a laboratory-made halide vapor-phase etching system to perform selective area etching in a flow of a gas mixture of HCl (> 99.999% pure) and N2 (dew point < −110°C) with a HCl partial pressure of 62.5 Pa at 1038°C for 10 min under atmospheric pressure. These etching conditions are the same as those of the HCl gas etching experiments on (010), (001), and (02) substrates.23)25)26) The vertical etch rate was 0.30 μm min−1, which was obtained by measuring the depth of the etched depression in the rectangular window using a stylus profiler. Other etched structures under the radial-line and striped windows were observed using scanning electron microscopy (SEM). For the etched trenches under the striped window, the cross section was also exposed and observed using a focused ion beam milling and SEM hybrid system. Note that the SiO2 mask was not removed for all the measurements.
First, in-plane anisotropy of side etching was characterized through SEM observation of trenches under the radial-line windows, as shown in Fig. 1. The side-etched regions under the mask were visible due to a sufficiently high electron beam acceleration voltage of 10 kV [Fig. 1(a)].23) The side-etch length, which we define as the distance between a window edge and an end of the side-etched region, was dependent on the in-plane direction. By measuring the side-etch lengths on both sides of the windows, the in-plane dependence of the side-etch rate was visualized in polar coordinates [Fig. 1(b)]. The approximate two-fold rotational symmetry pattern was roughly similar to that obtained on the (010) substrate,25) which is consistent with the fact that the (011) plane is tilted by only 28.3° around the [100] axis with respect to the (010) plane. Side etching was substantially suppressed in the two opposite directions perpendicular to the [01] direction, where etched sidewalls with (100) facets should be formed as in the case on the other orientation substrates.23)25)26) The side-etch rates were as small as 10 nm min−1 for the [01]×011* direction and 15 nm min−1 for the [01]×011* direction, where “×” and “*” represent the cross product and reciprocal lattice vector, respectively. The non-negligible etch-rate difference may be attributed to a slight tilting of the (100) plane by 6.5° from the surface normal23) and/or their 180°-rotated crystal lattice structures.22) Since the minimized side etching feature is preferable for practical device processing, we focused on etched trenches along the [01] direction.
Well-defined trenches with (100)-faceted sidewalls were successfully obtained under striped windows aligned with the [01] direction, as shown in Fig. 2. The trench width was almost the same as the window width due to the very small side etch rates [Fig. 2(a)]. While, the trench sidewalls exhibited smooth surfaces with some steps [Figs. 2(b) and 2(c)]. These steps probably be generated due to the subtle misorientation of the trench direction and would be eliminated by carefully adjusting the in-plane alignment in the lithography process. In contrast, the etched bottom surface was rough, which is reminiscent of that observed on the (010) substrate.25) Decreasing the process temperature could reduce the roughness,22) but this is a topic for future studies.
[bookmark: _Hlk184734589][bookmark: _Hlk184735532]The near vertical (100)-faceted sidewalls were confirmed through cross-sectional observation, as shown in Fig. 3. The trench profile was comprised of a pair of tilted (100) sidewalls and a rough bottom plane [Fig. 3(a)]. The positive and negative tapered sidewalls were found to be parallel with one another, exhibiting a tilt angle of 8° with respect to the surface normal. This measured angle agrees with the calculated value of 6.5° [Fig. 3(b)], thereby confirming that the sidewalls were formed with (100) facets. The slight angle difference of ~2° can be attributed to deviations in the holder normal direction with respect to the (011) plane and the directions of Ga and electron beams of the FIB-SEM system. The aspect ratio, defined as the etched depth divided by the side etching length just under the mask, reached 30 for the [01]×011* direction side and 20 for the [01]×011* direction side, respectively, which are higher than those of the HCl-gas etched trenches with (100)-faceted sidewalls on (010), (001), and (02) substrates.23)25)26) The near-vertical, high-aspect-ratio etched profiles indicate that HCl gas etching could be a viable microfabrication technique on (011) substrates.
In summary, we performed HCl gas etching on a SiO2-masked (011) β-Ga2O3 substrate to investigate the etching properties. As in the case with other orientation substrates, (100) facets appeared as smooth etched sidewalls with minimized sidewall etch rates when the window direction was [01]. In addition, the sidewalls were nearly vertical because the (100) plane is tilted by 83.5° degrees with respect to the (011) plane. These crystallographic etching features suggest that the (011) orientation substrate is well-suited for microfabrication using HCl gas etching, and potentially other non-plasma gas etching methods mentioned above.
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[bookmark: _Hlk184734346]Fig. 1. (a) Plain-view scanning microscopy image of etched trenches under radial-line windows on (011) β-Ga2O3. The image was recorded at an acceleration voltage of 10 kV. The magnified images are also provided in the supplementary material. (b) Polar plot of side-etch rates perpendicular to the radial-line windows shown in (a). Note that the solid lines connecting the data points serve as a guide for the eye.
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Fig. 2. (a) Plain-view and (b), (c) 54°-tilted-view scanning microscopy images of etched trenches under striped windows aligned with the [01] direction on (011) β-Ga2O3. The images were taken under an acceleration voltage of 10 kV.
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Fig. 3. (a) 54°-tilted-view cross-sectional scanning microscopy image of the etched trenches under the striped windows shown in Fig. 2. The image was obtained at acceleration voltage of 2 kV. The carbon deposit was a protective layer for the focused-ion-beam milling process. It should be noted that the vertical and lateral scales on the cross section differ due to the tilted observation. (b) Cross-sectional schematic illustrated based on (a). In this schematic, the vertical-to-horizontal aspect ratio is unity. The angles were calculated using the lattice parameters of β-Ga2O3.
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