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We demonstrated the effectiveness of plasma-free HCl gas etching on a SiO2-masked (010) β-Ga2O3 substrate. The etching process proceeded anisotropically in the window areas, resulting in the fabrication of holes or trenches that were surrounded by etching-resistant (100)- and (1 (_)01)-faceted sidewalls. When we etched in the striped windows along [001], we were able to create fins and trenches with flat (100)-faceted vertical sidewalls and slightly-rough {310}-faceted inclined bottom corners. The vertical-to-horizontal etching ratio was as high as ~11–14. Our findings indicate that HCl etching is a promising method for fabricating high-aspect-ratio fins/trenches on (010) substrates without causing plasma damage.


Over the last decade, there has been rapid research and development of β-Ga2O3-based electronic devices.1) This has led to a shift in researchers’ attitudes toward β-Ga2O3, from considering it a “novel wide-band-gap material” to a “next-generation power semiconductor.” This change has been inspired by the demonstration of β-Ga2O3-based metal-semiconductor field-effect transistors (MESFETs) and the anticipation of a very high breakdown field of ~8 MV cm−1.2) As a result, many resources have been devoted to studying this n-type unipolar semiconductor to demonstrate high-performance Schottky barrier diodes (SBDs),3,4) MOS field-effect transistors (MOSFETs),5–7) and modulation-doped FETs (MODFETs).8) Along with these unipolar devices, heterojunction bipolar devices such as PN diodes have been achieved by using native p-type oxides such as NiO and Cu2O.9,10) Recent studies on β-Ga2O3-based SBDs and heterojunction PN diodes have surpassed the one-dimensional unipolar limits of GaN and 4H-SiC diodes,3,9) consolidating β-Ga2O3’s role as the next-generation power semiconductor.
	To fabricate these devices, plasma-based anisotropic dry etching has been widely used to pattern β-Ga2O3 crystals. This method is not only used to define device areas but also to fabricate high-aspect-ratio structures like fins and trenches that are essential for creating sophisticated power-device architectures, such as trench MOSSBDs,11) trench MOSFETs,12,13) fin-FETs (FinFETs),14) junction barrier Schottky diodes,15) and super junction equivalent MOSFETs.16) However, reactive ions in plasma cause damage (defects, vacancies, and traps) to the etched surfaces, which degrades the electrical properties of the devices. This damage is evidenced by reduced channel mobility and nonnegligible hysteresis in transfer curves of FinFETs17,18) and increased on-resistance in deep-mesa-terminated SBDs,4) trench MOSSBDs,19) and gate-recessed MESFETs20) and MOSFETs7). Thus, post-treatments, such as wet etching21–23) and annealing4,7,20,23,24), are necessary to remove the damage.
	Alternatively, non-plasma etching processes have been attempted to obtain processed surfaces without plasma damage. Prior to our study, wet processes such as H3PO4 etching25,26) and MacEtch (photocatalytic etching in HF)27,28) and dry processes such as HEATE (H2 gas etching)29) and Ga-flux etching30) were investigated as possible anisotropic etching methods. Unlike plasma etching, which uses directional ions, these plasma-free etching methods rely on the low symmetry of the monoclinic structure of β-Ga2O331) to realize anisotropic etching. Although these etching techniques are still in their infancy, they show promise as device processes because the produced etched surfaces are free of plasma damage. This is demonstrated by almost-zero-hysteresis transfer characteristics of MOS capacitors fabricated on the Ga-flux-etched surfaces32) and MOS gates fabricated on MacEtch-formed fins33).
In our previous study, we conducted selective-area etching on (001) β-Ga2O3 substrates covered with patterned SiO2 masks using HCl gas flow in a halide vapor phase epitaxy (HVPE) system without plasma excitation.34) We observed that the etched structures were primarily dominated by crystal facets with low surface energy densities, and the striped windows along [010] created high-aspect-ratio fins and trenches with smooth (100)-faceted inclined sidewalls. In this subsequent study, we sought to determine whether the same method could be applied to (010) substrates. It should be noted that (010) orientation substrates are preferred for molecular beam epitaxy and metal-organic chemical vapor deposition compared to (001) ones.35–37) Additionally, planar devices such as MESFETs,1,20,38) MOSFETs,5–7) MODFETs,8) and FinFETs33) have been fabricated on high-quality epitaxial films on (010) substrates. Therefore, it is especially necessary to perform high-aspect-ratio etching on (010) substrates to form fins33) and trenches (including recess structures)5,7,20) to improve the field-effect in the channels and/or breakdown voltages.
[bookmark: _Hlk132715180]For HCl gas etching of (010) β-Ga2O3 substrate, we used the same method as our previous etching experiment for (001) β-Ga2O3 substrates.34) A SiO2 layer (0.10 μm in thickness) was deposited on the surface of the (010) β-Ga2O3 substrate via plasma-enhanced chemical vapor deposition using tetraethoxysilane and O2 as growth precursors. The SiO2 layer was patterned using laser lithography with buffered HF to create circular, radial-line, and stripe-shaped windows. The SiO2-masked substrate was placed in the horizontal quartz reactor of a laboratory-made HVPE system, which has an HCl gas line for etching in addition to growth precursor lines. The etching was performed at a reactor temperature of 1038°C by supplying a gas mixture of HCl (>99.999% pure) and N2 (dew point < −110°C) through the HCl gas line for 10 min. The HCl partial pressure was 63 Pa, and the total gas pressure was approximately 100 kPa. We characterized the etched structures using scanning electron microscopy (SEM) from both the surface and cross-sections of the sample, in which the cross-sections were exposed by focused ion-beam milling after depositing carbon surface protective layers.
The formation of an etched structure under a circular window is shown in Fig. 1. The etching was selective, creating an etched hole under the mask. The outline shape of the hole was a parallelogram, indicating that the etched sidewalls consisted of two chemically stable planes of β-Ga2O3 crystal. Considering the outline directions along [001] and [101], the corresponding etched sidewalls were (100) and (1 (_)01) facets, respectively. This result is consistent with previous HCl etching experiments on (001) substrates, in which the (100) and (1 (_)01) facets constituted etched trench profiles under striped windows with narrow widths along [010].34) This is explained by the fact that the unrelaxed (100) and (1 (_)01) surfaces have the smallest and the second smallest surface energy densities of ~0.75 and ~1.5 J∙m−2, respectively, among the crystal planes of (100), (1 (_)01), (001), (2 (_)01), and (101) that belong to the [010] zone.39) Since smaller surface energy density planes tend to exhibit higher etching resistance, the formation of (100)- and (1 (_)01)-faceted etched sidewalls in our etching experiments is reasonable.
Next, we investigated the in-plane anisotropy of the under etching using a radial-line pattern, as shown in Fig. 2(a). The radial-line pattern consisted of 36 window lines, one of which was along [001]. We measured the under etching lengths perpendicular to the window lines by SEM and summarized the results in a polar plot shown in Fig. 2(b). To obtain the under etching length of each window, we measured the distance between the window edge and the outline of the etched trench. The in-plane dependence of the under etching was similar to that of the HEATE method.29) Specifically, the under etching was minimized along [201] and [2 (_)01 (_)] (or [001 (_)] × b and [001] × b), where the corresponding sidewalls are (100) facets. It exhibited the second smallest in [101] × b and [1 (_)01 (_)] × b, where the corresponding sidewalls are (1 (_)01) facets. These findings agree with the parallelogram outline of the etched hole on the circular window in Fig. 1, where two facing sides along [001] were longer than those along [101]. In contrast, under etching was strongly enhanced along [101 (_)] × b and [1 (_)01] × b, where the corresponding sidewalls are assumed to be (101) facets. This fact is acceptable because the (101) surface has the largest unrelaxed surface energy density of ~3.1 J∙m−2 among the (h0l) planes listed above, and the value is even larger than that of the (010) surface (~2.4 J∙m−2).39) 
We investigated the structures of etched trenches and fins with (100)-faceted sidewalls on stripe patterns. We set the stripe direction as [001] so as to suppress under etching by the formation of (100)-faceted sidewalls. We created two stripe patterns, pattern A and pattern B, with different window/mask widths to demonstrate the fabrication of trenches and fins. These patterns are shown in Figs. 3(a)–3(c) and 3(d)–3(f), respectively [refer to the figure caption for the respective patterns’ window/mask widths]. The etched sidewalls in both patterns were flat and exactly vertical to the substrate surface due to the formation of (100) facets [refer to the schematic of Fig. 3(g)]. However, the bottom corners of the etched trenches had inclined facets with surfaces that were slightly rougher than the (100) facets. We identified the bottom corners as {310} facets from angle analysis of the cross-sectional profiles. The emergence of {310} facets is consistent with our previous etching experiment on (001) substrates, where (100) and {310} facets constituted the sidewalls of the etched hole formed under a circular window.34) {310} surfaces are expected to have a relatively low surface energy density as they are one of the slip-planes consisting of a close-packing plane of the oxygen sublattice.40) The under etching lengths of both patterns were as small as ~0.08–0.14 μm, while the corresponding vertical etch depths, or heights of the (100)-faceted sidewalls, were as high as ~1.13–1.48 μm, resulting in a large vertical-to-horizontal etching ratio of ~11–14. The HCl anisotropic etching on (010) substrates exhibited a relatively high vertical anisotropic feature, enabling the fabrication of trenches and fins with widths defined by window and mask widths with high accuracy, as seen in pattern A and pattern B, respectively. However, when the trench width was wider than ~2 μm, very rough (010) bottom surfaces appeared between the {310} facets, as observed in pattern B. The rough surfaces were attributed to the high surface energy density of the (010) surface. Therefore, if a smooth trench profile is required, it is necessary to restrict the window width.
In summary, we investigated the efficacy of using HCl gas etching on (010) β-Ga2O3 substrates to create etched structures, particularly as a potential fabrication process for fins and trenches. We found that the etching was anisotropic and that the resulting structures could be understood by considering etching-resistant (100), (1 (_)01), and {310} facets, similar to what was observed on (001) substrates34). When the window direction was parallel to [001], the resulting sidewalls of the etched trenches were ideal for device applications because they were formed with (100) facets that were flat, normal to the substrate surface, and free of plasma damage. Additionally, a very fine etching process was possible in this direction, with a vertical-to-horizontal etching ratio over 10, enabling the fabrication of high-aspect-ratio fins and trenches. Therefore, HCl gas etching is a promising facet-formation-based anisotropic etching method for not only (001) substrates but also (010) ones. 
It is worth noting that we were able to achieve selective-area etching using the same HCl-based HVPE system that has been used for the epitaxial growth of Ga2O3 polymorphs,41–43) including selective-area growth of β-Ga2O3 on both (001) and (010) substrates.44) This capability provides a significant advantage for research and development on β-Ga2O3, as both “halide vapor phase epitaxy” and “halide vapor phase etching” can be performed in a single system.
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Figure captions
Fig. 1. A top-view SEM image of an etched hole under a circular window (1.6 μm in window diameter). Note that [201] is perpendicular to (100).

Fig. 2 (a) A top-view SEM image of etched trenches under radial-line-patterned windows (1.4 μm in window width). (b) Polar plot of under-etching length perpendicular to the window lines in (a). “×” and “b” denote cross product and b-lattice vector, respectively. Therefore, [h0l] × b indicates the direction rotated counterclockwise by 90° from [h0l] on the substrate surface. Note that [h0l] and [h (_)0l (_)] are crystallographically equivalent.

[bookmark: _Hlk127535523][bookmark: _Hlk127535499]Fig. 3. Top- and tilted-view SEM images (0° and 50° from the surface normal, respectively) of etched trenches formed through striped windows oriented along [001] for (a)–(b) pattern A (window/mask width = 1.4/1.6 μm) and (d)–(e) pattern B (window/mask width = 5.7/0.5 μm). (c) and (f) Tilted-view SEM images (54° from the surface normal) of cross-sectional structures of the trenches corresponding to (a)–(b) (pattern A) and (d)–(e) (pattern B), respectively. The vertical and lateral scales on the cross-sections are different in the tilt observations. (g) Schematic summarizing the cross-sectional profiles for trenches in patterns A and B.
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