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HCl-gas etching behavior of (001) β-Ga2O3 under oxygen supply
Yuichi Oshima and Takayoshi Oshima

Research Center for Electronic and Optical Materials, National Institute for Materials Science, Tsukuba, Japan

ABSTRACT
The planar and lateral HCl-gas etching behavior of (001) β-Ga2O3 under oxygen supply were 
investigated at partial pressures of P0(O2) = 0–2.5 kPa and 645–1038°C, while maintaining 
a constant HCl supply partial pressure of P0(HCl) at 63 Pa. At 747°C, the planar etch rate (PER) 
exhibited a slight decrease with increasing P0(O2). Notably, at P0(O2) = 1.25 kPa, the PER 
increased with temperature, demonstrating a plateau between 747 and 848°C, whereas the 
thermodynamically calculated etching driving force did not. Even minimal O2 supply effectively 
suppressed root mean square (RMS) roughness to <1 nm at 747°C. At P0(O2) = 1.25 kPa, RMS 
roughness remained at  <2 nm at up to 847°C, but sharply increased to  >7 nm above 947°C, 
indicating that lower temperatures realize smoother surfaces. Lateral etch rate (LER) analysis, 
employing a spoke-wheel pattern mask at 747°C revealed significant anisotropy, demonstrat
ing a kidney-like polar plot pattern, with minimum values in the <100 > direction and max
imum values in the  <010> direction. Although P0(O2) had a limited effect on anisotropy, 
temperature increase significantly enhanced the LER, particularly along the ± 20°-rotated 
directions from  <100> . Above 947°C, etched sidewalls exhibited a multi-faceted morphology 
owing to the formation of {310} and {3̅10} facets depending on the spoke direction, whereas 
the sidewalls were relatively smooth below 848°C. These findings underscore the potential of 
controlled HCl-gas etching for the plasma-free processing of β-Ga2O3, enabling the fabrication 
of high-performance devices.

IMPACT STATEMENT
This study introduces O₂-supplemented plasma-free etching for b-Ga2O3, achieving enhanced 
surface smoothness and anisotropic control—providing practical guidelines for 3D structure 
formation and pre-epitaxial surface preparation.
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Introduction

Monoclinic-structured β-Ga2O3 is an ultrawide- 
bandgap semiconductor with a bandgap energy ran
ging from 4.5 to 4.9 eV [1,2]. Among various poly
morphs of Ga2O3, β-Ga2O3 is thermodynamically the 
most stable form, and a bulk single crystal can be 

produced using melt-growth techniques [3–8]. This 
availability of high-quality single-crystal β-Ga2O3 sub
strates facilitates the epitaxial growth of high-quality 
β-(Al,Ga)2O3 films, promoting extensive research and 
development aimed at the realization of high- 
performance β-Ga2O3-based power devices. 
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Promising device prototypes, such as Schottky barrier 
diodes (SBDs) [9–12], metal-oxide-semiconductor 
field-effect transistors (MOSFETs) [13–18], and mod
ulation-doped FETs (MODFETs) [19,20], have 
already been reported in the literature.

To enhance the breakdown voltage of SBDs and 
enable the normal-off operation of MOSFETs, β-Ga2O3- 
based power devices with three-dimensional (3D) surface 
structures such as trench SBDs [9–11] and FinFETs [14– 
16,18] have been developed. These 3D structures are 
typically fabricated using reactive-ion etching techniques; 
however, such processes often lead to plasma damage that 
can deteriorate device performance [10,15]. To overcome 
this limitation, various plasma-free etching techniques 
have been investigated [21–31]. Furthermore, plasma- 
free planar etching technology is also crucial as it is 
expected to eliminate surface damage resulting from 
processing techniques such as chemical mechanical pol
ishing [32–34] and surface impurities, such as siloxanes 
[35–37], prior to epitaxial growth. We developed HCl gas 
etching as a plasma-free etching method and demon
strated the formation of fins and trenches [23,28–30]. 
This technique can be conducted under atmospheric 
pressure and is applicable in epitaxial growth reactors 
such as halide vapor phase epitaxy (HVPE) and metal- 
organic vapor phase epitaxy systems.

In general, the growth shape and surface morphol
ogy of crystals are influenced not only by the surface 
energy density of the crystal planes but also by various 
growth conditions such as precursor partial pressure 
and growth temperature. Currently, there are no 
reports detailing the influence of the growth conditions 
on the growth shape in the vapor-phase growth of β- 
Ga2O3. However, in the case of the selective area growth 
of α-Ga2O3, it has been reported that the morphology of 
α-Ga2O3 islands can be effectively controlled by adjust
ing the partial pressures of precursors, such as GaCl and 
O2, as well as the growth temperature [38]. Etching can 
be considered as crystal growth with a negative growth 
rate, and both the shape of the etched dimple and sur
face morphology should be controllable by adjusting 
the etching conditions. We have previously reported 
the effects of substrate temperature (T) and the partial 
pressure of the HCl supply (P0(HCl)) on the planar etch 
rate (PER) of (001) β-Ga2O3, alongside the cross- 
sectional morphology of the trenches formed along 
the [010] direction during selective area etching [30]. 
Additionally, the anisotropy of the lateral etch rate 
(LER) was investigated; however, this analysis was con
strained to a single etching condition [28].

In this study, to further enhance the controllability of 
the HCl gas etching of β-Ga2O3 and facilitate the devel
opment of high-performance devices, we focused on O2 
supply as a new parameter for etching control. We sys
tematically investigated the effects of the partial pressure 
of O2 supply P0(O2) and substrate temperature (T) under 
O2 supply on the planar and lateral etching behavior of 

(001) β-Ga2O3. Thermodynamic analysis was performed 
to explain its characteristic etching behavior.

Experimental methods

HCl gas etching was performed in a lab-made hot-wall 
quartz tube reactor under atmospheric pressure, with 
the temperature maintained at T = 645–1038°C for 
10 min. HCl gas ( >99.999% purity) and O2 gas 
( >99.99995% purity) were supplied at P0(HCl) = 63  
Pa and P0(O2) = 0–2.50 kPa, respectively. The value of 
P0(HCl) was selected because it was mainly employed 
in our previous studies [28,30], thereby facilitating 
direct comparison with those reports. N2 (dew point  
<−110 °C) was utilized as the carrier gas.

Single-crystal (001) β-Ga2O3 substrates (Novel 
Crystal Technology, Inc.) were employed for the 
etching experiments. A β-Ga2O3 substrate was cov
ered with a SiO2 mask that featured a window of 
3 × 3 mm2 to investigate the PER for the (001) 
plane. The PER was calculated from the depth of 
the etched dimple at the window, measured using a 
stylus profiler (Dektak XT-A, Bruker, USA) after 
the removal of the mask with buffered hydrofluoric 
acid at room temperature. Atomic force microscopy 
(AFM) was performed using Jupiter XR (Oxford 
instruments, UK) to observe the morphology of 
the etched surfaces and to determine the root 
mean square (RMS) roughness.

To examine the LER, a β-Ga2O3 substrate was cov
ered with a SiO2 mask featuring a spoke-wheel pattern, 
comprising rectangular windows of 0.6 × 30 μm2 and 
aligned in 20° steps. The in-plane direction (θ) was 
defined to increase in a clockwise manner in the 0° 
direction along the [100] direction, as illustrated in 
Figure 1(a). Two adjacent spoke-wheel patterns with 
the initial spoke angles of 0° and 10° were utilized for 
this analysis (Figure 1(a)). The LER was quantified by 
measuring the lateral etching length, defined as the 
distance between the mask edge and etching front, and 
was analyzed through field-emission scanning elec
tron microscopy (FE-SEM) using SU8230 (Hitachi, 
Japan) (Figure 1(b)). A high acceleration voltage of 
20 kV was employed to observe the etching front 
through the SiO2 mask.

Results and discussion

Figure 2(a) illustrates the temperature dependence of 
the PER on the (001) plane at P0(HCl)/P0(O2) = 63 Pa/ 
1.25 kPa. It is revealed that the PER increased with the 
temperature and exhibited a plateau at T = 747–848°C, 
which was not observed in the absence of O2. The 
appearance of a plateau due to O2 addition aligns 
with previously reported results for the etching of 
(010) β-Ga2O3 using HCl gas produced via the thermal 
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decomposition of tert-butyl chloride (TBCl) within 
a similar temperature range [27].

To elucidate the cause of the plateau, the effect of O2 
supply on the temperature dependence of the etching 
driving force was investigated through thermodynamic 
analysis. Upon etching β-Ga2O3, volatile species con
taining Ga should be generated. The etching driving 
force of β-Ga2O3 is expected to be proportional to the 
following quantity PΣ(GaX), where P(GanX) represents 
the equilibrium partial pressure of the Ga-containing 
gaseous species GanX (where n represents the number 
of Ga atoms in the molecule), on the β-Ga2O3 surface. 
Note that PΣ(GaX) does not include the partial pressure 
of the carrier gas. 

Accordingly, the dependence of PΣ(GaX) on T and P0 

(O2) was theoretically calculated using Equation (1). 
The equilibrium partial pressure of each gaseous spe
cies was determined using a thermodynamic analysis 
software (CatCalc, Research Institute of 
Computational Thermodynamics, Inc.). This software 
calculates the equilibrium partial pressures of the gas
eous species to minimize the Gibbs energy of a system 
[39]. The total pressure of the system and P0(HCl) 
were set to 100 kPa and 63 Pa, respectively, with P0 

(O2) varying between 0 and 1.25 kPa. N2 was served as 
the carrier gas. In these calculations, the Ga- 
containing gaseous species generated during etching 
were assumed to include GaCln, (GaCln)2 (n = 1–3), 
GaOH, GaO, Ga2O, GaH, Ga, and Ga2. In addition, 
the Ga-free gaseous species considered in this calcula
tion, excluding the carrier gas, include H2, HCl, HClO, 
HClO4, H2O, H2O2, O2, O3, Cl2, ClO2, and Cl2O. It 
should be noted that in the etching of Ga2O3, not only 
externally supplied HCl but also gaseous species such 
as H₂–formed as etching byproducts – may contribute 
secondarily. Since the thermodynamic calculations in 
this study include such byproducts in the equilibrium 
calculations, the results presented here should inher
ently reflect those secondary etching effects.

Figure 2(b) presents the calculated results for the 
case without O2 supply, revealing that GaCln should 
emerge as the primary etching product. The equili
brium partial pressures of other Ga-containing species 
are outside the plotting range ( <10−3 Pa). Notably, 
GaCl3 dominated as the etching product from low 
temperatures up to approximately 1000°C. Although 
P(GaCl3) decreased at higher temperatures, this 
reduction was compensated by the increases in P 
(GaCl) and P(GaCl2), resulting in a continuous rise in 
PΣ(GaX) with temperature. When O2 was supplied, as 
shown in Figure 2(c), the decrease in P(GaCl3) and the 
onset of P(GaCl) and P(GaCl2) were significantly 

Figure 1. (a) Schematic of the spoke-wheel pattern used for 
the LER measurements and the definition of the in-plane angle 
θ. Black lines show the windows. (b) Plan-view SEM image of 
a spoke after etching. (inset) a schematic showing the defini
tion of a lateral etching length.

Figure 2. (a) PER of (001) β-Ga2O3 as a function of T under a gas supply condition of P0(HCl)/P0(O2) = 63 Pa/1.25 kPa. (b), (c) 
thermodynamically calculated equilibrium partial pressures of Ga-containing gaseous species and PΣ(GaX) as a function of T under 
the HCl supply condition of P0(HCl) = 63 Pa and oxygen supply conditions of (b) P0(O2) = 0 and (c) 1.25 kPa.

Sci. Technol. Adv. Mater. 26 (2025) 3                                                                                                                                   Y. OSHIMA AND T. OSHIMA



shifted to higher temperatures. As a result, the overall 
etching driving force decreased. This can be inter
preted as being due to the contribution of reverse 
reactions to produce Ga2O3, such as those between 
GaCln and O2. Note that the experimentally observed 
plateau was not reproduced. Accordingly, contribu
tions from mechanisms not considered in the thermo
dynamic analyses, such as the surface microstructure 
of the crystal and surface coverage by etchants and 
etching products, are likely responsible for this phe
nomenon. For instance, in the context of GaAs etching 
by Cl2, variation in the surface Cl coverage induced by 
temperature can lead to complex, non-Arrhenius 
behavior in the temperature dependence of the etch 
rate [40]. Similarly, in the etching of (010) β-Ga2O3 
using HCl derived from the thermal decomposition of 
TBCl, it has been proposed that temperature- 
dependent desorption behavior of the etching pro
ducts may affect the temperature dependence of the 
etch rate [27]. Further studies are required to elucidate 
the mechanisms observed in the present study.

Figure 3(a–e) illustrate the AFM images depicting 
temperature-dependent changes in the surface mor
phology after planar etching. For comparative analysis, 
an AFM image of the unetched sample is displayed in 
Figure 3(f). The unetched surface demonstrated atomic 
steps corresponding to the miscut direction, with an 
RMS roughness of ∼0.2 nm. In contrast, the etched 
surfaces demonstrated the gradual development of lin
ear morphologies extending along the b-axis with 
increasing temperature, becoming particularly pro
nounced at temperatures above 947°C. This tempera
ture aligns closely with the high-temperature threshold 
of the plateau, as depicted in Figure 2(a), where the PER 

begins to increase sharply. The distinctive linear mor
phology at elevated temperatures likely arises from the 
rapid disappearance of surfaces with lower etching resis
tance, as the etching driving force intensifies, leaving 
behind relatively stable crystal planes. Figure 3(g) illus
trates the temperature dependence of the RMS rough
ness of the etched surfaces. With increasing 
temperature, RMS roughness increased gradually up to 
848°C but exhibited a steep increase above 848°C, where 
the morphology underwent a drastic transformation. 
Therefore, it was found that lower temperatures were 
more favorable for obtaining smoother etched surfaces.

Figure 4(a) illustrates the PER as a function of P0 

(O2) at T = 747°C with the HCl gas supply maintained 
at P0(HCl) = 63 Pa. The PER exhibited a gradual 
decline with rising P0(O2). Conversely, thermody
namic analysis under identical experimental condi
tions predicted an initial sharp decrease in PΣ(GaX) 
with the addition of a small amount of O2, followed 
by a gradual decline (Figure 4(b)). The initial sharp 
decrease, anticipated by calculations, was not evident 
in the experimental results.

The cause of this discrepancy remains unclear; 
however, it may be due to the kinetic effects men
tioned above, which were not considered in the ther
modynamic analyses. Notably, the absolute value of 
the PER was significantly lower than previously 
reported [30] (a comparison can be made for the 
PER at P0(O2) = 0 kPa). This discrepancy may be 
attributed to the fact that the previous study measured 
the PER using a much smaller 100 × 100 μm2 SiO2 
mask window than that utilized in the present study. 
In other words, because the HCl etchant was only 
consumed within the window region, in the case of 

Figure 3. (a)–(e) AFM images of the etched (001) surfaces under a gas supply condition of P0(HCl)/P0(O2) = 63 Pa/1.25 kPa. (f) AFM 
image of an unetched substrate. (g) RMS roughness of the etched surface as a function of T.
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smaller windows, the unconsumed etchant on the 
mask may have contributed to etching within the 
window region to increase effective P0(HCl), thereby 
leading to a higher PER reported in the previous study. 
Fig. S1 presents an etching depth profile used for 
calculating the PER. Pronounced etching is observed 
near the edge of the window area, supporting the 
presence of the mechanism discussed here. 
Therefore, when applying the proposed etching tech
nique to the formation of 3D structures in β-Ga2O3, it 
is crucial to evaluate the etch rate under realistic win
dow-size conditions. It should be noted that, in this 
study, the etching depth was measured at locations 
sufficiently distant from the edges of the window.

Figure 5(a–d) present the AFM images that exhibit 
differences in surface morphology following etching 
under various P0(O2) conditions. In the absence of O2, 
deep pits, indicated by an arrow for example in 
Figure 5(a), were observed at relatively high density. 
In contrast, under O2 supply, even at the minimum 
partial pressure of 50 kPa, the density of the deep pits 
was significantly reduced. A further increase in P0(O2) 
did not yield a substantial additional reduction in pit 
density. This suggests the presence of crystal defects at 
the center of the pits, indicating that the HCl gas 
etching may be defect sensitive in the absence of O2. 
Conversely, under O2 supply, the reverse reaction of 
etching, i.e. the formation of β-Ga2O3 through the 

Figure 4. (a) PER of the (001) surface as a function of P0(O2) at T = 747°C with the HCl supply of P0(HCl) = 63 Pa. (b) Calculated 
PΣ(GaX) as a function of P0(O2) assuming the same etching conditions as those in (a).

Figure 5. (a)–(d) AFM images of the (001) surface etched at various P0(O2) values and at T = 747°C with HCl supply of P0(HCl) = 63  
Pa. (e) RMS roughness of the etched surface as a function of P0(O2).
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reaction between GaCln and O2, likely occurs concur
rently. If the formation of β-Ga2O3 is accelerated 
around the defects for any reason, the formation of 
pits may be suppressed. For instance, in the case of 
dislocations with a screw component, the atomic step 
density near the dislocation may be elevated, poten
tially enhancing the growth rate. Figure 5(e) depicts 
the dependence of RMS roughness on P0(O2). 
Notably, under O2 supply, the RMS roughness signifi
cantly decreases, likely correlating with the observed 
reduction of pit density.

Figure 6(a,b) present the plan-view SEM images of 
the spoke-wheel pattern etched at 645 and 1038°C, 

respectively, under the conditions of P0(HCl)/P0(O2)  
= 63 Pa/1.25 kPa. Notably, the LER exhibits an aniso
tropic increase with rising temperature. Additionally, at 
elevated temperatures, the spokes that are oriented close 
to the a-axis tend to develop zigzag (multi-faceted with 
{310} and {3̅10} planes) sidewalls These planes are slip 
planes associated with the densely packed arrangement 
of the oxygen sublattice [41], and are considered to be 
relatively stable crystallographic planes of β-Ga2O3.

Figure 7(a) illustrates a polar plot of the LER under 
gas supply conditions of P0(HCl)/P0(O2) = 63 Pa/1.25 
kPa. In the <100 > direction (θ = 0° and ± 180°), which 
corresponds to the etching of the {100} plane, which is 

Figure 6. Plan-view SEM images of the samples etched through the spoke-wheel-patterned mask under gas supply conditions of 
P0(HCl)/P0(O2) = 63 Pa/1.25 kPa at (a) 645°C and (b) 1038°C.

Figure 7. (a) Polar plot of the LER under gas supply conditions of P0(HCl)/P0(O2) = 63 Pa/1.25 kPa. (b) LER as a function of T along 
selected directions.
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the strongest cleavage plane with the lowest surface 
energy density among the crystal planes of β-Ga2O3 
[42], the LER was the smallest in plane, and its increase 
with temperature was less pronounced compared to 
that in other directions. Conversely, in the < 010 >  
direction (θ = ±90°), corresponding to the etching of 
the {010} plane, the LER significantly increased at 
elevated temperatures. The large error bars at high 
temperatures indicate the development of zigzag side
walls, as illustrated in Figure 6(b). The formation of 
dips around θ = ±50° and ± 130° is attributed to these 
directions correlating with the etching of relatively 

stable {310} and {3̅10} facets, respectively. The most 
pronounced increase in the LER with temperature was 
observed at θ ≈ ±20° and ± 160°. Figure 7(b) depicts 
the temperature dependence of the LER for the dis
cussed representative directions. For θ = 90° and 130°, 
a plateau similar to that observed for the temperature 
dependence of the PER for the c-plane (Figure 2(a)) 
was observed, likely due to a similar underlying 
mechanism. In contrast, no plateaus were observed at 
θ = 0° and 160°, suggesting that the presence or 
absence of a plateau depends on the microstructure 
of the etched crystal plane and the resulting kinetics.

Figure 8. Plan-view SEM images of the samples etched through the spoke-wheel-patterned mask under the conditions of P0(HCl)  
= 63 Pa and T = 747°C with the P0(O2) of (a) 0 kPa and (b) 2.50 kPa.

Figure 9. (a) Polar plot of the LER under the conditions of P0(HCl) = 63 Pa and T = 747 °C. (b) LER as a function of P0(O2) along the 
selected directions.
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Figure 8(a,b) display the plan-view SEM images of 
the spoke-wheel pattern etched at P0(O2) = 0 and 2.5 
kPa, respectively, under the conditions of P0(HCl) =  
63 Pa and T = 747°C. The dependence of the LER on 
P0(O2) was moderate, and no drastic changes in the in- 
plane anisotropy were observed.

Figure 9(a) presents a polar plot of the LER of the 
samples etched under varying P0(O2) conditions at P0 

(HCl) = 63 Pa and T = 747°C. Regardless of the 
changes in P0(O2), the LER remains minimized in 
the < 100 > direction (θ = 0° and ± 180°), correspond
ing to the etching of the most stable {100} plane. In 
the < 010 > direction (θ = ±90°), the LER exhibits the 
largest increase, accompanied by the development of 
uneven surfaces on the sidewalls due to the formation 
of {310} and {3̅10} facets. Dips were observed around 
θ = ±50° and ± 130° (albeit faintly at θ = ±50°), becom
ing more pronounced at lower P0(O2). A notable 
increase in the LER was also observed at θ ≈ ±160°. 
Figure 9(b) illustrates the temperature dependence of 
the LER for the representative directions discussed 
above. In all directions, as P0(O2) was reduced from 
2.5 kPa, the LER increased, as expected. However, 
when no O2 was supplied, an unexpected decrease in 
the LER was observed. This anomalous behavior was 
not observed in the P0(O2) dependence of the PER for 
the c-plane. The cause of this peculiar behavior 
remains unclear and cannot be explained thermody
namically; it is speculated to arise from kinetic 
mechanisms; however, further investigation is 
required to elucidate the underlying mechanism.

Conclusions

The effects of P0(O2) and T on the etch rate, in-plane 
etching anisotropy, and RMS roughness of the 
etched surfaces were investigated for the planar and 
lateral etching of (001) β-Ga2O3 using HCl. Notably, 
the temperature dependence of the PER under O2 
supply exhibited a plateau, which is believed to be 
attributable to a specific surface kinetic mechanism. 
Furthermore, the PER did not exhibit an initial 
sharp decrease, predicted by thermodynamic analysis 
with increasing P0(O2); instead, it exhibited 
a gradual decrease. Additionally, the dependence of 
the RMS roughness on P0(O2) and T was examined, 
revealing that etching at lower temperatures under 
O2 supply is crucial for achieving smooth etched 
surfaces. Variations in P0(O2) had a minimal impact 
on LER or its anisotropy. In contrast, the LER 
increased substantially with an increase in tempera
ture and exhibited drastic changes in the in-plane 
anisotropy. Specifically, near the < 010 > direction (θ  
= ±90°) and at θ ≈ ±20° and ± 160°, the LER 
increased significantly, with sidewalls becoming 
increasingly susceptible to irregularities at tempera
tures exceeding 947°C. These findings underscore 

the importance of etching at lower temperatures to 
achieve smooth sidewalls through lateral etching. 
However, even at lower temperatures, the sidewalls 
tended to exhibit a zigzag pattern in directions close 
to < 010 > . We believe that these findings enhance 
the versatility and controllability of HCl gas etching 
and contribute to the development of high- 
performance β-Ga2O3-based power devices through 
the fabrication of 3D structures with high-quality 
plasma-damage-free surfaces although demonstrat
ing the impact of this etching technique on device 
performance remains an important subject for future 
investigation.
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