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Abstract

We investigated the anisotropic selective-area HCI-gas etching behavior of SiO2-masked
(001) B-Gaz03 and its dependence on the temperature 7 (548—949 °C) and HCI partial
pressure Po(HCI) (25-250 Pa). The cross-sectional width-to-depth aspect ratio of the
etched trenches formed under the striped window along [010] decreased with increasing
T and decreasing Po(HCI). Secondary-ion mass spectrometry revealed slight diffusion of
Si into B-Gax0; at 7' = 949 °C, while no diffusion was detected at 7 = 750 °C. These
results provide practical guidelines for the fabrication of desired three-dimensional

structures, such as fins/trenches, for high-performance -Ga>0O3-based power devices.

Monoclinic-structured -Ga;O; is an ultra-wide bandgap semiconductor, and it is
promising for future power device applications. In addition to the large bandgap energy

of 4.5-4.9 eV, melt-grown high-quality B-Ga>Os single crystal substrates are
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available®™ to grow high-quality homo/heteroepitaxial layers, which are essential for
high-performance power devices, such as Schottky barrier diodes (SBDs),!%!?
modulation-doped FETs,'*!> and MOS FETs (MOSFETs).!¢-2%

To further increase the breakdown voltage of SBDs and enable normally-off operation of
MOSFETs, introduction of three-dimensional (3D) structures, such as trench MOS
SBDs'%!3) and fin FETs,!®!) respectively, have been proven to be effective.

Such 3D structures have been mostly fabricated by reactive ion etching.?!) However,
plasma damage is introduced on the processed surface and deteriorates the device
performance.??>¥ Therefore, an alternative plasma-free dry etching technique is required.
Accordingly, various plasma-free etching techniques have been investigated.”>” We
recently demonstrated the selective HCl-gas etching technique and fabrication of
fins/trenches along [010] with stable (100) sidewalls on a (001) B-Ga,Os substrate,?”
which is particularly important for industrial use owing to the scalability and capability
of the rapid growth of a high-quality epilayer.

The HCl-gas etching needs to be precisely controlled for practical device fabrication.
Accordingly, in this study, we systematically investigated the effect of the temperature 7
and HCl partial pressure Po(HCI) on the selective etching behavior of SiO2-masked (001)

B-Ga,0s to obtain guidelines for practical device fabrication.



We used (001) B-Ga20s3 substrates (Novel Crystal Technology, Inc.) with a 0.1-um-thick

patterned SiO> mask for the etching experiments. The mask pattern included square

windows (100 um x 100 um), circular windows with a diameter of 1.7 um, and striped

windows along [010] with a width of 1.4 um. The SiO> film was deposited by plasma-

assisted CVD using tetraethoxysilane as the precursor at 350 °C for 5.5 min. Conventional

photolithography was used for patterning (see Ref. 30 for details).

The etching experiments were performed in a hot-wall quartz tube under atmospheric

pressure. The etching gas was HCl (> 99.999% purity). N2 (dew point <—110 °C) was

used as the carrier gas. Two series of etching experiments were carried out. The first series

of experiments was performed at 7' = 548—-949 °C with Po(HCI) = 62.5 Pa. The second

series of experiments was performed with Po(HCI) = 25-250 Pa at 7 = 750 °C. Each

etching time was set so that the depth of the etched depression was similar to those of the

other samples assuming linear dependence of the etching rate on T or Po(HCI), although

there was variation of the depth to some degree in reality.

A surface profiler was used to measure the depth of the etched depression formed at a

square opening to calculate the (001) etching rate. Field-emission scanning electron

microscopy (SEM) was performed to observe the in-plane and cross-sectional profiles of



the etched structures. For the plan-view observations, a high acceleration voltage of 10

kV was used to observe the profile through the SiO> mask. For the cross-sectional

observations, the etched trenches were cut with the (010) plane by Ga-focused ion milling.

Secondary-ion mass spectrometry (SIMS) was performed to estimate the diffusion of

impurities from the mask or etching environment into the f-Ga>O3 surface, which needs

to be suppressed for fabrication of practical power devices.

The (001) etching rate as a function of T at Po(HCl) = 62.5 Pa is shown in Fig. 1(a). The

etching rate monotonically increased with increasing temperature. The etching rate as a

function of Po(HCl) at 7= 750 °C is shown in Fig. 1(b). The etching rate linearly increased

with increasing Po(HCI).
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Fig. 1. Etching rate of (001) B-Ga,Os3 as a function of (a) T at Po(HCl) = 62.5 Pa and (b) Po(HCl) at T

=750 °C.



Plan-view SEM images of the etched depressions formed through the circular windows
at various 7 and Po(HCI) values are shown in Fig. 2(a) and (b). The depressions were
nearly hexagonal with sidewalls of {100} and {310}. In both series, the shapes of the
upper half of the hexagons, which consisted of the edges of (100), (310), and (310), were
similar, while those of the lower part were dependent on the etching conditions. The
relative etching rate along [100] to [100] increased with decreasing T and increasing
Po(HCI), and the relative lengths of the edges of (310) and (310) increased as a result.
The anisotropic behavior between [100] and [100] is interesting because they should be
crystallographically equivalent. The side wall on the [100] side (+a sidewall) was the
stable (100) plane, while that on the [100] side (—a sidewall) deviated from the (100)
plane, particularly at low T or high Po(HCl) (Fig. 3). Furthermore, the —a sidewall stayed
just below the window, through which HCI gas was supplied, while the +a sidewall was
distant from the window, except for in the initial stage of etching. These results seem to
indicate that the —a sidewall had a faster etching rate than the +a sidewall, but the reality
was the opposite. The different etching behavior of the +a sidewalls might be attributable
to their cross-sectional geometric differences or the different etching histories starting
from the initial horizontal (001) plane to reach the differently inclined +a sidewalls.

However, we do not have any plausible explanation of the concrete mechanism at present.



It is also likely that there was some difference in the microscopic surface structures

between these sidewalls. In addition, bowing of the +a sidewall was observed when it

was distant from the window. This bowing probably occurred because the etching driving

force decreased when the etching front was away from the circular window, through

which HCI gas was supplied. Accordingly, longer etching time may lead to bending of

other sidewalls.
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Fig. 2. Plan-view SEM images of the etched depressions formed through circular windows for the

(a) T series and (b) Po(HCI) series.

Here, we discuss the cross-sectional shapes of the trenches etched through the striped

windows, which are particularly important for fabrication of fins/trenches. Plan-view

SEM images of the trenches are shown in Fig. S1. Bowing of the [010]-parallel sidewalls

was not observed since the supply and exhaust of the etching-related gas species should

be spatially uniform, unlike the case of circular windows. Cross-sectional SEM images

of the trenches formed at various 7 and Po(HCI) values are shown in Fig. 3(a) and (b). A



focused-ion-beam SEM combined apparatus was used for sample preparation and
observation. The carbon protective layer deposited for Ga-focused ion milling can be
observed. The sidewalls of the trench were parallel or close to the (100) plane, and the
bottom was the (001) plane. The inclined (101) plane only appeared at the bottom corner
on the +a sidewall side at 7= 949 °C. At T = 1038 °C, the trench bottom was the (101)
plane without the (001) plane.?® These results indicate that the (101) plane is more stable
than the (001) plane at high 7. As observed for the circular windows, the etching rate of
the +a sidewalls was faster than that of the —a sidewalls. The structural parameters of the
trenches, which are defined in Fig. 3(c), are summarized in Fig. 4. The —a sidewall angle
6-, increased with decreasing 7 and increasing Po(HCl), while 6., virtually remained
constant. The deviation of 8:, from 3 = 103.7° is probably due to the geometric error upon
tilted observation. The reason for the variation of 6, is unclear at present. The mechanism
may be related to that of the etching rate difference between the +a-sidewalls. In addition,
low cross-sectional aspect ratios L+./D and L-./D, which are preferable for fabrication of

narrow/deep structures, can be obtained at high 7" or low Po(HCI), as shown in Fig. 4.



(a) 7 dependence at a fixed Py(HCI) of 62.5 Pa

Fig. 3. Cross-sectional SEM images of the etched trenches for the (a) T series and (b) Po(HC]) series
observed from the direction tilted from the (001) surface normal by 54°. (¢) Definitions of the

measured lengths and angles shown in Fig. 4.

= 6 140 6 140
£ [ (a) PyHCI) (b) T=750°C
] =625Pa 130 130
351 5}
= o 120 6, g1120
Sl A N 4 som Z
s - 10 4f g mry 110%
<] 4 ',' P
£ S_G‘méka 100 55 gl 100 &
< . A =
g1 ¢ 90 " 0 3
2t \L./D 2 @
g Lo 80 g0 @
3 o L./D
® Al LDR 70 4L [\ 7ol
g el S LD
5 el 02160 o j LD 60
0 Ve e —® olLe—e o
600 800 1000 0 100 200
T(°C) Po(HCI) (Pa)

Fig. 4. Normalized under-etching lengths and side-wall angles as a function of (a) 7" and (b) Po(HCI).
See Fig. 3(c) for the definitions of L+4, L-4, G4, O-a, and D.

The SIMS depth profiles of the (001) B-Ga,Os3 substrates, including the control sample,
are shown in Fig. 5(a)—(c). The measurement was performed on the (001) surface from
which the SiO2 mask was removed by buffered HF etching in advance. The control
sample only experienced SiO> deposition and removal. No significant morphological
difference was observed between the three samples by AFM in the vicinity of the SIMS

spots (not shown). The H, Si, and Cl concentrations were measured, and only Si was



detected. The Si depth profiles are compared in Fig. 5(d). Si diffusion, probably from the
mask, was observed in the vicinity of the surface for the 949 °C sample, while there was

no difference between the 750 °C-annealed and control samples.
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Fig. 5. SIMS depth profiles of the (a) control sample and the samples etched at (b) 7= 750 °C and
(c) 949 °C. (d) Comparison of the Si concentrations in the three samples. The detection limits are

indicated by the arrows.

The behavior of selective-area HCl-gas etching of (001) B-Ga,Os single-crystal substrates
has been systematically investigated with 7 and Po(HCI) as the parameters. The (001)
etching rate monotonically increased with increasing 7"and Po(HCI). The relative etching
rate of the +a sidewalls to the —a sidewalls increased at low 7/high Po(HCI). The cross-
sectional aspect ratios L+./D and L-./D of the [010] trenches tended to be small at high
T/low Po(HCl). As guidelines for fabrication of fins/trenches, etching with high 7 below

949 °C and low Po(HCI) should be performed to minimize the L/D values and the



deviation of €-, from B = 103.7° for precise shape/dimension control and negligible Si

diffusion.
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