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a b s t r a c t

We report on the effect of b-Ga2O3 crystal orientation on wet etching and Ohmic contact formation. The
photochemical etching rate in KOH solutions of ð201Þ oriented, n-type bulk single crystals grown by the
edge-defined film-fed growth method is ~3e4 times higher than for the (010) planes. The activation
energy for etching was 0.498 eV and 0.424 eV for ð201Þ and (010) orientations, respectively, suggesting
the etching is reaction-limited with the same rate-limiting step. Ti (200 Å)/Au (1500 Å) metallization
deposited on the two different orientations and annealed at 450 �C showed Ohmic current-voltage (I-V)
behavior for ð201Þ but rectifying characteristics for (010). For (010) Ga2O3, there exists 2 types of surfaces
having Ga and O atomic densities of 0.58 and 0.87 � 1015 cm�2, respectively. By contrast, for ð201Þ Ga2O3

surfaces, there exist 2 types of surface, with each type terminated with only Ga or O. If the surface is
terminated with O, the dangling bond densities of O are 1.78 and 2.68 � 1015 cm�2, respectively. We
found that ð201Þeoriented Ga2O3 is etched at higher rates and is easier to form Ohmic contacts than
(010) Ga2O3. The higher density of oxygen dangling bonds on the ð201Þ plane correlates with the faster
etch rates and pronounced Ohmic behavior from deposited metals.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The b-Ga2O3 polymorph is a monoclinic structure that is
attracting interest for power electronic devices, as well as solar-
blind UV photodetectors, gas sensors and transparent conducting
films for electrodes on a variety of optoelectronic devices [1e15].
There are a number of other polymorphs of Ga2O3, including the
corundum (a), defective spinel (g), hexagonal (ε) and the ortho-
rhombic (k), but recent attention has focused on the monoclinic b-
Ga2O3 structure [1,2]. There are a number of orientations of b-Ga2O3
in common use, including the ð201Þ, (010) and (001) planes
[4,6,9,11]. In material grown by the edge-defined film-fed growth
method [4], the (010) oriented crystals can be cut to produce ð201Þ
planes in the specific crystallographic direction.

There is obviously interest in the difference of physical, optical
and electrical properties of these crystal orientations due to the
crystalline anisotropy. For example, the thermal conductivity in
Ga2O3 shows a strong anisotropy, with the [010] direction showing
a thermal conductivity 2.5 times higher than that in the [100] di-
rection [2,16e19], although both theory and experiment suggest
there is little anisotropy in electron effective mass [2]. The ð201Þ
and (010) surfaces differ significantly in terms of their dangling
bond densities of oxygen, and this might be expected to have an
effect on processes like wet etching or metal contact formation.
Wet etching is needed for patterning features on the Ga2O3 for
device fabrication, while high quality Ohmic and rectifying contacts
are needed for diode rectifiers and transistors. It has already been
reported that the wet etching rate of (100) oriented Ga2O3 was
almost double that of (001) crystals in 47% HF solutions at 25 �C
[20]. H3PO4 was found to etch b-Ga2O3 (100) substrates at rates up
to several hundred nm/min at temperatures < 200 �C [21]. H3PO4
wet etching at 130 �C for several hours has been used to estimate
dislocation densities in ð201Þ and (010) Ga2O3 by counting etch pits
[4]. These were either triangular or line shaped and were found to
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correlate with dislocation density using transmission electron mi-
croscopy. Other wet etchants have been reported for Ga2O3 include
HNO3/HCl, H2SO4, and HF-based solutions [20e23]. For dry etching
of b-Ga2O3, Hogan et al. reported a maximum etch rate of 43 nm/
min with BCl3 using the inductively coupled plasma etching tech-
nique. The authors found similar etch rates for (010) and ð201Þ
planes, and slower etch rates for the (100) due to the surface oxy-
gen anions and lower density of dangling bonds [24]. Yao et al. also
reported recently that surface states appear to have a more domi-
nant effect on Schottky diode characteristics than the actual choice
of metal [25]. Thus, the orientation of the wafer surface, which
defines both the Ga-to-O ratio and the density of dangling bond
states, is a major considerationwhen examining surface-controlled
processes. In this paper, we show that the photo-enhanced chem-
ical (PEC) etch rates of Ga2O3 are much faster on ð201Þ planes than
on (010) and it is much easier to form Ohmic contacts on the
former.
Fig. 1. Schematic of P

Fig. 2. q-2q diffraction patterns (top) and x-ray rocking curves from the (020) and ð402Þ d
2. Experimental

The starting samples were bulk b-phase Ga2O3 single crystal
wafers with ð201Þ and (010) surface orientations (Tamura Corpo-
ration, Japan) grown by the edge-defined film-fed growth method
[4]. Hall Effect measurements showed these Sn-doped samples
were both n-type with an electron concentration of ~1018 cm�3.
This is an important fact for the experiments in which we compare
contact properties for metals deposited on the two different ori-
entations. The front side of the samples was chemically mechani-
cally polished after cutting from the original bulk crystal. The
dislocation density determined by etch pit measurements was
around 103 cm�2 [4]. The crystal quality was examined by X-Ray
Diffraction (XRD) and photoluminescence (PL) measurements. The
excitation source in the latter case was a 266 nm Nd:YAG laser with
a filter (<290 nm) to cut off the laser reflection into the detector.
XRD studies were performed on a Philips PW3040 diffractometer
EC etch system.

iffraction peaks, respectively, (bottom) from the (010) (left) and ð201Þ (right) wafers.



Fig. 3. PL spectra from (010) and ð201Þ Ga2O3 wafers.
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with a PW3020 goniometer equipped with the thin film package
including a graphite monochromator. Cu Ka1 X-ray target source
(l ¼ 1.5406 Å) was used, while the instrumental resolution in q-2q
Fig. 4. (a) b-Ga2O3 crystal structure a
modes was about 0.1” in 2W and in the X-ray rocking curve modes
about 0.15” in u.

For PEC etching, both ð201Þ and (010) Ga2O3 single crystal wa-
fers were immersed in a 5 M potassium hydroxide (KOH) solution
for 30 min at a stirring rate of 300 rpm at 80e95 �C with ultraviolet
illumination from a 120 W Hg lamp [26,27]. The emission bands
from the lamp range from above bandgap all the way to the yellow-
orange region (578.2 nm). A schematic of the system is shown in
Fig. 1. The etched surface morphologies of the ð201Þ and (010)
wafers were analyzed by a field emission scanning electron mi-
croscope (SEM). The contact properties of Ti (200 Å)/Au (1500 Å)
bilayer metal stacks deposited by liftoff and annealed at 450 �C for
1 min under a flowing N2 ambient were examined by current-
voltage (I-V) measurements at 25 �C. No reactive ion etching was
performed to enhance the conductivity of the surface prior to the
metallization.
3. Results and discussion

3.1. Materials characterization

Fig. 2(a) and (b) show the XRD results for the two types of
samples, with typical q-2q diffraction patterns of (010) and ð201Þ
oriented b-Ga2O3. The only reflections obtained are (020) for the
nd (b) (010) and ð201Þ surfaces.
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(010) sample and ð402Þ and ð603Þ for the ð201Þ orientations. Both
samples display the full-width at half-maximum (FWHM) of 66
arcsecs from the rocking curves shown in Fig. 2(c) and (d),
consistent with their low dislocation density and excellent crystal
quality.

Fig. 3 shows the room temperature PL spectra from the two
types of samples. The spectra are dominated by a broad set of
transitions centered near 399 nm which have previously been
ascribed to oxygen-vacancy related transitions. Dong et al. [28]
reported four bands in this region, with the one at 380 nm in the
UV region suggested to be caused by transition levels between the
oxygen vacancy and unintended N impurities. They also reported
peaks centered at 416 nm, 442 nm (both in the violet region) and
464 nm (blue region), with all three emission peaks suggested to
originate from the electron-hole recombination formed by oxygen
vacancies, or to the recombination of Ga-O vacancy pair [28e33].
The formation energy of the oxygen vacancies of b-Ga2O3 has been
investigated in the past years, and the results can vary with
different functional and approximation methods [1,2,34,35]. His-
torically, Ga2O3 has shown three different groups of emission
bands, in the UV (3.2e3.6 eV), blue (2.8e3.0 eV), and green (2.4 eV)
regions [36e39], but it is fair to suggest that the specific origins of
the transitions are not finalized.
3.2. Crystal structure and surface atom density differences

The characteristics of wet etching and metal contact on ð201Þ
and (010) Ga2O3 surfaces are expected to be significantly different
depending on the crystal orientations in terms of atomic arrange-
ments, surface energy and their dangling bond densities of both Ga
and O atoms. Thus, it is necessary to examine the difference in
atomic configurations in detail for both ð201Þ and (010) Ga2O3
crystal surfaces.

Fig. 4(a) shows the monoclinic crystal structure of Ga2O3 with
Fig. 5. Atomic bond configurations of (a) type I Ga2O3 (010) surfaces. Brown and red
spheres represent Ga and O atoms, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
lattice parameters of a ¼ 12.23 Å, b ¼ 3.04 Å, c ¼ 5.8 Å, and
q ¼ 103.7�, in which there exist two inequivalent Ga sites and three
inequivalent O sites, denoted by Ga(I), Ga(II), O(I), O(II), and O(III)
atoms, respectively. Ga(I) atoms form slightly distorted tetrahedral
bonds with 4 O ions, and Ga(II) atoms form a highly distorted cubic
close packing arrangement with 6 neighboring O ions. O(I) and O(II)
are 3-fold-coordinated, whereas O(III) is 4-fold-coordinated at the
corner of three octahedra and one tetrahedron [40e42]. Fig. 4(b)
shows schematics of the (010) plane (brown) and ð201Þ plane
(blue). It is clear that the atomic arrangement for each crystal plane
is different, thus leading to different atomic configuration and
dangling bond density on a particular crystal orientation. The (010)
plane consist of Ga (I) atoms in tetrahedral site and Ga (II) in
octahedral site, and O atoms in a distorted octahedral arrangement.
It is notable that respective Ga and O atoms have different numbers
of dangling bonds depending on the sites of the Ga2O3 surface, as
Fig. 6. (a) Ga-terminated ð201Þ surfaces (type I), (b) Ga-terminated ð201Þ surfaces
(type II), (c) O-terminated ð201Þ surfaces (type I), and (d) O-terminated ð201Þ surfaces
(type II).



Table 1
Summary of atomic and dangling bond densities on the faces of the various orientations examined. The results were obtained from simulations.

Crystal structure Ga atoms ( � 1015 cm�2) O atoms ( � 1015 cm�2) Gallium dangling bond ( � 1015 cm�2) Oxygen dangling bond ( � 1015 cm�2)

(010) Type I 0.58 0.87 0.87 0.87
(010) Type II 0.58 0.87 0.87 0.87
ð201Þ Ga-terminated type I 0.89 0 2.68 0

ð201Þ O-terminated type I 0 1.34 0 1.78

ð201Þ Ga-terminated type II 0.89 0 1.78 0

ð201Þ O-terminated type II 0 1.34 0 2.68
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follows; 4-fold-coordinated Ga(I) with the number of dangling
bonds of 1 and 3, 6-fold-coordinated Ga(II) with 2 and 3 dangling
bonds, 3-fold-coordinated O(I) with 1 dangling bond, 3-fold-coor-
dinated O(II) with 1 and 2 dangling bonds, 4-fold-coordinated O(III)
with 1 and 3 dangling bonds. The atomic densities can be calculated
for which the parameters were determined from plots of the crystal
structure, an example of which is shown in Fig. 4. The number of
dangling bonds for Ga or O can be then calculated in a similar
fashion, using the number of bonds formed to each atom and the
Fig. 7. (a) PEC etch rate versus solution temperature for ð201Þ and (010) Ga2O3 wafers.
The etch rates for ð201Þ-oriented Ga2O3 are approximately 4 times higher for and
(010)-oriented Ga2O3. (b) Arrhenius plot of PEC etch rate for ð201Þ and (010) Ga2O3

wafers.
number of atoms per unit cell.
For (010) Ga2O3 as shown in Fig. 5(a) and (b), there exists 2 types

of surfaces with Ga atomic density of 0.58 � 1015 cm�2 and O of
0.87� 1015 cm�2. The dangling bond densities of Ga and O atoms on
for both (010) surfaces are estimated to be the same,
0.58 � 1015 cm�2 and 0.87 � 1015 cm�2 for Ga and O atoms,
respectively. Fig. 6(a)e(d) shows the possible ð201Þ Ga2O3 surfaces,
2 types of surface, in which each type is terminated with only Ga or
O. For the two types of ð201Þ surfaces, the Ga and O atomic densities
are 0.89 � 1015 cm�2 and 1.34 � 1015 cm�2, respectively. If the
surface is terminated with O, the dangling bond densities of O are
1.78 and 2.68 � 1015 cm�2, respectively, for type I and II. Table 1
summarizes the results of these calculations, clearly indicating
that the O dangling bond density for ð201Þ surface is 2e3 times
higher than for (010) surface.

3.3. PEC etching and surface morphology

PEC etching is an effective technique for anisotropic and
Fig. 8. SEM images of the surface morphology of (a) (010) and (b) ð201Þ after PEC
etching for 120 min at 95 �C. All the scale bars indicate 10 mm. The inset is the
magnified SEM image.



Fig. 9. (a) SEM image of the etched surface with Miller plane indices, (b) the crystal
structure of (115), ð115Þ and (010) planes of Ga2O3.

Fig. 10. I-V characteristics at 25 �C of Ti/Au contacts deposited on either ð201Þ or (010)
Sn-doped Ga2O3 wafers and then annealed at 450 �C for 5 min.
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bandgap-selective etching in wide bandgap semiconductors. We
found it was also effective with b-Ga2O3. Note that both the ð201Þ
and (010) surfaces remained intact in the etchant solution without
UV illumination. Fig. 7(a) shows the PEC etch rates as a function of
temperature for the two different orientations. The removal rates
for the ð201Þ orientation was approximately three to four times
faster than for the (010). Note that the average etch depths were in
the range 10e74 nm, depending on orientation and temperature for
the 30 min etch times. The activation energy for etching was
determined from Arrhenius plots, as shown in Fig. 7(b). For both
orientations, the activation energy for the ð201Þ Ga2O3 crystals was
0.498 eV, which was slightly higher than the one for the (010)
(0.414 eV). This energy is characteristic of that expected for
reaction-limited etching, whose other characteristics include a
linear increase in etch depth with time and an independence of
etch rate on solution agitation [40]. SEM images of the surface
morphology of the two types of samples after being etched for
120 min at 95 �C are shown in Fig. 8. It is quite interesting to see
that triangular shape was formed on the surface of the ð201Þ Ga2O3
after KOH PEC etching. By contrast, the (010) surfaces maintained
flat and smooth after the etching of approximately 10e19 nm
depth.

As shown in Fig. 9(a), each side of the isosceles triangle with an
angle of 70� was found to be (115) and ð115Þ planes, and the base is
(010) plane. Fig. 9(b) shows the atomic bond configurations of the
cleaved (115) and ð115Þ planes, demonstrating that Ga and O atoms
coexist on those planes. In the case of Ga-O coexisting surface, OH�

ions may form Ga-O compounds with Ga dangling bonds, but these
are not easily soluble due to strong Ga-O bonding in the plane and
the repulsive force between Ga-O bonds and OH� ions. Conse-
quently, wet etching may be impeded on (115), ð115Þ and (010)
planes in Ga2O3, thus resulting in chemically stable surfaces in KOH
wet chemicals under UV illumination.

The number of dangling bonds on the surface is believed to
control the etching behavior of the different orientations of Ga2O3.
For example, on an oxygen-terminated surface, the oxygen atoms
which exists on the surface after removing the first Ga-layer by OH�

ions, have dangling bonds. In KOH-based wet etching, it was sug-
gested that Ga atoms react with OH� to also form Ga2O3, which
subsequently dissolved in base solutions. In H3PO4-based etching,
the Ga2O3 was suggested to dissolve directly in the acid solution.
Clearly, in the case of Ga2O3, we can expect that the difference in
Ga-to-O ratio and the dangling bond density on different planes
will play a strong role in the PEC etching behavior. The ð201Þ-ori-
ented Ga2O3 crystal etches roughly three to four times faster under
PEC conditions in KOH solutions. We speculate that the higher etch
rates for the ð201Þ Ga2O3 may be due to the higher density of O
dangling bonds, which are exposed on the surface. As shown in
Table 1, the O dangling bond density for ð201Þ surface is 2e3 times
higher than for (010) surface. Thus, it can be said that (010) surface
is more chemically stable than the ð201Þ surface due to low surface
energy.

3.4. Contact property differences

Fig. 10 shows I-V characteristics at 25 �C of Ti/Au contacts
deposited on either ð201Þ or (010) Sn-doped Ga2O3 wafers and then
annealed at 450 �C for 5 min. Note that the contacts on the ð201Þ
wafer shows Ohmic behavior, while in sharp contrast, those on the
(010) wafer show rectifying behavior. Since the net doping density
in both samples is the same, this indicates that the surface chem-
istry determines the effective barrier height and hence the domi-
nant carrier transport mechanism. Interface-induced gap states,
made up of both valence-band and conduction-band states in
electronic oxides, often play a determining role in the barrier
heights of metal contacts and some have noted a correlation be-
tween Schottky barrier heights for metals on Ga2O3 and the elec-
tronegativity difference between it and the metal [43]. Several
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authors have found that the presence of upward band bending in
low conductivity Ga2O3 complicates achievement of Ohmic con-
tacts [44e49], and there was a strong dependence of the properties
of the barrier height on the energy of incident atoms during
deposition. The latter implicates surface defects and stoichiometry
as being key to determining the contact nature. The higher density
of oxygen dangling bonds on the ð201Þ plane we are using here
correlates with the faster etch rates and pronounced Ohmic
behavior from deposited metals. This is not surprising since as
discussed earlier, both the wet etch rate and effective barrier height
depend on the surface chemistry and reactive bond density.

4. Summary and conclusions

The ð201Þ and (010) orientations of b-Ga2O3 doped at the same
n-type conductivity and with similar structural quality exhibit
different wet etching and contact properties. The ð201Þ orientation
etches roughly three to four times faster under PEC conditions in
KOH solutions, while also producing Ohmic contact behavior for Ti/
Au contacts annealed at 450 �C. This behavior is correlated with the
oxygen dangling bond density on the respective surfaces and may
provide a clue as to reported variations in barrier heights for
common metals on b-Ga2O3. In such oxide systems, surface disor-
der, oxide surface polarity and role of atmospheric exposure prior
tometal deposition and interfacial disorder after deposition may all
influence the resulting contact properties. It is also likely that the
different polymorphs of Ga2O3 will have different etching and
contact properties for the same reasons.
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