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ABSTRACT
We here present an experimental study on (010)-oriented β-Ga2O3 thin films homoepitaxially grown by plasma assisted molecu-
lar beam epitaxy. We study the effect of substrate treatments (i.e., O-plasma and Ga-etching) and several deposition parameters
(i.e., growth temperature and metal-to-oxygen flux ratio) on the resulting Ga2O3 surface morphology and growth rate. In situ
and ex-situ characterizations identified the formation of (110) and (1̄10)-facets on the nominally oriented (010) surface induced
by the Ga-etching of the substrate and by several growth conditions, suggesting (110) to be a stable (yet unexplored) substrate
orientation. Moreover, we demonstrate how metal-exchange catalysis enabled by an additional In-flux significantly increases the
growth rate (>threefold increment) of monoclinic Ga2O3 at high growth temperatures, while maintaining a low surface rough-
ness (rms < 0.5 nm) and preventing the incorporation of In into the deposited layer. This study gives important indications for
obtaining device-quality thin films and opens up the possibility to enhance the growth rate in β-Ga2O3 homoepitaxy on different
surfaces [e.g., (100) and (001)] via molecular beam epitaxy.

© 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5054386

Their variety of functional properties makes semicon-
ducting oxides appealing for applications in the broad field
of opto- and microelectronics.1 Among them, gallium oxide
in its thermodynamically stable monoclinic crystal structure
(β-Ga2O3) has recently been attracting attention in the sci-
entific community. Its wide energy bandgap (Eg ≈ 4.7 eV),2

the possibility to adjust its electrical properties via extrin-
sic dopants from semi-insulating to conductive with electron
concentrations in excess of n = 1019 cm−3,3 and the availabil-
ity of bulk β-Ga2O3 single crystals4–6 provide a great poten-
tial for the application of β-Ga2O3 in power electronics with
higher performance than its mostly investigated competitors
SiC and GaN.7 In addition, this material is nowadays pro-
posed for several other applications, such as deep UV detec-
tors,8 heterojunction solar cells,9 and memristive switching
devices.10 Nonetheless, the development of gallium oxide is
still in its early stage and the full understanding of the physical

mechanisms ruling its functional properties is crucial to unveil
its full potential.

In order to fulfill this task, it is necessary to synthesize
Ga2O3 thin films characterized by a high crystalline order,
allowing at the same time the control of the material struc-
ture at the atomic scale. In this regard, the availability of
high-quality single crystalline β-Ga2O3 substrates with differ-
ent surface orientations [e.g., (100), (001), and (010)] enables
the homoepitaxial growth of high-quality thin films by differ-
ent techniques, such as metal-organic chemical vapor depo-
sition and molecular beam epitaxy (MBE).7 In particular, the
homoepitaxy of (010)-oriented β-Ga2O3 thin films has been
shown to have definitive advantages over the other growth
surfaces because of a reduced amount of planar defects
[i.e., stacking faults and twins on the (100) orientation],11

a larger thermal conductivity in the [100]-direction than in
other directions (important for heat dissipation in devices),12
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and a larger growth rate with respect to the (100) and
(001) cleavage planes evidenced in MBE depositions.13 Vogt
and Bierwagen14 have previously studied and successfully
described the MBE growth kinetics of Ga2O3 (and more in
general of oxides possessing volatile suboxides) as a process
in which the competing desorption of the volatile Ga2O is
ruling the growth rate of the solid Ga2O3 as a function of
the growth temperature and the metal-to-oxygen flux ratio.
Moreover, the exposure of a Ga2O3 surface to a Ga-flux
at a sufficiently high substrate temperature (while no oxy-
gen is provided) results in the decomposition of the solid
oxide into its volatile suboxide (Ga2O) which consequently
desorbs, i.e., in the etching of the layer with a well-defined
rate as a function of the employed metal flux.15 The abil-
ity to selectively remove the first layers of Ga2O3 before
the homoepitaxial deposition is appealing for the fabrica-
tion of devices;16,17 in fact, it can remove a Si contamina-
tion in Ga2O3 homoepitaxy that is commonly found at the
substrate-film interface and possibly results in the forma-
tion of a parallel parasitic channel detrimental for planar
devices.16

In comparison to Ga2O3, the MBE growth of In2O3 has a
kinetic advantage by a higher oxidation efficiency of In and
a lower desorption of the suboxide (In2O).18 The growth of
(In, Ga)2O3, in contrast, is characterized by a thermodynam-
ically preferred incorporation of Ga over In into the film.19

A significant increase of the growth rate during Ga2O3 MBE
on a β-Ga2O3(2̄01) buffer layer on the Al2O3(0001) substrate
has been observed in the presence of an additional In-flux.20

As a consequence, it has been observed that the orthorhom-
bic phase of gallium oxide (i.e., ε-Ga2O3) can be formed.20

Instead of being incorporated into the film, this In-flux pro-
moted the Ga2O3 growth by metal-exchange catalysis, a col-
laborative effect of the kinetic advantage of In2O3 growth and
the thermodynamic advantage of Ga incorporation.20 A similar
behavior has been observed using an additional Sn-flux during
the MBE of Ga2O3 on Al2O3(0001).21

In this work, we investigate the effect of (i) substrate
treatments, (ii) MBE growth parameters, and (iii) an addi-
tional In-flux on the surface morphology and deposition rate
of homoepitaxial (010)-oriented β-Ga2O3 thin films. Notably,
we show the formation of (110) and (1̄10)-facets on the nom-
inally oriented (010) surface after both a Ga-etching of the
bulk crystal and homoepitaxial depositions at sufficiently
high growth temperatures (Tg ≥ 700 ◦C). Moreover, we give
the first demonstration of a significantly increased growth
rate of β-Ga2O3(010) films grown on β-Ga2O3(010) sub-
strates by an additional In-flux during the deposition process
(Γ = 2.8 nm/min, i.e., more than threefold with respect to
the same deposition conditions without supplying In) at high
growth temperature (Tg = 900 ◦C). This metal-exchange cat-
alyzed Ga2O3 is grown in the monoclinic phase, has a low
surface roughness (root mean square - rms < 0.5 nm), and is
not evidencing significant In-incorporation.

The samples were deposited in an MBE system equipped
with an O-plasma source run at an RF-power of 300 W.

O-flows between 0.33 and 1 standard cubic centimeter per
minute (sccm) were supplied to the plasma cell. Commercial
β-Ga2O3 (010) insulating (Fe-doped) and n-type (Sn-doped)
substrates purchased from Tamura Corporation were used
for this study. All the substrates were In-bonded on a Si
carrier wafer and the internal thermocouple temperature
(placed between the heater and the carrier wafer) is con-
sidered as Tg. The metal fluxes were measured as the beam
equivalent pressures (BEPs) prior the treatments/depositions
using a nude ion gauge filament placed in the growth posi-
tion. The metal fluxes are also expressed in terms of particle
fluxes [φMe (nm−2 s−1)] by measuring the growth rate under
O-rich deposition conditions on the Al2O3(0001) substrates
(i.e., full metal incorporation).15 The surface treatments and
the thin film growth were in situ monitored by reflection high-
energy electron diffraction (RHEED, Createc GmbH) at an
electron energy of 20 keV. The surface morphology was char-
acterized by atomic force microscopy (AFM, Bruker Dimen-
sion Edge) in the PeakForce tapping mode. The composition of
the sample deposited in the presence of an additional In-flux
was investigated with scanning electron microscope-based
energy dispersive X-ray (EDX) spectroscopy (Zeiss ULTRA 55).
The homoepitaxial layers were monitored by X-ray diffrac-
tion (XRD) symmetric, out-of-plane 2Θ-ω scans (PANalyti-
cal X’Pert Pro MRD) and by means of transmission electron
microscopy (TEM—aberration corrected FEI Titan 80-300
operating at 300 kV). Scanning TEM (STEM) images were
recorded with a high-angle annular dark-field (HAADF) detec-
tor with an inner acceptance angle of 35 mrad and a cam-
era length of 196 mm. TEM samples were prepared and
studied in cross section view perpendicular to the [001]
direction.

(i) Substrate treatments. Prior to the deposition, we inves-
tigated the role of two different treatments on the (010)
surface of Fe:Ga2O3 substrates: O-plasma performed in
a Tg window 700–900 ◦C at an O-flux of 1 sccm for a
time of t = 30 min, and a Ga-etching using a Ga-flux
(BEPGa = 4.9 × 10−7 mbar, i.e., ΦGa = 5.6 nm−2 s−1) at
Tg = 800 ◦C without additional oxygen for t = 30 min.
Based on our previous observation on heteroepitaxi-
ally grown β-Ga2O3 (2̄01) oriented thin films on sap-
phire (0001), this Ga-etching process should result in
the removal of approximately ≈140 nm Ga2O3 from the
substrate surface.15

Figure 1(a) shows the AFM image of a (010) Ga2O3 sub-
strate surface before thermal treatment (after solvent clean-
ing). The surface appears featureless and shows a low sur-
face roughness (rms = 0.19 nm). Wet chemical etching in
85 wt. % H3PO4 at 130 ◦C for 15 min, which should have
removed ≈300 nm,22 followed by an annealing treatment in
1 bar of O2 at 950 ◦C for 60 min produced a similar morphology
as shown in Fig. 1(b).

An O-plasma treatment performed at high temperatures
is a common procedure to clean the Ga2O3 substrate sur-
face before the MBE deposition.23 This was not found to
affect the surface morphology and the rms [see Fig. 1(c)]
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FIG. 1. Surface AFM images (1× 1 µm2) of (a) solvent cleaned, (b) wet etched + 1 bar O-annealed (T = 950 ◦C), (c) O-plasma treated (T = 800 ◦C), (d) Ga-etched (T = 800 ◦C)
Fe:Ga2O3 substrates.

independently on the Tg of the treatment (700–900 ◦C). The
RHEED patterns recorded along the [001] and [1̄00] azimuthal
directions of the O-plasma treated sample [Figs. 2(a) and
2(b), respectively] showed the presence of streaks which
become more defined after the treatment with respect to the
untreated substrate (not shown), in agreement with what has
been observed by Okumura et al.23 Since this treatment was
found to be beneficial and at the same time was not affecting
the Ga2O3 surface morphology, an O-plasma cleaning process
at a substrate temperature of 800 ◦C (1 sccm O-flow, t = 30
min) has been performed prior to all the depositions and the
Ga-etching experiment.

The (010) surface after the Ga-etching, shown in Fig. 1(d),
exhibits the appearance of elongated features oriented along
the [001] direction which result in an overall roughening
(rms = 1.09 nm). A similarly oriented morphology for (010)
β-Ga2O3 has recently been observed by Sasaki et al. with
substrates annealed in N2 at 1000 ◦C24 and by Baldini
et al. for homoepitaxially grown thin films deposited via
metal organic vapor phase epitaxy (MOVPE).25 Line profiles
extracted orthogonally to the [001] direction in the AFM
images acquired after the Ga-etching treatment [Figs. 3(a) and
3(b), respectively] allowed us to extract the angle between the
(010) surface and the lateral sides of the elongated features;

this was found to be between 9◦ and 15◦, similar from both the
sides [red dashed lines in Fig. 3(a)].

The RHEED pattern acquired in situ after the Ga-etching
process showed an increment in the intensity of the streaks
with respect to the O-plasma treatment, especially visible
along the [1̄00] azimuth [Fig. 2(d)]; the interspacing among the
streaks remained unchanged with respect to the O-plasma
treatment. Nonetheless, the RHEED pattern acquired along
the [001] azimuth [i.e., along the direction of the elongated
features visible in Figs. 1(d) and 3(b)] shows the presence of
wedges, consisting of weak oblique streaks [Fig. 2(c)]. We
assign these wedges to the presence of facets oriented paral-
lel to the RHEED azimuth and normal to the oblique streaks.26

The angle between the oblique streaks and the substrate sur-
face normal of ≈14◦ allows us to identify these facets as (110)
and (1̄10) [Fig. 2(e)], in agreement with the indicative range
of inclination angles extracted from the AFM line profiles
(Fig. 3(a)). Both surfaces are symmetry equivalent. The pro-
posed structure in Fig. 2(e) follows the rules by Bermudez,27

i.e., considering stoichiometric surfaces that contain all 5
atoms. The presence of (110) and (1̄10) facets after the reported
Ga-etching treatment [Fig. 1(d)] or an annealing in N2,24 and
their absence after our O-plasma treatment or annealing in 1
bar O2 [Figs. 1(c) and 1(b), respectively] suggests that the (110)

FIG. 2. RHEED patterns of O-plasma treated [(a) and (b)] and Ga-etched [(c) and (d)] β-Ga2O3 (010) substrates taken along [001] and [1̄00] azimuthal directions [(a),(c)
and (b),(d), respectively]. The red dotted lines reported in (c) are a guide for the eye to highlight the presence of wedges. (e) β-Ga2O3 atomic model.
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FIG. 3. Line profile (not to scale) extracted orthogonally to
the [001] direction from an AFM 200 × 200 nm2 image
of the Ga-etched (010) Fe:Ga2O3 substrate [same sam-
ple shown in Fig. 1(d)]. The blue dotted line on the AFM
image is evidencing where the line profile shown in the
graph has been extracted. The red dotted lines in the graph
are guides for the eyes evidencing the lateral profile of the
[001]-oriented features for which the angle with respect to
the (010) surface has been extracted.

and (1̄10) β-Ga2O3 surfaces are thermodynamically more stable
with respect to the (010) surface under metal-rich/oxygen-
poor (i.e., reducing) conditions. A qualitatively similar obser-
vation of the preferred formation of (111) surfaces/facets
under oxygen-rich, but (100) surfaces/facets under indium-
rich/oxygen-poor growth conditions during MBE of In2O3 has
been related to the strong dependence of the anisotropy of the
In2O3 surface free energy on oxygen chemical potential28 pre-
dicted by first principles calculations.29 Applied to β-Ga2O3,
this would relate the (positive) free energies E110 and E010 of
the (110) and (010) surfaces, respectively, as E110/cos(14◦) >
E010 under O-rich conditions and E110/cos(14◦) < E010 under
Ga-rich conditions, with the factor 1/cos(14◦) describing the
increased surface area due to the faceting.

The identification of the (110) and (1̄10) facets induced on
the (010) β-Ga2O3 surface by the Ga-etching is a particularly
relevant observation in view of device fabrication since this
treatment is proposed prior the thin film deposition in order to
eliminate contaminations from the substrate interface.16,17

(ii) Homoepitaxial depositions. For all the samples, the
same Ga-flux (BEPGa = 1.9 × 10−7 mbar, i.e., ΦGa = 2.2
nm−2 s−1) and deposition time (t = 30 min) was employed.

The incorporation of all provided Ga would result in a
β-Ga2O3 film thickness of about 105 nm and a growth rate
of 3.5 nm/min. The AFM images of a series of β-Ga2O3 thin
films deposited at an O-flow of 0.33 sccm in the tempera-
ture window 600–900 ◦C are reported in Figs. 4(a)–4(d). This
corresponds to a slightly metal-rich deposition condition.14

For a Tg of 600 ◦C, we evidenced the appearance of islands
on the (010) surface [Fig. 4(a)]. The 3-dimensional growth
obtained under these deposition conditions is also suggested
by the appearance of spots in the RHEED patterns acquired
during growth (not shown). For sufficiently high deposition
temperatures [i.e., Tg ≥ 700 ◦C—Figs. 4(b)–4(d)], we observe a
smoother surface with elongated features oriented in the [001]
direction, similar to the Ga-etched substrate [Fig. 1(d)] and
the MOVPE-grown, homoepitaxial (010) thin films by Baldini

FIG. 4. AFM acquisitions of homoepitaxial Ga2O3 thin films deposited for t = 30 min on Fe:Ga2O3 (010) substrates at (a) Tg = 600 ◦C, (b) Tg = 700 ◦C, (c) Tg = 800 ◦C, and
(d) Tg = 900 ◦C with the same metal and oxygen fluxes. (e) and (f) are both deposited at Tg = 800 ◦C, but on top of a Ga-etched substrate and with tripled O-flux, respectively
(on Sn:Ga2O3 substrate). The extracted rms as a function of Tg is reported in (g).
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et al.25 Moreover, we also highlight for the samples deposited
at 800 and 900 ◦C the presence of higher steps almost orthog-
onal to the [001] direction. The typical spacing among them is
in the range of ≈200 nm, while the height is found to be lower
for higher Tg (in the range of 10 nm and 5 nm for Tg = 800 ◦C
and 900 ◦C, respectively). We hypothesize that the origin
of these additional features could be related to the (unin-
tentional) miscut angle of the Fe:Ga2O3 substrates and/or
the limited diffusion length of the growing species. Without
considering the aforementioned steps [i.e., throughout the
selection of smaller areas in the AFM micrographs reported
in Figs. 4(c) and 4(d)], the surface roughness of the films
deposited under metal rich conditions is found to decrease
with increasing Tg [Fig. 4(g)]. For instance, for the sam-
ple deposited at 900 ◦C, the rms is around 0.3 nm without
considering the steps (≈120 × 120 nm2 extracted areas) and
0.66 nm for the full area of 1 × 1 µm2 [Fig. 4(d)]; these two
points are reported in Fig. 4(g) as an empty dotted and a filled
red circle, respectively.

The RHEED acquired during the depositions performed
at Tg ≥ 700 ◦C evidenced the presence of the same patterns
as shown in Fig. 2. As in the case of the Ga-etching process,
under these conditions the intensity of the RHEED increased
immediately after the opening of the metal shutter. The TEM
analysis performed in the c-projection of the homoepitaxial
layers deposited at Tg ≥ 700 ◦C under slightly metal-rich con-
ditions is showing the formation of the same (110) and (1̄10)
faceted surface (see Fig. 5) previously evidenced after the Ga-
etching process. Nevertheless, the RHEED pattern collected
along the [001] direction was not showing clear wedges as in
the case of the Ga-etched substrate [Fig. 2(c)]. We hypothesize
that this could be related to the formation of less pronounced
facets in the case of the homoepitaxial films with respect to
the Ga-etching treatment.

Moreover, we performed a deposition at Tg = 800 ◦C on
top of the previously Ga-etched substrate [showed in Fig. 1(d)]
in order to investigate the effect of an already induced faceted
surface on the homoepitaxial growth. The AFM scan collected
after the deposition is reported in Fig. 4(e): the surface mor-
phology and the rms are both very similar to its twin sample
deposited on top of the un-etched Ga2O3 crystal [Figs. 4(c)
and 4(g)]. Therefore, the very different substrate surface
morphologies before deposition [see Figs. 1(c) and 1(d) for the

O-plasma and the Ga-treated substrate, respectively] did not
affect the morphology of the deposited film.

Furthermore, we switched the deposition conditions to
the O-rich regime by tripling the O-flow (i.e., 1 sccm), while
maintaining constant the Ga-flux with a Tg = 800 ◦C. This
deposition has been made on a Sn:Ga2O3 substrate. Simi-
larly to the sample deposited at 600 ◦C, the RHEED pattern
acquired during growth showed the appearance of spots and
the resulting surface [Fig. 4(f)] is characterized by the pres-
ence of 3-d islands with rms exceeding 2 nm [green trian-
gle in Fig. 4(g)]. Based on these results, we conclude that
the formation of facets on the (010) β-Ga2O3 surfaces is
related to Ga-rich conditions (in both depositions and etch-
ing treatments) at sufficiently high substrate temperatures
(Tg ≥ 700 ◦C). This evidence opens the possibility of homoepi-
taxial growth of β-Ga2O3 thin films on (110)-oriented sub-
strates, a crystal orientation which has not yet been studied
in the literature.

The evaluation of the growth rate for homoepitaxially
grown thin films is not trivial due to the very same nature
of substrate and film. Nevertheless, the presence of a defec-
tive regrowth interface and/or a small change of the unit cell
parameters due to a slightly different composition between
the substrate and the deposited film has already been showed
in the literature to result in the appearance of XRD “Pen-
dellösung” fringes (whose spacing is inversely proportional to
the layer thickness) in the vicinity of the (020) β-Ga2O3 reflec-
tion in 2Θ-ω scans.23,30 For the homoepitaxially grown sam-
ples reported in this work, we could identify clear thickness
fringes just for the samples deposited in Ga-rich conditions at
Tg ≥ 700 ◦C (Fig. 6).

From the bright field TEM images acquired for some of
these samples we can confirm the overall thickness of the
homoepitaxially grown thin films extracted from XRD data
[e.g., sample deposited at Tg = 900 ◦C in Fig. 7(a)]. More-
over, we notice that the interface between the epitaxial layer
and the substrate is visible as a dark line. The origin of this
contrast is not clear up to now, but indicates strain located
at the interface. This confirms the presence of a disturbed
interface layer that locally breaks the symmetry of the crystal,
eventually resulting in the Pendellösung fringes in the X-ray
data.

FIG. 5. HAADF-STEM images in the
c-projection of the homoepitaxial Ga2O3
layer deposited at Tg = 700 ◦C in (a) show-
ing the (110) and (1̄10) faceting on the
growth surface (red lines as guidelines);
(b) is a high-magnification image of the
indicated region in (a) with an overlay of
the same Ga2O3 atomic model showed in
Fig. 2(e).
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FIG. 6. XRD of the (020) reflection of homoepitaxially grown Ga2O3 thin films
deposited with the same metal and oxygen fluxes at Tg = 700–800–900 ◦C for
t = 30 min (green, bordeaux, and blue curves, respectively). The orange line is
referring to the homoepitaxial samples grown at Tg = 800 ◦C on top of a Ga-etched
substrate. In the inset graph, the growth rate extracted from the distance among
their thickness fringes as a function of the deposition temperature is reported.

Nevertheless, the sample deposited at 800 ◦C on top of
the Ga-etched crystal (orange curve in Fig. 6) does not show
the presence of well-defined fringes, in contrast to its twin
sample deposited on top of the O-plasma treated substrate
(bordeaux curve in Fig. 6). This could be connected to the
removal of the defective interface from the Ga2O3 substrate
surface (i.e., Ga-etching treatment) or to the induced rougher
interface on which the deposition started [Fig. 1(d)]. We also
assume that the total lack of thickness fringes for both, the
sample deposited at the lowest temperature (600 ◦C) and
the one deposited at 800 ◦C in O-rich conditions, could be
connected to their rough surface [Figs. 4(a) and 4(f)].

Looking at the inset graph reported in Fig. 6, we notice
that the growth rate of slightly Ga-rich deposition condi-
tions is found to increase with increasing Tg from 700 ◦C
(1 nm/min) to 800 ◦C (1.5 nm/min), while decreasing again to
its lowest value for a further increase of the substrate temper-
ature to 900 ◦C (0.8 nm/min). A qualitatively similar behav-
ior of the growth rate as a function of Tg in the MBE Ga2O3
(010)-homoepitaxial growth under slightly Ga-rich rich condi-
tions has been previously reported by Okumura et al.23 This
experimental findings are different from what has been previ-
ously observed for the growth kinetics studies on heteroepi-
taxially grown (2̄01) β-Ga2O3 films;14,15,18,19 in this case, under
Ga-rich deposition conditions, the growth rate was found to
decrease while increasing Tg due to the favorable desorp-
tion of the volatile Ga2O suboxide before its further oxidation
to Ga2O3. Even though a full understanding of the growth
kinetics is out of the scope of this paper, we can assume
that the different recorded behaviors should be related to the
different nature of the (010) and (2̄01) surfaces and its con-
sequences on reactivity and desorption behavior and/or the
different metal fluxes (i.e., growth rates) used for the different
studies.

As a comparison to our results, the highest recently
reported growth rates for homoepitaxial (010) β-Ga2O3 thin
films were found to be up to ≈3.2 nm/min for plasma assisted
MBE (rms < 0.5 nm),30 ≈11 nm/min for ozone-based MBE
(rms ≈ 0.7 nm),13 ≈5.5 nm/min (rms > 10 nm) for MOVPE,25

and ≈32 nm/min for low pressure chemical vapor deposition
(rms ≈ 4 nm).31

(iii) In-catalyzed growth. The best scenario for a device-
oriented Ga2O3 thin film would be a smooth surface
obtained at a sufficiently high growth rate.

Unfortunately, it is difficult to optimize at the same
time these two requirements: while the smoother surfaces
are usually obtained at high Tg [as also evidenced in this

FIG. 7. TEM bright field images comparing the layer thickness of homoepitaxial Ga2O3 layers for (a) regular and (b) In-catalyzed growth at Tg = 900 ◦C for the same
deposition time (30 min). (c) XRD of the (020) reflection of the same homoepitaxially grown layers with (red curve) and without (blue, already reported in Fig. 6) the presence
of the additional In-flux during the deposition process. (d) AFM of the In-catalyzed sample (on Sn:Ga2O3 substrate).
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work in Fig. 4(g)], in this conditions, the growth rate is usu-
ally limited by the desorption of the volatile Ga2O subox-
ide.14 Vogt et al. recently identified the possibility to dras-
tically increase the growth rate of Ga2O3 thin films due to
metal-exchange-catalysis via the employment of an additional
In-flux.20 Nonetheless, this approach has only been demon-
strated for heteroepitaxy associated with the formation of the
orthorhombic phase of Ga2O3 (ε-Ga2O3) on top of a β-Ga2O3
(2̄01) oriented buffer layer on a sapphire (0001) substrate.20 In
this work we adopted the same approach, trying to evidence
the effect of In-catalysis in the growth of Ga2O3 thin films on
β-Ga2O3(010).

Maintaining the same Ga and O fluxes of the slightly
metal-rich deposition conditions, we grew a β-Ga2O3 film by
metal-exchange catalysis at Tg = 900 ◦C under an additional
In-flux (BEPIn = 1.3 × 10−7 mbar, i.e., equal to 1/3 of the Ga
flux of 2.2 nm−2 s−1). The deposition time was maintained at
30 min as in the previous depositions. Both, cross sectional
TEM bright field images [Figs. 7(a) and 7(b)] and XRD 2Θ-ω
scans in the vicinity of the (020) peak [Fig. 7(c)] are demon-
strating that the presence of In catalyzes the homoepitaxy
of (010) β-Ga2O3 thin films, drastically increasing the growth
rate to more than 3 times that of the reference film (from
0.83 nm/min to 2.8 nm/min). The growth rate in the pres-
ence of In is found to be the highest with respect to the other
depositions in Me-rich conditions at Tg ≥ 700 ◦C [inset in
Fig. 7(c)]. Indeed, almost all Ga is incorporated into the film,
highlighting the potential for growth rate maximization under
In-catalyzed conditions by further increasing the Ga- and
O-fluxes.

Both XRD [red curve in Fig. 7(c)] and HAADF-STEM
(Fig. 8) show that the metal-exchange catalysis for (010)
homoepitaxy is resulting in the formation of the same mon-
oclinic phase as the underling substrate. EDX measurements
performed on the sample deposited in presence of the addi-
tional In-flux did not evidence incorporation of In into the film
(i.e., <1% detection limit), in line with our previous observa-
tions on the In-catalysis of heteroepitaxial Ga2O3 thin films.20

Moreover, we do not see the presence of an additional XRD
peak at lower 2Θ which would be expected in case of In-
incorporation due to the formation of (InxGa1−x)2O3 alloy
[red curve Fig. 7(c)].32

A closer look by TEM at the interface between the
epitaxial layer and the substrate in the bright field TEM

images [Figs. 7(a) and 7(b)] indicates the presence of faceting,
especially at the interface of the layer grown without In (not
shown).

Despite being the thickest, the resulting 84 nm thick In-
catalyzed (010) β-Ga2O3 film is characterized by a low surface
roughness [rms < 0.5 nm, Fig. 7(d)] solely arising from the
same [001]-oriented line features as seen in the faceted Ga-
etched and homoepitaxially deposited films under metal-rich
conditions. The absence of the additional steps orthogonal
to the [001] direction evidenced in the case of homoepitax-
ial films deposited on Fe:Ga2O3 substrates [see Figs. 4(c)–4(e)]
is yet to be clarified. It could be related to the employment of
a Sn:Ga2O3 substrate with a different (unintentional) miscut
angle and/or to an increased diffusion length of the growing
species promoted by the In-catalysis.33

STEM-HAADF images acquired for the In-catalyzed sam-
ple again resolves the elongated features along the [001] direc-
tion [Fig. 7(d)] to arise from (1̄10) and (110) facets [Figs. 8(a)
and 8(b)]. Due to the low atomic number of oxygen, exclu-
sively Ga atoms are visible as bright dots. However, by over-
laying the atomic structure of the lattice to the images
we are able to distinguish between octahedrally and tetra-
hedrally coordinated Ga atoms. Even though these images
are projections along the c-directions, we may infer the
atomic surface structure from that comparison [Fig. 8(b)].
As can be seen, the structure is not in accordance with the
structure shown in Fig. 2(e) [also reported as reference in
Fig. 8(b)]. According to STEM, we observe exclusively tetra-
hedrally coordinated Ga atoms in the surface. The surface
thus would not contain octahedrally coordinated Ga and four-
fold coordinated oxygen atoms. However, a detailed analysis
requires more experimental and theoretical work on pure (110)
surfaces.

In summary, we have shown that Ga-rich conditions at
sufficiently high substrate temperatures (i.e., Tg ≥ 700 ◦C)
during both Ga-etching and MBE deposition lead to ordered
(010) β-Ga2O3 surfaces composed of (1̄10) and (110) shallow
facets. Lower growth temperatures or vastly O-rich growth
conditions result in disordered and rough surfaces. We have
further demonstrated that the recently identified metal-
exchange catalysis mediated by an additional In-flux during
growth20 strongly increases the growth rate in β-Ga2O3(010)
homoepitaxy at high growth temperatures while maintain-
ing the monoclinic crystal structure, a low surface roughness

FIG. 8. HAADF-STEM images in the
c-projection of the layer (a) showing the
(110) and (1̄10) faceting on the growth sur-
face of the sample deposited in the pres-
ence of an additional In-flux at Tg = 900
◦C. (b) high-magnification image of the indi-
cated region in (a) with an overlay of the
Ga2O3 atomic model; in the image, it is also
reported as reference the same β-Ga2O3
atomic model showed in Fig. 2(e).
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(rms < 0.5 nm), and without significant incorporation of In.
We believe that these findings can represent important steps
further for the obtainment of homoepitaxial, device-quality
β-Ga2O3 thin films by suggesting (110) to be a potentially stable
substrate orientation for MBE and MOVPE growth and sug-
gesting metal-exchange catalysis as an avenue to overcome
the severe growth-rate limitations due to suboxide desorption
also in MBE of (100) and (001) β-Ga2O3.
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