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ABSTRACT

Homoepitaxial b-Ga2O3 layers grown via molecular beam epitaxy (MBE) have exhibited prohibitively low growth rates on (100) oriented
substrates in the past. In this work, we investigate the possibility to employ indium-assisted metal exchange catalyzed (MEXCAT) MBE to over-
come this limit. We demonstrate that the fine tuning of the MEXCAT growth parameters and the choice of a proper substrate offcut allow for the
deposition of thin films with high structural quality via the step-flow growth mechanism at relatively high growth rates for b-Ga2O3 homoepitaxy
(i.e., around 1.5 nm/min, � 45% incorporation of the incoming Ga flux), making MBE growth in this orientation feasible. Moreover, through the
employment of the four investigated different (100) substrate offcuts along the ½001� direction (i.e., 0�, 2�, 4�, and 6�), we give experimental evi-
dence on the fundamental role of the ð201Þ step edges as nucleation sites in the growth of (100)-oriented Ga2O3 films by MBE.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031300

b-Ga2O3 plays an important role in new generation power elec-
tronic devices.1 A great advantage for this ultra-wide bandgap oxide is
the possibility to produce bulk material from the melt,2 enabling the
homoepitaxial growth of high-quality b-Ga2O3 thin films. Among the
different growth techniques, molecular beam epitaxy (MBE)3–5 and
metalorganic chemical vapor deposition or metalorganic vapor phase
epitaxy (MOCVD or MOVPE)6–8 have so far emerged for providing
the highest quality b-Ga2O3 homoepitaxial layers. Nonetheless, the
chosen substrate orientation for homoepitaxial deposition of b-Ga2O3

can pose two major challenges: (1) the possible formation of structural
defects and (2) the presence of different growth rates (GRs). The first
point is related to the low symmetry of the monoclinic cell of
b-Ga2O3, which, due to the possible double positioning of Ga atoms
and island coalescence during the growth process, eventually results in
the creation of twins in both the (100)9,10 and ð201Þ4 homoepitaxial

growth, eventually affecting the electrical properties of the layers.11

Nonetheless, for MOVPE (100) homoepitaxy, it has been possible to
overcome this problem with the choice of an appropriate substrate off-
cut so as to allow the step flow growth of the layers in the presence of
ð201Þ steps.7,8 The second challenge in b-Ga2O3 homoepitaxy is the
different GR recorded as a function of different substrate orientations.
This mostly affects the MBE growth technique3,12 and is mostly related
to the peculiar growth kinetics of Ga2O3 during MBE growth, which
involves the intermediate formation of the Ga2O volatile suboxide;13–15

the tendency of Ga2O to desorb from the sample surface before its
further oxidation in Ga2O3 is dependent on the growth surface itself.
This has so far limited the investigation of MBE-grown b-Ga2O3

homoepitaxial layers to the (010) growth plane, i.e., the one with the
highest surface free energy out of the most experimentally used ones
[(100), (010), (001), and ð201Þ].7,16 For the (010) plane, GRs as high
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as� 2.2 nm/min3 and 3.2nm/min17 have been reported for ozone and
plasma-assisted MBE, respectively. The other b-Ga2O3 surfaces and
especially the most stable (100) cleavage plane7,16 generally suffer from
lower GRs in MBE (e.g.,� 0.15nm/min3 and� 0.3 nm/min18 for ozone
and plasma-assisted MBE, respectively). Differently, for MOVPE, negli-
gible substrate orientation dependencies have been reported with respect
to the GR, probably because of different Ga2O3 growth kinetics com-
pared to the MBE process;8 in particular, for (100) MOVPE homoepi-
taxy, high-quality layers were deposited with GRs between 1.6nm/min
and 4.3 nm/min on substrates offcut toward ½001�.8

The (100) b-Ga2O3 growth surface is potentially very interesting
because of the possibility to obtain step-flow growth, resulting in
smooth layers with high structural quality7,8 [similar to what has been
recently demonstrated in (010) homoepitaxy with proper substrate
offcuts19]. Unfortunately, the low GRs of the MBE process so far have
practically limited the homoepitaxial synthesis in the (100) orientation
solely to the MOVPE technique. Nonetheless, it has been recently
demonstrated that the addition of an In20 or Sn21 metal flux can allow
one to widen the growth window of Ga2O3 in MBE by the metal-
exchange catalysis (MEXCAT) mechanism.15 Indium-mediated
MEXCAT has been recently successfully applied in the MBE homoepi-
taxial growth of b-Ga2O3 layers over different orientations,

4,5,19,22 as
well as b-(Al,Ga)2O3 layers on b-Ga2O3(010) substrates.

23 In particu-
lar, with MEXCAT-MBE, it has been possible to demonstrate that the
use of (100) substrates with a 6� offcut results in homoepitaxial layers
with a high structural quality comparable to the one obtained in
MOVPE growth.4,7 Nonetheless, the GR has been found to be still a
function of the b-Ga2O3 growth surface,4 proving that the MEXCAT-
MBE process can mitigate but not fully eliminate the partial loss of
the incoming Ga flux from highly stable surfaces like the (100) one.
In particular, the GR obtained for high-quality MEXCAT-MBE
b-Ga2O3 homoepitaxial layers on 6�-off (100) substrates was around
0.27 nm/min (i.e., corresponding to less than 10% incorporation of the
incoming Ga flux), the lowest one with respect to the other tested
b-Ga2O3 orientations [i.e., (010), (001), and ð201Þ]. As a comparison,
the same Ga flux can be fully incorporated in (010)-oriented
MEXCAT-MBE homoepitaxy (i.e., 3.3 nm/min),19 while Mauze et al.5

using a similar experimental approach were able to obtain GRs as high
as� 5 nm/min in the same substrate orientation, proving that the GR
can be maximized by properly increasing the provided metal and
oxygen fluxes.

In the present work, throughout the optimization of the
MEXCAT-MBE deposition process and the understanding of the role
of the offcut angle in (100) homoepitaxy, we demonstrate step-flow
growth rates (GRs) of� 1.5 nm/min (� 45% incorporation of Ga flux)
comparable to the ones obtained by the MOVPE growth technique on
offcut (100) substrates.

Mg-doped (100) b-Ga2O3 substrates with ½001�-oriented offcuts
of 0�, 2�, 4�, and 6� prepared from bulk crystals obtained by the
Czochralski method24,25 were employed. The substrate preparation
prior to the deposition is explained in our previous work.4 The deposi-
tions were performed in an MBE chamber with an O-plasma source
run at a power of 300W for a fixed deposition time of 30minutes. The
substrate temperatures were monitored using an optical pyrometer.
The beam equivalent pressure (BEP) of Ga was fixed to BEPGa
� 1.2� 10�7 mbar (particle flux UGa¼ 2.2 nm�2 s�1), corresponding
to a GR� 3.3nm/min at full Ga incorporation (thickness� 100nm).

The In flux for the MEXCAT process is set to be UIn¼ 1/3 UGa (BEPIn
� 5.2� 10�8 mbar). Both the metal fluxes were maintained constant
for all the growth, while the oxygen flow and the growth temperatures
were varied among 0.75 standard cubic centimeters per minute (sccm)
and 1 sccm, and Tg¼ 700–800 �C. An (AlxGa1�x)2O3 marker layer
at the substrate-layer interface was deposited (deposition time
¼ 80 s) in almost all the growth runs; the related details are reported
in a previous work.4 The (100) b-Ga2O3 substrates with different off-
cuts were co-loaded so that they are subjected to the same deposition
conditions in a single growth run. The growth rate was calculated
from the growth time and layer thickness determined using the
In signal from time-of-flight secondary ion mass spectrometry
(ToF-SIMS IV from IONTOF GmbH) depth profiling (interference
microscope WYKO NT1100 from Veeco Instruments Inc., with an
error of about 1% to 3% in the layer thickness) and/or by x-ray dif-
fraction (XRD) fringe interspace in the vicinity of the b-Ga2O3 400
reflex (out-of-plane 2h-x scans PANalytical X’Pert Pro MRD using
Cu Ka radiation). The In content from SIMS was obtained using a
concentration calibration.4 The sample surface was investigated by
atomic force microscopy (AFM Bruker Dimension Edge) in
PeakForce tapping mode.

In Table I we report a summary of the collected results. In agree-
ment with our previous investigation of the growth kinetics and ther-
modynamics of Ga2O3 by MBE and MEXCAT-MBE, a lower Tg or
higher O flux not only increases GR4,13–15,20,22 but also increases the
tendency of indium incorporation during MEXCAT-MBE.4 More
importantly, for all the tested growth conditions, the GR is generally
higher for larger offcuts, as also shown in Fig. 1(b). Moreover, compar-
ing the lowest tested Tg runs (i.e., 740 �C and 700 �C), it is interesting
to highlight that both the depositions on 0 �- and 2 �-off substrates
show similar (740 �C) or equal (700 �C) GRs, while higher offcuts in
both cases result in a clear GR increment [Table I and Fig. 1(b)]. In
the following, we try to give a physical explanation for this result:
as reported by Schewski et al.7,26 and schematically illustrated in
Fig. 1(a), an offcut along the ½001� direction in (100) b-Ga2O3 sub-
strates results in the formation of (100) terraces with different
widths—i.e., 16.9 nm, 8.5 nm, and 5.6 nm for 2�-, 4�-, and 6�-off,
respectively; 0.59 nm steps are formed among the terraces, leaving
exposed ð201Þ-oriented surfaces at the step edges7 [Fig. 1(a)].

The MBE growth on the (100) surface is complicated because of
its high stability (i.e., low surface free energy, leading to increased
desorption during growth),7,16 resulting in limited GRs;3,18 even if
mitigated, this is also true in the case of MEXCAT-MBE as proved by
the data reported in Table I for 0�-off substrates. Furthermore,
we have recently demonstrated4 that the homoepitaxial growth on
ð201Þ-oriented substrates via MEXCAT-MBE allows for layer deposi-
tions at higher Tg (and/or lower O fluxes) with respect to the (100)
orientation—i.e., because of the higher surface energy of the ð201Þ
with respect to the (100) one. As an example in Table I, we give the
reference growth rate measured on ð201Þ-oriented b-Ga2O3 substrates
(nominally 0�-offcut)4 for the highest Tg/lowest O flux investigated in
the present study, which is significantly higher (2.2nm/min) than that
on the 0�-offcut (100) substrate (0.1nm/min).

Generally, growth takes place by a sequence of adsorption,
diffusion, and nucleation competing with the desorption of the
surface diffusing species.27 In the particular case of oxides like Ga2O3

and In2O3
14 (both potentially involved at different stages of the
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MEXCAT-MBE deposition process15,20), their peculiar growth kinetics
involves the intermediate formation of their respective volatile subox-
ide molecules (Ga2O and In2O), which we consider the relevant, dif-
fusing, and desorbing species. We propose that a possible explanation
of our experimental findings [Table I, Fig. 1(b)] can be found in (i) the
ð201Þ-oriented step edges acting as nucleation sites for the surface dif-
fusing species during growth [see Fig. 1(c)] and (ii) the influence of the
growth condition on the diffusion length and desorption of the
adsorbed species on the (100) surface. In order to reach the ð201Þ
edges, the adsorbed species must diffuse on the (100) terraces along
the [001] direction, and thus, only species adsorbed within a diffusion

length from the step edge can contribute to growth. Consequently, for
the tested growth conditions (Tg and O fluxes) of this work, the diffu-
sion length on the (100) surface along the [001] direction should be
limited to less than the associated terrace length of the 4� offcut sub-
strate, i.e., � 8.5nm, to explain the growth-rate increase upon increas-
ing the offcut to 6�, for example. Larger offcuts result in shorter terrace
lengths, and thus, species adsorbed on a larger area fraction of the ter-
races are within a diffusion length from the step edges and can con-
tribute to growth. Consequently, the GR increases with the increasing
offcut [Fig. 1(b)]. (For the films grown at 745 and 700 �C, the relative
increase in GR due to increasing offcut from 4� to 6� is, however,

FIG. 1. (a) Sketch representing a cross-sectional view of (100) offcut substrates; (b) offcut and associated terrace length as a function of the obtained growth rate for different
synthesis conditions (see Table I); (c) schematic representation of the growth process on (100) offcut substrates via MBE.

TABLE I. Growth rates of (100)-oriented b-Ga2O3 layers deposited in four different growth runs via MEXCAT-MBE (different offcuts co-loaded). A growth rate for ð201Þ homoe-
pitaxy and a non-catalyzed growth are also reported for comparison (data taken from Ref. 4). In the growth rate column, we report in parentheses the experimental methods
used to determine the thickness. The In content obtained from SIMS is reported for samples to be � 10 nm.

Tg (�C) O flux (sccm) Offcut (�) Growth rate (nm/min) In content (cm�3)

800 0.75 0 on ð201Þ (Ref. 4) 2.2 (SIMS) 1� 1019

0 0.1 (SIMS)
2 0.17 (SIMS)

6 (from Ref. 4) 0.33 (SIMS) 2� 1018

6 (from Ref. 4) Non-catalyzed growth 0 (SIMS)
800 1 2 0.17 (SIMS)

4 0.33 (XRD)
6 0.47 (XRD þ SIMS) 2� 1018

740 0.75 0 0.17 (SIMS)
2 0.2 (SIMS)
4 0.37 (XRD)
6 0.8 (XRD þ SIMS) 3-7� 1018

700 0.75 0 0.33 (SIMS) 2� 1019

2 0.33 (XRD þ SIMS) 1.1� 1019

4 0.67 (XRD)
6 1.5 (XRD þ SIMS) 1.6-1.9� 1019
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larger than the associated relative increase in step density, calling for
clarification by more detailed modeling such as the Kinetic Monte
Carlo study of Ref. 27). The surface diffusion length kS can be
expressed as a function of the diffusion coefficient on the surface DS

and the mean diffusion time sS as kS ¼
ffiffiffiffiffiffiffiffiffiffi

DSsS
p

.28 Importantly, sS is
the time between adsorption and desorption of the diffusing species
from the (100) terrace, i.e., the inverse of the desorption rate. Since dif-
fusion and desorption are thermally activated processes, kS can also be
expressed as a function of the barrier energy for the desorption rate
and the surface diffusion coefficient Edes and Ediff , respectively:

kS / e
Edes�Ediff

2kTg , where k is the Boltzmann constant. The decreasing GR
with increasing Tg [Fig. 1(b)] at all chosen offcut angles indicates a
decreasing kS, suggesting that Edes > Ediff in our case, i.e., a stronger
increase in the desorption rate than the increase in the surface diffu-
sion coefficient.

The fact that we do not observe a saturation of GR with the
increasing miscut angle suggests that values larger than 6� further
increases GR. Besides higher miscut angles (that may become imprac-
tical at some point), a further decrease in the desorption rate (increase
in sS) can also lead to higher growth rates. This, in turn, may be
achieved by further decreasing the growth temperature and simulta-
neous optimization of the In, Ga, and O fluxes to sustain a step flow
growth and prevent excessive In incorporation. A recent report on
high temperature low pressure chemical vapor deposition (HT-
LPCVD) of ð201Þ b-Ga2O3 layers on offcut c-plane sapphire

substrates also found an increasing GR with the increasing offcut
angle,29 whereas MOVPE (100) homoepitaxy did not highlight any
GR dependence for the same offcuts investigated in the present work.8

These HT-LPCVD and MOVPE results are difficult to compare
among each other due to different synthesis techniques, deposition
conditions, and layer orientations; they, however, seem to indicate
non-negligible and negligible desorption from the terraces,
respectively.

The explanation presented here is also supported by the collected
AFM micrographs obtained for the samples deposited at the lowest Tg

(700 �C, Fig. 2). In such deposition conditions, we report the growth
of an� 10nm thick film in both 0�- and 2�-off substrates [XRD trace
in Fig. 2(b) (green) is in agreement with results obtained from SIMS
(not shown)]. Nonetheless, in both samples, it is possible to identify
the presence of islands elongated along the [010] direction [Fig. 2(a),
0� and 2�]. Such islands have already been highlighted in homoepitax-
ial layers grown by MOVPE26 and MBE10 on exactly oriented (100)
substrates, and their elongation could be a sign of a lower diffusion
length of the adsorbed species on the (100) surface along the [001]
direction than in the [010] one. The coalescence of these islands
usually results in the formation of twins.9 The same could potentially
happen for also the layers deposited on top of the 2�-offcut substrate
[Fig. 2(a)] in our MEXCAT-MBE growth due to island nucleation on
the terraces of the 2�-off substrate [visible as the interruption of the
regular step-terrace lines along the [010] direction in Fig. 2(a)] instead
of nucleation at the ð201Þ step edges. Differently, the surface

FIG. 2. (a) AFM micrographs of (100) b-Ga2O3 homoepitaxial layers deposited via MEXCAT-MBE at Tg¼ 700 �C with O flux¼ 0.75 sccm on different offcut substrates [red
squares in Fig. 1(b)]. In (b) the corresponding XRD scans of the 400 reflection for the 2�, 4�, and 6�-off samples are reported with relative thicknesses from respective thick-
ness fringes.
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morphology of the 4� and 6�-off samples [Fig. 2(a)], despite larger
film thicknesses with respect to the 0� and 2�-off ones [Fig. 2(b)], sug-
gests a step-flow or (partially) a step-bunched growth, resulting in a
more regular and smooth layer surface.

We now focus on the 6�-off samples deposited under the 4 differ-
ent tested growth conditions (Table I). Their AFM images [Fig. 3(a)]
show the effect of the substrate temperature and (just for one sample
deposited at 800 �C) of the O flux on the surface morphology. Under all
the deposition conditions for the 6�-off layers, no structural defects are
expected, as already evidenced by the TEM investigation of the sample
deposited at 800 �C with O flux¼ 0.75 sccm presented in Ref. 4.
Nonetheless, despite the limited root mean square roughness
(rms¼ 0.3nm) of this layer [Fig. 3(a)], step bunching can be highlighted
(see the TEM image of this layer in Figure 5 of Ref. 4). An increase in
the O flux while maintaining the very same Tg resulted in an increased
step bunching mechanism (rms¼ 1.3nm) probably related to an
increased diffusion length by suppressed desorption14 through the
increased oxygen species on the surface. On the other hand, decreasing
the Tg down to 740 �Cwhile maintaining the O flux at 0.75 sccm drasti-
cally reduced the step bunching, going toward a step-flow growth mech-
anism (rms¼ 0.19nm). Nonetheless, the thickest layer deposited at the
lowest Tg (700 �C, O flux¼ 0.75 sccm) shows an intermediate rough-
ness (rms¼ 0.32nm); the reasons are still not fully understood.

With these samples deposited with In-mediated MEXCAT-MBE,
both Tg and O flux employed should decisively affect the concentra-
tion of incorporated In inside the deposited layer: a lower Tg and/or a

higher O flux during the deposition process was shown to be
connected to a larger amount of In inside the sample.4 As visible from
Fig. 3(b) (values reported in Table I), this trend is confirmed for the
investigated Tg, while for different O fluxes (0.75–1 sccm), the mea-
sured In concentration is basically unchanged; this is probably related
to the low layer thickness and the presence of an In peak at the
substrate-film interface (Fig. 3), which is already highlighted for
b-Ga2O3 MEXCAT-MBE homoepitaxy.4 The deposition conditions
that resulted in the highest growth rate of 1.5 nm/min—i.e.,
Tg¼ 700 �C, O flux¼ 0.75 sccm—also result in the highest In incor-
poration (� 1.6–1.9� 1019 cm�3). Nevertheless, as already discussed
in a previous work,4 such concentrations should not affect the
electrical properties of the layer as In is isovalent with Ga and such low
concentrations would only lead to a negligible bandgap decrease.
Moreover, the data reported in Table I on the series of samples depos-
ited on the different offcut substrates under the same synthesis condi-
tions (i.e., Tg¼ 700 �C, O flux¼ 0.75 sccm—0�, 2�, and 6�)
consistently show that the amount of incorporated In is not affected
by the offcut itself, but just by the deposition conditions. Finally, we
highlight that the current understanding of the MEXCAT-MBE depo-
sition technique for b-Ga2O3 homoepitaxy4,5 suggests that a low
amount of incorporated catalyst element (i.e., indium) can be just
obtained with growth parameters that result in very little (or no)
growth rate in a standard MBE deposition (e.g., non-catalyzed MBE at
Tg¼ 800 �C and O flux¼ 0.75 sccm on the 6� substrate resulted in no
layer growth, see Table I).

FIG. 3. (a) AFM micrographs of (100) b-Ga2O3 homoepitaxial layers deposited via MEXCAT-MBE at different Tg values or O fluxes for the same 6� substrate offcut. (b)
Indium concentration CIn depth profiles for the same samples extracted by ToF-SIMS. The film thickness is equated with the depth of the In-accumulation peak at the layer-
substrate interface. The AFM image and the SIMS profile of the sample deposited at 800 �C with 0.75 sccm flux have already been presented in Ref. 4.
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In conclusion, we have shown how In-mediated MEXCAT MBE
can be considered as a viable technique for the deposition of high-
quality (100) b-Ga2O3 homoepitaxial layers. In particular, we have
demonstrated step-flow growth on substrates offcut toward the ½001�
direction at growth rates comparable to the ones obtained by the
MOVPE technique in this substrate orientation. Different from
MOVPE results,8 during MEXCAT-MBE, an increasing growth rate
with the increasing offcut angle was found and related to almost exclu-
sive layer nucleation on the ð201Þ-oriented step edges due to their
higher surface free energy (and, thus, lower propensity for desorption)
than that of the (100)-oriented terraces. Regarding the obtained abso-
lute growth rate value of 1.5 nm/min, the authors remind us that this
could be scaled by further increasing the offcut angle, decreasing the
growth temperature, or—as already demonstrated for the (010) orien-
tation5—by scaling up the Ga and O fluxes. We believe that our result,
together with the deep understanding of the underlying physical pro-
cesses, could represent an important step further for the realization of
b-Ga2O3-based power electronic heterostructured and/or homostruc-
tured devices by MBE on (100)-oriented substrates.
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