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ABSTRACT

The hot-wall metalorganic chemical vapor deposition (MOCVD) concept, previously shown to enable superior material quality and high
performance devices based on wide bandgap semiconductors, such as Ga(Al)N and SiC, has been applied to the epitaxial growth of
B-Gay03. Epitaxial f-Ga,O3 layers at high growth rates (above 1 ym/h), at low reagent flows, and at reduced growth temperatures
(740 °C) are demonstrated. A high crystalline quality epitaxial material on a c-plane sapphire substrate is attained as corroborated by a com-
bination of x-ray diffraction, high-resolution scanning transmission electron microscopy, and spectroscopic ellipsometry measurements. The
hot-wall MOCVD process is transferred to homoepitaxy, and single-crystalline homoepitaxial 3-Ga, O3 layers are demonstrated with a 201
rocking curve width of 118 arc sec, which is comparable to those of the edge-defined film-fed grown (201) 3-Ga,Oj substrates, indicative of
similar dislocation densities for epilayers and substrates. Hence, hot-wall MOCVD is proposed as a prospective growth method to be further
explored for the fabrication of 8-Ga,Os.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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Gallium oxide has gained substantial research interest recently
due to its ultra-wide bandgap energy of ~5 eV"” and the availabil-
ity of affordable native substrates grown by inexpensive melt growth
approaches.” The thermodynamically stable polymorph of gallium
oxide, monoclinic $-Ga,03, has a breakdown electric field in the
range of 6-8 MV/cm, which is three times larger than the respec-
tive values of GaN and SiC, resulting in four to ten times higher
Baliga’s figure of merit for f-Ga, O3, respectively.” Consequently,
B-Ga;O3 holds a strong potential for next generation high power
electronics,” which is the key to enable considerable energy sav-
ings in conversion and transport of electricity for green economy
and sustainable development. Significant research efforts have been
directed toward the development of different growth techniques
for f-Ga; O3 heteroepitaxy and homoepitaxy, including molecular
beam epitaxy (MBE),””’ plasma-enhanced atomic layer deposition
(ALD), " pulsed laser deposition (PLD),"” " mist chemical vapor
deposition (mist-CVD),"> plasma CVD,'*'® halide vapor phase

epitaxy (HVPE),"” and metalorganic CVD (MOCVD) employing
cold-wall reactors.”

When c-plane sapphire is employed as a substrate in het-
eroepitaxy, f-Ga,O; grows with the (201) orientation parallel to the
sapphire (0001) plane.”” ™ Six f-Ga; O3 (201) rotational domains
with equal volume fractions form on on-axis c-plane sapphire.””*
For c-plane sapphire off-cut toward the a-plane, the number of rota-
tional domains decreased from six to three separated by 120° and
one of the domains became predominant with the increasing off-
angle. In contrast, for off-cut toward the m-plane, the six domains
remained but showed different volume fractions, as deduced from
pole scan XRD intensities.”” Almost complete suppression of all but
one -Ga;03 (201) domain orientation was reported recently.”” The
microstructural comparison of 8-Ga, O3 grown on c-plane sapphire
by MBE, PLD, and MOCVD revealed the presence of a three-
monolayer-thick pseudomorphically grown layer of rhombohedral
a-Ga,03 at the interface with the substrate, independent of the
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growth method.”’ On top of the a-Ga,Os layer, plastically relaxed
B-Ga,03 grew with the six rotational domains.”’ Recently, exten-
sive research was devoted to the homoepitaxial growth of f-Ga, O3
on bulk native substrates for efficient power switching devices.
Homoepitaxial -Ga, O3 layers with controlled doping and with dif-
ferent surface crystallographic orientations, e.g., (100), (010), (001),
and (201), have been demonstrated.””*****! "

Achieving the growth of high-quality layers and device
heterostructures with controlled doping presents one of the most
significant challenges for future adoption of 3-Ga,Os3 in electronics.
MOCVD is the method of choice in contemporary semiconductor
technology to obtain device quality epitaxial structures, and it is
scalable with high throughput. Hot-wall MOCVD is a unique modi-
fication demonstrated recently with success for state-of-the-art wide
bandgap SiC**"” and group-III nitride materials"’ * for applications
in high-power high-frequency electronics** and quantum technol-
ogy.”” The hot-wall MOCVD enables industry-relevant growth rates
and delivers superior material purity and structural quality. "

In this work, we explore hot-wall MOCVD for the growth
of f-Ga, O3 using an injector with isolated injection of precursors.
Aiming for a cost-effective process, we target establishing a growth
window at relatively low temperatures below 800 °C combined with
a high growth rate and low reagent consumption. The interplay
between growth regimes and structural properties of 5-Ga,03 lay-
ers on c-plane sapphire is discussed, and a heteroepitaxial material
of good crystal and optical quality at a growth temperature of 740 °C
and a high growth rate >1 ym/h is demonstrated. The process is also
successfully transferred to homoepitaxy on (201)-oriented -Ga; O3
substrates. Thus, we have demonstrated the application potential of
the hot-wall MOCVD approach for the epitaxial growth of gallium
oxide.

An upgraded custom-built low-pressure horizontal hot-wall
MOCVD reactor (Epiluvac AB) was used for f-Ga,O3 growth based
on earlier designs successfully implemented for the growth of SiC.*
A CAD drawing of the water cooled injector and the susceptor in
the hot-wall MOCVD reactor with an adjustable distance between
the injector and susceptor is presented in Fig. 1. The SiC-coated
graphite susceptor was heated by a radio frequency inductive coil
and allowed deposition temperatures in a large range from 400 to
1200 °C. Isolated injections of the gallium and oxygen precursors
to avoid preliminary gas phase reactions and a gas foil rotation

FIG. 1. A CAD drawing of the water cooled injector with isolated injection of
precursors and the susceptor in the hot-wall MOCVD reactor.
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for uniform deposition on up to 2 in. wafers were incorporated.
Trimethylgallium (TMGa) was selected as a precursor of Ga in our
study because it is more cost-effective compared to the commonly
employed triethylgallium due to its higher vapor pressure and faster
reaction kinetics, enabling generally higher growth rates, and lower
cost. The TMGa bubbler temperature was kept at 5°C in all series
of experiments. Highly pure oxygen gas (O2) and argon (Ar) were
employed as a source of oxygen and a carrier gas, respectively. In
order to establish the MOCVD growth windows, the depositions
were performed on readily available and relatively inexpensive sap-
phire substrates with an on-axis c-plane orientation and with 5°
off-cut toward the a-plane. For transferring of the process developed
to homoepitaxy, edge-defined film-fed grown f-Ga,Os substrates
(Novel Crystal Technology, Inc.) with the (201) orientation were
selected for comparative reasons. Before each growth experiment,
the substrates were ultrasonically cleaned with acetone, ethanol, and
deionized water for 5 min each, dried in pure N;, and then loaded
into the reactor chamber.

Initial multi-parameter growth optimization was performed as
a function of growth temperature and pressure and of reagent flows
and ratios in order to attain epitaxial -Ga,O3 layers on on-axis
c-plane sapphire substrates at temperatures below 800 °C (from 650
to 780 °C). Based on the evaluation of experimental results, a growth
temperature of 720 °C was selected as the optimal one for further
optimizing the growth rate. For this purpose, a set of samples at
different growth pressures from 50 mbar to 200 mbar was grown
using a TMGa molar flow rate of 106 mol/min, an oxygen flow
rate of 515 ml/min, and an O,/TMGa ratio of 200. This set of sam-
ples is hereafter referred to as the high—pressure growth window. The
VI/III ratio of 200 is relatively low compared to the values typi-
cally reported in the literature for the MOCVD growth of -Ga,0s.
However, the gas phase and surface reactions, blocking incorpo-
ration sites, etc., are expected to be different in the case of the
hot-wall reactor design.”” The inherent to hot-wall MOCVD highly
uniform temperature distribution vertically and laterally in the
growth zone also facilitates high cracking efficiency of the precur-
sors, preventing growth-limited species consumption by gas-phase
adduct formation and, hence, a high efficiency of the chemical reac-
tions. The O/Ga ratio further affects the formation energy of C
substitutional defects,*” which may interfere with the electron con-
ductivity.”” More recently, C-H complexes were suggested to play a
role for the compensation in $-Ga, 03 grown by MOCVD.”" In this
respect, it is worth mentioning that hot-wall MOCVD was shown to
enable non-passivated Mg acceptors by H in as-grown GaN:Mg.*”
The effect of C incorporation on the electric conductivity in hot-
wall MOCVD grown $-Ga;Os layers will be explored in future
works.

In order to improve the cost-effectiveness of the process, a
second set of $-Ga, O3 layers was grown with reduced reagent and
carrier gas flows to one third while maintaining approximately
the same VI/III ratio and a similar growth temperature of 740
°C. In this case, the deposition pressure was varied within the
range of 10-50 mbar. This set of samples is hereafter referred to as
the low—pressure growth window. In addition, homoepitaxial growth
was performed at 50 mbar using the low—pressure growth window
reagent conditions. Before the growth was initiated, the $-Ga,03
substrate was annealed at 740°C in situ in an Ar atmosphere
for 1 h.
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The crystal quality of the epitaxial layers was analyzed by x-ray
diffraction (XRD). 260/0 scans were measured in a Bragg-Brentano
configuration using an x-ray powder diffractometer X’celerator
(Panalytical). Rocking curves (w-scans, RC), reciprocal space maps
(RSM), and pole figure measurements were performed with a high-
resolution XRD (HRXRD) diffractometer Empyrean (Panalytical)
using a 2-bounce Ge(220) monochromator as incident-beam optics.
A 3-bounce Ge(220) detector and a parallel plate collimator were
used on the detector side in the w-scans and in the pole figure mea-
surements, respectively. Scanning transmission electron microscopy
(STEM) was performed using the double corrected Linkoping FEI
Titan 60-300 STEM, operated in scanning transmission electron
microscopy mode and at 300 kV, employing a high-angle annu-
lar dark-field (HAADF) detector with collection angles between
84 and 200 mrad. Scans were either acquired as single scans or
reconstructed from multiple scans.”

Generalized spectroscopic ellipsometry (GSE) using a dual-
rotating compensator ellipsometer (RC2, J.A. Woollam Co., Inc.)
was performed in the range from 0.75 to 6.5 eV for the char-
acterization of sample optical properties. Mueller matrix element
spectra were measured at angles of incidence of ®, = 35°, 45°,
55°, and 65° and at multiple azimuth sample rotations in steps
of 45°. The experimental data are analyzed using a critical-point
model lineshape function approach, permitting the determination of
direct band-to-band transitions, exciton energies, amplitude, broad-
ening, and transition dipole orientations.” The bandgap energy
can be directly compared with other results to be reported in the
future. For the epitaxial layers discussed in this work, due to the
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FIG. 2. 26/6 scans in Bragg-Brentano geometry for the 5-Ga,0O; layers from
the high—pressure growth window grown on the on-axis c-plane sapphire and
at various pressures. The values of the growth pressures are indicated above
the respective spectra. The $-Ga,03 201, 402, 603, and 804 Bragg reflections
at 18.9°, 37.8°, 58.7°, and 80.7°, respectively,** are indicated with black dot-
ted lines. Some additional -Ga,0; peaks, 601, 510 and 601, appearing in the
spectrum of the layer grown at 100 mbar are indicated with red thin dotted lines.
The 0003, 0006, and 0009 Bragg reflections of the c-plane sapphire at 26 val-
ues of 21.00°, 41.69°, and 64.5° and the substrate artifact at ~80° (Ref. 54) are
indicated by asterisks.
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specific domain structure and crystallographic orientation, an effec-
tive medium model is developed. Thereby, we calculate a weight
average of a dielectric function model tensor accounting for the
contributions of different rotational domains to the overall optical
polarizability.

Figure 2 illustrates the 26/6 scans of the set of samples
from the high—pressure window grown at varying deposition pres-
sures from 50 to 200 mbar. The $-Ga,0s diffraction peaks are
indexed, and the sapphire diffraction peaks are indicated by aster-
isks. The experimental results reveal that at a relatively high growth
pressure above 100 mbar, epitaxial $-Ga,O3 layers with a single
(201)-orientation are grown with their (201) plane parallel to the
sapphire (0001) plane. As it can be seen from Fig. 2, only the 201,
402, 603, and 804 Bragg peaks of the monoclinic gallium oxide
phase can be detected for layers grown at 150 and 200 mbar.
At 100 mbar, some crystallites with an orientation different from
the main (201) orientation, i.e., -Ga,O3 (601), (510) and (601)
crystallographic orientations, are observed in the XRD spectra. Note
that the XRD peak intensity associated with these additional crys-
tallites is much smaller compared to the intensity of the main
201-peak family; however, their incorporation is not desirable in
terms of -Ga;Os integration in device hetero-structures. At a
growth pressure below 100 mbar, the 3-Ga,O3 peaks broaden sig-
nificantly and decrease in intensity, indicating a significant degree of
disorder.

The growth rate as a function of the deposition pressure for
the high—pressure growth window samples is illustrated in Fig. 3. At
growth pressures below 100 mbar, the large amount of reagents
and carrier gasses might lead to very fast reactions, resulting in
the observed high growth rates up to 1.4 ym/h. Although a high
growth rate is desirable in terms of process efficiency, in these
instances, the layers are no longer epitaxial but textured and become
highly disordered as the pressure further decreases (see Fig. 2).
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FIG. 3. Growth rate as a function of deposition pressure for the two
sample sets. The red circles indicate the results for the layers from
the high—pressure growth window, while those for the layers from the
low—pressure growth window are shown as blue squares. The curves are guides
to the eye.
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FIG. 4. Same as in Fig. 2 but for the samples from the low—pressure
growth window.

At very high growth rates and relatively high pressures, a devia-
tion from the thermodynamic equilibrium occurs and the Ga and
O adatoms have insufficient time to migrate and arrange in a crys-
tal lattice. Therefore, they form clusters with the other adatoms.
In addition, the atoms in the layer are not densely stacked as it is in
a typical CVD process and a highly disordered phase is formed. The
growth rate decreases rapidly with increasing pressure, which can be
attributed to a hampered atom diffusion as a result of the increased
thickness of the boundary layer. In addition, at higher pressures,
there is enhancement of gas phase reactions, which contributes to
further reduction of the growth rate. For the single-orientation epi-
taxial layers, grown at pressures above 100 mbar (Fig. 2), the growth
rate is only of the order of 100 nm/h (Fig. 3), which is too low for
practical applications.

Therefore, as a next step, we aimed at establishing a smaller
growth window for the deposition of epitaxial f-Ga,O3; with a
single (201)-orientation and a high growth rate, minimizing reac-
tive and carrier gas flows. To reach this goal, the total gas flow

scitation.org/journal/adv

and growth pressures were considerably decreased in comparison
to the values in the high—pressure growth window. More specifi-
cally, the total gas flow was reduced to one third with a TMGa
molar flow rate of 45 mol/min and an oxygen flow rate of 200
ml/min while maintaining approximately the same VI/III ratio and
a similar growth temperature of 740 °C. The deposition pressure
was varied within the range of 10-50 mbar. Figure 4 presents the
respective 20/0 scans, and the growth rates for the series are com-
pared to the results for layers from the high—pressure growth window
in Fig. 3. Epitaxial layers with single (201) crystallographic
orientations were achieved at growth pressures of 50 and 40 mbar.
At 20 mbar, the f-GayO3 510 Bragg peak with a very low inten-
sity appears, while for the layer grown at 10 mbar, an additional
601 Bragg peak could also be detected. Decreasing the reagent flow
rates and deposition pressure with other CVD growth parameters
kept constant leads to a decrease in Ga supersaturation, which is
essential for high crystalline quality growth. The small total flow of
reactive and carrier gases in the low—pressure growth window allows
laminar flows in the reactor and growth close to thermodynamic
equilibrium and hence improved crystalline quality. The RSM and
RC single scans of the 201 on-axis peak as illustrated in Fig. 5
indicate good crystalline quality of the heteroepitaxial material. The
full width at half maximum of the RC has been determined as
1.5°, which is very well comparable to the reported literature val-
ues for the best MOCVD-grown layers.”” In the radial direction,
the RSM is fully symmetric, suggesting a high coherence length
of the crystalline domains with no indication of heterogeneous
strain.

At the same time, high growth rates of up to 1.5 ym/h com-
patible with industry relevant values are reached. These results
demonstrate the high application potential of the hot-wall MOCVD
B-Ga, 03 growth process for industry utilization.

XRD pole figures of the B-Ga,Os epilayers grown with the
low—pressure growth window conditions simultaneously on on-axis
and off-cut sapphire reveal that for on-axis substrates, six f-
Ga, 03 (201) rotational domains, rotated by 60°, are observed with
equal distributions (Fig. S1 in the supplementary material), while
for the case of the off-cut substrates, one set of three domains,
rotated by 120°, is predominant and the other three nearly dis-
appear (Fig. S2 in the supplementary material). These results are
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FIG. 6. STEM images and image simulations of a 5-Ga, O3 heteroepitaxial layer from regions close to the sapphire substrate (a-AL,Os3) (a) and close to the top surface (b).
The model for 8-Ga,O; is shown next to the images with their respective projection direction and the horizontal (201) plane indicated. Green atoms indicate Ga, and red
ones indicate O. The projections of the model are simulated and matched to regions within the images. In (a), both (010) and (132) projections are observed, while in (b),
two larger grains are observed with projections in (132) directions, 180° rotated relative to each other. This matches the six-fold rotational (201) domains, observed by

XRD (Fig. S1 in the supplementary material).

consistent with previous reports.”® The use of the off-cut substrates
leads to slightly narrower rocking curves, indicating some amelio-
ration of overall crystalline quality and decreased defect density. In
addition, the off-cut substrates were found to be beneficial for sup-
pressing the additional crystallographic orientations at low growth
pressures.

The domain structure is further confirmed by high-resolution
STEM, revealing details at the atomic scale. Figure 6(a) shows
a cross-sectional HAADF-STEM image of the epilayer grown at
50 mbar under low—pressure growth window conditions in the vicin-
ity of the interface with the on-axis sapphire substrate. The first few
atomic layers exhibit an orthorhombic a-Ga,O; crystal structure
with [0001] along the growth direction, seen as a similar pattern
as for the a-Al,O; substrate but with higher intensity (HAADF-
STEM exhibits Z-contrast), which is in agreement with earlier
observations.”’ After the first few atomic layers, the growth tran-
sitions to (201)-oriented B-Ga,Os. Multiple grains with varying
azimuth rotations are observed in the STEM images in Fig. 6. The
low-index projection direction of (010) and (132) is distinguish-
able, which is rotated ~58° relative to the first one [Fig. 6(a)].
Further away from the interface with the substrate, larger grains
develop [Fig. 6(b)] with clear mirroring, indicative of the six-fold
rotation.

The high structural quality of the heteroepitaxial layers is
also manifested in similar excitonic and band-to-band transi-
tion parameters of -Ga;Os, as determined from spectroscopic
ellipsometry analysis. The different contributions of the six rota-
tional (201)-oriented domains to the tensor of the dielectric func-
tion are averaged as an additive effective medium. The rotational
domains render the optical response effectively uniaxial as a cylin-
drical symmetry with respect to the optic axis of the c-plane sapphire
substrate is established. This is even the case for layers grown on
off-axis substrates with three dominant rotational domains (Fig. S2
in the supplementary material). No optical difference between sam-
ples on on-axis and off-cut substrates is observed. Figure 7 shows

exemplary measured and modeled ellipsometry data for a -Ga,O;
layer grown with the low—pressure growth window conditions at
50 mbar on on-axis sapphire. For comparison, model-generated data
using the parameters of bulk -Ga,O3 from Ref. 2 are also shown.
High material quality of our epitaxial $-Ga,Os is inferred not only
from the transparency below the bandgap that causes layer interfer-
ences but also by no increased broadening of the absorption edge
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FIG. 7. Measured and modeled spectroscopic ellipsometry data in terms of the
pseudo-dielectric function (¢) = (er) + i{ep) atan angle of incidence of 65° for
a f-Gay 03 layer from the low—pressure growth window grown on a c-plane sap-
phire substrate at 50 mbar. The six equally distributed rotational domains render
the film optically uniaxial and the response pseudo-isotropic. The layer interference
oscillations below 5 eV demonstrate the transparency of the film. The inset shows
an enlarged view at (&) at the bandgap. The dashed line represents model-
generated data using parameters reported in Ref. 2. Multiple angles of incidence
were included in the modeling.
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as compared to single crystalline bulk $-Ga,O3. Modeling is mostly
sensitive to the energetically lowest band-to-band transition, which
is polarized in the monoclinic plane. The excitonic binding energy
of 120 meV is assumed to be unchanged. We find a slight red-
shift of the related critical point at 5.04 eV of ~10 meV, which
may be attributed to a small level of residual strain.”® Furthermore,
as can be seen in Fig. 7, the transition amplitudes are about 10%
lower than those found for bulk single crystals. The lowered ampli-
tudes can be related to the presence of grain boundaries due to
the rotational domain structure of the epilayers (see Fig. 6), which
affects particularly Wannier-Mott excitons and, hence, decreases
the excitonic absorption enhancement. The higher-energy transi-
tions could not be reliably assessed due to the rotational domain
structure.

Finally, we have performed homoepitaxial growth under the
low—pressure growth window conditions at a pressure of 50 mbar.
The 26/0 scan of the homoepitaxial layer on the (201) f-Ga;0;
substrate (Fig. S4 in the supplementary material) shows only the
201 Bragg peak family. The 201 rocking curve full width at half
maximum of the homoepitaxial layer is 118 arc sec, which is com-
parable to that of the bulk edge-defined film-fed grown -Ga;O;
substrate (88.8 arc sec) (see Fig. S5 in the supplementary material).
This indicates similar dislocation densities for epitaxial layers and
substrates.

In summary, we have presented a new hot-wall approach to
the MOCVD growth of epitaxial f-Ga,Os3 layers at reduced tem-
peratures and reagent flows and at high growth rates using a TMGa
precursor. The heteroepitaxial material on basal plane sapphire with
state-of-the-art quality and homoepitaxial 3-Ga,O; layers on (201)
native substrates with crystalline quality approaching that of the melt
grown substrates have been demonstrated. The newly developed
hot-wall MOCVD gallium oxide reactor concept offers a versa-
tile method with the potential for cost-effective industrially viable
epitaxial growth.

See the supplementary material for the details about XRD char-
acterization of hetero- and homoepitaxial layers and GSE measured
and modeled spectra of the samples grown simultaneously under the
low—pressure growth window conditions at 50 mbar on on-axis and
off-cut c-plane sapphire.
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