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ABSTRACT

A new growth approach, based on the hot-wall metalorganic chemical vapor deposition concept, is developed for high-quality homoepitaxial
growth of Si-doped single-crystalline β-Ga2O3 layers on (010)-oriented native substrates. Substrate annealing in argon atmosphere for 1 min at
temperatures below 600 �C is proposed for the formation of epi-ready surfaces as a cost-effective alternative to the traditionally employed
annealing process in oxygen-containing atmosphere with a time duration of 1 h at about 1000 �C. It is shown that the on-axis rocking curve
widths exhibit anisotropic dependence on the azimuth angle with minima for in-plane direction parallel to the [001] and maximum for the
[100] for both substrate and layer. The homoepitaxial layers are demonstrated to have excellent structural properties with a β-Ga2O3(020)
rocking curve full-widths at half-maximum as low as 11 arc sec, which is lower than the corresponding one for the substrates (19 arc sec), even
for highly Si-doped (low 1019 cm�3 range) layers. Furthermore, the structural anisotropy in the layer is substantially reduced with respect to
the substrate. Very smooth surface morphology of the epilayers with a root mean square roughness value of 0.6 nm over a 5 � 5 μm2 area is
achieved along with a high electron mobility of 69 cm2 V�1 s�1 at a free carrier concentration n ¼ 1:9� 1019 cm�3. These values compare well
with state-of-the-art parameters reported in the literature for β-Ga2O3(010) homoepitaxial layers with respective Si doping levels. Thermal
conductivity of 17.4Wm�1K�1 is determined along the [010] direction for the homoepitaxial layers at 300 K, which approaches the respective
value of bulk crystal (20.6Wm�1K�1). This result is explained by a weak boundary effect and a low dislocation density in the homoepitaxial
layers.

© 2024 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/10.1116/6.0003424

I. INTRODUCTION

Although known since decades, only recently III-sesquioxides
(gallium and indium oxides) have been re-discovered as a new class
of highly prospective wide bandgap semiconductors. In the past,
polycrystalline highly doped In2O3 or β-Ga2O3 were used as high-
conductivity materials for transparent electrodes in “smart windows,”

photovoltaics, as well as in gas sensors.1–7 During the last decade,
significant research efforts have been focused on growth of single-
crystalline III-sesquioxides layers with low defect densities and on
demonstration of high-performance devices on their basis. The ther-
modynamically stable β-Ga2O3 polytype has a ultra-wide bandgap
of 4.7–5.04 eV,8,9 which makes it promising for applications in short
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wavelength photonics and transparent electronics.10–13 β-Ga2O3

also has a high breakdown electric field of 8MV cm�1, which
exceeds those of technologically relevant semiconductors such as
Si, GaAs, SiC, and GaN, rivaled only by diamond. Consequently,
there is a tremendous potential of β-Ga2O3 for high-power elec-
tronics applications.14,15 Indeed, Baliga’s figure of merit for
β-Ga2O3 is several times larger than those for 4H-SiC and
GaN.14,15 Furthermore, β-Ga2O3 possesses better radiation stability
in comparison to GaN16–18 and hence can find application in very
harsh environments.19 Consequently, the unique properties of this
material, combined with the availability of simple and low cost, in
comparison to vapor phase grown GaN and AlN substrates, melt
growth methods for large-scale production of bulk crystals14,20,21

have made β-Ga2O3 a strong candidate for next generation high-
power electronics for green and sustainable development.

The metalorganic chemical vapor deposition (MOCVD) tech-
nique, which is the growth method of choice in this work, exhibits
excellent reproducibility and can be scaled up for high volume pro-
duction. Homoepitaxial high-quality growth with fast rates repre-
sents one of the most significant challenges for further adoption of
β-Ga2O3 in electronics. Homoepitaxial β-Ga2O3 layers with con-
trolled doping and with different surface crystallographic orienta-
tions, e.g., (100), (010), (001), and (−201) have been demonstrated
by MOCVD.22–30 The (010)-oriented β-Ga2O3 epitaxial layers have
been shown to exhibit higher electron mobilities as compared to
other orientations31 and hence they are preferred for device fabrica-
tion. The MOCVD has demonstrated promising electronic trans-
port properties of β-Ga2O3 (010) layers with a room temperature
mobility of 184 cm2 V�1 s�1 at a free electron concentration of
2:75� 1016 cm�3,26 approaching the predicted theoretical limit of
approximately 200 cm2 V�1 s�1.32 The concentration of the com-
pensation defects in these layers was estimated to be as low as
9:4� 1014 cm�3, which is significantly lower than what was
observed for β-Ga2O3 grown by other epitaxial methods.29,33

Despite these promising results, β-Ga2O3 homoepitaxial layers
grown on (010) substrates typically show a rougher surface mor-
phology mainly caused by the formation of (110) and (�110)
facets along the [001] direction during growth.25,34 The growth
temperature strongly influences the surface morphology of
β-Ga2O3 as it plays a crucial role in adatom diffusion at the growth
surface. It has been reported that high growth temperatures
(�880 �C) were required in order to ensure a uniform and smooth
surface while temperatures lower than 800 �C resulted in a rougher
surface with visible macroscopic dents.26 On the other hand, atomi-
cally flat surfaces of β-Ga2O3 (010) homoepitaxial layers at growth
temperatures below 700 �C with fairly good transport properties
have been demonstrated.35 We note that lower growth temperatures
are desirable to reduce the energy consumption during the
MOCVD process. In this respect, it is worth mentioning that we
have recently reported hetero- and homoepitaxial β-Ga2O3 (�201)
epitaxial layers with state-of-the-art properties grown by hot-wall
MOCVD at reduced temperatures (740 �C).27 The hot-wall
MOCVD concept has been proven to be very effective in growth of
SiC and III-N materials and multilayer heterostructures of high
quality36–38 and superior device performance39–42 have been dem-
onstrated. Compared to the conventional cold-wall MOCVD with
heated substrates holder only,22–24,26 the hot-wall MOCVD

employs a heated susceptor providing highly uniform temperature
distribution in the growth zone vertically and laterally, which facili-
tates high cracking efficiency of the precursors preventing growth-
limited species consumption by gas-phase adduct formation.

The goal of this study is to explore hot-wall MOCVD for the
homoepitaxial growth of Si-doped β-Ga2O3 (010) and to gain
insights into material structural quality and as well as in transport
properties and thermal conductivity.

II. EXPERIMENT

Commercial edge-defined film-fed grown (EFG) Fe-doped
semi-insulating β-Ga2O3 (010)-oriented substrates were employed
for homoepitaxial growth. The substrates were cleaned by a stan-
dard chemical procedure before annealing and deposition.
Trimethylgallium (TMGa) was used as a gallium precursor due to
the high vapor pressure, providing large growth rates needed for a
large-scale device fabrication. For n-type doping, a diluted silane
(SiH4, 10 ppm in Ar) as a source of the shallow donor silicon was
used.

For the study of epi-ready surface formation, the substrates
were annealed in an induction heated quartz tube furnace operating
at 28 kHz. The quartz tube provides a closed volume which can be
evacuated down to 10�5 mbar by turbo pump and has inlet and
outlet for process gases. β-Ga2O3 substrates were kept in a graphite
container made of high-purity, high-density graphite wrapped with
rigid graphite insulation. The temperature was measured on the
outer surface of the graphite container using an infrared pyrometer.
The temperature inside the container was estimated using the STR

VIRTUAL REACTOR software based on the measured temperature on
the outer surface of the graphite container. Before each annealing
experiment, the quartz tube was evacuated to 10�5 mbar and filled
with a high purity Ar (6N) to establish a pressure of 900 mbar.
This pressure was maintained during the entire annealing experi-
ment. In the course of annealing, the temperature was increased
with a heating rate of 25 �C/min from room to the desired anneal-
ing temperature, which was varied from 500 to 700 �C. The anneal-
ing time was set to 1 min for all experiments. After the annealing,
the induction heating was switched off and the furnace and
samples were left to cooldown. The average cooling rate was about
30 �C/min.

A horizontal hot-wall MOCVD reactor (Epiluvac AB) was
employed for β-Ga2O3 homoepitaxial growth.27 The growth
parameters have been optimized similar to those in our previous
study27 for deposition of high crystalline quality (−201)-oriented
β-Ga2O3 heteroepitaxial and homoepitaxial layers. The following
set of growth parameters were selected: deposition temperature of
740 �C, growth pressure of 50 mbar, TMGa flow of 0.75 ml/min,
and O2 to TMGa ratio of 265. The bubbler was kept at
(5+ 0:1) �C. Argon gas of high purity (5N) was used as a carrier
gas and for reagent dilution. Before the growth, epi-ready surfaces
of the β-Ga2O3 (010) substrates were prepared by annealing in Ar
atmosphere at 575 �C for 1 min in a dedicated furnace as described
above. Homoepitaxial Si-doped layers with thicknesses of 540 nm
were grown within 1 h targeting [Si] of � 1� 1019 cm�3.

Different analytical methods were employed to characterize
the morphological, structural, compositional, electrical, and
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thermal properties of the material grown. The Si concentration was
determined by secondary ion mass spectrometry (SIMS) using a
Cameca IMS7f with a 10 keV O2+ primary beam raster scanned
over an area of 150 � 150 μm2 was used to obtain concentration vs
depth profiles for Si. The craters were measured with a Dektak 8
stylus profilometer to calibrate the depth, and a constant sputter
rate was assumed. A β-Ga2O3 reference sample implanted with 28Si
was used to calibrate the concentration. The crystal orientation and
the quality of the grown layers were determined by x-ray diffraction
(XRD). 2θ-ω scans were performed in an x-ray powder diffraction
X’ celerator (Panalytical) with a Bragg–Brentano configuration.
Rocking curves (RCs) and reciprocal space maps (RSMs) were mea-
sured with a high-resolution XRD (HR-XRD) diffractometer
Empyrean (Panalytical) using a 2-bounce Ge (220) monochroma-
tor as incident-beam optics and a 3-bounce Ge (220) detector.
Surface morphology was studied by atomic force microscopy
(AFM). The free electron concentration and mobility parameters
were determined by electrical Hall effect and generalized infrared
spectroscopic ellipsometry (gIRSE) measurements at room temper-
ature. In addition, the thickness of the β-Ga2O3 homoepitaxial
layers was obtained from the gIRSE data analysis. The Hall-effect
measurements were performed in Van der Pauw configuration with
a Linseis CS1 instrument. For this purpose, Ti/Au (10 nm/200 nm)
ohmic contacts were deposited by thermal evaporation. gIRSE mea-
surements were performed using a rotating compensator Fourier
transform infrared ellipsometer (J. A. Woollam Co., Inc.) in the spec-
tral range of 333–1300 cm�1 with a spectral resolution of 2 cm�1

and at angles of incidence of Φa ¼ 50� and 70�. All measurements
are reported as Mueller matrix elements Mij. All elements are nor-
malized by M11. Data are measured at three different sample
azimuth positions (in-plane rotations within the sample surface rela-
tive to the plane of incidence), separated by 45� offset each. Thermal
conductivity measurements were performed by transient thermore-
flectance (TTR). In this technique, the sample is heated by a pump
laser through gold (Au) transducer layers with a thickness of
100+ 5 nm deposited on the sample surface. The decay of the
sample temperature after pump laser pulses is monitored by measur-
ing the reflectance of the probe laser. The spot size of the probing
laser is small enough compared with that of the pump laser to
ensure that the heat transport along the surface normal is only
probed. The thermal conductivity was obtained via a least-squares fit
of the reflectance transients of the probe laser with the solution of
the one-dimensional heat transport equation. In this fit, the thermal
conductivity of Au43 and the specific heat of Au44 and β-Ga2O3

45

were used as input parameters. The thermal conductivity of a bare
β-Ga2O3 (010) substrate was initially measured. Details of the TTR
measurement and data analysis can be found elsewhere.46,47

III. RESULTS AND DISCUSSION

A. Substrate preparation and surface morphology

We have applied a new approach to prepare the substrate
surface by annealing in Ar atmosphere as described above. The
surface morphology after the annealing process is summarized in
Fig. 1. It illustrates the changes of surface morphology development
of the as-received β-Ga2O3 (010) substrate [Fig. 1(a)] after anneal-
ing at different temperatures [Figs. 1(b)–1(e)]. The surface of the

as-received substrate is very smooth but contains small round
islands, which are randomly distributed. The surface roughness is
increasing with increasing temperature as a result of surface
restructuring and reformation. Steps start to appear on the surface
at a temperature of 575�C and which are maintained at higher
annealing temperatures up to 700 �C. However, the surface
becomes significantly rougher for annealing temperatures of 600
and 700�C [Figs. 1(d) and 1(e)], which might be attributed to
partial decomposition of the surface and/or enhanced step bunch-
ing. The temperature treatment at 575 �C is the best suited for the
formation of epi-ready stepped surface with regular steps and fairly
small root mean square (RMS) roughness of 0.2 nm [Fig. 1(c)]. The
method for surface preparation proposed here is highly efficient
and cost-effective because lower temperatures (below 600 �C) and a
short treatment time (1 min) are employed in comparison to the
typically implemented annealing procedures of oxide substrates,
including β-Ga2O3, ZnO, and sapphire, performed at about
1000 �C for 1 h in oxygen-containing atmosphere.22,24,48–51 The use
of Ar gas at rather high pressure is beneficial for the surface pro-
cesses avoiding surface erosion reactions and slowing down surface
diffusion, thus resulting in surface steps formation with sufficient
height to ensure small surface roughness.52 Since the growth takes
place at a higher temperature than the optimal annealing tempera-
ture for surface pre-treatment of 575 �C, we also provide an AFM
image of the substrate annealed for 1 h at the growth conditions at
a temperature of 740 �C and 50mbar Ar pressure [Fig. 1(f)] for
comparative reasons. It can be seen that although the surface
roughness is similar, i.e., 0.2 nm to the case of optimal annealing
[Fig. 1(c)], no steps have formed at the surface of the in situ
annealed substrate [Fig. 1(f )]. The reason is that in this case the Ar
pressure is significantly lower, 50 mbar as compared to the nearly
1 atmosphere for the pre-treatment process.

The as-prepared substrates, thermally treated at 575�, were
loaded in the hot-wall MOCVD reactor and homoepitaxial growth
was performed. The whole set of deposition parameters was opti-
mized in terms of attainment of high crystalline quality of the
material grown and formation of a smooth surface morphology as
required for growth of complete device structures and processing.
Representative AFM images of a single-crystalline Si-doped
β-Ga2O3 (010) layer grown with the optimized conditions are
shown in Fig. 1(g) and 1(h). A very smooth surface with an
RMS roughness of 0.6 nm over a 5 � 5 μm2 and 0.8 nm over a
10 � 10 μm2 areas are obtained, which are among the best RMS
values reported in the literature so far.22,23,25–27 We note that a
homoepitaxial layer grown simultaneously on a substrate that is
annealed at 740� at 50mbar, i.e., at the growth conditions for 1 h,
has an increased surface roughness by 35%–50% [Figs. 1(i) and 1( j)]
in comparison to the layer grown on the optimized low-temperature
ex situ annealing [Figs. 1(g) and 1(h)].

B. Structural properties

2θ-ω scans of the homoepitaxial layers were measured in a
wide range of 2θ angle from 10� to 90�. A representative spectrum
shown in Fig. 2 reveals a single Bragg peak indexed to the (020)
plane of the β-Ga2O3 crystal, indicating homoepitaxial growth of
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the layer with a substrate-driven orientation and a similar
out-of-plane lattice parameter as the substrate.

HR-XRD RCs of the symmetric (020) diffraction peak were
measured at different azimuth angles (w) over a range of 360� with
a step of 20� for both homoepitaxial layers and substrate. The
w ¼ 0� is always set such as the x-ray beam projection is parallel to
β-Ga2O3 [001] [Fig. 3(b)]. The full-width at half maximum
(FWHM) of the RCs for a representative β-Ga2O3 (010)

homoepitaxial layer and the substrate is shown in Fig. 3(b) as a
function of the azimuth position. Both the layer and the substrate
show RC broadening that is strongly dependent on the azimuth
orientation with a minimum value for azimuth direction parallel to
the [001] crystallographic direction and the maximum FWHM
when the beam projection is parallel to the [100]. In general,
broadening of the symmetric RCs can be due to tilt of the single
crystalline domains associated with dislocations, limited lateral
coherence length as a result of defects such as stacking faults, wafer
curvature, or surface roughness.53 Previously, in-plane structural
anisotropy of the on-axis RC FWHM has been observed for bulk
β-Ga2O3 (-201) and attributed to anisotropy in the lateral coher-
ence lengths associated with stacking faults and grain boundaries.54

Exemplary RCs measured at w ¼ 0�, 40�, 80�, and 120� for
the substrate and a homoepitaxial layer are shown in Figs. 3(c)
and 3(d), respectively. As the azimuth position changes, the (020)
RC first noticeably broadens and then develops a clear multiple
peak structure, which is most pronounced at w ¼ 120�, for both
substrate and layer. The multi-peak structure of the RCs indicates
that most likely the reason for the anisotropic broadening is a tilt
toward β-Ga2O3 [100]. In general, a larger curvature in that direc-
tion could also cause the observed RC shape as a result of the dif-
ferent thermal expansion coefficient along the two in-plane
directions. Since the thermal expansion coefficient along the [100]
is �20% lower than the one along [001] less lattice compression
along this direction during cooling down as compared to [001] can
be expected. However, this effect should be more significant for the

FIG. 1. Representative 1� 1 μm2 AFM images of (010)-oriented β-Ga2O3 substrates. (a)–(f ) As-received (a) and annealed ex situ in Ar atm (900 mbar) at 550 (b), 575
(c), 600 (d), and 700 �C (e) for 1 min and in situ at the growth conditions of 50 mbar Ar, 740 �C for 1 h (f ). The scale indicated in (a) is the same for (b)–(f ). The red
frame in (c) marks the image of the substrate annealed at optimal conditions, and the blue dotted frame indicates the respective image of the in situ annealed substrate at
growth conditions (f ). Representative 5� 5 μm2 [(g) and (i)] and 10 � 10 μm2 [(h) and ( j)] AFM image of homoepitaxial Si-doped β-Ga2O3 (010) layers grown simultane-
ously at optimized conditions on ex situ optimal pre-treated substrates [(g) and (h)] and annealed at growth conditions substrate [(i) and ( j)].

FIG. 2. Representative 2θ-ω scan of the Si-doped homoepitaxially grown layer.
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homoepitaxial layer than for the substrate, which is grown by the
edge defined method. In the latter, not sufficient necking and
shouldering during initial crystal growth typically leads to twin or
poly-grain formation,55 which could in principle give rise to multi-
peak shape of the on-axis RC. We note that the growth direction of
the bulk crystal in the edge defined method is along the h010i crys-
tallographic direction. Very high growth rate can lead to a concave
growth interface with higher temperature gradients, which may also
contribute to anisotropic substrate curvature. Other effects such as
anisotropic lateral coherence lengths or extended defects are less
likely to be the sole reason for the observed anisotropic RC broad-
ening as they are expected to only lead to broadening not multiple
peaks. However, a dedicated investigation is needed to have a more
conclusive interpretation.

For the purposes of the current study, it is worth pointing out
that the homoepitaxial layer shows a smaller RC broadening com-
pared to that of the substrate for all azimuth angles except at w ¼ 0�

[Fig. 3(b)]. For the latter, the 002 RCs have minimum FWHMs with
17 arc sec for the substrate and 18 arc sec for the layer. At the second
minimum of w ¼ 180�, the layer has a substantially narrower RC of

11 arc sec as compared to the substrate with an FWHM of 19 arc sec
[see also Fig. 4(a)]. Even larger differences between layer and sub-
strate are revealed at the maximum FWHMs (w ¼ 280�) with
75 arc sec for the substrate and 26 arc sec for the layer [Fig. 3(b)].
In fact, the RC FWHMs of the homoepitaxial layer are expected to
be even smaller since the measured RCs of the layer are convolution
between the signals from the layer and the substrate. This is sup-
ported by grazing incidence measurement of the (421) RCs pre-
sented in Fig. 4(b). As the angle of incidence is only 4.6� in this case,
the x-ray beam probes primarily the layer due to the low penetration
depth and the contribution from the substrate is minimized. The
β-Ga2O3 (421) RC of the layer is found to be only 34 arc sec as com-
pared to 102 arc sec for the substrate. A possible origin of the large
(421) RC broadening for the substrate may be the line-shaped
defects, called nanogrooves or nanopipes extending along the [010]
crystallographic direction.55 Typical dimensions of the nanopipes are
of dozen nanometers in the [100] direction and hundreds of nano-
meters in the [001] direction.56 Our results clearly indicate that the
structural quality of the layer is substantially improved and the struc-
tural anisotropy is reduced with respect to the substrate.

FIG. 3. β-Ga2O3 monoclinic crystal structure with main crystallographic directions indicated (a). β-Ga2O3 (010) RC FWHM as a function of azimuth orientation w for a rep-
resentative homoepitaxial layer and the substrate (b). At w ¼ 0�, the azimuthal direction is parallel to the β-Ga2O3 [001] and at w ¼ 111:7� to the β-Ga2O3 [100] as indi-
cated in the insets in (b). RCs of the substrate (c) and the homoepitaxial layer (d) measured at different w angles (0�, 40�, 80�, and 120�).

FIG. 4. β-Ga2O3 (010) symmetric RCs
at w ¼ 180� for a representative
homoepitaxial layer and the substrate
(a). β-Ga2O3 (421) asymmetric RCs of
the same representative layer and sub-
strate (b).
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C. Free charge carrier properties

In order to determine the free charge carrier properties of the
sample, we analyzed the gIRSE data employing the Drude free elec-
tron model and accounting for the IR phonon contributions. We
used a three-phase optical model consisting of the sequence
ambient-layer-substrate. Both layer and substrate were modeled
using a dielectric tensor, which renders the infrared optical proper-
ties of monoclinic symmetry β-Ga2O3. The dielectric function
tensor model uses the eigen dielectric displacement vector summa-
tion approach as described in Refs. 57 and 58. In this model
approach, the contributions of infrared active phonon modes are
described by amplitude, frequency, unit vector, and broadening
parameters for each of the eight Bu and four Au symmetry modes
polarized either within or perpendicular to the monoclinic lattice
plane, respectively. The lattice vectors a and c define the mono-
clinic plane. Two different presentations of the model dielectric
function tensor exist, one for the transverse optical (TO) and one
for the longitudinal optical (LO) lattice excitations. Both forms are
invariant and closely related to each other by simple tensor
inversion.

Coupling between LO modes and free charge carrier excita-
tions (plasmons) leads to strongly anisotropic and free charge
carrier dependent modifications of amplitude, direction, frequency,
and broadening of the LO phonon-plasmon coupled modes in
β-Ga2O3. As a result, the dielectric function tensor changes signifi-
cantly and permits sensitive determination of the free charge
carrier parameters including their direction dependent mobility
parameters (μ). These can be rendered along Cartesian axes, for
example, along axes a (μa), b (μb), and cw (μcw ), where c

w is recip-
rocal lattice vector to c. It is noted that the Γ-point bottom of the
conduction band effective mass parameter is needed in this
approach, which was determined independently using the optical
Hall effect, as described by Knight et al. in Ref. 59. It was further
found by Knight et al. that the effective electron mass parameter is
nearly isotropic. A detailed derivation of the gRISE model function
approach and discussion of free charge carrier parameter results

are given in Ref. 60. In the present work, the same model approach
was used for rendering the frequency dependencies of the infrared
dielectric tensor elements for the substrate and the homoepitaxial
layer. Both tensors are identical in their phonon mode and orienta-
tion parameters but differ in their free charge carrier parameters.

First, the substrate was measured by gIRSE and the free charge
carrier parameters were determined. Then, the samples with the
epitaxial material were measured. All phonon mode parameters
were assumed the same between the substrate and the epitaxial
material, and the free charge carrier parameters of the substrate
were kept fixed. The relatively low mobility parameters in the sub-
strate may be due to the presence of extended defects and impuri-
ties.55 Then, the only remaining free parameters are the thickness
and the free charge carrier parameters of the epitaxial layer.
Thereby, density (N) and mobility parameters (μa, μb, and μcw ) are
obtained for both substrate and epitaxial layer, in addition to the
homoepitaxial layer thickness of 540 nm. The results are summa-
rized in Table I. The best match model calculated and measured
gIRSE data are shown in Fig. 5 for the homoepitaxial sample.
Results from electrical Hall measurements at room temperature are
also included in Table I. The free carrier concentration and electron
mobility, which is averaged within the monolinic (010) plane, are
in very good agreement with the gIRSE best model results. It is
noted that the gIRSE analysis provides access to the anisotropy in
the mobility parameters. We also note that SIMS results show an
[Si] of 2� 1019 cm�3, which is in agreement with the findings
from electrical and optical analyses and suggests a high degree of
donor activation. The SIMS results further proved a homogeneous
Si distribution within the homoepitaxial layer.

Previous reports of free electron mobility parameters in
Si-doped homoepitaxial β-Ga2O3 (010) with similar free electron
density and grown by MOCVD are also included in Table I.35,61–63

The results obtained here by the hot-wall MOCVD approach for
the electrical mobility parameters compare well with the
state-of-the-art values reported previously for similar carrier
concentrations.

TABLE I. Room temperature free charge carrier parameters for the homoepitaxial (010) β-Ga2O3 layer and β-Ga2O3 substrate determined from gIRSE and electrical Hall
effect measurements in this work compared with selected data from reports in the literature on Si-doped homoepitaxial (010) β-Ga2O3 layers with similar free electron concen-
trations and grown by MOCVD.

N cm−3 μa cm
2 V−1s−1 μb cm

2 V−1s−1 μcw cm2 V−1s−1

gIRSE Epilayer (1.4 ± 0.1) × 1019 73 ± 1 42 ± 1 79 ± 1
Electrical Hall Epilayer 1.9 × 1019 69a n.a.b 69a

gIRSE Substrate (2.5 ± 0.1) × 1017 28 ± 1 45 ± 1 36 ± 1
Electrical Hallc Epilayer 1.1 × 1019 95a n.a.b 95a

Electrical Halld Epilayer 2.0 × 1019 49a n.a.b 49a

Electrical Halle Epilayer 1.1 × 1019 100a n.a.b 100a

Electrical Hallf Epilayer 1.0 × 1019 58a n.a.b 58a

aIsotropic average in monoclinic plane.
bOut-of-plane mobility parameter not accessible.
cMeng et al., Ref. 61.
dBhattacharyya et al., Ref. 35.
eBhattacharyya et al., Ref. 62.
fBaldini et al., Ref. 63.
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D. Thermal conductivity

The experimentally determined thermal conductivity values of
the representative 540-nm-thick Si-doped β-Ga2O3 (010) homoepi-
taxial layer and the substrate in a temperature range from 80 to
400 K are shown in Fig. 6. Our data for β-Ga2O3 (010) substrates
are in very good agreement with values measured by time-domain
thermoreflectance64,65 and laser-flash method,66 as well as with
first-principles calculations.67 The thermal conductivity of the
homoepitaxial layer approaches the bulk values at temperatures

higher than 200 K. The surprisingly high thermal conductivity
obtained for the homoepitaxial layer can be explained by (i) a weak
boundary effect as a result of indistinguishable interface between
the layer and substrate and (ii) by the low dislocation densities.
Similar observation has been reported for homoepitaxially grown
GaN layers.68 At temperatures lower than 150 K, the thermal con-
ductivity of the homoepitaxial layer becomes significantly lower
than the bulk values. This result can be explained by the increased
contribution of the phonon-impurity scattering rate at low temper-
ature. Note that there are no existing literature data for

FIG. 5. Experimental (green lines) and best match model calculated (red lines) Mueller matrix data obtained from the β-Ga2O3 (010) homoepitaxial layer on (010) sub-
strate sample at three different sample azimuth orientations [P1: f = 16.(1)�, P2: f = -29.(1)�, P3: f = -74.(1)�]. Data were taken at two angles of incidence (Φa ¼ 50�,
70�). Mueller matrix data symmetric in their indices are equal and are plotted within the same panels for convenience. Vertical lines indicate wavenumbers of TO phonon
modes (solid lines) with Bu symmetry (blue) and Au symmetry (brown). The last digit which is determined within the 90% confidence interval is indicated with parentheses.
All elements Mij are normalized to M11. The remaining Euler angle parameters are set to θ ¼ 0� and ψ ¼ 0� according to the crystallographic orientation of the (010)
surface. The inset depicts schematically the sample surface, the plane of incidence, and the orientation of axis b. Euler angles, crystal coordinates, and data analyses pro-
cedures are defined and described in Ref. 57.
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heteroepitaxial or homoepitaxial β-Ga2O3 (010) layers for a direct
comparison.

IV. CONCLUSIONS

Growth of high quality β-Ga2O3 single-crystalline layers on
native β-Ga2O3 substrates with (010) surface orientation, based on
the hot-wall method, is demonstrated. A very small FWHM of the
rocking curve of the (010) peak of 11 arc sec for a 540 nm-thick
layer has been achieved, which is even better than that of the Edge
defined Film-fed Grown (010) β-Ga2O3 substrate (19 arc sec).
Furthermore, it is shown that the structural anisotropy is substan-
tially reduced in the layer, hence demonstrating lower structural
defect density for epilayers with respect to the bulk substrates. The
layer’s crystal quality is well correlated with the surface roughness
(root mean square roughness value of 0.6 nm over a 5 � 5 μm2

area, which is within the smallest reported in the literature) and a
high electron mobility value of 69 cm2 V�1 s�1 at a free carrier con-
centration n ¼ 1:9� 1019 cm�3. Furthermore, a new procedure for
epi-ready surface preparation of β-Ga2O3 (010) substrates by
annealing in Ar atmosphere for a very short time interval, instead
of typically employed in oxygen, is presented and discussed.
Therefore, the hot-wall MOCVD process developed has a large
potential for growth of device-relevant β-Ga2O3 material.
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