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In this work, we demonstrate the first achievement in heteroepitaxial growth of 5-GayO3 thin films on single crystalline diamond (111) wafers using
RF magnetron sputtering. A single monoclinic (3-phase) structure with a monofamily {201} plane was obtained. XRD pole figure shows (202) and
(002) textures of the (201) 3-Ga,O3 plane parallel to (111) diamond with six distinct rotational domains, confirming successful epitaxial growth.
Collectively, this research provides valuable insights into the epitaxial growth of 3-Ga,O5; on diamond via sputtering, paving the way for scalable
(3-GayOgz/diamond heterostructures for future electronic and optoelectronic applications with not only high performance but also effective
self-thermal management. © 2023 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

Supplementary material for this article is available online

o far, wide bandgap semiconducting beta-gallium
oxide (4-Ga,O3) has been the focus of much research
for its potential use in future electronic devices that can
operate under extreme conditions.'™ This is because of its
exceptional physical properties, including a wide bandgap of
4.5-4.9 eV, high breakdown field (~8 MV cm_l), resistance
to chemical damage, and ability to withstand high levels of
radiation and thermal stress.”® Additionally, the cost of
producing a single crystalline wafer of (§-Ga,O; is lower
than that of producing SiC and GaN wafers, making it a more
commercially viable option.” Despite its many advantages,
power electronic devices using (-Ga,O; face a self-heating
problem when operating in high-power transmission circuits
due to the material low thermal conductivity, which ranges
from 10-30Wm~! K™ '.¥ To overcome this problem, it is
expected that an optimal electronic device would use 3-Ga,O3
in combination with another material with a high thermal
conductivity as a heat spreader. Among wide bandgap
semiconductors, diamond is considered to be the most suitable
material for such electronic devices. This is in regard to its
exceptional physical properties, including its extremely high
thermal conductivity of approximately 2000 W m™~' K™,
high mobilities for both electrons and holes (4500 and
3800 cm® V' s7!, respectively), high breakdown field of
approximately 10 MV cm ™', and resistance to harsh environ-
mental conditions such as high temperature and strong
radiation.”"? In addition, the doping type of diamond, espe-
cially p-type B-doped diamond, can be precisely controlled,
which is the opposite of the case with 5-Ga,O5 (natural n-type
conduction). As above-mentioned, the promising combination
of (3-Ga,03; and diamond, in which diamond can be used as
either an active layer or a heat spreader for use in optoelectronic
and electronic devices, has become a popular research topic.
Several techniques have been employed to form a hetero-
structure consisting of a ($-Ga,O; thin layer and a single

crystalline diamond (SCD) wafer.>'3~1® The van der Waals
interactive forces technique has recently been widely
employed to form the Ga,Os/diamond heterostructure.
However, the cleavage occurring along the ($-Ga,O3z (001)
plane obstructs the ability to form a substantial and unin-
terrupted layer of ($-Ga,Oz on the diamond. A different
approach has been demonstrated with a (3-Ga,0O5/diamond
heterostructure fabricated using a direct-bonding technique.
Even this approach could provide a larger area and almost
uninterrupted 3-Ga,Os layer bonded to the diamond wafer.'”
The edge of the bonded area experienced distortion of the
lattice structures, which may degrade the adhesion of the
interfacial bonds between the thin exfoliated §-Ga,0O5 layer
and the diamond wafer when the heterostructure is practically
applied at high temperature. A feasible approach to achieve a
scalable heterostructure of 3-Ga,O3 on diamond is through
heteroepitaxial growth. To date, the integration of Ga,O5; and
diamond using such direct growth has not been documented.
This is, therefore, a challenge to fabricate a scaled-up
heterostructure of §-Ga,0O3 and diamond by direct growth.
The magnetron sputtering technique has been widely used for
various film preparations and is readily accessible for
industrial applications. Several advantages of this technique,
such as low-pressure sputtering achieved by effectively
confining plasma species using electric and magnetic fields
at the front of the magnetron cathode, high plasma density,
ability of large area deposition, high purity of the deposited
films due to low-pressure deposition and high kinetic energy
of species arriving at the substrate,'’ ™' expectedly facilitate
the epitaxial growth of ($-Ga,Oj; thin films on a diamond
wafer. Moreover, the achievement of direct growth between
(3-Ga,03 thin films and diamonds, and vice versa, has been
hidden so far. In this work, the achievement of epitaxial
growth of (3-Ga,Oj5 thin films on single crystalline diamond
wafers via sputtering technique is demonstrated. Monofamily
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crystal {201} plane of the 3-Ga,O5 thin films grown on the
diamond was achieved by optimizing the substrate tempera-
ture. The epitaxial formation of §-Ga,Oj; thin films on the
diamond was confirmed using X-ray diffraction (XRD) pole-
figure (PF) analysis. Based on the structural analysis, the
estimation of the lattice mismatch between the 3-Ga,O5 thin
films and single crystalline diamond is revealed and dis-
cussed in detail.

(-Ga,0O5 thin films were epitaxially grown on SCD
substrates by RF magnetron sputtering (RFMS). A commer-
cially undoped-Ga,0; target with a purity of 4N and Ib-type
(111) SCD (Sumitomo Corp., Japan) with dimensions of
2 x 2 x 0.3 mm® and an off-oriented angle of 1° ~ 3° were
used as the material target and substrates, respectively. Prior
to film growth, the SCD substrates were ultrasonically
cleaned with acetone, methanol, and DI water for 5, 5, and
10 min, respectively. Then, the cleaned substrate was intro-
duced into a sputtering chamber with a based pressure of
~1-4 x 10~°Pa. By using a metal mask, 5-Ga,Os5 thin films
with circular shapes were grown on the SCD substrates at
different substrate temperatures of 400, 500, 600, and 700 °C.
During the growth of 3-Ga, O3 thin films, the growth pressure
was kept at 1.5 x 10! Pa by stabilizing the Ar gas flow rate
at 15 sccm, which the low pressure is expected to promote
epitaxial formation between (3-Ga,O5 and diamond. Note that
the 8-Ga,Os films were grown without an O, gas supply. The
sputtering power and deposition time were fixed at 50 W and
48 h, respectively. Figure 1(a) shows a structural drawing of
the (5-Ga,O; thin films epitaxially grown on SCD (111)
substrates using RFMS. The right upper side inset of Fig. 1(a)
illustrates an expected atomic bonding between the oxygen
atoms of Ga,O5; and the carbon atoms of a diamond at the
interface of the Ga,Os/diamond heterostructure, the C-O
bond may improve the adhesion between the grown Ga,O;
thin films and the diamond substrates. The thickness of the
grown samples was measured using a surface profiler
(Alpha-Step 1Q). The structural investigation was performed
by the XRD technique (SmartLab X-ray diffractometer,
Rigaku Corp., Japan), and the epitaxial formation of the grown
(-Ga,05 thin film and SCD was confirmed by PF XRD
analysis. In addition, the chemical stoichiometry of the grown
films was characterized by X-ray photoelectron spectroscopy
(XPS; Kratos Analytical, Shimadzu Group Corp., Japan).

The relationship between film thickness and substrate
temperatures for (§-Ga,O;z thin films grown on diamond
(111) substrates is shown in Fig. 1(b). The thickness of the
films grown at the substrate temperature of 400, 500, 600 and
700 °C were 1460, 1251, 823, and 315 nm, respectively. As
the same growth condition with different substrate tempera-
tures, the growth rate of the (3-Ga,O; films by sputtering
significantly depended on the growth temperature, which was
relatively low at 700 °C (0.11 nm min~'). A possible reason
is a re-evaporation phenomenon of adatoms on the diamond
surface under the higher substrate temperature. However, this
low growth rate should promote the epitaxial formation
between (3-Ga,O3 and diamond due to the longer time of
adatom diffusion on terraces. The XRD patterns of the Ga,03
films grown on SCD (111) substrates at different substrate
temperatures of 400, 500, 600 and 700 °C are shown in
Figs. 1(c) and 1(d). According to the 26—6@ scan mode
pattern, no diffraction peaks of the films grown at 400 °C are
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observed, indicating the formation of amorphous Ga,0Oj;.
Small peaks at 26 of 30.1° and 64.9°, which possibly are due
to (400) and (512) crystalline planes of monoclinic structure
(B-phase) or (220) and (440) crystalline planes of spinel
structure (y-phase) in sequence,”” are found in the films
grown at 500 °C, suggesting the formation of a mixed
0B/7-Ga,O5 structure, which is polymorphically confirmed
by the appearance of multiple diffraction peaks in 26 scan
mode pattern as shown in Fig. 1(d). Under substrate
temperatures above 600 °C, this mixed (3/7-Ga,Os5 structure
is recrystallized to be only [ phase structure with a single
family {201} plane, including (201), (402) and (603) at 26 of
18.94°, 38.44° and 59.18°, respectively. It is important to
note that the incident angle of XRD 26 scan mode was fixed
at 0.5° for the measurement of all samples. The {201} family
planes are probably formed parallel with the (111) plane of
the SCD substrate. The results suggest that the single crystal
(B) phase of Ga,0Os thin films grown on SCD (111) substrates
by RFMS can be grown at substrate temperatures above
600 °C. Nevertheless, multi-crystal orientational planes, in-
cluding 3(400), 3(111), 3(402), 3(311), and (B(512), of the
(3-Ga,05 thin film grown at 600 °C are observed in the 26
scan mode pattern shown in Fig. 1(d), indicating the textured
polycrystalline structure of (-Ga,O;. In contrast to the
(-Ga,03 thin films grown at 600 °C, not only the single
{201} family planes in the 26— scan mode pattern but also
no diffraction peaks in the 26 scan mode pattern are observed
in the case of the (3-Ga,O; thin film grown at 700 °C,
implying that the (201)-oriented 3-Ga,Oj thin film is highly
feasible to be formed on SCD (111) substrates. Figure 1(e)
shows rocking curves concerning the (201) peaks of 3-Ga,O5
thin films grown at substrate temperatures of 600 and 700 °C.
The FWHM values are 4.1° and 3.0° at 600 and 700 °C,
respectively. The decrease in FWHM with increasing sub-
strate temperature indicates the improvement of crystallinity
with increasing substrate temperature. The higher substrate
temperature promotes the (-phase crystallization of Ga,0;
and reduces the diamond surface energy, which stimulates
the mobility of adatoms to migrate on the diamond terraces,
improving the capability of the layer-by-layer growth pro-
cess. It is important to note that the 3-Ga,O5 thin films of this
work are grown by sputtering under relatively low growth
pressure (1 x 107" Pa). The low growth pressure is also
expected to increase the kinetic energy of sputtered species
due to the increased mean free path, which should be
effective for growth at low temperatures.

To further investigate the formation between the (-Ga,O5
thin films and the diamond substrates, the fabricated samples
were measured using the XRD PF technique with a fixed 26 of
91.51° for diamond and 31.76° for 3-Ga,Os, as the results
presented in Fig. 2(a). For the diamond (111) substrate, each
sample was individually checked for crystallinity and crystal
orientation of the substrate before the measurement of the
grown (3-Ga,0; films. The PF of the diamond (111) substrate
used in the sample fabricated at 700 °C shows 3-fold
symmetric spots around y = 59.2° + 4°, which are rotationally
separated from each other by ¢ = 120° + 4°. These variants
correspond to {113} crystal plane of diamond (111) stereo-
graphic projection. This result confirms the single crystallinity
of diamond (111) substrate with a highly oriented crystal

plane. For the grown (3-Ga,03, 6-fold symmetric spot groups
© 2023 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 1.

(a) Structural drawing of 3-Ga,Oj5 thin films grown on SCD (111) substrate by RF sputtering and right upper inset illustrating an expected atomic

bond between the oxygen atom of Ga,0O5 and the carbon atoms of diamond at the interface of the Ga,Oz/diamond heterostructure. (b) Relationship between
film thickness and substrate temperature for 3-Ga,Oj3 thin films grown on diamond (111) substrates. XRD patterns of the grown (3-Ga,O; thin films measured
in (c) 260—0 scan and (d) 20 scan modes. (e) XRD rocking curves of 3-Ga,O3 (201) peak for the samples grown at 600 and 700 °C.

are observed around y = 22° and 50° for 3-Ga,O; thin films
grown at the substrate temperature of 700 °C. These pole spot
groups are identified as (3-Ga,03(202) at w = 22° and
(-Ga,05(002) at w = 50°, which are in good agreement
with the calculated yw values assuming a perfect §-Ga,0O;
structure (y = 22.50° for 3-Ga,05(202) and y = 49.92° for
(-Ga,05(002)).2" The pole spots are rotationally separated

105503-3

from each other by ¢ = 60° + 1°. These two distinct textures
were also found in the epitaxial growth of 3-Ga,0; (201) on
(110) and (0001) sapphires.”’ This indicates that the
3-Ga,05 thin films with the (201) preferred orientation are
grown not only in the perpendicular direction but also parallel
to the diamond (111) substrate with six distinct in-plane

rotation domains, namely the heteroepitaxial growth of the
© 2023 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd
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(-Ga,05 thin films on diamond (111). The similarity of in-
plane atomic arrangement between oxygen atoms of the
B3-Ga,05 (201) and carbon atoms of the diamond (111) is
believed to facilitate this heteroepitaxial formation. Figure 2(b)
shows the in-plane atomic arrangement between oxygen on
(3-Ga,05 (201) in [010] direction and carbon on diamond
(111) in [121] direction. On the one hand, the carbon atom
arrangement on the diamond (111) is a symmetric hexagonal
shape with a side distance of 0.504 nm, on the other hand, the
oxygen atom arrangement on the (-Ga,O; (201) is an
asymmetric hexagonal shape with two different side distances
of 0.496 nm and 0.515 nm, resulting in an appearance of two
kinds of oxygen atom positions in which two oxygen atoms in
each side located on top of the carbon atoms and the rest of the
oxygen atoms located between three carbon atoms as depicted
in Figs. 1(a) and 2(b) in right-bottom side. The lattice mismatch
between the diamond (111) and (3-Ga,0; (201) planes was
calculated to be approximately —1.584 to 2.183%, which is
comparable to that of C-plane sapphire (1.7% ~ 4.8%),*>
which is often used as a substrate for heteroepitaxial growth of
B-G3203 films.

Figure 3 shows surface SEM images of 5-Ga,0Oj; thin films
grown on SCD (111) substrates at different substrate

105503-4

[010]

B-G,04(201)

0.504 nm

\—r_l
I[lél]

I[OIO]

B-Ga,0; (201)

(a) XRD PFs of 8-Ga,0; thin films grown on SCD (111) substrates with different substrate temperatures, measured at a fixed 26 of 31.76° and
(b) drawing of in-plane formation between 3-Ga,O3 (201) and diamond (111).

temperatures. The surface of the film grown at 400 °C
substrate temperature consists of innumerable nanocrystal-
lites, as shown in Fig. 3(a). An increase in the grain size on
the surface of the thin film with increasing substrate
temperature is observed, wherein large and randomly or-
iented grains can be seen in the film grown at 600 °C. This
polymorphic texture is consistent with the 26 scan mode
pattern result. Surprisingly, flat regions interspersed with
mountain-liked crystals are observed on the surface of the
film grown at 700 °C, as shown in Fig. 3(d). These surface
structures may indicate that 5-Ga,Os thin films were grown
on SCD (111) substrates by the Stranski—Krastanov (S-K)
growth mode, in which the two-dimensional (2D) mode
occurs in the early stages of growth and then it changes to
three-dimensional (3D) island growth when the critical
thickness of the grown film is exceeded.”” Optimization of
the film thickness is required to further flatten the surface of
(-Ga,03 thin films grown on SCD (111).

Figure 4(a) shows XPS survey spectra of the (3-Ga,O5 thin
films prepared on diamond (111) substrates at substrate tem-
peratures of 400, 500, 600, and 700 °C. The survey spectra of all
samples reveal distinct peaks corresponding to Ga 3d, O 1s, and

C Is photoelectrons. In particular, the observed C 1 s peaks in
© 2023 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 3. Top-view SEM images of 3-Ga,0j5 thin films grown on SCD (111) substrates under different substrate temperatures of (a) 400, (b) 500, (c) 600, and
(d) 700 °C. Inset of (d) is a drawing of film structure grown under S—K mode.
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Table I. Ga-O atomic ratio of -Ga,O; thin films on diamond (111)
substrates, extracted from XPS spectra.

Substrate temperature Galat%] Olat%] Ga:0
400 °C 47.56 54.44 1:1.14
500 °C 47.87 52.13 1:1.10
600 °C 46.23 53.77 1:1.16
700 °C 43.31 56.69 1:1.31
Ideally atomic composition 40 60 1:1.5 (2:3)

the spectra are likely due to the adsorption of adventitious carbon
impurities on the surface, which can be terminated by heat
treatment. The standard binding energy of C 1S centered at
284.8eV was used to calibrate the peak position of other
elements.” It is necessary to point out that the grown
(-Ga,03 thin films in this work were not modified by any
post-treatment processes. To estimate the atomic composition of
the grown films, a narrow XPS scan of the Ga 3d position was
performed in the binding energy range of 16-26 eV. Figure 4(b)
shows the peak-separated Ga 3d spectra of the (5-Ga,Os thin
films grown at different substrate temperatures. The Ga 3d peak
could be separated into two peaks centered at 20.06eV
and 19.06eV, corresponding to Ga’" (Ga,0;) and Ga'"
(Ga,0O, oxygen deficiency),”**” respectively. The oxidation
state was calculated by Ga’™/(Ga>™+Ga'"), which could
implicitly indicate the ratio between Ga,O; and Ga,O in the
grown (3-Ga,0s; thin films. As an estimation, the Ga’™" peak area
ratio increases with increasing substrate temperature. The largest
Ga®*" peak area ratio of 90.1% was found in the films grown at
700 °C, indicating the abundant existence of Ga,Os. Table I
shows the atomic composition ratios of Ga and O extracted from
the O 1 s and Ga 3d spectra. As the calculation, the Ga:O ratio of
the grown films is gradually brought near the ideal composition
with increasing substrate temperature. The composition ratio of
Ga:0O = 1:1.31 was obtained for §-Ga,O; thin films grown at
700 °C, which is the closest to that of perfect 5-Ga,O5 atomic
composition (Ga:O = 1:1.5). The absence of oxygen atoms
presumably implies the existence of oxygen vacancies (VO) in
the (5-Ga,Os; structure which is a typical point-defect in wide
bandgap semiconducting 5-Ga,Os thin films.”*** Overall, these
XPS results suggested that a high substrate temperature deposi-
tion by sputtering is effective in suppressing the generation of
oxygen defects and an acceptable atomic composition of
(3-Ga,03 thin films grown on SCD (111) substrates could be
achieved by using a substrate temperature of 700 °C.

In summary, 5-Ga,0Oj3 thin films were grown on SCD (111)
substrates at different substrate temperatures of 400, 500, 600,
and 700°C by RFMS technique. By using the substrate
temperature of 700 °C, a monofamily {201} crystal orientation
of single-phase (3-Ga,O; thin films was obtained. By XRD PF
study, two unique planes, including (202) and (002), of (201)
(-Ga,0O5 texture parallel to the (111) diamond texture with six
different in-plane rotation domains were found. These two planes
demonstrate a high (201) orientation of the 3-Ga,O; thin film on
diamond (111), with rotation occurring around the axis aligned
with the [201] direction. The two planes were also found when
highly oriented 3-Ga,O5 (201) films were epitaxially grown on
(110) a-plane sapphire substrate. This confirms that the 3-Ga,0;
thin films with the (201) preferred orientation were epitaxially
grown not only in the perpendicular direction but also parallel to
the diamond (111) substrate. Stranski—Krastanov (S—K) growth
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was a feasible dominant process in the epitaxial growth of
(3-Ga,0O3 thin films on SCD (111) at 700°C. The lattice
mismatch of the epitaxial relationship along 3-Ga,05201) i
diamond(111) with 3-Ga,05[010] Il diamond[12 1] was estimated
to be —1.584% and 2.183%, respectively. Overall, the study
demonstrated the successful heteroepitaxial growth of §-GayOs
thin films on SCD (111) substrates, providing valuable insights
into the heteroepitaxial formation between (3-Ga,O; and diamond
via sputtering and paving the way of further research on scalable
(3-Ga,Oz/diamond heterostructures for future electronic and
optoelectronic applications with not only high performance but
also well self-thermal management.
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