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Abstract

®
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In this work, crystalline anisotropy of heteroepitaxial (201) 3-Ga,Oj films on a c-plane sapphire
substrate and a GaN template was investigated using x-ray diffraction. The (201) w-scan
broadening of 3-Ga, O3 on GaN exhibited six-fold rotational symmetric anisotropy along
different azimuths, with maxima along the [010] direction and minima along the [102]
direction, respectively. However, in 3-Ga; 03 on sapphire, it was nearly isotropic. Smaller lattice
mismatch between 3-Ga,03 and GaN were taken into account to explain the discrepancy, which
also explained the better quality of 5-Ga,O3 deposited on GaN. Our results present a new
viewpoint of the crystallographic anisotropy of (201) 3-Ga,Os3 thin films.
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1. Introduction

B-gallium oxide (5-Gay03), with a bandgap of about 4.9 eV
[1], was recently extensively studied as an emerging ultraw-
ide bandgap semiconductor. Due to its excellent advantages
of mature bulk material’s fabrication, superior Baliga’s figure
of merit, and high electron mobility [2], 5-Ga,O3 was con-
sidered as a promising candidate for solar-blind ultraviolet
(UV) photodetectors, gas sensors, UV transparent conduct-
ors, and high-power electronic devices [3, 4]. Although bulk
B-Ga, O3 was an ideal substrate for the epitaxial growth of
high-quality 5-Ga;0; thin films, its expensive cost and poor
thermal conductivity still hindered the commercialization of
homoepitaxy. Therefore, heteroepitaxy of 8-Ga,O3 films on
low-cost and large-sized substrates was still important. Many
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techniques have been employed to grow (3-Ga,Oj thin films,
including molecular beam epitaxy [5], metalorganic chemical
vapor deposition (MOCVD) [6], halide vapor phase epitaxy
[7], atomic layer deposition, pulse laser deposition [8], and
low pressure CVD [9]. Among these methods, MOCVD with
controllable growth rate, uniform deposition, and suitability
for mass production, became one of the most widely used
B-Ga, O3 epitaxial technologies.

Recently, heteroepitaxies of $-Ga,O; films on alien Si
[10], MgO [11], GaAs [12], GaN [13], and sapphire [14] sub-
strates have been reported. Among them, the growth of (201)-
oriented 3-Ga, 03 on (0001) sapphire and (0001) GaN were
favored, due to their similar atomic arrangements and small
mismatches [15, 16]. Although single crystal 5-Ga,O3 was
two-fold symmetric monoclinic in structure (C3,), influenced
by the six-fold symmetry of the underneath sapphire or GaN
(Cév), heteroepitaxial 8-Ga,Oj3 thin films typically presented
six-fold twins [7, 17]. In 2007, Oshima et al [18] observed

© 2022 I0P Publishing Ltd
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six peaks with 60° intervals in the @-scans of asymmetric
planes of 5-Ga,;O3 on sapphire, which suggested that six-fold
twins formed in this single oriented thin film. In 2016, sim-
ilar six-fold twins were also observed in (201) 5-Ga,0; film
on a c-plane GaN template by Nakagomi et al [19]. The
above works all concentrated on the in-plane lattice align-
ment with the substrate, whereas in-depth understanding of
heteroepitaxial 3-Ga,; O3 crystal was rarely reported. Recently,
our group found that the rocking curves’ (RCs) half-width of
(201) bulk $-Ga,03 exhibited two-fold symmetry with azi-
muth angles [20]. However, the corresponding properties of
RCs’ symmetry in heteroepitaxial 5-Ga,O3 layers have not
been investigated.

In this work, we investigated the crystalline anisotropies of
heteroepitaxial (201) 3-Ga, O3 films on a c-plane sapphire sub-
strate and a GaN template along different azimuth angles. In
general, better crystalline quality was found in 8-Ga, O3 on the
GaN template. Differing from bulk material, the (201) w-scan
broadening of 3-Ga, O3 on GaN exhibited six-fold rotational
symmetric anisotropy with azimuth angles, while 8-Ga,O3 on
sapphire was nearly isotropic. Lattice mismatch and thermal
mismatch were taken into account to explain the differences
in 3-Ga, 03 on different substrates. Our results provide some
new viewpoints for optimization of 3-Ga, O3 heteroepitaxial
crystal and related devices.

2. Experimental

The 3-Ga,O; thin films were deposited using an MOCVD
system. Triethylgallium (TEGa) and high-purity (5 N) oxy-
gen gas were used as Ga and oxygen sources, respectively,
while 4.5 pm (0001) GaN on sapphire and (0001) sapphire
were used as a template and substrate, respectively. The
growth temperature and pressure of 3-Ga,O3; were 800 °C,
40 Torr on GaN and 735 °C, 25 Torr on sapphire, respect-
ively. The thicknesses of 3-Ga; O3 on GaN and sapphire were
1.8 ym and 2.2 pum, respectively. Bulk (201) oriented 5-Ga, 03
by edge-defined growth (EFG) was purchased from Tamura
Inc. The crystalline structures of thin films were investig-
ated using an x-ray diffractometer (XRD, PANalytical, X
Pert PRO) equipped with Cu Kal radiation (1.54 A) with
5 mm X 10 mm irradiation area. Signals were detected by
a scintillator detector. Crystalline planes of §-Ga,O; were
analyzed by 260—w scans. The epitaxial relationships between
B-Ga, 03 epilayers and substrates (sapphire and GaN) were
determined by (-scans of skew diffractions. During this meas-
urement, a (p-scan was performed keeping the 26 and w angles
at respective planes’ angles (e.g. the (422) plane of 3-Ga,;03).
Crystalline quality of 3-Ga,O3 was characterized by w-scans
(RCs) along different azimuth ¢ angles. Along each ¢ angle
with 10° intervals, the 8-Ga,03 (201) plane’s w-scan was per-
formed. The variation of the RCs’ width with the ¢ angle was
investigated. The surface morphologies were observed using
atomic force microscopy (AFM, Nanonavi, SPA400) in con-
tact scanning mode with 10 ym X 10 pm probing range and
scanning electron microscopy (SEM, ZEISS, SIGMA-HD) at
10 kV voltage.

3. Results and discussion

Figure 1(a) displays 26 —w scans of 3-Ga, 03 layers deposited
on GaN and sapphire. Relatively broader Bragg peaks were
observed at 26 of 18.95°, 38.40°, 59.19°, 82.37°, and 110.56°
in the XRD profiles, which were identified as the (201), (402),
(603), (804), and (1005) Bragg diffractions of the 5-Ga,0s3
{201} family. This observation indicated that our 3-Ga,0;
layers were purely oriented along the [201] direction. The
diffraction intensity of $-Ga,Os on GaN was stronger than
that on sapphire, suggesting that 5-Ga,O3 grown on GaN had
better crystal quality. The discrepancies in surface morpho-
logy of 5-Ga, O3 on different substrates were analyzed using
SEM and AFM. As presented in figures 1(b) and (c), both
B-Ga, 03 samples exhibited coarse surficial roughness with
closely packed crystal grains. The grain size of 3-Ga,O3 on
GaN was larger than that on sapphire. The root mean square
roughness of 3-Ga,O3 on GaN and sapphire were 16.87 nm
and 14.54 nm, respectively. This phenomenon was ascribed
to the differences in lattice mismatch, the thermal expansion
coefficient (TEC), growth conditions, and the strain release
mechanism of 3-Ga,;O3 on different substrates.

To determine the in-plane epitaxial alignment of (201)
B-Ga, 03 with respect to GaN and sapphire, ¢ scans were per-
formed on (422) 3-Ga,0; and (1012) substrates (GaN and
sapphire), respectively, as shown in figures 2(a) and (b). On
both substrates, six (422) 3-Ga,Oj3 diffraction peaks with 60°
intervals were observed, reflecting six-fold twins crystal. In
contrast, bulk 5-Ga,03 by EFG (figure 2(c)) owned only two
(422) 3-Ga,0; diffraction peaks separated by 180° due to the
monoclinic structure of 5-Ga,Os3. In heteroepitaxy, underlying
GaN and sapphire with six-fold symmetry made the 5-Ga,03
grow at the same rate along every one of the six crystallo-
graphic directions, causing in-plane six-fold rotational sym-
metry. In 8-Ga,O3 on GaN, six peaks of (1012) GaN were
detected along 30° offset from (422) 3-Ga, O3, showing align-
ments of 3-Ga, 03 [010] Il GaN [1012] and 3-Ga, 05 [102] Il
GaN [1011]. During the growth process, oxygen atoms chem-
ically stuck onto the surficial Ga atoms of GaN and formed
a new octahedral Ga-O structure, where the foreign -Ga, 03
layer started to grow. For -Ga;O3 on sapphire, diffraction
peaks of the (422) 3-Ga,0; plane appeared at the same azi-
muth angles as (1012) sapphire. The in-plane alignment rela-
tionships of 3-Ga,O3 on sapphire were 3-Ga,O3 [010] Il sap-
phire [1010] and 3-Ga, 05 [102] I sapphire [1 120]. Our results
were in line with other groups [17, 21-23].

From the ¢-scan results in figure 2, it could be seen that the
in-plane rotational symmetries of the (201) 3-Ga,Os epilayers
were changed from two-fold of bulk one to six-fold due to the
underneath GaN and sapphire substrates. To further investigate
the six-fold twins in heterogeneous epitaxy, the RCs of (201)
B-Ga, 03 planes were measured along various azimuth angles
(10° intervals), as shown in figure 3(a).

The RC broadenings of $-Ga,O3 on GaN presented a six-
fold symmetric anisotropy, as seen in figure 3(b). The broad-
ening along the 5-Ga,0O3 [010] direction (i.e. [1 120] of GaN)
reached a maxima of an average of 2.51°, while it reached
a minima of an average of 2.37° along the [102] direction.
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Figure 1. (a) XRD 20—w scan curves of (201) 8-Ga;03 on GaN and sapphire; AFM (10 um x 10 um) and SEM surface images of
B-Ga 03 on (b) GaN and (c) sapphire, respectively.
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Figure 2. The ¢-scans of (a) (422) 3-Ga,05 and (1012) GaN planes in 3-Ga,03 on GaN; (b) (422) 3-Ga, 03 and (1012) sapphire planes in
3-Ga, 03 on sapphire; (c) (422) 8-Ga,03 in 5-Ga, 03 bulk.
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Figure 3. (a) XRD RCs measured along different ¢ angles; (b) a polar diagram of (201) RC broadening along different azimuths.
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Table 1. In-plane lattice mismatch and thermal mismatch between 3-Ga;O3 on GaN and (3-Ga;O3 on sapphire.
TEC of GaN

Epitaxial TEC of 8-Gay03 [29] or sapphire Thermal
Sample relationship Lattice mismatch [28] ( 10~° K_l) [30] (10_6 K_l) mismatch
[-Gap 03 on GaN [010] II'[1 120] +4.67% 7.8 5.59 —0.17%

(10211 [1010] 0% 7.02 9.682 +0.21%
3-Gay O3 on sapphire [010] 11 [1010] +1.62% 7.8 12.99 4+0.37%

[102] 11 [1120] —3.12% 7.02 7.5 +0.034%

‘4’: tensile strain, ‘—’: compressive strain.

In contrast to $-Ga,03 on GaN, 3-Ga,O3 on sapphire was
poorer quality and exhibited larger broadening along all azi-
muth angles. The quality distinction between 3-Ga,O3 grown
on GaN templates and sapphire substrates was also studied in
the work of Zhang et al [24-26] and Hao et al [27], which con-
firmed our results. Meanwhile, the broadening of 5-Ga,;0O3 on
sapphire presented a near-isotropic feature. Both results were
different from EFG-grown (3-Ga, O3 bulk materials, whose RC
half-width exhibited two-fold symmetry [20], reported by our
previous paper.

The half-width of the w-scan was an important parameter
used to characterize the crystal quality. Due to the differences
in lattice mismatch and TECs between the epilayer and sub-
strates, heterogeneous epitaxy inevitably suffered from strains,
whose relaxation subsequently caused defects. Therefore, we
calculated the lattice mismatch ¢ and thermal mismatch ¢ [28]
of both samples along the [010] and [102] directions:

5— s — lGa203 0

l sub

(avsup — Ga203) AT
p— 2
c 1 — aus AT @

where [ was the lattice constant, o was the TEC, AT was
the temperature difference between epitaxy temperature and
room temperature, and sub and Ga,Oj3 represented the sub-
strate and $-Ga,Oj3 layer, respectively. According to the cal-
culated results in table 1, we found that the strain caused by
thermal mismatch was relatively small, whose effect on crys-
tal quality was less than that of lattice mismatch. The lattice
mismatch value between [3-Ga, 03 and GaN was 4.67% along
the 3-Ga, 03 [010] direction and near zero along the 5-Ga; 03
[102] direction, respectively. This large lattice mismatch dif-
ference accounted for the obvious anisotropic RC width of
B-Ga, 03 on GaN. In 3-Ga,03 on sapphire, the lattice mis-
match values along 5-Ga,O; [010] and [102] were 1.62%
and 3.12%, respectively. The difference in lattice mismatch
between the two directions was smaller than that of 5-Ga, 03
on GaN, inducing homogeneous defects distribution and iso-
tropic broadening.

Investigation of anisotropy of 3-Ga,O; crystalline quality
is essential to the fabrication of relative devices. Properties
(including: breakdown field, on resistance, transconduct-
ance, thermal conductance, etc) of $-Ga,O; metal-oxide-
semiconductor field effect transistors will be different along

different crystalline orientations [31, 32]. Photo-detectors
will have varied responsivities and response times for differ-
ent polarized light [33, 34]. Therefore, further optimization,
design and attenuation of heteroepitaxial 5-Ga,O; thin films’
crystalline anisotropy could benefit the devices’ fabrication
and performance.

4. Conclusion

In this work, we investigated the crystalline anisotropy of (-
Ga, 03 films deposited on a sapphire substrate and a GaN tem-
plate, respectively. In comparison with sapphire, the lattice
mismatch anisotropy between the GaN template and 5-Ga, 03
along the [010] and [102] directions is larger, causing six-fold
anisotropy in broadening. In contrast, the absolute lattice mis-
match of 5-Ga,03 deposited on sapphire was relatively iso-
tropic along the [010] and [102] directions, making the RC’s
broadening almost isotropic. Furthermore, the GaN template
efficiently improved the crystalline quality of 3-Ga,03. Our
work will provide a new insight into 3-Ga;O3’s material prop-
erties and also benefit the further optimization of heteroep-
itaxial 3-Ga,Oj thin films and related devices.
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