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Abstract: The crystallographic-orientation relationship between GaN crystals grown via hydride
vapor phase epitaxy (HVPE) on 6H-SiC was investigated. This study employed electron backscat-
ter diffraction (EBSD) Kikuchi diffraction patterns and pole figures to identify this relationship
and calculate lattice mismatches. Comparing the misorientation of GaN crystals on different sub-
strates along the growth direction using EBSD mapping, we identify the strain in GaN based on
crystallographic-orientation results. Raman spectroscopy results correlate residual stress in GaN with
lattice mismatches, aligning with our previous works. Residual stress of GaN on different substrates
identified using PL spectrum also confirmed these results. The HRXRD characterized the dislocation
density of GaN crystals grown on these substrates.
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1. Introduction

Gallium nitride (GaN) is a widely recognized wide-bandgap semiconductor with
applications in optical and electrical devices such as light-emitting diodes [1,2], laser
diodes [3,4], UV detectors [5], and high-power, high-frequency electronic devices [6]. To
mitigate the challenges of heteroepitaxy growth, researchers have explored methods to
grow bulk GaN crystals for use as substrates. The hydride vapor phase epitaxy (HVPE)
method has demonstrated the ability to produce high-quality GaN crystals at reasonable
growth rates [7]. Typically, sapphire (Al2O3) serves as the substrate for HVPE growth,
despite significant lattice and thermal-expansion coefficient mismatches with GaN, which
result in high residual stress and dislocation density [8–10]. In order to reduce these
mismatches, methods like SiN masque [2] and using H2 gas instead of N2 gas [11] are used
that can significantly reduce the dislocation density from 1010 cm−3 to 108 cm−3. Further,
using a substrate with a much smaller mismatch is also beneficial in overcoming this
problem. The alternative substrate for the GaN crystal growth is the 6H-SiC single-crystal
substrate [12,13]. The advantages of the 6H-SiC for the epitaxy of the GaN crystal are the
high thermal conductivity, small lattice, and thermal-expansion coefficient mismatches.

Researchers have undertaken various approaches to epitaxially grow GaN films
and devices on 6H-SiC substrates and investigate their properties. For instance, Lin
et al. reported the growth of 2.5–3.5 µm GaN films on a SiC substrate with high electron
mobility [14]. Other studies explored thermal transport at the 6H-SiC/graphene buffer
layer/GaN heterogeneous interface and investigated micro-cracking and microstructure
in GaN films grown on SiC substrates with an AlN nucleation layer [15,16]. GaN films
have been grown on SiC substrates with an AlN nucleation layer using a metal organic
chemical vapor deposition (MOCVD) technique. The micro-cracking and microstructure
were investigated [16]. Theoretical simulation research was carried out on similar material
systems (group III nitrides) grown with MOCVD/HVPE using ab initio methods. The roles
of substrates, stresses, and orientations were successfully predicted which could be used as
a guidance to crystal growth [17–19]. Our research group has conducted a study comparing
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the stress conditions and distributions along the [0001] direction of HVPE-grown GaN
films on c-plane MOCVD-GaN/Al2O3 and MOCVD-GaN/SiC substrates using Raman
spectroscopy. We observed that the stress increased with distance from the interface be-
tween GaN films and substrates [20]. Moreover, the stress in GaN during the initial stage of
HVPE significantly influenced the growth mode of GaN crystals, with variations between
sapphire and 6H-SiC substrates. We analyzed the stress conditions to adjust the growth
conditions for GaN crystals on different substrates [21].

The electron backscatter diffraction (EBSD) technique is a valuable tool for characteriz-
ing the microstructure of crystalline materials, providing information on crystallographic
orientation and phase identification [22,23]. GaN possesses high spatial resolution and ex-
cellent strain sensitivity. The defects of epitaxial GaN films [24] and the extent of tilt [25] in
GaN films epitaxially grown on foreign substrates, specifically the heteroepitaxial structure,
have been investigated. The research included examining the crystallographic-orientation
relationship between GaN and the sapphire substrate, as well as determining the lattice
mismatches using Kikuchi patterns and EBSD mapping. We also analyze the misorientation
of GaN on sapphire substrates through EBSD cross-sectional mapping measurement [26].
However, there is limited literature on the crystallographic-orientation relationship and
misorientation distribution of GaN grown on SiC substrates using the EBSD method. The
orientation information derived from EBSD results can aid in adjusting the initial growth
conditions for GaN crystals on SiC substrates.

The investigation encompasses the crystallographic-orientation relationship between
GaN and 6H-SiC substrates. This includes calculations of lattice mismatch and cross-
sectional EBSD mapping to compare the distribution of misorientation and strain conditions.
Differences in GaN growth on these two substrates, along with their underlying reasons,
are discussed. Additionally, the influence of residual stress on the energy band gap of GaN
on various substrates has been confirmed using optical methods.d

2. Materials and Methods

The (0001) 6H-SiC and (0001) sapphire wafer with MOCVD grown 3 µm (0001) GaN
films were employed as the substrates in the HVPE process. The sapphire substrate used
for epitaxy GaN was C-plane with 0.2◦ +/− 0.1◦off-angle toward M-axis. The MOCVD
grown GaN on this substrate was at C plane (0001) off angle toward A-axis 0.2◦ +/− 0.1◦.
The on-axis SiC was used to grow MOCVD GaN film. Substrates were set in a vertical
HVPE system with bottom-fed gas after the cleaning process. The entire reaction chamber
was at atmosphere during the growth process. High-purity N2 was used as the carrier gas.
HCl gas reacted with liquid metal Ga to generate GaCl at 850 ◦C. GaCl was mixed with the
carrier gas and transported to the substrate, where GaCl and NH3 reacted to generate GaN
at 1050 ◦C. The ratio of the two gas raw materials, NH3/HCl, was 40. The thickness of the
GaN crystals obtained using HVPE process was 20 µm.

To investigate the crystallographic-orientation relationship between HVPE-grown
GaN and the 6H-SiC substrate, we utilized an EBSD system (INCA Crystal EBSD system,
Nordlys EBSD Detector, and HKL CHANNEL5 software, Oxford Instruments, Abingdon,
England) within a field-emission scanning electron microscope (FE-SEM, Hitachi S-4800,
Hitachi High-Technologies Corporation, Tokyo, Japan). The EBSD measurements were
conducted at 20 kV, with a working distance of 22 mm, and a sample tilt of 70◦. The surface
morphology of GaN grown with HVPE on different substrates was identified using S-4800
FE-SEM.

Cross-sectional EBSD mapping was employed to characterize the deviation angle from
the ideal growth crystallographic orientation of GaN crystals, HVPE-grown on sapphire
and 6H-SiC substrates. Raman spectroscopy (LabRAM HR system of Horiba Jobin Yvon)
was used at room temperature with a 532 nm solid-state laser as the excitation source to
identify stress in the GaN crystals grown on different substrates. The optical properties
of the GaN crystals on different substrates were determined using room temperature
photoluminescence spectra using a 325 nm He-Cd laser for excitation. The crystal quality of
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HVPE growth GaN was identified using high-resolution X-ray (HRXRD, RIGAKU Smartlab,
Tokyo, Japan).

3. Results and Discussion

GaN crystal films were successfully grown on MOCVD-GaN/6H SiC and MOCVD-
GaN/sapphire substrates through the HVPE process. GaN grown with HVPE on different
substrates both have smooth surfaces (Figure 1a,b).

The epitaxial growth of GaN exhibits specific crystallographic orientations depending
on the type of substrate used. For GaN grown on the c-plane sapphire substrate, the
in-plane crystallographic-orientation relationship revealed a 30◦ rotation, indicating that
(1–210) of the GaN aligns with (10–10) of the sapphire substrate [26].

To determine the crystallographic-orientation relationship between GaN and the
6H-SiC substrate, cross-sectional EBSD measurements were conducted. EBSD utilizes
Kikuchi patterns to identify the crystallographic orientation of crystalline or polycrystalline
materials, and it can confirm the Miller index of the surface for single-crystal materials. The
cross section of the GaN/6H-SiC heteroepitaxy system was indexed using Kikuchi patterns
and EBSD mapping measurements.

The wurtzite structure GaN and 6H-SiC both belong to the hexagonal P63mc space
group. Consequently, the Kikuchi patterns exhibited by the epitaxy film and the substrate
exhibit hexagonal characteristics. Figure 1c,d display the Kikuchi patterns on the cross
sectional surface of the heteroepitaxy system, which are notably distinct, indicating the
flatness of the surfaces and the quality of the GaN crystal structure. Utilizing the HKL
CHANNEL5 software, the crystallographic orientation was determined based on the
Kikuchi patterns. The findings reveal that both GaN and the 6H-SiC substrate on the cross
sectional surface exhibit (10–10) planes.
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Figure 1. Surface morphology of GaN grown with HVPE on (0001) 6H-SiC (a) and sapphire (b)
substrates identified using SEM. EBSD Kikuchi patterns detected in the GaN (c) and the 6H-SiC
substrate (d) of the cross-section in this heteroepitaxial system.

EBSD mapping measurements were conducted on the cross-section of both GaN and
6H-SiC to validate their crystallographic-orientation relationship. The polar figures were
generated using the HKL CHANNEL5 software based on the mapping results. It was
observed that the (10–10) plane of GaN (as shown in Figure 2a) and the (10–10) plane of
6H-SiC (as shown in Figure 2b) exhibit parallel alignment. Given that the 6H-SiC substrate
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employed for epitaxy is oriented along the (0001) plane, it follows that the (0001) plane
of GaN is also parallel to the (0001) plane of 6H-SiC. This crystallographic-orientation
relationship is depicted in Figure 2c.

[0001]GaN∥ [0001]Sic
[10 − 10]GaN∥ [10 − 10]Sic
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Figure 2. The cross-sectional polar diagrams derived from the EBSD mapping of GaN (a) and the
6H-SiC substrate (b) within the heteroepitaxy system. A schematic representation elucidates the
crystallographic-orientation relationship on the c-plane between GaN and the 6H-SiC substrate (c).

The lattice mismatch of the GaN/6H-SiC heteroepitaxy system was determined using
the lattice parameters and the crystallographic-orientation relationship obtained from the
EBSD results. Two methods were employed for this calculation [27,28]:

mismatch =
aepi − asub

asub
(1)

mismatch =
aepi − asub

aepi
(2)
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For our specific system, the lattice parameters are as follows: aepi = 0.3186 nm
(GaN) [29] and asub = 0.3073 nm (6H-SiC) [30]. Consequently, the lattice mismatches
were computed to be 3.7% and 3.5% using these two methods.

These findings deviate from the (0001) plane GaN/sapphire heteroepitaxy system,
wherein the crystallographic-orientation relationship between the two materials involved a
30◦ angular rotation. This implies that the (1–210) plane of GaN aligns with the (10–10) plane
of the sapphire substrate on the c-plane [26]. This phenomenon can be attributed to the
differing lattice parameters and crystal structures of these materials. In the GaN/sapphire
heteroepitaxial system, the sapphire substrate belongs to the R-3c space group. The in-plane
crystallographic orientation leads to more N atoms of GaN aligning with the O atoms of
the sapphire lattice when the GaN lattice rotates by 30◦ around the [0001] axis. Conversely,
when the lattices are not rotated, the lattice mismatch was much larger, reducing the
number of N atoms aligned with O atoms. Consequently, the average lattice mismatch
increases, accompanied by increased atomic repulsions. In contrast, the GaN/6H-SiC
heteroepitaxy system features lattice parameters and material symmetry that are more
closely matched than the GaN/sapphire system. In this case, there is no need for GaN
lattice rotation to match the 6H-SiC lattice in the (0001) plane. As a result, the lattice
mismatch in the GaN/6H-SiC system is considerably smaller (3.7% and 3.5% for GaN/6H-
SiC, compared to 16.1% and 13.8% for GaN/sapphire [26]). Consequently, the residual
stress and dislocation density in GaN grown on the 6H-SiC substrate are significantly
lower compared to those on the sapphire substrate due to the smaller mismatches in lattice
parameters and thermal-expansion coefficients [20,21].

The actual heteroepitaxial structure does not strictly adhere to this orientation due
to lattice mismatch. Some misorientation exists in the GaN crystal to accommodate the
6H-SiC substrate, particularly during the initial stages of growth. To assess the distribution
of misorientation along the growth direction in different heteroepitaxial systems, EBSD
mapping measurements were conducted on the cross-sectional surface near the interface
between GaN and the foreign substrates (Figure 3). The reference direction was [0001],
and the crystallographic orientation was collected using EBSD from Kikuchi diffraction
patterns, yielding three Euler angles at each mapping point. The distribution of deviation
from the [0001] direction of GaN epitaxy on 6H-SiC falls within the range of 2.5–4.5◦

(Figure 3a), while for GaN on the sapphire substrate, this range is 4.5–5.5◦ (Figure 3b).
Larger deviation from the ideal growth direction implies greater lattice deformation, with
strain being dependent on this deformation. The different deviation angles indicate that the
lattice deformation of GaN epitaxy on sapphire is greater than that on the 6H-SiC substrate.
EBSD mapping results for GaN on both 6H-SiC and sapphire demonstrate that deviation
from the [0001] direction is greater near the interface and decreases with increasing GaN
thickness. This trend aligns with the results obtained from z-axis mapping Raman spectrum
measurements of GaN on various foreign substrates [20].

To assess the stress in GaN on these substrates, Raman spectroscopy was employed to
determine the residual stress in the HVPE-GaN crystal. Raman spectrum details of HVPE
GaN grown on 6H-SiC and sapphire substrates were shown in Table 1.The peak position of
the E2(high) mode in the Raman spectrum is solely related to the stress within the GaN
crystal. A previous publication indicated that a biaxial stress of 1 GPa causes a 4.2 cm−1

shift in the E2(high) Raman mode peak position [31], with the wavenumber of the stress-free
GaN E2(high) Raman mode being 567.1 cm−1 [32]. Figure 4 presents the Raman spectra of
GaN crystals grown on different foreign substrates. The E2(high) mode peak for GaN on the
6H-SiC substrate is found at 566.9 cm−1, while on the sapphire substrate, it is at 568.7 cm−1.
The corresponding residual stress values for these peak positions are −0.047 GPa and
0.38 GPa, respectively. A positive value indicates compressive stress, while a negative
value indicates tensile stress [33]. These results align with the findings of EBSD mapping
and previous studies [20,21]. There are some reports that the Raman spectroscopy peak
position and width of GaN are related to its dislocation density [34,35]. This phenomenon
also shows a correlation between stress and dislocation of GaN. According to the Raman
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peaks’ details of GaN grown on different substrates and references, the dislocation density
of GaN grown on SiC and sapphire substrates is in the order of approximately 108 cm−2.
Dislocation and stress, as well as their impact on Raman spectroscopy, are complex and
will be further studied in future work.
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Table 1. Raman spectrum details of HVPE GaN grown on 6H-SiC and sapphire substrates.

E2(high) A1(LO)

Position FWHM Position FWHM

GaN on 6H-SiC 566.9 cm−1 5.4 cm−1 733.9 cm−1 7.7 cm−1

GaN on sapphire 568.7 cm−1 5.2 cm−1 733.9 cm−1 7.8 cm−1

Residual stress has an impact on the energy band gap of semiconductor materials.
Different types of stress influence the energy band gap in opposite directions: tensile stress
decreases it, while compressive stress increases it [36]. In photoluminescence spectra, the
peak position of band-edge emission reflects the luminescent band gap. In this context, the
PL peak position is influenced by the residual stress in the GaN crystal. Room temperature
PL spectra of GaN crystals on 6H-SiC and sapphire substrates were obtained (Figure 5). The
band-edge emission peak positions for these samples are 3.418 eV and 3.427 eV, respectively.
A previous study reported a linear relationship with a linear coefficient of 21.1 meV/GPa
for the luminescent band gap of GaN with respect to residual stress [36]. The difference in
stress values for GaN on these substrates, calculated using this method, is 0.426 GPa, which
is consistent with the Raman results (0.38 GPa + 0.047 GPa = 0.427 GPa). Additionally,
the full width at half maximum (FWHM) of the band-edge emission peak for GaN on the
6H-SiC substrate is smaller than that on the sapphire substrate, indicating better crystal
quality for GaN on 6H-SiC.
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In order to determine the dislocation density of GaN crystals HVPE grown on different
substrates, the HRXRD method was used to obtain their rocking curves. The broadening
of symmetric and asymmetric diffraction peaks reflects the density of different types of
dislocations in GaN crystals, respectively [37]. The HRXRD rocking curve results of GaN
crystals are shown in Figure 6. The diffraction peaks full width’s half maximum (FWHM)
of GaN crystals grown on SiC substrate is smaller than that on sapphire substrate (Table 2).
Therefore, the HRXRD results indicate that the dislocation density and stress of GaN crystals
grown on 6H-SiC substrates are lower than those on sapphire substrates. The dislocation
density is calculated from HRXRD results in the order of approximately 108 cm−2. This is
consistent with the Raman and PL results.
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Table 2. HRXRD rocking curve peak FWHM of HVPE GaN grown on 6H-SiC and sapphire substrates.

HRXRD FWHM (Arcsec)

(0002) (10–12)
GaN on 6H-SiC 318 324

GaN on sapphire 452 420

The mismatch between the 6H-SiC substrate and GaN crystal, arising from differences
in lattice parameters and crystallographic orientation, is much smaller than that with the
sapphire substrate. Consequently, the strain of GaN during the initial stages of epitaxy
is strongly influenced by this mismatch. To optimize the growth conditions of GaN on
different substrates, the stress and strain condition was assessed using Raman spectroscopy
and EBSD. Adjustments to the growth conditions for GaN on various substrates were
made based on the strain-distribution obtained from EBSD measurements, leading to the
successful growth of GaN on the 6H-SiC substrate.

4. Conclusions

GaN crystals were successfully grown on MOCVD-GaN/sapphire and MOCVD-
GaN/6H-SiC substrates using the HVPE method. The investigation into the crystallographic-
orientation relationship utilized EBSD Kikuchi diffraction patterns and pole figures to
analyze the GaN and 6H-SiC. It was observed that in the c-plane heteroepitaxy system,
the (10–10) planes of GaN and 6H-SiC align parallel, a contrast to the GaN/sapphire het-
eroepitaxial system. When comparing the lattice mismatches, the ones between GaN and
6H-SiC substrates were found to be 3.7% and 3.5% using various calculation methods.
These values are significantly lower than those observed for GaN grown on sapphire
substrates. Furthermore, the deviation from the ideal growth direction of GaN is less
pronounced on 6H-SiC than on sapphire substrates. The misorientation of GaN at the
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interface is highest and decreases progressively with growth on both 6H-SiC and sapphire
substrates. Measurements from the Raman spectrum confirmed lower residual stress in
GaN on 6H-SiC substrates compared to those on sapphire. The HRXRD results indicated
that the dislocation density and stress of GaN crystal grown on 6H-SiC substrate are lower
than on sapphire substrate. Additionally, the study of optical properties of GaN crystals
on these substrates provided evidence supporting the observed stress conditions. This
research enhances the understanding of crystallographic-orientation relationships and
their effects on residual stress and optical properties in GaN crystals, offering insights for
controlling crystal orientation in growing bulk GaN crystals on foreign substrates.
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