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We investigated the optical and the crystal qualities of epitaxial lateral overgrown (ELO) semipolar (11-22) GaN produced using
three growth steps: growth of the seed layer for the [11-20] a-direction, the formation of a semipolar (11-22) plane, and the lateral
coalescence step with a [11-22] direction. Fully-coalesced ELO-GaN had a good surface morphology and a very low defect den-
sity of �5.5� 105 cm�2, which was smaller than that of conventional c-plane ELO-GaN. In spite of the generation of some crys-
tallographic tilts, the crystal properties were significantly enhanced as a result of the ELO process. The cathodeluminescence
intensity of band edge emission in the low defect region was about 3.1 times higher than in the highly defective region, indicating
that the optical properties of semipolar GaN could be significantly enhanced by reducing defects.
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Recently, remarkable progress on the development of high effi-
ciency GaN-based optoelectronic devices has been achieved by
some research groups, which reported the development of commer-
cial grade GaN-based laser diodes (LDs) and visible light emitting
diodes (LEDs).1–3 However, it is well known that the wurzite GaN-
based light emitting devices grown along the [0001] c-axis suffer
from a reduced radiative efficiency and a redshift of the optical tran-
sition due to spontaneous and strain-induced polarization.4–7 These
problems can be overcome by using the nonpolar a-plane or m-plane
GaN epilayer.8–12 However, there are some growth issues to achieve
a high quality nonpolar GaN epilayer. Alternatively, the electric
field can also be reduced by using a semipolar GaN film. Thereby,
the quantum confined stark effect (QCSE) in a strained semipolar
(11-22) InGaN layer has been calculated to be 80% lower than that
on the polar c-plane.8 The semipolar GaN has the additional advant-
age of higher In incorporation rate in the semipolar plane, which
gives the possibility for enhanced radiative efficiency in the green
gap region.13

In the heteroepitaxial growth of semipolar GaN epilayers, the
defect density of semipolar GaN films is much higher than that of
conventional c-plane GaN epilayers. It has been reported that
threading dislocations (TDs) of �1010/cm2 and basal stacking faults
(BSFs) of �105/cm2 in semipolar (11-22) GaN on m-plane sap-
phire14–19 result in the limitation of internal quantum efficiency of
the semipolar InGaN active layer.20,21 Recently, the best perform-
ance of semipolar GaN-based LED/LDs has been achieved by using
a high quality semipolar GaN substrate with much lower TDs and
BSFs.22,23 However, high quality semipolar GaN substrate has the
disadvantages of very high price and small size. To commercialize
high efficiency semipolar GaN-based LED/LDs, the defect density
of heteroepitaxial semipolar GaN epilayer must be reduced to the
level of the semipolar GaN substrate. Among the defect reduction
methods, epitaxial lateral overgrowth (ELO) is a widely used defect
reduction technique for III-nitride systems.14–19 However, it is very
difficult to obtain high quality fully-coalesced semipolar ELO-GaN
with good surface morphology due to the anisotropic crystallo-
graphic properties. In this study, we report the results of fully-
coalesced semipolar ELO-GaN with a very low defect density by
using a three-step growth technique.

Until now, most research groups have focused on the growth
mode and dislocation behavior rather than the surface morphology
of semipolar ELO-GaN (Refs. 15–19) because of severe difficulties
in planarization and coalescence of the lateral growth step. How-
ever, one can see that, in spite of the existence of some waves in
the surface as shown in Fig. 2a, there is good surface morphology

without any pits or non-coalesced surface structures after three-step
growth. This is confirmed in Figs. 2a and 2b, which were observed
using a Nomarski optical microscope (NOM) and an atomic force
microscope (AFM), respectively. From AFM measurements, surface
RMS roughness of semipolar ELO-GaN was 17.3 nm which was rel-
atively rougher surface than that of conventional semipolar GaN.
However, we believed that surface morphology would be enhanced
by optimization of growth conditions.

From high resolution X-ray diffraction (HR-XRD), we investi-
gated the crystal qualities of semipolar GaN and ELO-GaN on
m-sapphire with different two incident beam directions of [1-100]
and [11-2-3]. Further, to understand the dependence of crystal qual-
ities of the semipolar ELO-GaN template on each ELO-step, we per-
formed an X-ray x-rocking scan for A¼ 0� (solid line) and A¼ 90�

(broken like), where the azimuth is the angle between the stripe
direction and the rotation axis of the x scan. Figure 3a shows x-
rocking curves of as-grown (11-22) semipolar GaN/m-sapphire,
whose full width at half maximums (FWHMs) were near 620 and
1165 arcsec for A¼ 0 and 90�, respectively. Before full coalescence
(Step II), FWHMs were significantly decreased to near 420 and 291
arcsec for A¼ 0 and 90�, respectively, as shown in Fig. 3b. This
can be ascribed to the reduction in defect density during epitaxial
lateral growth. After full coalescence (Step III), it is found that
FWHMs for A¼ 90� were further reduced to 260 arcsec, whereas
that for A¼ 0� was drastically increased to 740 arcsec. Moreover,
three peaks were found in the XRD curve for A¼ 0�, resulting in a
broad FWHM, as shown in Fig. 2c. This implied that the significant
difference of FWHMs between A¼ 0� and A¼ 90� is caused by the
generation of crystallographic tilt during the coalescence step.

The optical properties of semipolar ELO-GaN templates were
characterized by room temperature cathode luminescence (CL) analy-
sis using a Hitachi S-4700 system installed on a field-emission scan-
ning electron microscope. Figure 4a showed the panchromatic CL
image of semipolar (11-22) ELO-GaN on m-sapphire at the emission
peak with a wavelength of 362 nm, known by the near band edge
emission of GaN. In Fig. 4a, one can see that there are wide bright
regions and dark spot regions, representing low defect regions and
high defect regions, respectively. Regarding the dislocation density of
ELO-GaN, we can clearly find a very low dislocation density of
5.5� 105 cm�2, measured from the dark spot density in lateral growth
regions. Compared with the defect density (1.0�5.0� 106 cm�2) of
conventional c-plane ELO-GaN templates and the freestanding GaN
substrate, the defect density of our semipolar ELO-GaN template is
low enough to enhance the performance of light emitting devices.

In addition, we measured CL spectra for two different positions
which were the bright point (position A) in the low defect zone and
the dark point (position B) in the high defect zone, as shown in
Fig. 4b. The CL intensity of position A is about 3.1 times higher
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than that of position B. This indicates that the optical properties of
semipolar GaN were significantly affected by dislocation density
because a dislocation may act as a non-radiative recombination cen-
ter in GaN epilayers.14 The emission energy of band edge at position
A (3.427 eV) was slight higher than position B (3.420 eV). Since
the broad band at 3.41 eV corresponds to a BSFs-related peak,17 this

Figure 2. (Color online) The surface images of the fully-coalesced semipo-
lar (11-22) ELO-GaN measured by (a) Normalski optical microscope and (b)
atomic force microscope (20 lm� 20 lm). (W: wing region, C: coalescence
region, and S: seed GaN layer).

Figure 1. (Color online) Optical micros-
copy cross-section images of semipolar
ELO-GaN for three-step growth: (a) seed
layer growth for a-direction (Step I), (b)
the formation of a semipolar plane (Step
II), and (c) lateral growth in the c-direc-
tion (Step III). (d) Schematic growth pro-
cedures of semipolar ELO-GaN with three
steps.

Figure 3. X-ray x-rocking scan of (a) as-grown semipolar GaN/m-sapphire,
(b) partially coalesced ELO-GaN, and (c) fully-coalesced ELO-GaN tem-
plate for A¼ 0� (solid line) and A¼ 90� (broken like), where the azimuth is
the angle between the stripe direction and the rotation axis of the x scan.
Insets are optical microscope images of ELO-GaN for each step.
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relative low emission energy can be ascribed to remaining TDs and
BSFs in the defective region.

In conclusion, we obtained fully-coalesced semipolar (11-22)
ELO-GaN/m-plane sapphire by using three-step growth. In spite of
some wavy surface structures, there is relative good surface mor-
phology without any pits or non-coalesced regions in the whole
wafer. However, for fully-coalesced ELO-GaN, the significant dif-
ference of XRC FWHMs between A¼ 0� and A¼ 90� is likely
caused by the generation of crystallographic tilt in the direction of
lateral growth during the coalescence step. In the lateral growth
region, the defect density of ELO-GaN was 5.5� 105 cm�2, which

is smaller than that of the conventional c-plane ELO-GaN or free-
standing GaN. These results imply that semipolar ELO-GaN will be
applied to enhance the high efficiency of light emitting devices.
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Figure 4. (Color online) (a) The panchromatic CL image of semipolar
(11-22) ELO-GaN on sapphire at the emission peak with wavelengths of 362
nm and (b) CL spectra for two different positions which were the bright point
(position A) in the low defect region and the dark point (position B) in the
high defect region. (W: wing region, C: coalescence region, and S: seed
GaN layer).
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