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We report on the improvement of the structural and optical properties of m-plane GaN layers on m-plane sapphire via
epitaxial lateral overgrowth (ELO) using hydride vapor phase epitaxy. The planar m-plane GaN was compared to ELO m-
plane GaN with stripes patterned along the [1120] and [0001], respectively. The ELO m-plane GaN samples showed narrow
x-ray rocking curves and more improved cathodoluminescence (CL) images compared with those of the planar m-plane GaN.
The density of threading dislocations (TDs) and basal-plane stacking faults (BSFs) was decreased in the ELO m-plane GaN,
which was confirmed by transmission electron microscopy (TEM) and Williamson - Hall (W-H) plot analysis.
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Intreoduction

GaN-based optoelectronic devices have enabled high-
efficiency, high-power light-emitting diodes (LEDs) in the
ultra-violet to visible spectrum and high-power electronic
devices. Commercial GaN-based LEDs are grown on the
c-plane of a hexagonal wurtzite structure. However,
conventional c-plane GaN suffers from the quantum-
confined Stark effect (QCSE) because of the existence of
strong piezoelectric and spontaneous polarization. These
polarization fields cause spatial separation of electrons
and holes in quantum-well structures and reduce the
overlap of the electron-hole wave functions, which leads
to reduced optical emission efficiency [1, 2]. To solve
this problem, many research groups have focused on the
growth of non-polar GaN layers, for example (1120) [3]
and (1010) [4], and semi-polar layers, for example
(1122) [5], (1013) [6], and (2021) [7]. In particular,
non-polar layers exhibit no internal polarization fields along
the growth direction. This is advantageous for fabrication of
optoelectronic devices with high performance. In the case
of m-plane GaN, it has been grown on substrates such as m-
plane SiC [4], LiAlO2 [8], m-plane ZnO [11], m-sapphire
[10, 11, 12], and patterned a-sapphire [13]. Among these
substrates, it was found that m-sapphire was more stable
than LaAlO3 and ZnO [14]. Therefore, recently, many
groups have studied m-plane GaN growth on m-sapphire.
However, m-plane GaN still suffers from reduced
crystalline quality as compared to conventional c-plane

GaN, showing higher density of structural defects, basal-
plane stacking faults (BSFs) and threading dislocations
(TDs). These defects usually act as non-radiative
centers, significantly affecting the optical and electrical
properties and reliabilities of LED devices, especially
under high-current conditions. 
In this paper, we have investigated improved m-plane

GaN on m-plane sapphire via epitaxial lateral
overgrowth (ELO) using hydride vapor-phase epitaxy
(HVPE) in terms of defect reduction according to stripe
direction. 

Experimental

The HVPE growth process was carried out in a
vertical hot-wall quartz reactor. The reactor was
divided into two temperature zones, the source zone
and the growth zone. Ga, HCl, and NH3 were used as
the sources gases and N2 served as the carrier gas. The
m-plane GaN layers were grown on m-plane sapphire
substrates at a growth temperature of 1040 oC. Prior to
the process, the sapphire substrates were heated for 5
min in order to ensure thermal stabilization. Growth
began without any initial treatment, such as H2

cleaning or nitridation, because growth of GaN films
on the m-sapphire is changed by initial growth
conditions. [11, 12]. The 100-nm-thick SiO2 films were
deposited on m-plane GaN templates using a plasma-
enhanced chemical-vapor deposition (PECVD) system.
ELO patterns consisting of 3 μm-wide SiO2 stripes and
3 μm-wide GaN windows were generated using
conventional photolithography processes. The SiO2 stripes
were formed along [1120] and [0001] on the GaN
layer. Next, approximately 15 μm of m-plane GaN was
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regrown by HVPE. Fig. 1 shows a schematic of the
experimental process.
The surface morphology of the m-plane GaN layer

was observed using scanning electron microscopy
(SEM). The crystal quality of the GaN layer was
measured using an omega scan of double-crystal X-ray
diffraction (DCXRD). A CL analysis was performed in
order to investigate the luminescence properties of the
m-plane GaN layer. The plane view of the m-plane
GaN defects was observed by TEM. 

Results and Discussion

Fig. 2 shows the cross-sectional SEM images of
planar and ELO samples. All samples are fully merged.

After complete coalescence, periodic triangular cavities
were formed in [0001] stripe-patterned m-plane GaN.
The inset images show anisotropy of the growth rate at
sample (b) and (c). Epitaxial relationship with m-plane
GaN on m-sapphire is oriented a 90 o in-plane rotation
giving the following epitaxial relationships: [0001]GaN  | |
[1120]sap and [1120]GaN | | [0001]sap [11]. Therefore, the
[1120] stripes have overgrown along the c-axis. The
growth rate on the Ga face (+ c-direction) was
approximately five times higher than on the N-face
(−c-direction). This growth-rate change is due to the
differing conditions, i.e., V/III ratio, temperature, and
pressure [15]. The [0001] stripes on the sample have
overgrown along the a-axis, exhibiting five m-plane
facets.

Fig. 1. Schematic images of experimental procedure of (a) planar, (b) [11-20] stripes, and (c) [0001] stripes.

Fig. 2. Cross-sectional SEM images of (a) planar, (b) [11-20] stripes, and (c) [0001] stripes. The inset images show anisotropy of growth rate.

Fig. 3. X-ray rocking curves of the (10-10) reflection of m-plane GaN layer grown on the planar, [11-20], [0001] stripes pattern. (a) and (b)
correspond to diffraction along the parallel and vertical direction to the c-axis, respectively.
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Fig. 3 shows the FWHM of the X-ray rocking curves
(XRCs) for the on-axis diffraction planes. The FWHMs
for the (1010) plane along the [0001] and [1120]
direction scans for the planar sample were 2660 and
1360 arcsec, respectively. The FWHMs for the [1120]
stripe sample were 1670 and 1110 arcsec, and for the
[0001] stripe sample were 2600 and 1030 arcsec,
respectively. These FWHM results indicate that the
ELO samples are narrower than the planar samples
because defects such as TD and BSF are blocked by
the SiO2 mask. All the FWHMs are broader in the
[0001] direction scan compared to the [1120], which is
because many structural defects were introduced along
this direction [16].
Fig. 4 shows the modified Williamson-Hall (W-H)

plots of the FWHM from the (n0n0) series of the m-
plane GaN layers, inS which the scan was parallel to
the [0001] direction. According to the previous reports,
the (n0-n0) XRCs FWHM results correlate with the
density of BSFs [17, 18]. W-H plot analysis can be
performed, noting [FWHM × sin(θ)/λ] on the y-axis
and [sin(θ)/λ] on the x-axis. From the y-intersection y0
of the fitted line, the lateral coherence length (LCL)
can be estimated [19],

(1)

The reciprocal of the LCLs gives the density of BSFs.
The determined BSF density of planar, [1120] stripes,
and [0001] stripes were 2.0 × 105cm−1, 5.0 × 104 cm−1,
and 1.0 × 105cm−1, respectively. These results correspond
with the plane-view TEM images in Fig. 5. The (3030)
value was smaller than other planes. Because of (3030)
reflection was not affected by BSFs but may indicate
possible surface roughness-related effects [18].
Fig. 6 shows a monochromatic CL surface image.

The bright fields correspond to defect-free regions and
dark spots correspond to no-luminescence regions,
which are attributed to dislocations functioning as non-
radiative centers [20]. The wing region of the ELO
samples exhibits increased luminescence intensity
compared with the window region and planar sample.
Radiation of the dislocations was more sensitive than
BSFs in the CL analysis. Therefore, the brightnesses of
the [1120] stripes and [0001] stripes were similar,

although the BSF densities were different. The black
lines at the center of the wing region at the [1120] and
[0001] stripe patterns are coalescence boundaries, in
which threading dislocations were generated [21].
Fig. 5 shows a plane-view TEM image of the ELO

samples. Figs. 5(a) and 5(c) were imaged under the g =
0002 diffraction condition and (b) and (d) were imaged
under the g = 1120 diffraction condition, which reveal

LCL
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Fig. 4. Williamson-Hall plots of FWHM from the (n0-n0) series of
reflections for planar, [11-20] stripes, and [0001] stripes. 

Fig. 5. Plane-view TEM images of m-plane GaN, (a) and (b) : [11-
20] stripes, (c) and (d) : [0001] stripes.

Fig. 6. Room-temperature monochromatic CL images of (a) planar, (b) [11-20] stripes, and (c) [0001] stripes.
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TDs and BSFs, respectively [22, 23]. The TD densities
of the [1120] stripe-patterned m-plane GaN on the wing
and window regions are 4 × 108 and 5 × 1010 cm−2,
respectively. The BSF densities measured for the layers
grown on the wing and window regions are 3 × 104 and
4 × 105 cm−1, respectively. And, TD densities of the
[0001] stripe-patterned m-plane GaN on the wing and
window regions are 3.6 × 108 and 6.0 × 1010 cm−2,
respectively. The BSF densities measured for the layers
grown on the wing and window regions were the same:
4 × 105 cm−1. TD densities have dramatically decreased
in the wing region. However, in terms of BSF
densities, only [1120] stripes are one order of
magnitude lower than other samples.

Conclusions

We have successfully grown m-plane GaN on m-
plane sapphire by HVPE. XRC FWHMs of ELO
samples were improved for both [1120] stripes and
[0001] stripes, and CL intensity also was increased in
the wing regions. The TD and BSF densities of the
[1120] stripes on the wing and window regions were 4
× 108 and 5 × 1010 cm−2, and 3 × 104 and 4 × 105 cm-1,
respectively. The TD and BSF densities of the [0001]
stripes on the wing and window regions were 3.6 × 108

and 6.0 × 1010 cm−2, and 4 × 105 cm−1. In the case of
TD density, the decreasing rate was the same for both
stripes, but the BSF density decreased only for [1120]
stripes. The TEM results also corresponded with the
analysis of the W-H plot.
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