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a b s t r a c t

Nonpolar (1 0 �1 0) m-plane GaN has been grown on m-plane sapphire substrates by hydride vapor
phase epitaxy (HVPE). We studied the defect reduction of m-GaN with embedded SiNx interlayers
deposited by ex-situ metal organic chemical vapor deposition (MOCVD). The full-width at half-
maximum values of the X-ray rocking curves for m-GaN with embedded SiNx along [1 1 �2 0]GaN and
[0 0 0 1]GaN were reduced to 528 and 1427 arcs, respectively, as compared with the respective values of
947 and 3170 arcs, of m-GaN without SiNx. Cross-section transmission electron microscopy revealed that
the basal stacking fault density was decreased by approximately one order to 5�104 cm�1 due to the
defect blocking of the embedded SiNx. As a result, the near band edge emission intensities of the room-
temperature and low-temperature photoluminescence showed approximately two-fold and four-fold
improvement, respectively.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Among Group III-nitride materials, GaN has been widely utilized
for visible and ultraviolet light-emitting diodes and high-power
electronic devices [1,2]. These devices, which are conventionally
grown on the polar (0 0 0 1) plane, typically exhibit spontaneous
and piezoelectric polarization effects, rendering them undesirable
for many applications. The polarization effect causes band bending
and reduces the radiative recombination efficiency in the quantum
wells (QW), which, in turn, reduces the luminous efficiency of the
devices due to the quantum-confined stark effect [3]. To eliminate
this polarization effect, these devices should be grown on the
semi-polar (1 1 �2 2) plane, the nonpolar (1 1 �2 0) a-plane GaN
(a-GaN), or the nonpolar (1 0 �1 0) m-plane GaN (m-GaN). In
particular, m-GaN is more stable and has a wider acceptable range
of growth conditions compared with a-GaN [4]. Furthermore,
m-GaN more readily accepts Mg, which enables p-type doping
levels to be increased [5]. Consequently, using m-GaN in an optical
device with a multi QW structure will help to improve the device
performance. Because of these advantages, many research groups
have reported heteroepitaxial m-GaN films grown on LiAlO2 [6],
m-plane SiC [7], patterned (1 1 2) Si [8], m-plane ZnO [9], and

m-plane sapphire (m-sapphire) [10–12]. Among these, m-sapphire
is the substrate of best choice for the growth of m-GaN because it is
cost effective and larger substrate diameters are more readily
available compared to LiAlO2, SiC, or ZnO substrates. Moreover, m-
sapphire is more chemically and thermally stable than either LiAlO2

or ZnO. Thus, m-sapphire allows m-GaN growth without difficulty
while protecting itself from an influx of impurities under high
temperatures. In spite of these advantages, m-GaN grown directly
on m-sapphire has a number of critical problems. In particular, high
defect densities and an anisotropic crystal structure may occur
because an antiphase domain boundary is formed from ambidirec-
tional nucleation of m-GaN [13]. In order to solve this problem, the
m-sapphire substrate was cut at an angle of 11 to 51 in the [11–20]
direction [13]. As a result, the full-width at half-maximum (FWHM)
was reduced in the double-crystal X-ray rocking curves (DXRCs)
for m-GaN. The anisotropy was also reduced, though a minimal
anisotropic DXRC FWHM value remained [13]. To avoid these
problems, commercially available m-GaN substrates with a low
defect density and high isotropic crystal quality were produced
from small transverse slices of c-oriented bulk crystals grown by
HVPE [14,15]. However, the small substrate size (�a few mm2),
high substrate cost, and complicated process proved to be serious a
drawbacks for industrial applications.

For these reasons, further studies are required to find a method
that successfully prepares large-size m-GaN substrates with a low
defect density and high isotropic crystal quality.
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To solve this problem, several groups have reported an improve-
ment in optical properties and defect reduction using SiNx inter-
layers in c-GaN [16–18], a-GaN [19], and semi-polar (1 1 �2 2) GaN
[21,22]. However, defect reduction using SiNx interlayers has not yet
been discussed for m-GaN.

In this study, we report, for the first time, an improvement in
crystal quality and optical properties by reducing the defects in
SiNx embedded m-GaN grown on an m-sapphire substrate by
HVPE. The reduced feature size of the SiNx nanopores facilitates
nanometer-scale epitaxial lateral overgrowth (ELO), which thereby
results in uniform defect reduction in m-GaN on m-sapphire.

2. Experiments

The m-GaN samples were grown on m-sapphire substrates
with a 21 miscut with respect to the a-axis using an atmospheric
HVPE system. Using a vertical reactor heated by a two-zone
furnace, the temperature of the substrate ranged from 900 to
1100 1C during growth. The source gases were NH3 and GaCl
(g) with the latter being formed by the reaction between Ga
(s) and HCl(g). Nitrogen was used as a carrier gas. As shown in
Fig. 1(a), an approximately 2-mm-thick layer of m-GaN was grown
directly on m-sapphire by HVPE. Then, SiNx was deposited on the
HVPE m-GaN layer in the MOCVD system (close-coupled shower-
head Thomas Swan reactor). During the SiNx growth at 860 1C, the
flow rate of NH3 and SiH4 was 8000 sccm and 45 sccm, respec-
tively, and the growth time was 1500 s. Next, an approximately
2-mm-thick GaN layer was grown by MOCVD reactor, as shown in
Fig. 1(b) and (c). Sub-monolayer SiNx interlayer is randomly
formed and functions as a defect-blocking layer. Finally, a 15-mm
m-GaN layer was grown by HVPE, as shown in Fig. 1(d).

The surface and cross-section morphology of the m-GaN layers
were observed by scanning electron microscopy (SEM) and atomic
force microscope (AFM), while the crystal quality was determined

by high-resolution X-ray diffraction (HRXRD) omega rocking
curves.

The room-temperature (RT) and low-temperature (LT) photo-
luminescence (PL) were measured to investigate the luminescence
characteristics of m-GaN. In addition, transmission electron micro-
scopy (TEM) studies revealed that mixed partial dislocations (PDs)
and basal stacking faults (BSFs) were threaded into the GaN layers.

3. Results and discussion

Fig. 2 shows the schematic diagrams and plan-view SEM and
AFM images of the m-GaN grown with and without the SiNx

interlayer. The SEM images reveal smooth surface morphologies
without pits or cracks in any of the samples. However, the AFM
images show a rough surface with many small hillocks. The surface
roughness (�10 nm) of m-GaN with the SiNx interlayer slightly
increased compared with that (�9 nm) of m-GaN without the SiNx

interlayer, which can be attributed to lateral growth on the SiNx

nano-masks.
Because the nanometer-sized hole in the SiNx interlayer func-

tions as a window in ELO, high-quality GaN with a low density of
PDs and BSFs can be grown on the SiNx interlayer.

Fig. 3(a) and (b) shows a schematic diagram describing the
defect blocking mechanisms of the SiNx interlayer and the cross-
sectional SEM image of the SiNx embedded in m-GaN, respectively.
In previous research, it was reported that the SiNx interlayer
functioned as a defect-blocking layer [19,21]. Fig. 3(b) and
(c) shows the existence of the SiNx interlayer and the void (yellow
circle) formation (void size below �1 mm), indicating the lateral
overgrowth over the SiNx nano-mask layer.

The FWHMs of the DXRC were measured to compare the crystal
qualities of samples with and without SiNx interlayers, as shown in
Fig. 4. The FWHMs of the (1 0 �1 0) peaks of the HVPE-grown 2-mm
m-GaN template were 4399 and 1887 arcs, respectively, for scan

Fig. 1. Schematic diagrams of the experimental procedure: (a) m-GaN growth by HVPE, (b) SiNx deposition by MOCVD, (c) GaN growth by MOCVD, and (d) thick GaN growth
by HVPE.
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