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A-plane GaN was grown on r -plane sapphire using a two-step growth method by hydride vapor phase epitaxy (HVPE). In the first step, a-plane

GaN formed triangular stripes along the m-direction ([ �1100] direction) at a low growth temperature. Then, increasing the growth temperature

enhanced the lateral growth mode to coalesce a-plane GaN in the second step. There were triangular voids formed after growth. In this work, a

new method was developed to produce the voids in the a-plane GaN film using the two-step growth method without optical lithography.

# 2013 The Japan Society of Applied Physics

1. Introduction

Nitride-based materials and devices have attracted much
attention owing to their wide applications in optoelectronics
and microelectronics, such as visible or ultraviolet light-
emitting diodes1) (LEDs) and laser diodes2) (LDs). Con-
ventionally, nitride-based devices are grown along the
c-plane [0001] orientation. These devices suffer strong
polarization electrostatic fields along the growth direction.
The polarization fields consist of spontaneous and piezo-
electric polarization fields. The spontaneous and piezo-
electric polarization fields are related to the wurtzite crystal
structure and in-plane stress, respectively. These fields lead
to the spatial separation of the electrons and holes within the
quantum wells. This effect reduces the recombination
efficiency in nitride-based devices and the redshift of
emission wavelength in optical devices. This phenomenon
is called the quantum-confined stark effect3) (QCSE). To
eliminate the polarization field effect, the growth of nonpolar
or semipolar planes, such as the m-plane4) (10�10) and the
a-plane5) (11�20), have been proposed in many research
studies. M-plane GaN is grown on m-plane SiC6) or
�-LiGaO2

7) substrates, and a-plane GaN is grown on r-plane
(1�102) sapphire.8) However, the growth of a-plane GaN on
r-plane sapphire is more difficult than that of c-plane GaN on
c-plane sapphire. For example, it is difficult to obtain the
smooth surface of a-plane GaN grown on r-plane sapphire.
Another problem is the generation of defects in a-plane GaN
due to the lattice mismatch between GaN and sapphire.
Therefore, there are several methods to improve a-plane GaN
quality, such as the flow-rate modulation epitaxy technique,9)

epitaxial lateral epitaxial overgrowth10) (ELOG), and side-
wall lateral epitaxial overgrowth11) (SLEO) techniques.

Blue laser diodes and high-power electric devices are
sensitive to the threading dislocation density caused by the
lattice mismatch. Furthermore, thermal expansion coeffi-
cients are different between GaN and sapphire; thus, there is
a possibility that cracks may occur owing to thermal strain.
Therefore, homoepitaxy on the a-plane GaN substrate is a
method of reducing the dislocation density. There are many
studies on c-direction orientation GaN substrates. GaN
substrates can be manufactured by hydride vapor phase
epitaxy (HVPE), high-pressure growth, Na flux,12) and
ammonothermal growth methods.13) A-plane GaN films are
commonly grown by metal organic vapor phase epitaxy

(MOVPE) and in a few cases HVPE.14,15) The c-plane GaN
bulks grown by HVPE or ammonothermal method are sliced
along the specific facets to produce nonpolar GaN substrates.
The size of nonpolar free-standing GaN substrates is too
small to manufacture a large number of devices. Nonpolar
GaN thick films are grown using the ELOG or SLEO method
by HVPE, which is another way of producing nonpolar GaN
substrates. However, the lithography process must be used
to produce a pattern on sapphire for ELOG. In this paper,
we describe the preparation of a-plane GaN thick films on
r-sapphire grown by HVPE. The result obtained without
lithography was similar to those obtained using the ELGO
method. Then, we discuss the quality and morphology of
a-plane GaN.

2. Experimental Procedure

A 2-�m-thick a-plane GaN layer was initially grown on
r-plane sapphire by MOCVD as the a-plane GaN tem-
plate.16) Trimethylgallium (TMGa), trimethyaluminum
(TMAl), and ammonia (NH3) were respectively used as
Ga, Al, and N sources in the MOCVD system. The AlN
multilayer structure was used as the buffer layer of the
a-plane GaN template. The AlN multilayer consisted of
high-temperature-deposited AlN (HT-AlN), low-tempera-
ture-deposited AlN (LT-AlN), and high-temperature-depos-
ited AlN (HT-AlN) from bottom to top. These AlN layers
were named as HLH-AlN buffer layers. The growth
temperatures of HT-AlN and LT-AlN were 1000 and
800 �C, respectively. Nitrogen was used as the carrier
gas during the growth of the AlN buffer layers. Finally,
2-�m-thick a-plane GaN films were grown on the multilayer
AlN buffer structure by MOCVD, and hydrogen was used as
the carrier gas.

An a-plane GaN thick film was then grown on an a-plane
GaN template by HVPE. In the HVPE system, the sources of
N and Ga were NH3 and GaCl, respectively. GaCl was
formed with liquid gallium and HCl gas. In this work, the
a-plane GaN thick film was grown using the two-step growth
method by HVPE. In the first step, the growth temperature
and pressure were 1000 �C and 100mbar, respectively. In
the second step, the growth temperature was increased to
1050 �C, and the growth pressure was maintained at
100mbar. Hydrogen was used as the carrier gas in this
work. The surface, plane-view, and cross-sectional morphol-
ogies of the a-plane GaN thick film grown by HVPE were
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observed by scanning electronic microscopy (SEM). The
crystal quality of the a-plane GaN thick film was analyzed
by high-resolution X-ray diffraction (HRXRD).

3. Results and Discussion

The growth morphology of the a-plane GaN template grown
by MOCVD was observed by AFM, as shown in Fig. 1. The
AFM image reveals the a-plane GaN stripes along the GaN
c-direction ([0001] direction) on the surface. The AFM root
mean square (RMS) roughness for 5� 5 �m2 scanning areas
was 1.49 nm. The properties of the a-plane GaN template
were investigated by HRXRD. Omega rocking curves were
measured for the (11�20) plane reflections to characterize the
crystal quality of the a-plane GaN template. Figure 2 shows
the values of HRXRD omega rocking curves at azimuth
angles of 0, 30, 60, 90, 120, 150, and 180� for the a-plane
GaN template. The XRD incident beam was parallel to the
c-direction, which was defined as the azimuth angle of 0�,
and the sample rotated clockwise to change the azimuth
angle. The full width at half maxima (FWHM) was
�750 arcsec when the azimuth angles were 0 and 180�.
The maximum FWHM of the azimuth angle was 90�, which

indicated that the XRD incident beam was parallel to the
m-direction. The reason for this rocking curve anisotropy of
a-plane GaN is currently not clarified. The results suggest
the lattice mismatch between a-plane GaN and r-plane GaN.
Additionally, the anisotropic in-plane growth rate is the
other factor.17) The coalescence along the c-direction is more
than that along the m-direction. Thus, the values of the
omega rocking curves showed different in-plane anisotro-
pies.

Figures 3(a) and 3(b) reveal the plane-view and cross-
sectional SEM images of the first-step growth a-plane GaN,
respectively. The first-step growth of a-plane GaN was
carried out at a temperature of 1000 �C and a pressure of
100mbar by HVPE. The vertical growth rate in the first step
was approximately 120 �m/h. There were a large number of
obvious stripes along the m-direction on the surface. The
result of the stripe direction was different from the previous
one in this work of the a-plane GaN template grown on
r-plane sapphire. The cross-sectional plane of the stripes
along the m-direction was triangular. The slopes of the two
sides of the triangular plane were obviously different. It was
not an isosceles triangle. The slope toward the [0001]
direction was smaller than that toward the [000�1] direction.
This result suggests that the growth rates of the Ga face
(0001) and the N face (000�1) were different. Haskell et al.
indicated that the Ga-face sidewall growth was faster than
the N face sidewall growth,18) which was observed using the
lateral epitaxial overgrowth (LEO) method.

The specific crystallographic planes toward the Ga face in
the stripes, which were the f11�22g planes, were exposed.
Hiramatsu et al. reported that the morphology of c-plane
GaN was observed using the LEO method under different

Fig. 1. (Color online) AFM image of a-plane GaN template surface

grown by MOCVD.

Fig. 2. FWHM of the XRD (11�20) rocking curve as a function of azimuth

angles.

Fig. 3. The SEM images of a-plane GaN after the first-step growth:

(a) plane-view and (b) cross-sectional image.
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growth conditions by MOCVD.19) It revealed that the f11�22g
GaN planes on the stripe along the m-direction were exposed
to a lower growth temperature and a higher growth pressure,
which were similar to those presented in this work. The two
main factors of the result are considered to be the surface
energy and the stability of surface atoms. The f11�22g facets
have N-polarity or Ga-polarity on the surface. N-polarity
exposes nitrogen atoms on the surface, which are stable at
a low growth temperature.19) Thus, we considered that the
exposed f11�22g planes were more stable than the f11�20g
planes under growth conditions in HVPE. Owing to the
formation of the stable f11�22g planes, the stable plane
was suppressed to form the (0001) facet. The lateral growth
along the m-direction was faster than that along the
c-direction. As shown in Fig. 3(a), the f1�100g planes
coalesced completely and formed triangular stripes along
the m-direction.

To coalesce and obtain a smooth surface, lateral growth
was enhanced. The growth temperature was increased to
1050 �C and the growth pressure was maintained at 100mbar
in the second-step growth. The vertical growth rate in the
second step was approximately 30 �m/h, which was lower
than that in the first step. Figure 4 shows the cross-sectional
SEM image of the a-plane GaN thick film along the
m-direction after the second-step growth. There were many
triangular voids formed in the a-plane GaN film. These
triangular voids were similar to those using the sidewall
lateral epitaxial growth method.11,20) There are two reasons
for forming these triangular voids in the films. One is the
absence of precursor species at the bottom of the m-direction
stripes formed in the first-step growth, and the other is the
difference in growth rate between the Ga and N faces. The
height difference between the high and low stripes formed in
the first step was �20 um. The height hindered the precursor
species from arriving at the bottom sufficiently, which
suppressed growth from the f11�22g facet to the (0001) facet.
This phenomenon also reveals, in some research studies,
the growth of a-plane GaN using the LEO and SLEO
methods.11) Ga-face growth rate is usually higher than N-
face growth rate, and growth temperature is an important
factor for the different growth rates of the Ga and N faces,
taking into consideration the different adsorption and
desorption rates of the Ga and N faces. Therefore, the Ga-
face sidewall coalesced with the N face sidewall in the

lateral growth mode and the N-face formed a straight
sidewall. The high dangling bond per unit area of facets is
unstable at a higher growth temperature and a lower growth
pressure. The dangling bond per unit area for the f11�22g
facet is higher than that for the f11�20g facets. Therefore, we
used this property to expose the f11�20g facets on the top
surface, and the Ga-face sidewall exposed the (0001) plane
to coalesce with the N-face straight sidewall. Finally, the
a-plane GaN surface became smooth and the thickness was
100 �m.

The structural quality of the a-plane GaN thick films was
also characterized by HRXRD. The FWHMs of different
rocking curves along the c- and m-directions were measured,
as shown in Fig. 5 (color online). The FWHMs measured
along the c- and m-directions of the first-step growth were
2118 and 647 arcsec, respectively. These FWHMs of the
rocking curves along the c- and m-directions were in contrast
to that of the a-plane GaN template grown by MOCVD,
which suggests that the surface along the c-direction did not
coalesce completely, causing a rough surface. Thus, the
FWHM of the rocking curve along the m-direction was
smaller than that along the c-direction. The FWHMs
measured along the c- and m-directions of the second-step
growth were 1410 and 427 arcsec, respectively. Owing to the
coalescence of the surface and the increase in thickness, the
crystal quality was improved. Although the FWHMs

Fig. 4. Cross-sectional SEM image of a-plane GaN after the second-step

growth. The inset shows the void in the a-plane GaN film.

Fig. 5. (Color online) Rocking curves along [0001] and [1�100] directions

(a) after the first-step and (b) second-step growths.
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measured along the two directions decreased, the FWHM of
the rocking curve along the m-direction was still smaller
than that along the c-direction. This was attributed to the
bowling radius difference between the c- and m-directions.
The bowling radius was estimated using the formula R ¼
�X=ð!1 � !2Þ with the HRXRD rocking curve (002)
!-scan. �X is the distance of two points of X-ray incidence.
The two X-ray incident angles differ owing to the bowling
effect. Thus, !1 and !2 are the diffraction angles with
respect to �X.21) The bowling radii of the c- and
m-directions of a-plane GaN were estimated to be 65 and
40 cm, respectively. Both the c- and m-directions of
curvature were convex. Therefore, the bowling effect of
the c-direction was more obvious than that of the m-direc-
tion, which affected the crystal quality.

4. Conclusions

In conclusion, a nonpolar (11�20) a-plane GaN film was
grown by HVPE using a two-step growth method. In the first
step, the triangular stripes of GaN along [1�100] formed and
exposed the f11�22g facet to a low growth temperature. In
the second step, the lateral growth mode was enhanced,
exposing the f11�20g facet by increasing the growth
temperature. Triangular voids can were formed in a-plane
GaN films using the two-step growth method. These voids
were similar to those employed by SELO without litho-
graphy. The crystal quality of the a-plane GaN film was
improved by the two-step growth method.
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