
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 8317–8322 |  8317

Cite this: Mater. Adv., 2022,

3, 8317

Effect of substrate nitridation and a buffer layer
on the growth of a non-polar a-plane GaN
epitaxial layer on an r-plane sapphire substrate
by laser molecular beam epitaxy
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Non-polar a-plane GaN epitaxial layers have been successfully grown on r-plane sapphire substrates

by using the laser molecular beam epitaxy (LMBE) technique through the laser ablation of a GaN solid

target under radio frequency nitrogen plasma ambient at a low temperature of 600–700 1C. The role of

sapphire nitridation and GaN and AlN buffers on the growth and properties of the a-plane GaN layer on

r-sapphire has been investigated. Sapphire nitridation is found to produce the growth of a c-axis

oriented, high-density GaN nanorod array on r-plane sapphire. However, a direct growth of GaN on

r-sapphire without nitridation yields an a-plane GaN layer as confirmed with in situ reflective high

energy electron diffraction, X-ray diffraction, and field-emission scanning electron microscopy

observations. The introduction of low temperature (LT) GaN or high temperature (HT) AlN buffer on

r-sapphire improved the optical quality of the a-plane GaN layers on r-plane sapphire with a strong

band-to-band photoluminescence transition and low defect level emission at room temperature.

Among the adopted approaches, HT–AlN buffer is found to be effective for improving the morphologi-

cal, structural and optical properties of a-plane GaN layers grown on r-plane sapphire. A fully coalesced

flat surface GaN layer is achieved under two-dimensional growth mode. The results indicate that the

optimization of the pre-growth procedure is very critical to achieve a flat surface nonpolar a-plane GaN

epitaxial layer on r-plane sapphire in the LMBE process.

Introduction

In the past two decades, researchers around the globe have
been investigating the growth of nonpolar and semipolar GaN
for high efficiency light emitting diode (LED) and laser diode
(LD) applications.1–6 For the growth of GaN on a sapphire
substrate, the most suitable orientation is c-plane due to high
growth rate and good crystalline quality achieved in this direction.
But, GaN layers and heterostructures grown along this polar
orientation are subjected to polarization-induced charge which
causes a huge electric field in III-nitride heterostructures. On the
one hand, this built-in electric field confines two dimensional
electron gas (2DEG) at the AlGaN/GaN hetero-interface, which
has led to the amazing development of high electron mobility
transistor (HEMT) devices.7,8 On the other hand, the electric-field

present in GaN based quantum well structures subsequently leads
to a quantum confined stark effect (QCSE).9,10 The QCSE hampers
the performance of optoelectronic devices such as LEDs and LDs
and causes a spatial separation of electrons and holes reducing
their recombination efficiency, which lowers the quantum
efficiency of these devices.9 This problem could be evaded by
changing the growth orientation to non-polar a-plane [11�20] or
m-plane [1�100]; in these orientations, the c-axis is parallel to the
substrate and hence, there would be no polarization induced
electric field in the vertical direction.11,12 This reduction in the
electric field effectively eliminates the QCSE at the heterostructure
interface, which enhances the efficiency of fabricated devices.13,14

In this quest, the heteroepitaxy of non-polar GaN on foreign
substrates like m-plane SiC, g-LiAlO2, r-plane sapphire, etc., has
been investigated. Here, the growth of a-plane GaN on an r-plane
sapphire substrate is preferred due to scientific and commercial
feasibility. However, in this orientation, GaN growth suffers high
stacking faults and dislocation densities and it is difficult
to prepare good quality non-polar GaN with good surface mor-
phology on r-plane sapphire substrates.15,16
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There are reports which suggest that the growth of non-polar
GaN could be realized on r-plane sapphire by metal organic
chemical vapour deposition (MOCVD) and molecular beam epi-
taxy (MBE), but there are still some limitations that need to be
overcome.17–20 The major problem faced with non-polar GaN
growth is associated with the thick interfacial layer that exists
between a-plane GaN and r-plane sapphire due to high tempera-
ture growth. In order to overcome these limitations, thicker GaN
epilayers are grown up to a few tens of microns.21 Thus, there is a
need to develop low temperature growth processes for a-plane
GaN epitaxial layers which could eliminate the formation of the
thick interfacial layer and also reduce the thermal mismatch (i.e.
27%).22 Laser molecular beam epitaxy (LMBE) is demonstrated as
an effective technique for the growth of GaN layers at relatively
low temperatures on a variety of substrates.23–25 To date, there are
only very few reports available on the growth of non-polar GaN on
r-plane sapphire using the LMBE technique.26–28 Six et al. reported
non-polar AlN growth on r-plane sapphire substrates by pulsed
laser deposition (PLD), but the grown films were polycrystalline
with both a- and c-axis orientations.26 Also, the optimized growth
conditions for epitaxial films have not been defined properly.
Yang et al. have reported the growth of a-plane GaN on r-plane
sapphire by an ultra-high vacuum (UHV) PLD process with island
morphology at an optimised growth temperature of 850 1C with
substrate nitridation.27 Later, the same group employed PLD
grown smooth surface a-plane GaN epitaxial films on r-plane
sapphire substrates as a template for MOCVD GaN growth and
obtained a better quality a-plane GaN film with a thickness
of 2.9 mm by the combined growth process.28 Still, the growth of
nonpolar a-plane GaN epilayers by the LMBE technique is at its
beginning stage and further research work is necessary to under-
stand and develop the LMBE process for high quality nonpolar a-
plane GaN growth for device applications. In this report, we study
the effect of substrate nitridation and different buffer layers on
the growth of a-plane GaN epitaxial layers on an r-plane sapphire
substrate in the LMBE process and demonstrate the flat surface
growth of a thin (100–200 nm) GaN layer on r-sapphire with good
optical emission properties using high temperature AlN buffer.

Experimental

Non-polar a-plane GaN epitaxial growth was performed on
r-plane sapphire in an LMBE system with different pre-growth
procedures, such as sapphire nitridation and GaN/AlN buffer
growth. The r-plane sapphire substrate does not have any
miscut orientation. Initially, sapphire substrates were cleaned
with standard organic solutions and de-ionised water before
loading into the load-lock chamber of the LMBE system, where
they were degased at 250 1C for three hours under a high
vacuum in the order of 5 � 10�7 Torr. Subsequently, the
substrates were transferred into the growth chamber where
they were thermally cleaned at 850 1C for twenty minutes under
UHV conditions. GaN layers were grown by the laser ablation of
a hydride vapour phase epitaxy grown polycrystalline GaN
target (6N pure) in r.f. plasma ambient. A KrF excimer laser

having 248 nm wavelength and 25 ns pulse width was used to
ablate the target material. The laser energy density and repeti-
tion rate were kept as 3–4 J cm�2 and 20 Hz, respectively.
In order to maintain the stoichiometry of GaN, additional
nitrogen radicals were supplied by an r.f. nitrogen plasma cell.
The plasma power and nitrogen partial pressure were kept
constant at 250 W and 2.4 � 10�5 Torr, respectively, during
GaN and AlN growth. The sapphire substrate was kept at
B6 cm above the target and rotated at a speed of 2 rpm during
the entire growth process for spatial uniformity. The growth
duration of GaN was kept constant as 3 h. The growth rate of
nonpolar GaN on r-sapphire was estimated by measuring the
thickness of the grown layers using a Stylus profilometer.
The growth rate of a-plane GaN is estimated to be 70 nm h�1

at 500 1C, which is reduced to 35 nm h�1 at 700 1C. The
decrease in growth rate with increasing temperature could be
attributed to the increased desorption of adatoms from the
growth surface at higher temperatures.29,30

GaN samples were prepared with different combinations of
growth steps in order to determine an optimal growth sequence
of non-polar GaN on r-plane sapphire in the LMBE process. The
growth steps involved are sapphire-nitridation or no-nitridation,
low temperature (LT) GaN buffer or high temperature (HT) AlN
buffer and GaN epilayer growth. The sapphire nitridation was
carried out at 700 1C for 35 min under r.f. nitrogen plasma with a
nitrogen partial pressure of 6.7 � 10�5 Torr and a r.f. plasma
power of 400 W. GaN was grown on both bare and pre-nitridated
r-sapphire substrates. In further growth runs, GaN epilayers were
grown on bare r-plane sapphire using LT grown GaN buffer and
HT grown AlN buffer. The GaN buffer layer was grown at 500 1C
for 20 min while the AlN buffer layer was grown at 800 1C for
30 min. For the growth of AlN buffer, a sintered AlN solid target
of 3N purity was ablated using the laser energy density of
B6 J cm�2 and the repetition rate of 20 Hz under the continuous
supply of r.f. nitrogen plasma. The main GaN layers were grown
at an optimized temperature of 700 1C in all cases except for
GaN buffer. For the GaN buffer sample, the optimized growth
temperature of the main GaN was 600 1C.

The entire LMBE growth process of GaN was monitored with
an in situ reflection high-energy electron diffraction (RHEED)
observation. The surface morphology of grown GaN was studied
using field-emission scanning electron microscopy (FE-SEM)
(FIB, ZEISS, Germany). The crystalline properties of GaN
epitaxial layers have been characterized by high resolution
X-ray diffraction (HRXRD) using a PANalytical HR-XRD system
with a Cu Ka1 source. Room temperature photoluminescence
(RT-PL) characterization was employed in order to evaluate the
optical properties of GaN using a 325 nm He–Cd laser as the
excitation source.

Results and discussion

It is well known that, in GaN growth on c-plane sapphire
substrates, the nitridation of sapphire leads to the formation
of a few monolayers of AlN and/or AlOxNy on the surface, which
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can mediate GaN growth to obtain a low defect density in the
layer.31–34 After the nitridation process of r-plane sapphire, we
noticed the attenuation of the RHEED intensity of the sapphire
substrate with elongated streaky features similar to the nitrida-
tion of c-plane sapphire at high temperature, which could
indicate the modification of the sapphire surface likely due to
the formation of AlN and/or AlOxNy.33,34 Here, the effect of
r-plane sapphire nitridation on non-polar GaN growth by the
LMBE technique has been examined. Fig. 1 presents the FESEM
surface morphology (top view and 451 tilt-view) of the LMBE
GaN layer grown on pre-nitridated r-sapphire at 700 1C.
In the FESEM image, well-ordered, high-density, and mutually
inclined-nanorods are obtained. The hexagonal shape of the
nanorods suggests the wurtzite structure and c-axis orientation.
The angle of the nanorods with the substrate normal is mea-
sured to be around 601. The diameter of the grown nanorods
is in the range of 45–65 nm and the length is in the range of
200–240 nm. The nanorod density was estimated to be around
1.8 � 1010 cm�2. In contrast, instead of nanorods, Yang et al.
have obtained island growth of the a-plane GaN epitaxial layer
on the high temperature nitridated r-plane sapphire substrate
in the growth temperature range of 450–880 1C using the PLD
process.27 However, Aschenbrenner et al. and Adikimenakis
et al. have reported similar observation of the growth of
GaN nanorods on pre-nitridated r-sapphire using MOVPE and
MBE techniques, respectively.35,36 During the nitridation of
the sapphire substrate, uncoalesced AlN islands form over the
sapphire surface. These pyramid-shaped island facets act as
nucleation sites for the growth of inclined polar GaN nanorods
as schematically illustrated in Fig. 2.35 The growth of GaN
nanorods is a mostly diffusion enhanced process as explained
in various reports.37–39 The RT-PL spectrum of the GaN nano-
rods is presented in Fig. 1(d) where a strong near band emission
(NBE) has been obtained at 3.41 eV along with a low intensity
broad peak of the yellow luminescence (YL) band. The full width
at half maximum (FWHM) value of the NBE peak is estimated
to be about 146 meV. The intense and narrow NBE emission

indicates that the RT-PL spectrum is primarily dominated by a
c-axis oriented high quality nanorod array rather than by non-
polar GaN.36

Fig. 3 presents the in situ RHEED pattern and FESEM surface
morphology (top-view) of LMBE GaN layers directly grown on
r-sapphire without substrate nitridation. The image shows a
flat surface morphology consisting of undulation features. This
surface feature is a signature of a-plane GaN growth on r-plane
sapphire as widely reported and is referred to as ‘striation’
which occurs due to the different growth rates of wurtzite GaN
along different directions.39–42 The striations are formed along
the c-direction as a result of the relatively higher growth rate in
this direction. The RHEED pattern recorded along azimuths of
[1�100] and [0001] at the end of GaN growth confirms the
epitaxial growth of a-plane GaN on r-plane sapphire. Here, the
steak-like pattern along [1�100] and spotty pattern along [0001]
azimuths could indicate the anisotropic nature of GaN growth
on r-plane sapphire. In the literature, using a similar process, a
surface morphology of island growth has been reported for the
a-plane GaN grown at 850 1C on pre-nitridated r-plane
sapphire.27 Fig. 3(c) gives the XRD o–2y scan of a-plane GaN
grown on a bare r-sapphire substrate. The spectrum shows
the (11�20) peak of GaN along with r-plane sapphire peaks

Fig. 1 (a) Top-view and (b) and (c) 451 tilt-view FESEM images of GaN
grown on a pre-nitrided r-plane sapphire substrate. (d) Room temperature
photoluminescence spectrum of the respective sample.

Fig. 2 Schematic of GaN growth on pre-nitrided r-sapphire including the
crystallographic direction of the GaN nanorods.29

Fig. 3 (a) and (b) FESEM images of the a-plane GaN layer directly grown
on an r-plane sapphire substrate at different magnifications. The inset of
(b) shows the in situ RHEED observation along the [1�100] and [0001]
azimuths of GaN. (c) o–2y scan X-ray diffraction spectrum and (d) room-
temperature photoluminescence spectrum of the respective sample.
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complimenting the RHEED observation of a-plane GaN growth
on r-plane sapphire. The FWHM of the GaN (11�20) peak is
obtained as 0.951. A small inclusion of sapphire (11�23) grains
is noticed in the r-plane substrate with a low intensity peak. The
RT-PL spectrum of the a-plane GaN layer is given in Fig. 3(d).
The spectrum exhibited a broad UV emission peak in the energy
range of 2.5 to 3.5 eV, which reveals a poor optical quality of the
grown GaN film. The PL peak was de-convoluted by fitting with
two Gaussians. The near-band-edge (NBE) emission is seen at
3.39 eV with a FWHM value of 370 meV. A broad defect
emission band is observed to be positioned at around 3.12 eV.

In the heteroepitaxial growth of GaN on sapphire, it is also
well known that a buffer, i.e., a thin layer of GaN or AlN before
the main epitaxial layer growth, can significantly improve the
crystalline and optical quality of the GaN layers as it helps to
reduce the severity of lattice mismatch between GaN and
sapphire. The FESEM and in situ RHEED images of the GaN
layer grown on bare r-plane sapphire using an LT–GaN buffer
are shown in Fig. 4(a). The RHEED pattern taken along the
[1�100] and [0001] azimuths of GaN revealed the epitaxial
growth of the non-polar a-plane GaN layer. The FESEM mor-
phology shows a nearly coalesced surface with strip patterns
and surface pits in some places. The characteristic striation
features of a-plane GaN growth could also be easily noticed.
The pit facets often provide nucleation sites for the growth of
c-plane GaN nanorods.43

The XRD o–2y scan of the GaN layer grown on r-sapphire
with LT-GaN is given in Fig. 4(c). The spectrum shows a
diffraction peak corresponding to only the GaN (11�20) plane
that agrees well with RHEED observation. The structural quality
of the a-plane GaN layer has been analysed by measuring the
FWHM of the GaN (11�20) peak as 1.021. The RT-PL
data, plotted in Fig. 4(d), show a relatively narrow emission
spectrum as compared to the a-plane GaN layer directly grown

on r-sapphire without any buffer layer. The PL data were
analysed using peak fitting with a Gaussian function. The
NBE peak is positioned at 3.37 eV and has an FWHM value of
368 meV. The low intensity, broad defect peak is found to be
centred at 3.07 eV with an FWHM value of 586 meV. Here, the
FWHM of NBE is comparable to the a-plane GaN layer directly
grown on r-sapphire, whereas the defect peak FWHM is signifi-
cantly reduced by the inclusion of LT-GaN buffer in the growth
sequence. The further improvement of a-plane GaN growth and
its properties was attempted using the HT–AlN buffer layer.

In order to study the effect of HT–AlN buffer, the growth of
GaN was carried out on a bare r-plane sapphire using HT–AlN
buffer grown at 800 1C. The in situ RHEED and FESEM images
are presented in Fig. 5(a) and (b). The surface morphology
consists of a smooth GaN layer growth with minimal striation
features without any secondary nucleation, which indicates a
well-coalesced GaN growth. The RHEED observation confirmed
the growth of non-polar a-plane GaN while the bright streak-
like pattern along both [1�100] and [0001] azimuths imply an
isotropic growth under the two-dimensional mode, which
could not be achieved in the previous cases. Fig. 5(c) presents
the XRD o–2y spectrum of a-plane GaN layers grown on
r-sapphire with the HT–AlN buffer layer. It is noted that the
XRD peak related to AlN buffer was not observed in the XRD
spectrum. The amount of AlN could be probably less for the
detection in XRD but the growth of AlN buffer was confirmed
with the observation of the weak appearance of the AlN related
in situ RHEED pattern at the end of buffer growth, as shown in
the inset of Fig. 5(a). The spectrum showed a single diffraction
peak corresponding to the GaN (11�20) plane complementing
the RHEED observation. The GaN (11�20) peak FWHM value of
0.871 is achieved for the GaN layer grown with HT–AlN buffer,
which is lower than the layers grown with and without LT–GaN
buffer. This implies that HT–AlN buffer more effectively

Fig. 4 (a) and (b) FESEM images of the a-plane GaN layer grown on an
r-plane sapphire substrate using LT-GaN buffer. The inset of (a) shows the
in situ RHEED observation along the [1�100] and [0001] azimuths of the
GaN epilayer. (c) o–2y scan X-ray diffraction and (d) room-temperature
photoluminescence spectra of the respective sample.

Fig. 5 (a) and (b) FESEM images of the a-plane GaN layer grown on an r-
plane sapphire substrate using HT-AlN buffer. The insets of (a) show the in-
situ RHEED patterns recorded along the [1�100] and/or [0001] azimuths at
the end of AlN buffer and GaN epilayer growth. (c) o–2y scan X-ray
diffraction and (d) room-temperature photoluminescence spectra of the
respective sample.
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improves the crystalline quality of the a-plane GaN layer on
r-sapphire by the LMBE technique. The RT-PL spectrum of
a-plane GaN layers grown on r-sapphire with HT–AlN buffer is
given in Fig. 5(d). Here, a strong NBE emission is seen with a
shoulder emission peak in the lower energy side. In addition, a
broad low intensity peak in the YL region is also detected.
Among all a-plane GaN layers grown, better optical properties
with strong and sharp NBE emission and less pronounced
defect level are obtained for the GaN grown on HT–AlN buffer.
The respective PL emission spectrum fitted with Gaussians is
presented in Fig. 5(d). The NBE peak is positioned at 3.39 eV
and possesses an FWHM value of 242 meV. On the other hand,
the defect peak centred at 3.12 eV has an FWHM value of
538 meV. The NBE peak intensity is much stronger than the
intensity of defect related emission peaks. From the said
observations, we could conclude that HT–AlN buffer improves
the optical quality of non-polar GaN as compared to the layers
grown using LT–GaN buffer. The YL peak is situated at 2.35 eV,
which arises due to the presence of VIII vacancies or increased
edge dislocation density.44,45 The XRD and PL data of the
a-plane GaN layer grown without buffer and with LT–GaN
and HT–AlN buffer are listed in Table 1. In comparison, the
a-plane GaN layer grown using HT–AlN buffer has better
structural and optical emission properties and a flat surface
morphology. The results prove that the LMBE technique can be
employed for the development of non-polar III-Nitrides and
device quality epilayers can be achieved by further fine-tuning
of the growth process.

Conclusions

Successful growth of nonpolar a-plane GaN epitaxial layers has
been realized on an r-plane sapphire substrate by the LMBE
technique. The effect of different pre-growth procedures such
as substrate nitridation, LT–GaN buffer and HT–AlN buffer has
been studied on the growth and properties of nonpolar
GaN layers. It is found that sapphire nitridation leads to the
formation of aligned GaN nanorods on r-plane sapphire and is
not favourable to obtain a-plane GaN epitaxial layers. In con-
trast, direct GaN growth on r-sapphire promotes an epitaxial
nonpolar a-plane layer having a broad PL luminescence
emission composed of band-edge emission and a defect level.
In the case of buffer growth, GaN layers grown using HT–AlN
buffer on r-sapphire resulted in a flat and fully coalesced layer

with better structural and optical properties as compared to
that grown with LT–GaN buffer. The results indicate that the
pre-growth procedure is very critical to optimize the growth
process for a high quality nonpolar a-plane GaN epitaxial layer on
r-plane sapphire using the LMBE technique. The results demon-
strate that the growth of flat surface nonpolar a-plane GaN
is achievable with the LMBE technique; however, the growth
sequence and associated experimental parameters should be
studied comprehensively to achieve device quality layers.
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