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We report on the use of graded superlattices (SLs) for defect reduction in semipolar (112 ̅2) GaN films, grown
by metal-organic chemical vapor deposition. High-resolution x-ray diffraction analysis revealed that there
was a great reduction in the full width at half maximum, both on-axis and off-axis, with the SLs. Atomic
force microscopy images revealed a significant decrease in slate features which was associated with the
basal-plane stacking faults. The transmission electron microscopy images showed that the threading disloca-
tion was greatly reduced after the graded superlattices. Room temperature photoluminescence measurement
revealed that the band-edge emission intensity increased with the insertion of the SLs, which suggested
reduction in the nonradiative recombination centers.
rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The polarization fields in multiple quantum well structures of III-
nitride along the polar c-axis direction cause a significant band bend-
ing and thus give a rise to the spatial separation of electrons and
holes. This leads to a reduced optical emission efficiency of Light-
emitting diodes, as well as an undesirable redshift in the emission
spectra from the quantum wells [1]. For the purpose to overcome
this problem, it has been proposed to grow GaN films along the non-
polar directions such as a-plane andm-plane [2–4]. However, it is still
difficult to grow nonpolar GaN with high crystalline quality. The diffi-
culty of the nonpolar GaN growth is the anisotropic nature of the
growth mode, which results in stripelike morphological features, a
large density of threading dislocations (TDs) and basal-plane stacking
faults (BSFs). Furthermore, the nonpolar GaN are believed to be only
stable over a narrow range of growth conditions [5,6]. The growth
along semipolar orientations may be an alternative method to reduce
the polarization effects, and the semipolar planes GaN are believed to
be stable over a wide range of growth conditions [7]. Given the very
limited supply of high cost, small area and complex production pro-
cess of semipolar GaN bulk substrates, a practical approach for semi-
polar material and device research will still be the heteroepitaxy of
GaN on the low cost and large m-plane sapphire substrates. The
main challenges in heteroepitaxy of semipolar ( 112̄2) GaN on
m-plane sapphire include (101̄3) mixed phases and the high density
of extended defects, especially BSFs and their associated partial dislo-
cations (PDs) [8]. In order to improve the crystalline quality of the
heteroepitaxial films, the epitaxial lateral overgrowth (ELOG) tech-
nique, widely used for c-oriented nitrides could be used for the semi-
polar GaN. However, all of these techniques involve ex-situ processing
steps and regrowths [9]. The insertion of AlN/AlGaN superlattices
(SLs) has been used to grow GaN on c-plane, which can significantly
decrease TDs density by acting as an effective dislocation filter
[10,11]. Specifically, the SLs have been shown to improve the crystal
quality of nonpolar a-plane GaN in our previous work [12]. In this
work, pure and significantly improved crystal quality ( 112̄2) GaN
has been attained with graded SLs.

2. Experimental procedure

Growth of (112̄2) semipolar GaN films was achieved on m-plane
sapphire substrates using a cold-wall showerheadmetal-organic chem-
ical vapor deposition (MOCVD) system. After chemical cleaning,
m-plane sapphire substrates were loaded into the chamber. Hydrogen
was used as the carrier gas and triethylgallium, trimethylaluminium
and ammonia (NH3) were used as source compounds. M-sapphire was
nitridized during the temperature ramping up to 1080 °C in a NH3 envi-
ronment. A high-temperature AlN (HT-AlN) layer of 100 nmwas grown
first, then a high-temperature graded AlN (8 nm)/ AlGaN (12 nm) SLs
with five periods and AlGaN (12 nm)/AlGaN (14 nm) SLs with ten pe-
riods were grown at 1050 °C and 1020 °C, respectively. After buffer
layer growth, subsequently a 2.5 μmthick semipolar (112̄2) GaN epitax-
ial layer was grown for all the samples. The semipolar (112̄2) GaNwith-
out the SLs was denoted as sample B, and the onewith the SLs as sample
A. The as-grown samples were characterized by atomic force microsco-
py (AFM), high-resolution X-ray diffraction (HRXRD), photolumines-
cence (PL) and transmission electron microscopy (TEM). The atomic
force microscopy AFM was performed using Agilent 5500 scanning
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probe system under the contact mode, a Pt/Ir coated silicon tip at
the free end of a cantilever is brought into contact with the sample sur-
face. The HRXRD was performed using Bruker D8-discover system
equipped with Ge (220) monochromator and channel-cut analyzer op-
erating in triple-axis mode, delivering a pure CuKα line of wavelength
λ=0.15406 nm. The 325 nm He-Cd laser with λ=326 nm was used
to perform the PL measurement and laser's output power was set con-
stantly to be 10 mW at room temperature, the luminescence was dis-
persed using a 0.5 m monochromator and detected using a charge
coupled detector. TEM images were acquired on a Tecnai G2 F20
S-Twin operating at 300 kV.

3. Results and discussion

Fig. 1 shows the 5×5 μm2 AFM images of the two semipolar (112̄2)
GaN samples. For the semipolar samples, similar to previous nonpolar
and semipolar GaN results, slate-like patterns were clearly observed
on the film surface [13,14]. It is well known that these slate features
not only prove strong morphological anisotropy, but also could reflect
density of BSFs [15,16]. The sample B had a higher density of the stria-
tions than the sample A, which indicated that the sample A had the
lower density of BSFs than the sample B.

For the purpose to reveal the complex of the planar and line
defects, to obtain a comprehensive knowledge of the microstructure
of (112̄2) GaN and its correlation with the growth dynamics, we mea-
sured X-ray rocking curves (XRCs) for both on-axis and off-axis dif-
fraction planes by HRXRD. Fig. 2 shows the full width at half
maximum (FWHM) of the on-axis (112̄2) GaN XRCs as a function of
the azimuthal angle, φ. The φ angle was set at 90° and 0° when the
X-ray rocking direction was parallel to [1̄123] (the surface striation
Fig. 1. 5×5 μm2 AFM images for the sample A (a), sample B (b).
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Fig. 2. The FWHM of the on-axis (a) and off-axis (b) XRCs of (112̄2) GaN as a function
of the azimuthal angle, φ and χ, respectively. (c) The FWHMs of m-plane (n0n 0) XRCs
(n=1, 2, and 3).
direction) and the in-plane m-axis [ 11̄00], respectively. As can be
seen, the FWHM of the XRC was 0.2° with the incident X-ray beam
parallel to the [ 1̄123] direction of sample A, which was much smaller
than the FWHM value 0.264° of sample B. As the incident X-ray beam
was parallel to the [11̄00] direction, the FWHM of the sample A was
0.365°, which was also much lower than that 0.462°of the sample B.
Skew symmetric geometry for off-axis planes: (0002), (101̄0), (10 1̄1)
having an inclination angle χwith respect to (112̄2) at various azimuths
was also used to evaluate themosaic twist within (112̄2) GaN. Fig. 2(b)
shows that compared with the sample without the SLs, the FWHMs of

image of Fig.�2
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off-axis XRCs were narrowed down by 25%, which evidenced that the
SLs technique could significantly improve the crystal quality of (112̄2)
GaN. In general, a dislocation with a Burgers vector b broaden an XRC,
if the g·b product is nonzero, all the BSFs are not visible under (112̄2)
diffraction [8]. According to a series of XRC measurements by varying
the diffraction order performed on the same m-planes, the FWHMs
showed different broadening factors, therefore, the effect of the SLs
can be shown. As shown in Fig. 2(c), as the diffraction order n increased
from 1 to 3, the XRC FWHMs for the two samples decreases dramatical-
ly. It should be noted that both I1 and I2 BSFs should affect the (101̄0)
and (202̄0) reflections, whereas neither should affect the (303̄0) reflec-
tion [8].For the sample with the SLs, reduction under all diffraction
order of the m-plane XRC FWHMs indicated a significant decrease in
BSFs compared with the sample without the SLs.

Moreover, we examine the optical properties of these semipolar
samples. Fig. 3 shows the PL spectra at 300 K for the semipolar (112̄2)
GaN obtained with and without the SLs. Their near band emission
(NBE) peaks were located at 365.61 nm (3.391 eV) and 367.08 nm
(3.378 eV), respectively. In comparison with semipolar GaN without
the SLs, the PL intensity for the (112̄2) GaN with the SLs was enhanced
by a factor of 5.875. The stronger emission intensity is probably a conse-
quence of reduction in the TD density. Simultaneously the PL wave-
length exhibited a blueshift of about 1.47 nm (13 meV). It is well
known that a residual strain in the GaN film would affect the energy
band gap and then result in a shift in emission wavelength. Further-
more, the type of induced stress could be identified from the redshift
or blueshift in emissionwavelength. For the GaN grownon the sapphire
substrate, the tensile strain was expected due to the high density of dis-
locations induced during the epitaxial growth [17]. Both the NBE peaks
of the semipolar GaN here had a longer wavelength compared to the
corresponding feature of unstrained GaN, implying that a certain tensile
strain existed in both the semipolar GaN. The redshifts of the (112̄2)
GaNwithout SLs compared to the samplewith SLs indicated that tensile
strain in sample Bwas less relaxed. This result shows another advantage
of using the SLs in growing semipolar GaN. Specifically, for both of the
semipolar samples, the notoriously yellow luminescence (YL) was
very weak. More details about the YL and unintentional impurity incor-
poration in polar (0001), nonpolar (112̄0) and semipolar (112̄2) GaN
films grown by MOCVD have been reported elsewhere [18]. It should
be noted that the emission of BSFs dominate the luminescence spec-
trum most of the time, the stronger intensity of the BSFs emission of
the semipolar (112̄2) GaN with the SLs should be associate with the
low density of TD [19].

In order to further identify the effect of the SLs, TEM samples were
prepared by mechanical polishing before ion beam thinning to elec-
tron transparency. The typical bright-field cross sectional TEM
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Fig. 3. Comparison of PL spectral features and intensities at room temperature between
samples A and B.
image of the sample with SLs near 033̄1
� �

Al2O3
[so the SLs are in con-

trast] zone axis is shown in Fig. 4. It can be found that the HT-AlN
nuclear layer and the first five periods AlN(8 nm)/ AlGaN (12 nm)
SLs had few dislocations. Generally, in contrast to the c-plane case
however, rather than TDs, in semipolar GaN the majority of disloca-
tions are the PDs associated with BSFs [20]. It is likely that the high
formation energy of stacking faults in AlN makes the occurrence of
BSFs and associated with PDs not favorable [21]. So the high Al com-
ponents layer had the lower PDs and BSFs. But the second ten periods
AlN (12 nm)/AlGaN (14 nm) SLs had more discolations, which should
be associated with the strain relaxation by formation of BSFs and PDs.
After the growth of 15 periods graded SLs, the dislocations blocking
effect was observed at the interface of SLs and the GaN. In generally,
the SLs structure could not only relieve strain between AlGaN layers
and the GaN but also block part TDs from penetrating into the subse-
quent growth layers. And the strain and stress relaxation processes
in SLs had been widely studied by calculations and experiments
[22–24]. Therefore, the graded SLs layer releases the stress and re-
duces the PDs and the BSFs. This work provides an effective demon-
stration of reducing, if not eliminating, TDs and BSFs through
graded SLs rather than using the conventional and complex ELOG
procedure.
Fig. 4. (a) Cross-sectional TEM image of (112̄2) GaN with SLs. (b) The magnification
cross-sectional TEM image near the SLs so the effect of the SLs can be distinguished.
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4. Conclusions

In conclusion, we have demonstrated the effectiveness of graded
SLs in defect reduction in semipolar ( 112̄2) GaN films grown on
m-plane sapphire. The 5×5 μm2 AFM images showed the ( 112̄2)
semipolar GaN with the SLs had a lower density of the striations,
indicating a fewer density of BSFs than that of the sample without
the SLs. The use of SLs resulted in the reduction of on-axis and off-
axis XRC FWHMs, indicating the improved GaN crystalline quality.
The TEM images revealed reduction in defect density. In addition,
the PL spectra exhibited that significant increased PL intensity,
which was probably attributed to the effective suppression of TD by
the graded SLs.
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