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Abstract

The influence of the underlying nucleation layer on the properties of semipolar (1122) GaN grown on m-plane sapphire by
metalorganic vapor-phase epitaxy has been investigated. (1122) GaN epilayers of ~ 1 um thickness were grown using four
different initiating sequences: low-temperature AIN and GaN, and high-temperature AIN buffer layers, and directly (high-
temperature GaN). The choice of nucleation layer had a pronounced effect on the surface morphology and crystal quality of
the overlying GaN epilayer. In comparison, direct growth of (1122) GaN without any buffer layer provided the best crystal
quality with a rocking-curve w full-width at half-maximum (FWHM) value of 720 arcsec along the [1123] direction and
relatively enhanced near-band-edge photoluminescence emission, thus showing this direct growth process to be a simple

route for synthesis of semipolar (1122) GaN layers.

Keywords High-resolution x-ray diffraction - low-pressure metalorganic vapor-phase epitaxy - nitrides - semiconducting
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Introduction

Semipolar III-nitride layers are being extensively studied
for reduced-polarization optoelectronic devices compared
with conventional polar III-nitride layers grown on the
c-plane orientation.!” While the best device results have
been demonstrated on homoepitaxially grown layers on bulk
semipolar GaN substrates,>*> these substrates are usually
of very small size and extremely expensive. Heteroepitaxial
growth of semipolar GaN on easily available, large-area,
and relatively cheap substrates is promising and has been
the focus of many studies. Semipolar III-nitride layers can
be grown on various foreign substrates, such as (1101) GaN
on 7° off-cut (001) silicon,® (1011) GaN on (100) MgA1204,7
as {1101} side facets grown on c-plane GaN on sapphire,®
(1011) GaN on graphene,” (2021) GaN on patterned (114)
Si,'° (1120) and (1013) GaN on GaAs substrates,'" (1122)
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and (1013) GaN on m-plane sapphire,'? or on facets of
(0001) GaN stripes.13

Among the various substrate options, growth of GaN on
m-plane sapphire has attracted much attention, since it does
not require prior patterning and is readily commercially
available. However, growth on m-plane sapphire can yield
both (1122) and (1013) semipolar orientations, usually deter-
mined by the initial nitridation conditions.'*"'® The (1013)
semipolar orientation suffers from the presence of a twinned
(1013) phase, thus the growth of (1122) GaN has received
more attention. The (1122) orientation also offers both
reduced polarization and high indium incorporation effi-
ciency.!” However, semipolar (1122) GaN films suffer from
relatively poor crystalline quality and surface morphology
because of the anisotropic in-plane lattice mismatch between
semipolar (1122) GaN and the (1010) sapphire substrate.'®
Thus, heteroepitaxially grown (1122) GaN on m-plane sap-
phire typically has a high density of threading dislocation
(TDs) of ~ 10'° cm~2 and basal plane stacking faults (BSFs)
of ~ 10> cm=2.12

To optimize the growth of (1122) GaN on m-plane sap-
phire via metalorganic vapor phase epitaxy (MOVPE),
various approaches have been pursued. A two-temperature
growth process was adopted'*!” with a low-temperature
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(LT) (610° to 620°C) nucleation layer followed by high-
temperature (HT) GaN grown at 880° to 990°C. Wernicke
et al.'” and Ploch et al.?” showed that the substrate nitrida-
tion step was critical to obtain preferential (1122) layers.
In all these cases, the epilayers had a residual (1013) phase
amounting to almost 1/250 of the (1122) phase even for
the best results. Sun et al.?! obtained better results using a
HT-AIN nucleation layer in a multistep growth. In another
approach, Kappers et al.?* used growth conditions similar to
c-plane GaN, with a SiN, interlayer in an attempt to improve
the layer quality. Recently, Pristovsek et al.* showed much
better phase purity when using SiN . and multiple AIN inter-
layers. Improved layer quality has been obtained by the use
of epitaxial lateral overgrowth techniques,’**° especially
asymmetrical lateral overgrowth,?*=>® which promotes fast
growth along +c-axis. Growth on prepatterned sapphire
substrates,?*° GaN nanorod templates,31 and use of In
islands*? have also been attempted to improve layer quality,
with mixed results. Recently, semipolar (1122) GaN with
better crystalline quality was obtained using in sifu multiple
ammonia treatment and insertion of in situ SiN, interlay-
ers.'®3 However, most approaches use either additional
ex situ processing or complex in situ treatments.

A direct growth process has the advantage of being rela-
tively simple. In (1122) IlI-nitride growth, the nucleation
layer plays a crucial role in determining the orientation as
well as crystal quality and properties of the epilayer. In this
work, (1122) GaN epilayers were grown on different AIN
and GaN nucleation layers and their influence on the micro-
structure, surface morphology, and optical properties of the
epilayer studied.

Experimental Procedures

Semipolar (1122) GaN layers were grown on differ-
ent nucleation layers on epiready m-plane sapphire in a
Thomas Swan 3 x 2" closed-coupled showerhead MOVPE
reactor. Trimethylgallium (TMGa), trimethylaluminum
(TMALI), and ammonia (NH;) were used as precursors,
with Pd-diffused hydrogen (H,) as carrier gas. The
m-plane sapphire substrate was nitridated during the heat
up while the temperature was ramped up to 1080°C in a
mixture of NH; (1.5 slpm) and H, (8.5 slpm). The sapphire
nitridation step is crucial for obtaining single-phase (1122)
GaN by suppressing the formation of mixed-phase (1013)
.14 GaN epilayers were grown using four different nuclea-
tions: low-temperature AIN (sample A), high-temperature
AIN (sample B), low-temperature GaN (sample C), and
directly (high-temperature GaN, sample D). Growth con-
ditions and thickness of the nucleation layers were chosen
based on literature.>*! All (1122) GaN layers were grown
at a temperature of 1080°C at reactor pressure of 6.7 kPa
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Fig.1 Schematic representation of (1122) GaN grown on (a) LT-AIN,
(b) HT-AIN, (c) LT-GaN, and (d) no buffer.

Table| Parameters for different growth initiation sequences

Sample Buffer Layer Tempera- Pressure (kPa) Thickness (nm)
ture (°C)

A LT-AIN 600 6.7 60

B HT-AIN 1080 6.7 500

C LT-GaN 500 13.3 60

D No buffer - - -

(50 Torr) and V/III ratio of ~ 1200. A schematic repre-
sentation of (1122) GaN grown using different nucleation
layers is shown in Fig. 1. The growth parameters for the
four samples are summarized in Table 1.

The growth was monitored in situ using a LayTec Epi-
curve TT normal-incidence reflectometer monitoring sys-
tem, which uses a 635-nm light-emitting diode (LED)
source. The microstructure of the sample, including the in-
plane anisotropy, was examined using high-resolution x-ray
diffraction (HRXRD) measurements performed on a PANa-
lytical X’ Pert diffractometer with an Eulerian cradle. The
surface morphology of the layers was studied using atomic
force microscopy (AFM) in noncontact mode and scanning
electron microscopy (SEM), and the optical properties were
measured using absorption and low-temperature (~ 10 K)
photoluminescence (PL) spectroscopy. The luminescence
was excited using a frequency-quadrupled Nd:YAG laser.
The collected light was dispersed through a 0.55-m mono-
chromator and detected with a cooled Si charge-coupled
device (CCD) detector. Further, a transmission electron
microscopy (TEM) investigation was also carried out at an
accelerating voltage of 300 kV for our best sample to study
the interface region between semipolar GaN and m-plane
sapphire.
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Fig.2 In situ reflectance measurement at 1.94 eV of (1122) GaN
grown on different buffer layers: (a) LT-AIN, (b) HT-AIN, (c) LT-
GaN, and (d) no buffer.

In Situ Reflectance

Figure 2 shows the in situ optical reflectance traces (at
A = 635 nm) for the growth of GaN on different buffer lay-
ers. The reflectance trace for sample A shows a quick decay
in reflectance once the TMGa is introduced into the reac-
tor, indicating very high surface roughness. In sample B,
growth of the HT-AIN layer shows undamped Fabry—Pérot
oscillations (FPOs), but for GaN growth, the reflectance
quickly drops to zero, indicating high surface roughness.
The FPOs of sample C show well-defined oscillations during
GaN growth, with the reflectance trace showing immediate
recovery of FPOs after the growth of LT-GaN, indicating a
quasi-two-dimensional (quasi-2D) growth mode. There is a
small decrease in the overall amplitude, but the central value
remains almost the same. Although sample D starts with an
immediate oscillation, the reflectivity drops down and recov-
ers back, showing a changeover from a three-dimensional
(3D) to 2D growth mode. After recovery, it showed well-
sustained oscillations, albeit with a smaller amplitude whose
average value slowly increased.

Results and Discussion
X-Ray Diffraction

The samples were probed using symmetric HRXRD scans
over a wide angular range to check for the presence of dif-
ferent crystal domains in the layer, in particular traces of the
(1013) phase, which are invariably also nucleated along with
the desired (1122) phase.'*** Figure 3 shows a part of these
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Fig.3 Symmetric XRD 26/w scans with the in-plane projection of
the x-ray beam aligned parallel to (1100) GaN peak of the four GaN
samples grown on different buffer layers.

260/ w scans for the four GaN samples, with the y-axis plotted
on a log scale to highlight low-intensity features. Besides the
(1122) GaN and (3030) sapphire peaks, we also see small
peaks corresponding to (1013)-oriented III-nitrides. For
samples A and B grown on AIN buffer layers, the second
GaN phase is not detectable, as also observed for growth
on AIN layers,23 although we see signatures of (1013) AIN.
Sample B also shows a prominent (1122) AIN peak from the
buffer layer. For samples C and D, the presence of the (1013)
GaN phase is clearly visible, although the amount is esti-
mated to be around 0.5%, roughly similar to values reported
for (1122) GaN grown with GaN nucleation.”

To evaluate the microstructure of (1122) GaN, it is neces-
sary to measure x-ray rocking curves (XRCs) for multiple
on- and off-axis reflections over sufficiently large azimuthal
and inclination angles. Figure 4 shows the @ FWHM of
the symmetric (1122) XRCs as a function of the azimuthal
angle (¢) (¢ = 0° along [1100] m-axis, and 90° along [1123]
projected-c direction). The anisotropic broadening of the on-
axis (1122) XRCs is mainly due to the anisotropy in mosaic
tilt and domain size.>> Sample A grown on low-temperature
AIN buffer shows an inverted trend of anisotropy, having
higher FWHMs along the projected-c direction in contrast
to the other samples. Samples C and D have low FWHM val-
ues along the projected c-axis, but sample C exhibits much
higher anisotropy than sample D. As with any (1122) III-
nitride grown on m-sapphire,*® our epilayers are tilted about
the [1100] axis. This results in a difference in the FWHM
values between [1123] and [1123] as the w arc intercepts
different lengths in reciprocal space. Thus, as inferred from
these rocking curve measurements, sample D, having both
less anisotropy and lower FWHM values (720 arcsec along
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[1123] and 1340 arcsec along [1100]), has the best quality
among these four samples. While the FWHM values are not
smaller than those achieved for lateral overgrowth or using
interlayers, they compare favorably with the best results
obtained from two-step growth on m-plane sapphire!'®=!
(see Supplementary Information Table S1 for a compari-
son of x-ray rocking curve widths for growth using different
approaches reported in literature).

Skew symmetric XRCs from the (1011), (1010), (1120),
and (0002) planes (inclination angle y of approximately
26.0°, 42.5°, 31.6°, and 58.4° towards (1122) ) were used
to study the in-plane mosaicity of the epilayers?! and are
plotted in Fig. 5. It shows a reduction in the FWHM of the
XRCs by about 50% on moving from sample A to D, which
again suggests that the direct high-temperature growth of
GaN on sapphire provides the best microstructural quality
of (1122) GaN.
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Fig.4 XRD FWHM for on-axis XRC of (1122) GaN as a function of
azimuthal angle.
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Fig.5 XRD FWHM for off-axis XRC of (1122) GaN as a function of
azimuthal angle and inclination angle (lines are a guide to the eye).
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Photoluminescence

Figure 6 shows the low-temperature PL spectra measured
at ~ 10 K for all four samples. As commonly observed for
semipolar alloys, the luminescence is dominated by emis-
sion from basal-plane stacking faults®’~° with the I, peak
at 3.44 eV being the most prominent. Among all the sam-
ples, the direct growth (sample D) shows a relatively dis-
tinct near-band-edge feature at 3.49 eV due to emission from
donor-bound excitons. The PL from prismatic stacking fault
(PSF)-related emission is seen at 3.38 eV, and donor—accep-
tor pair (DAP) emission at 3.31 eV is also seen, with a small
shoulder at 3.22 eV arising from the phonon replica. No
significant yellow luminescence was observed from samples
C and D (a longer wavelength range PL scan is shown in
Supplementary Information Section 2, Figure S1).

A surprising observation is the high PL intensity at low
temperature from sample A, which had an extremely rough
surface and the largest XRD FWHM values. While we do
not understand this, we speculate that this is simply an effect
of better light outcoupling due to the rough surface or per-
haps due to carrier confinement in localized regions formed
by highly misaligned mosaic blocks.

Surface Morphology

The surface morphology of (1122) GaN grown on differ-
ent buffer layers was investigated using SEM and AFM.
Representative SEM images of the samples are shown in
Fig. 7. Sample A, grown on an LT-AIN buffer (Fig. 7a),
exhibits a rough grainy surface structure, which corre-
lates with the low optical reflectivity seen in situ. The

Wavelength (nm)
370 360 350

380
LT~ 10K

—Sample A .

Sample B d

—Sample C

—Sample D
1

Log intensity (arb. units)

3.2 3.3 3.4 3.5 3.6
Energy (eV)

Fig.6 Low-temperature PL spectra for samples A—D. Emissions from
donor—acceptor pair (DAP), prismatic stacking fault (PSF), basal-
plane stacking fault (BSF), and near-band-edge (NBE) are identified
for sample D. The energies of the features are taken from Ref.'”.
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other buffer layers show the typical arrowhead features’->?

observed in semipolar GaN. The size of the arrowhead
features is significantly smaller for both the LT-GaN
and direct GaN growth in comparison with the HT-AIN
growth. Sample C, grown on LT-GaN, shows long trenches
along the projected c-direction. It has been speculated that
the arrowhead features arise due to the tilt of the epilay-
ers,!? although the absence of such arrowheads in other
(1122) I-nitrides where tilt is present36 indicates that this

might not be the case. The arrowheads (for sample D) are
typically about 2 yum in size, and the density is approxi-
mately 6 X 10’ cm™2to 7 X 10’ cm~2 based on an analysis
of SEM images.

A comparison of the AFM images of the morphology
of the regions outside these trenches is shown in Fig. 8
(SEM comparison in Supplementary Information Sec-
tion 3, Figure S2). Sample C is locally smoother, with a
finer scale of the surface features and an root-mean-square

Fig.8 AFM images of (1122) GaN layers: (a) sample C (in the region outside the trenches) and (b) sample D.
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(rms) roughness of ~ 20 nm, compared with sample D,
which has well-defined arrowhead features and an RMS
roughness of ~ 50 nm.

TEM of Interface Layer

High-resolution TEM investigations were performed on
sample D. Cross-sectional TEM specimens were prepared
by a conventional combination of mechanical grinding and
ion milling, and the samples were imaged along the [1100]
zone axis of GaN. Figure 9 shows a high-resolution image
which reveals a strong contrast between the sapphire sub-
strate, an interface region, and the GaN epilayer. Additional
TEM images are shown in Supplementary Information Sec-
tion 4 (Figs. S3 and S4). The density of BSFs was estimated
tobe 4 x 10~°cm™, close to values reported in literature®>*3
(see Supplementary Information Fig. S3).

We also observed a continuous interface layer that formed
as a result of the nitridation of the sapphire (the bright layer
of ~ 3 nm thickness seen in Fig. 9). This is similar to earlier
studies reporting an AIN layer at the sapphire-GaN interface
in c-plane***! and semipolar (1122) GaN.**> Nanobeam dif-
fraction patterns obtained from the substrate, interface, and
GaN epilayer also showed variations suggesting the pres-
ence of an interface layer with a change in composition (see
Supplementary Information Fig. S5). Since the nitridation
of sapphire is likely to introduce the diffusion of nitrogen
atoms in Al,O5, the composition near the interface would
be some Al,O\N_ . Given that the layer is very thin, an exact
compositional analysis is, however, difficult.

Fig.9 HRTEM image of interface region between sapphire and GaN
for sample D. The projection is along the [1100] GaN zone axis.

@ Springer

Conclusions

This comparative study of semipolar (1122) GaN epilayers
grown on different AIN and GaN buffer layers reveals that,
under appropriate conditions, the direct growth of (1122)
GaN at high temperature on m-plane (i.e., without any buffer
layer) provides the best crystal quality, albeit with a ~ 0.5%
inclusion of (1013) phase. We obtain layers with an FWHM
value of 720 arcsec along the (1123) direction for the on-axis
rocking curve and relatively enhanced near-band-edge PL
emission. This simple direct route for synthesis of (1122)
GaN layers would be useful for the development of semipo-
lar materials and devices.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-021-08969-7.
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