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We investigated defect reduction of epitaxial lateral overgrown (ELO) semipolar (11-22) GaN
grown on m-plane sapphire substrate by using stripe and hexagon SiO2 patterns. We obtained the
fully-coalescent semipolar ELO-GaN templates successfully regardless of pattern shape and size.
However, ELO-GaN film grown on hexagonal patterns were more easily coalesced than ELO-GaN
grown on stripe patterns during ELO process due to the lateral growths from six directions. X-
ray rocking curves from ELO-GaN films indicate that ELO-GaN had much better crystal quality
than GaN template. However, the effect of the lateral overgrowth on hexagon patterns on crystal
quality was limited because the large frictions from the six-directional growth on hexagon pattern
resulted in crystallographic tilts. The photoluminescence emissions of donor-bound exciton (D°X)
recombination were observed from both samples, but the D°X emission of stripe ELO-GaN film
was considerably stronger than that of hexagon ELO-GaN. In addition, the defect-related emissions
of stripe ELO-GaN were also weaker, indicating that stripe ELO-GaN has efficiently eliminated the
non-radiative centers and suppressed the defects.
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I. INTRODUCTION

GaN-based semiconductors exhibit the wide range of
bandgap energy, which offer the possibility to cover all
the visible spectral range for optical applications [1]. Re-
cently, the growth of GaN films oriented along nonpolar
and semipolar directions have been receiving consider-
able attention to alleviate the spontaneous and strain-
induced piezoelectric polarization effects that are inher-
ent to the c-axis-oriented GaN [2]. Semipolar (11-22)
plane was tilted by 58.4° with respect to (0001) plane,
and internal polarization is reduced to 1/3 compared to
(0001) GaN [3]. However, it was well-known that the
semipolar (11-22) GaN grown on the m-plane (10-10)
sapphire had poor crystal quality with partial disloca-
tions (PDs) of ~ 10'° ecm ™2, basal stacking faults (BSFs)
of ~ 10° em™!, and prismatic stacking faults (PSFs)
[4], which could act as non-radiative recombination cen-
ters. Currently, the best performance of semipolar GaN-
based LED/LDs has been achieved by using high qual-
ity semipolar GaN substrate with much lower TDs and
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BSFs [5,6], but this substrate has the disadvantages of
very high price and small size.

The epitaxial-lateral overgrowth (ELO) technique has
been adapted for better material quality in GaN het-
eroepitaxy on sapphire decreasing the density of point
defects and dislocations [7, 8]. Recently, remarkable
progress in nonpolar and semipolar GaN growth has
been also reported by adapting conventional ELO tech-
nique [9,10]. However, most reports have focused on the
growth behavior on stripe SiOs pattern with different
width and the characterization of crystal quality. In ad-
dition, it reported that the ELO with the hemispherical
SiOs pattern was studied to reduce the crystal defect
and to increase the extraction efficiency from reflecting
the interface between GaN and sapphire substrate [11].
In this paper, we investigated comparatively the effect
of growth behavior on different SiO5 pattern shapes by
using the stripe and the hexagon patterns which would
affect the lateral coalescence and the crystal quality of
semipolar (11-22) GaN.
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Fig. 1. Optical microscope images for the non-merged ((a) and (b), [13]) and fully-coalesced ((c) and (d)) semipolar (11-22)
ELO-GaN films with the stripe and the hexagon patterns, respectively.

II. EXPERIMENTS

We prepared 2.0 pm-thick semipolar (11-22) GaN epi-
layer grown on m-plane sapphire substrate by using the
high temperature one-step growth method instead of the
typical two-step growth procedure of metalorganic chem-
ical vapor deposition (MOCVD) [12]. The semipolar
(11-22) undoped GaN template was grown at 1030 °C
and 80 Torr with the V/III ratio of 1165. 100 nm-
thick SiO, films were deposited on the semipolar (11-
22) GaN templates by using plasma-enhanced chemical
vapor deposition (PECVD) system, and then the stripe
and the hexagon patterns were formed by the standard
photolithography and the wet etching process. The SiO,
stripe patterns consisted of 12.0 pm mask and 4.0 um
opening, and SiOs stripes were oriented along the [1-
100] direction (perpendicular to the c-axis). The SiOq
hexagon patterns consisted of 15.0 um-wide hexagon
mask and 4.0 pm opening [13].

To obtain the semipolar ELO-GaN film, both sam-
ples with two patterns were loaded at the same time
and grown under identical condition in MOCVD reactor.
Growth temperature was kept at 1030 °C during the en-
tire process. Trymethylgallium (TMGa) and ammonia
(NHj3) were used as the Ga and N sources, respectively.
The ELO-process consisted of three steps growth tech-

nique [14]. The first step was the growth of GaN seed
at the opening region under the same growth condition
of semipolar GaN template. The second step was the
lateral growth of GaN for coalescence under the reactor
pressure of 300 Torr, and the V/III ratio was drastically
reduced down from 1165 to 580. The last step was the
planarization growth, and V/III ratio was changed to
1165 again in order to obtain smooth surface after coa-
lescence [15].

The surface morphology of semipolar ELO-GaN film
was observed by the optical microscope (OM), the atomic
force microscope (AFM), and the scanning electron mi-
croscope (SEM). The crystal qualities of semipolar (11-
22) ELO-GaN epilayers were characterized by high-
resolution X-ray diffraction (HR-XRD) with the different
incident beam directions of [1-100] and [-1-123]. The op-
tical properties of semipolar ELO-GaN were investigated
by low temperature photoluminescence (LT-PL) analysis
at 13 K using 325 nm line of He-Cd laser.

III. RESULTS AND DISCUSSION

Figures 1(a) - (d) show OM images for the non-merged
and fully-coalesced semipolar ELO-GaN films with the
stripe and the hexagon patterns on m-plane (10-10)
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sapphire substrates. As shown in Figs. 1(a) and (b),
we found that, for non-merged ELO-GaN films that
stopped the growth in the middle of the second step,
the hexagon-patterned ELO-GaN film was partially coa-
lesced, while the stripe-patterned ELO-GaN was still not
coalescenced. It indicates that ELO-GaN on hexagon
pattern was coalesced more easily than ELO-GaN on
stripe pattern. It is well-known that the enhanced
growth rate along the +c direction leads to overgrowth
on top of adjacent [1-100]-aligned SiOg stripe [16]. How-
ever, the lateral growth of semipolar GaN proceeded in
six directions of hexagon mask. In spite of the difficulties
of lateral growth on the hexagon ELO pattern, we suc-
cessfully achieved that semipolar ELO-GaN films were
fully coalesced on stripe and hexagon patterns after the
last planarization growth step as shown in Figs. 1(c) and
(d).

Figure 2 shows the result of AFM images of fully-
coalesced ELO-GaN on the stripe and the hexagon pat-
terns. The microscopic surface demonstrates clearly
that ELO-GaN on stripe pattern had typical coalescence,
seed, and wing regions [14], while ELO-GaN on hexagon
pattern had the small arrowhead-like surface structure
only without any specific region. Root-mean-square
(RMS) roughness of stripe and hexagon ELO-GaN were
14.0 nm and 9.88 nm, respectively. RMS roughness of co-
alescence/seed region (region A) and wing region (region
B) of Fig. 2(a) were 7.4 nm and 4.5 nm, respectively, and
we confirmed that the region A of coalescence/seed was
rougher than region B of wing. However, in the hexagon
ELO-GaN film, coalescence/seed and wing regions were
clearly observed. As a result, we surmise that ELO-GaN
on stripe pattern had rougher surface than ELO-GaN on
hexagon pattern due to the existence of the coalescence
boundaries of ELO-GaN film. In addition, we believed
that the hexagon-patterned ELO-GaN was easily coa-
lesced due to the lateral growth from six directions.

Figures 3(a) - (d) show the cross-sectional SEM im-
ages of the non-merged and fully-coalesced semipolar
ELO-GaN films with the stripe and the hexagon pat-
terns grown on m-plane (10-10) sapphire substrates. It
reported that the growth process of stripe ELO-GaN
coexists with difference facets (a-plane, +c-plane and
semipolar (11-22) plane) as confirmed in Fig. 3(a) [14].
In that case, the growth rate toward the +c-direction
was significantly enhanced, allowing the crystal to grow
above its adjacent neighbor, which was consistent with
the result of Fig. 2(a). The surface structure of coales-
cence/seed GaN region in Fig. 2(a) appears clearly along
the main growth direction (4c-direction). It was also
well-known that voids of equilateral triangle shape were
formed in fully-merged ELO-GaN on stripe pattern as
shown Fig. 3(b) [17]. Figures 3(c) and (d) showed that
the growth mode of ELO-GaN on hexagon pattern was
significantly different from ELO-GaN on stripe pattern.
The main growing direction of ELO-GaN on hexagon
pattern was also 4c-direction, but we found many facets
in various directions of hexagon shape. This implies that

Seed

Coalescence

Fig. 2. (Color online) AFM images (20 x 20 um) for fully
coalescence of (a) stripe and (b) hexagon [13] ELO-GaN films.

the growth process occurred in six directions of hexagon
shape including +c-axis. In addition, we found that the
void height of fully-coalesced ELO-GaN on stripe and
hexagon patterns reached 5.5 and 4.5 um, respectively,
indicating that hexagon ELO-GaN could be coalesced
easily.

Figures 4(a) and (b) show X-ray rocking curves
(XRCs) obtained from fully-merged (11-22) ELO-GaNs
on the stripe and the hexagon pattern with different two
X-ray beam incident directions of [-1-123] and [1-100],
respectively. The full width at half maximum (FWHM)
values of ELO-GaN films on the stripe and the hexagon
patterns were 537 and 892 arcsec for XRC in [-1-123]
direction, respectively. Moreover, the XRC FWHMs of
the stripe and hexagon ELO-GaN films were 367 and
1078 arcsec in the X-ray beam direction of [1-100], re-
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Fig. 3. Cross-sectional SEM images for the non-merged ((a) and (c)) and fully-coalesced ((b) and (d) [13]) semiplar (11-22)

ELO-GaN films with stripe and hexagon patterns, respectively.

spectively. These results mean that the ELO-GaN films
had much better crystal quality than semipolar (11-22)
GaN template with FWHMs of ~ 1200 arcsec in [-1-123]
and ~ 1500 arcsec in [1-100] in Fig. 6. Furthermore,
regardless of x-ray incident beam directions, the crystal
quality of ELO-GaN film was better on stripe-ELO pat-
tern than hexagon-ELO pattern, even though the surface
roughness of stripe-ELO GaN film was a little worse than
that of hexagon-ELO GaN as shown in Fig. 2. However,
the XRC FWHM of the stripe-ELO GaN in the [-1-123]
direction was larger than that in the [1-100] direction,
while the XRC FHWM of the hexagon-ELO GaN for
[-1-123] direction was smaller than that in [1-100] di-
rection. The stripe-ELO GaN grows laterally only in
the [-1-123] direction, whereas the hexagon-ELO GaN
grows laterally in three directions around [-1-123] per-
pendicular to [1-100]. Therefore, we guess that there is
more crystallographic tilts toward [1-100] in the hexagon-
ELO GaN films. In addition, one shoulder peak of the

XRC in [-1-123] direction peak was observed from only
hexagon-ELO GaN. It was presumed that the shoulder
peak can be caused by distinctive morphology and crys-
tallographic tilt at the coalesced region of hexagon-ELO
GaN due to the lateral growths from six directions.
Figure 5 shows the FWHM values of XRCs ob-
tained from semipolar (11-22) GaN template, stripe and
hexagon ELO-GaN films as a function of the azimuth
angles from 0°. The sample was rotated counterclock-
wise to change the azimuth angle with respect to the
[1-100] direction. It is well known that the semipo-
lar (11-22) GaN film showed W-shaped curve of XRC
FHMWSs due to the anisotropic crystallographic prop-
erties of semipolar (11-22) GaN film [18]. Regardless of
stripe and hexagon ELO process, semipolar (11-22) GaN
template and ELO-GaN film show the W-shape of the
XRC FWHMs as a function of azimuth angle. In partic-
ular, the wing tilt was the major broadening mechanism
for the stripe ELO-GaN film. It is interesting that the
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Fig. 4. (Color online) X-ray rocking curves of fully-

merged semipolar (11-22) ELO-GaN films with the stripe and
hexagon patterns along (a) [-1-123] direction and (b) [1-100]
direction.

hexagon-ELO GaN film has a W-shape curve shape sim-
ilar to the stripe-ELO GaN film. It was presumed that
this W-shape behavior was caused by the anisotropic
crystallographic tilt of semipolar (11-22) GaN film and
the coalesced GaN region on the stripe and hexagon pat-
terns.

Figure 6 shows the luminescence property of semipolar
(11-22) stripe and hexagon ELO-GaN epilayers charac-
terized by LT-PL at 13 K using 325 nm He-Cd laser.
The PL emission of stripe and hexagon ELO-GaN films
showed the strong band-edge emissions by donor-bound
exciton (DYX) recombination at 3.489 eV [19], but the
DY X emission of stripe ELO-GaN film was considerably
stronger than that of hexagon ELO-GaN. In addition,
three additional emissions were observed at 3.42, 3.35
and 3.30 eV in both samples which were ascribed to
the luminescence from BSFs, PSFs, and PDs, respec-
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Fig. 5. (Color online) The FWHM values of XRCs ob-
tained from (11-22) semipolar GaN template and ELO-GaN
films on stripe and hexagon patterns as a function of the az-
imuth angles from [1-100].
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Fig. 6. (Color online) Low temperature (13 K) photolumi-
nescence spectra from semipolar (11-22) ELO-GaN films on
the stripe and the hexagon patterns.

tively [16,20]. These emissions of stripe ELO-GaN were
weaker than that of hexagon ELO-GaN, indicating that
the stripe ELO process has efficiently eliminated by sup-
pressing the defects such as BSF, PSF, and PD as the
non-radiative centers. However, only the stripe ELO-
GaN showed the emission at 2.25 eV which was related
to Ga vacancy [21]. We believed that many Ga vacancies
were formed by lateral growth on stripe SiOs mask re-
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gion causing crystallographic friction between GaN and
SiOs mask, whereas it was not severe on hexagon SiO,
pattern due to the relative discrete hexagon island pat-
tern .

IV. CONCLUSION

We investigated the growth modes, crystal properties,
and optical properties of semipolar (11-22) ELO-GaN
films with different pattern shapes. The surface mor-
phology of stripe ELO-GaN was rougher than that of
hexagon-ELO GaN, and the hexagon-ELO GaN was eas-
ily coalesced due to the lateral growths from six direc-
tions on the hexagon SiOs patterns. We found that the
main lateral growth direction of hexagon-ELO GaN was
toward the +c-direction, but there were many facets in
various directions of hexagon shape. Regardless of pat-
tern shapes, ELO-GaN films had much better crystal
quality than semipolar (11-22) GaN template. However,
the crystal quality of ELO-GaN was better on stripe
than hexagon pattern. Stripe- ELO GaN film showed
the stronger band-edge emission and the weaker defect-
related emissions than hexagon-ELO GalN film. These
results mean that the growth of hexagon-ELO GaN film
had great advantage on the coalescence and the surface
flatness, but it had disadvantage on the crystal quality
and the optical property as confirmed with XRD and PL.
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