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In order to realize semi-polar (11-22) GaN based laser diodes grown on sapphire, it is necessary to
further improve the crystal quality of the (11-22) GaN obtained by using our overgrowth approach
developed on regularly arrayed micro-rod templates [T. Wang, Semicond. Sci. Technol. 31,
093003 (2016)]. This can be achieved by carefully designing micro-rod templates. Based on trans-
mission electron microscopy and photoluminescence measurements, it has been found that the
micro-rod diameter plays a vital role in effectively reducing both the dislocation density and the
basal staking fault (BSF) density of the overgrown (11-22) GaN, but in different manners. The BSF
density reduces monotonically with increasing the micro-rod diameter from 2 to 5 um, and then
starts to be saturated when the micro-rod diameter further increases. In contrast, the dislocation
density reduces significantly when the micro-rod diameter increases from 2 to 4 um, and then starts
to increase when the diameter further increases to 5 um. Furthermore, employing shorter micro-
rods is useful for removing additional BSFs, leading to further improvement in crystal quality. The
results presented provide a very promising approach to eventually achieving (11-22) semi-polar
II-nitride laser diodes. © 2016 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4972403]

Semi-polar GaN, particularly in the (11-22) orientation,
has emerged to be a promising candidate for fabricating both
light emitting diodes (LEDs) and laser diodes (LDs) with a
long wavelength beyond the blue spectral region, e.g., green
and yellow, which is critical for solid state lighting, visible
light communications and opto-genetics. The current status
of the development of (11-22) GaN on sapphire can be
referred to a topical review published very recently.' In com-
parison with the (0001) polar orientation, InGaN/GaN based
emitters grown along the (11-22) direction are subjected to
significantly reduced piezoelectric polarization fields, thus
effectively increasing their internal quantum efficiency
(IQE) by reducing the associated quantum confined stark
effect (QCSE).>™ Furthermore, the (11-22) plane has been
predicted to exhibit a lower indium chemical potential than
either non-polar or polar surfaces,” making (11-22) GaN
accommodate indium atoms more easily than either non-
polar or polar GaN. Consequently, (11-22) GaN becomes
particularly important for achieving longer wavelength emis-
sion where high indium content is required. However, semi-
polar (11-22) GaN on industry-preferred substrates, such as
sapphire, usually contains a high density of defects, includ-
ing threading dislocations, basal stacking faults (BSFs), and
associated partial dislocations.® These extended defects are
expected to affect the optical performance of semi-polar
GaN based devices. In order to address these material chal-
lenges, our group has developed a cost-effective approach of
overgrowth on regularly arrayed micro-rod templates and
thus has achieved semi-polar (11-22) GaN on sapphire with
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significantly improved crystal quality. Based on such over-
grown semi-polar (11-22) GaN, we have demonstrated high-
performance semi-polar InGaN LEDs with an emission
wavelength of up to the amber spectral region.’

However, it is still a great challenge to achieve lasing on
(11-22) GaN on sapphire. So far, all the semi-polar III-nitride
laser structures have been grown exclusively on extremely
expensive free-standing semi-polar GaN substrates.'®*
Therefore, it implies that it is necessary to further improve the
crystal quality of any overgrown (11-22) GaN on sapphire in
order to achieving lasing. In this paper, by carefully designing
micro-rod templates used for our overgrowth, in particular,
the diameter and height of the micro-rods used (two major
parameters), we have achieved (11-22) semi-polar GaN with
best crystal quality on sapphire, which has been systemati-
cally studied as a function of the micro-rod parameters by
means of multiple characterization methods including photo-
luminescence (PL), transmission electron microscopy (TEM)
and X-ray diffraction (XRD). Furthermore, it has been found
that the reduction of both the dislocation density and the BSF
density of the overgrown (11-22) GaN is significantly affected
by the micro-rod parameters, in particular, the micro-rod
diameter, but in different manners. These studies have directly
led to stimulated emission very recently achieved on our
semi-polar (11-22) GaN on sapphire'® which has never been
reported previously.

Two kinds of single layers of (11-22) GaN (one with a
thickness of 1.3 um and another with 0.4 um), which will be
subsequently fabricated into micro-rod array templates, are
grown on m-plane sapphire using our high temperature AIN
buffer approach by metal organic chemical vapour deposi-
tion (MOCVD).11 For the fabrication of the micro-rod

© Author(s) 2016.
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templates, a 500nm SiO, layer is initially deposited by
plasma enhanced chemical vapor deposition (PECVD), fol-
lowed by a standard photolithography patterning process.
Regularly arrayed SiO, micro-rods can be achieved by dry
etching processes, and the SiO, micro-rods then serve as a
second mask to etch the GaN underneath in order to form
regularly arrayed GaN micro-rods with the SiO, remaining
on their top. Both the diameter and the spacing of the micro-
rods can be accurately controlled, which simply depend on
the micro-rod mask used. A set of micro-rod masks, whose
diameters are 2, 2.5, 3, 4, 5, and 7 um, respectively, have
been employed for the fabrication of the micro-rod array
templates which will be used for subsequent overgrowth. A
study based on a wide range of micro-rod diameters used
helps to draw a clear conclusion on the influences of the
micro-rod diameter on the reduction of both dislocation den-
sity and BSF density. This cannot be achieved using the
micro-rod templates with a micro-rod diameter of < 3.5 um,
as reported previously.12 For details of our overgrowth and
micro-rod template fabrication, refer to our papers published
previously.'?

Figure 1(a) shows the low temperature (10K) photo-
luminescence (PL) spectra of the semi-polar (11-22) GaN
overgrown on the regularly arrayed micro-rods with different
diameters ranging from 2 to 7 um. The samples were held in
a helium closed-circuit refrigerator. A 325nm continuous
wave (CW) He-Cd laser was used as an excitation source,
and luminescence was dispersed using a 0.5 m monochroma-
tor and detected using a thermoelectrically (TE) cooled
charge-coupled detector (CCD) which can be cooled down
to —70°C. As usual, two emission peaks have been observed
in each spectrum, one at 356 nm which is attributed to the
near band-edge (NBE) emission, and another at 363 nm
which is related to the BSFs.'*"'* The PL intensity ratio of
the NBE emission to the BSF-related emission has been plot-
ted as a function of the micro-rod diameter as shown in
Figure 1(b), indicating that with increasing the micro-rod
diameter, the ratio exhibits a huge increase from 0.4 to 7.8. It
indicates a significant reduction in the BSF density of our
samples with increasing the micro-rod diameter.
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FIG. 1. (a) Low temperature PL spectra of the (11-22) GaN overgrown on
micro-rods with different diameters and heights; (b) PL intensity ratio of the
NBE emission to the BSF-related emission is plotted as a function of the
micro-rod diameter. The dashed line is a guide to the eye.
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TEM measurements have been performed on these sam-
ples using a Philips EM430 TEM operating at 200kV. TEM
specimens were prepared by mechanical polishing, followed
by an ion beam milling process for electron transparency.
Figure 2(a) presents the bright field plan-view TEM images
of the overgrown (11-22) GaN on the micro-rod templates
fabricated using different micro-rod diameters of 2, 3, 4, and
5 pum, respectively. It should be mentioned that the height of
the micro-rods with a micro-rod diameter of 2 or 3 um
(D=2 pum and D=3 um) is 1.3 um, while those in the other
two (D=4 um and D=5 um) have a height of 0.4 yum. The
specimens are tilted around 32° to the [-1-120] zone-axis
from the surface normal. From the invisibility criterion,
BSFs can be observed when the diffraction vector g is 10-
10."5 Figure 2(a) clearly exhibits a periodic distribution of
the BSF clusters and BSF-free areas along the c-projection
direction across the surface. The width of the BSF-free area
clearly increases with increasing the micro-rod diameter,
leading to a reduction in BSF density from 1.4 x 10°cm ™'
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FIG. 2. (a) Bright field plan-view TEM images of the (11-22) GaN over-
grown on micro-rods with different diameters and heights (D: diameter, H:
height), as labeled in each figure, where the specimens are viewed along the
[-1-120] zone-axis with the diffraction vector g =10-10 to show the BSF
distribution across the surface; (b) Bright field plan-view TEM images of the
(11-22) GaN overgrown on the micro-rods with a same micro-rod diameter,
but different heights of 1.3 and 0.4 um, respectively; (c) BSF density of the
overgrown (11-22) GaN as a function of the micro-rod diameter. Filled and
open symbols represent the micro-rods with different heights of 1.3 and
0.4 pum, respectively. The dash lines are the simulation results based on a
defection reduction model.
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in the sample of using a 2 um micro-rod diameter to 2.8 x
10*cm ™" in the sample of using a 5 yum micro-rod diameter.
It has been understood that the BSFs can penetrate from the
micro-rod GaN underneath to the surface only when the
overgrowth (starting from the sidewalls of micro-rods) is
along the a-direction, while the growth along the c¢-direction
leads to free-BSFs.'? Furthermore, the growth rate along the
c-direction is usually higher than that along the a-direction.
Consequently, the utilization of larger micro-rods along with
an increased spacing between micro-rods allows the growth
along the c-direction to more effectively block the penetra-
tion of the BSFs caused due to the growth along the a-direc-
tion. In addition, the width of the BSF clusters does not
change significantly with changing the micro-rod diameter
as predicted by our model.'* Therefore, the utilization of
larger micro-rods for overgrowth can significantly reduce the
BSF density, although the overgrowth conditions need to be
further optimized in order to maintain quick coalescence.

The influence of the micro-rod height on BSF density
has also been investigated. Figure 2(b) shows the plane-view
TEM images of two semi-polar (11-22) GaN films over-
grown on the micro-rod templates fabricated using a same
micro-rod diameter (4 um), but with different micro-rod
heights (1.3 and 0.4 um, respectively). In the case of using
micro-rods with the 1.3 um height, beside the long BSF clus-
ters, additional BSF clusters with a periodic distribution
have been observed as marked by red dashed lines. From the
surface striation direction (parallel to the [11-2-3]-direction),
it can be determined that these additional BSF clusters are
distributed along the c-projection side. However, in the case
of using the 0.4 um height, the TEM image exhibits a sharp
interface between the BSF regions and the defect-free areas,
namely, there are no such additional BSF clusters. Generally
speaking, employing shorter micro-rods for overgrowth leads
to less variation of the diameter of each micro-rod from its
bottom to top along the vertical direction. As a result, both
the SiO, on the top of each micro-rod and the growth along
the c-direction can effectively stop the penetration of the
extra BSFs generated due to the variation of the micro-rod
diameter. This is consistent with the low temperature PL
results showed above. Figure 2(c) shows the BSF density of
the overgrown (11-22) GaN samples as a function of the
micro-rod diameter. Filled and open symbols represent the
micro-rods with a height of 1.3 and 0.4 um, respectively.
The BSF density exhibits a clear reduction on the samples
grown on larger and shorter micro-rods, agreeing well with
our previous prediction based on a model for defect reduc-
tion'? shown by blue dashed lines in the figure. The simula-
tion was made assuming a BSF density of 4 x 10°cm™ ' in
the as-grown GaN template used for the fabrication of
micro-rod arrays.

Dislocation distribution is also revealed in the TEM
observation by tilting the sample at an angle around 7.5°
from the surface normal to view along the [22-43] zone-axis.
In Figure 3(a) taken with the diffraction vector g=1-212
(Figure 3(b)), dislocations including a-type, c-type, mixed
type, and Frank-Shockley partial dislocation (b= 1/6 (20-
23)) are visible, while BSFs are out of contrast. The blue
square marks a region randomly selected to evaluate the dis-
location density. The dislocation densities measured from
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FIG. 3. (a) Bright field plan-view TEM images of semi-polar (11-22) GaN
films overgrown on the micro-rods with different diameters and heights, pre-
senting the dislocation distributions across the surface, where the specimens
are viewed along the [22-43] zone-axis with the diffraction vector g =1-212
and the diffraction pattern is shown in (b); (c) Dislocation density of the
overgrown (11-22) GaN plotted against the micro-rod diameter. Filled and
open symbols represent the micro-rods with different heights of 1.3 and
0.4 pm, respectively.

the TEM observation are plotted against the micro-rod diam-
eter in Figure 3(c). The dislocation density shows a reduction
from 6.5 x 10°cm™? in the case of using a 2 um micro-rod
diameter down to 2.0 x 10®cm ™2 in the case of using a 4 um
micro-rod diameter. Unexpectedly, the dislocation density
increases slightly when the micro-rod diameter is further
increased to Spum with other conditions remaining
unchanged. This is different from the BSF behaviors. In
addition, threading dislocations with a long dislocation line
(marked by red arrows) have been observed in the case of
using a 5 um micro-rod diameter. They are likely generated
due to the extended coalescence process as a result of using
the micro-rods with a larger diameter.

Furthermore, the crystalline quality of the samples has
been characterized by performing X-ray diffraction measure-
ments in order to make a comparison with the above TEM
data. Generally speaking, the crystal quality of (11-22) GaN
can be evaluated by measuring the full width at half maxi-
mum (FWHM) of on-axis X-ray rocking curves as a function
of an azimuth angle (labeled as W). Typically, the FWHM at
the 0° azimuth angle shows the largest value and the FWHM
at the 90° azimuth angle the lowest Valuf:,l6_]8 and these two
FWHMs can be used to represent the crystal quality of
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FIG. 4. A summary of the FWHMs of the on-axis XRD rocking curves of
the overgrown (11-22) GaN as a function of the micro-rod diameter. Filled
and open symbols represent the micro-rods with different heights of 1.3 and
0.4 pum, respectively.

(11-22) GaN. The azimuth angle is defined as zero when the
projection of the incident X-ray beam is parallel to the
c-direction of (11-22) GaN. Figure 4 provides a summary of
the two FWHMs from a large number of the overgrown sam-
ples as a function of the micro-rod diameter from 2 to 7 yum.
For the as-grown semi-polar GaN templates used for the fabri-
cation of micro-rod templates, the FWHMSs are 1345 arc sec
(0.374°) and 625 arc sec (0.174°) at the 0° and 90° azimuth
angles, respectively. All the overgrown semi-polar GaN films
show a significant reduction in FWHM compared with the as-
grown templates. With increasing the micro-rod diameter, the
FWHMSs at both the 0° and the 90° azimuth angles decrease
and reach the lowest values in the case of using a 4 yum micro-
rod diameter, demonstrating the FWHMSs of 325 and 235 arc
sec at the 0° and the 90° azimuth angles, respectively.
However, with further increasing the micro-rod diameter to 5
and 7 um, the FWHMs at both the 0° and the 90° azimuth
angles increase slightly, meaning an increase in dislocation
density. The slight degradation of the crystal quality in the
case of using the larger micro-rod diameters agrees well with
the dislocation densities measured by TEM as shown in
Figure 3(d). Both the XRD data and the TEM data represent a
record crystal quality of (11-22) GaN obtained on sapphire
substrates. Overall, these low FWHM values are comparable
to those for commercial c-plane GaN LEDs, implying a great
potential to achieve outstanding optical devices on these
semi-polar (11-22) GaN films. Furthermore, our previous
report based on the micro-rod templates with a small micro-
rod diameter showed a 346 arc sec FWHM of XRD rocking
curve,'” while the present study provides XRD data as a func-
tion of micro-rod diameter including a record narrow FWHM
of XRD rocking curve which is 235 arc sec (achieved using a
4 yum micro-rod diameter). This further confirms a step-
change in crystal quality. It is worth highlighting that stimu-
lated emission has been achieved on our semi-polar (11-22)
GaN overgrown on the micro-rods with a 4 yum diameter and
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a 0.4 um height, despite the fact that the BSF density in the
4 um sample is not the lowest (while the 4 yum sample shows
the lowest dislocation density). This suggests that dislocations
instead of BSFs may play a critical role in determining the
optical performance of (11-22) semi-polar GaN based
emitters.

In conclusion, semi-polar (11-22) GaN films overgrown
on micro-rod arrays with different diameters have been
investigated. The PL intensity ratio of the NBE emission to
the BSF related emission exhibits a monotonic increase with
increasing the micro-rod diameter. TEM measurements fur-
ther demonstrate that the lower BSF density can be obtained
in the (11-22) GaN overgrown on larger and shorter micro-
rods. On the other hand, the dislocation density in the GaN
films decreases to the lowest value with increasing the
micro-rod diameter of up to 4 um. The XRD measurements
confirms that the best crystal quality of the overgrown (11-
22) GaN is achieved by overgrowth on micro-rods with a
4 ym diameter and a 0.4 um height, leading to achieving
stimulated emission.
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