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We report the development of 520–540 nm green light emitting diodes �LEDs� grown along the
nonpolar a axis of GaN. GaInN /GaN-based quantum well structures were grown in homoepitaxy on
both, a-plane bulk GaN and a-plane GaN on r-plane sapphire. LEDs on GaN show higher, virtually
dislocation-free crystalline quality and three times higher light output power when compared to
those on r-plane sapphire. Both structures show a much smaller wavelength blue shift for increasing
current density ��10 nm for 0.1 to 12.7 A /cm2� than conventional LEDs grown along the polar
c axis. © 2008 American Institute of Physics. �DOI: 10.1063/1.2945664�

The uniaxial crystallographic structure of wurtzite
group-III nitrides induces a piezoelectric dipole across the
c-axis oriented GaInN /GaN quantum well �QW�, which is
typically used in the active region of light emitting diodes
�LEDs� and laser diodes. The associated electric field leads
to a longer emission wavelength and a spatial separation of
electron and hole wave functions.1,2 This separation reduces
the interband transition matrix element �the so-called quan-
tum confined Stark effect �QCSE�� and may be responsible
for a reduced efficiency in longer wavelength LEDs. For
example, 450 nm blue LEDs can achieve an external quan-
tum efficiency �EQE: ratio of photons emitted to electrons
injected� of 30%–40%, while records for 525 nm green
LEDs merely reach 20%.3 This should be due to the higher
InN fraction and larger polarization dipole. In order to en-
hance device efficiency, Takeuchi et al. proposed to avoid
piezoelectric polarization by employing epitaxial growth of
the QWs along crystallographic directions with lower polar-

ization such as �112̄4�, or without polarization such as

�101̄0� m axis and �112̄0� a axis.4

In their work,4,5 they used the inclined �101̄1� planes of
anisotropically overgrown but not fully coalesced c-plane
stripes, leaving small nonpolar side surfaces. Nonpolar

a-plane �112̄0� GaN can be obtained in large areas by het-

eroepitaxy on r-plane �11̄02� sapphire.6 However, threading
and misfit dislocation densities in these structures are as high
as in c-axis heteroepitaxial ones and therefore require elabo-
ration of techniques to stop their penetration of the active
region.7,8 LED structures, grown by these approaches, have
been reported covering emission from the UV to the green
�525 nm�.9–11 So far, however, their light output performance
is far below what has been achieved in c-axis material.
Likely reasons are the high density of threading dislocations
�TDs� and poorly optimized device structures.10,11

Meanwhile, low-dislocation-density, freestanding c-axis
GaN substrate has become commercially available at sizes
up to 2 in. diameter. Grown at high growth rate in hydride
vapor phase epitaxy �HVPE�, TD densities in the mid

106 cm−2 are repeatedly achieved.12 Nonpolar bulk GaN sub-
strates in reasonable size can then be obtained by slicing a
centimeter-thick HVPE-GaN boule along a and m planes.
This approach provides a low-dislocation-density template
for epitaxial growth along these nonpolar axes. For m-plane
substrates, benefits have been shown for UV and blue LEDs
�Refs. 13 and 14� and laser diodes.15–17 For a-plane sub-
strates, blue LEDs have been reported.18,19

Here we report the development of nonpolar green LEDs
grown on low-dislocation-density a-plane bulk GaN. The
characteristics and performance of these devices are dis-
cussed and compared to those grown on r-plane sapphire
�nonpolar LED� and c-plane sapphire �polar LED�.

GaN bulk templates with an a-plane surface, 450 �m in
thickness and 5�10 mm2 in size were sliced from thick
GaN boules grown along �0001� by HVPE. A chemo-
mechanical polishing process was applied to achieve an
atomically flat a-plane surface �surface roughness �0.5 nm
root mean square �rms��, with a well-controlled crystal ori-
entation �misorientation is within �2° of the a axis�. The
device structures grown along the a axis include a 1 �m
thick Si doped n-GaN layer and five periods of 3 nm thick
undoped Ga1−xInxN QW layer and 19 nm thick undoped
GaN barrier as the multiple QW �MQW� active region. The
InN fractions �x� were gradually increased in order to
achieve a light emission wavelength of 520 nm and beyond.
By a proper optimization of the metal organic vapor phase
epitaxy �MOVPE� growth conditions, V-defect formation in
the active region was avoided. Further details on the growth
process have been given in Ref. 20. A sequence of an 18 nm
thick Mg doped p-Al0.14Ga0.86N electron blocking layer and
a 190 nm thick Mg doped p-GaN layer formed the p layers
on top �type A�. For comparison, the same structure was
grown on a 6 �m thick a-plane GaN layer on r-plane sap-
phire �type B�.

The surface morphology of the active region was
analyzed by atomic force microscopy �AFM� and
secondary electron microscopy �SEM� techniques in areas
of 5�5 �m2. In AFM, type-A samples reveal uniform
atomic growth steps aligned parallel to the c plane. On the
larger scale of SEM, triangular shaped surface pits 3–5 �m
in diameter appear at a density of 7.3�104 cm−2. Their size
and density suggest that they originate in the n-GaN layer
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prior to the MQW growth, possibly initiated by defects in the
GaN bulk substrate. In separate samples of full LED struc-
tures, the p-layer surface shows a high pit density of �1–3�
�108 cm−2 with diameters of 100–200 nm, each. In type-A
samples, the surface roughness of both, the MQW samples
and LED samples in AFM was found to be in the range of
1.2–3.0 nm �rms� with z-range values of 12–22 nm. These
values are close to those in our typical green LEDs grown
along the c axis. On the surface of type-B MQW samples,
however, there is a high density of pinhole defects �9.2
�108 cm−2� at a diameter of 20–50 nm, each. Consequently,
there is a large surface roughness of 7 nm �rms� with z-range
values of 50–60 nm. The p layer of the corresponding full
LED structure samples shows pits of 100–200 nm diameter
and density of 8.8�108 cm−2 and a large surface roughness
of 13 nm �rms�.

Cross-sectional transmission electron micrographs
�TEM� of type-A and type-B samples are shown in Fig. 1
�acceleration voltage 120 kV�. It can be seen that type-A
LEDs �Fig. 1�a�� inherit the high crystalline quality of the
GaN bulk substrate without generation of any additional TDs
during the process of homoepitaxy. Under high-resolution
TEM analysis, the average thickness of the GaInN QW is
estimated to be 2.75�0.25 nm. On the other hand, in type-B
samples �Fig. 1�b��, a large density �2�1010 cm−2� of TDs
can be seen to propagate throughout the device structure
from the underlying a-plane GaN template. Despite the high
defect density, there are no additional epitaxial defects, such
as V defects, induced in the subsequent epitaxial layers.

In x-ray diffraction �XRD� using the Cu K�1 line in a

� /2� scan around the �112̄0� diffraction of GaN provides
fine details �Fig. 2�. In type-A samples, satellite peaks appear
with well-resolved intermediate fringes. These result from
the interference of the individual QWs with the p-side layers.
Their appearance indicates abrupt interfaces in all layers and
uniform composition. In contrast, the absence of such fringes
in type-B LED structures suggests poor interface quality
and/or composition inhomogeneity. These XRD results are in
good agreement with the results from the surface morphol-
ogy and TEM analysis.

In order to determine the InN fraction of the QWs, we
adopt the model of Tsuda et al. for determination of the AlN
fraction in AlGaN grown on a-plane GaN.21 Within the ter-
nary layer, an anisotropic in-plane strain is assumed and
shear forces are neglected. Therefore, the growth a axis re-
mains stress-free. Under these assumptions, the alloy com-
position can be determined. Applying the model to the co-
herently grown GaInN /GaN MQW, we distinguish lattice

periods parallel and perpendicular to the in-plane c axis.
They can be expressed in terms of the constants cGaN �along
c axis� and aGaN �along a axis� of the underlying GaN layer
as cGaN and �3aGaN /2, respectively. The lattice constant of

the �112̄0� plane separation d�1120�GaInN in the QW can then
be expressed as 2 d�1120�GaInN. Its value can be determined
from the zeroth-order superlattice peak of the MQW struc-
ture. In this model, the elastic stiffness constants of the
Ga1−xInxN alloys are linearly interpolated from those of GaN
and InN.21,22 Using an average QW thickness as obtained
from the high-resolution TEM analysis, the InN fraction was
determined to be 14% in the 3.7 nm thick QWs of type-A
and type-B MQW samples that achieve light emission near
500 nm �Table I�. In comparison, our 3.0 nm compressively
strained QWs grown along the c axis of GaN require an InN
fraction of merely 7.7% to reach the same wavelength range.
Apparently, the InN fraction needed for a green LED in non-
polar growth geometry is roughly twice as high. This can, in
part, be explained by the disappearance of the QCSE. Ac-
cording to our previous findings,2 the disappearing dipole
across the QW should alleviate the large Stokes-like redshift
in the emission spectrum.

FIG. 1. Transmission electron microscope images of type-A �a� and type-B

�b� LED samples. The zone axes are �101̄0� and �0001�, respectively. The
TD density is �107 cm−2 in type-A LED structure grown on bulk GaN and
as high as 2�1010 cm−2 in type-B LED structure grown on r sapphire.
Vector a indicates the a–axis growth direction.

FIG. 2. �Color online� 	 /2� XRD scan around the GaN 112̄0 diffraction in
nonpolar LED structures of type-A grown on bulk GaN �a� and type-B
grown on r sapphire �b� substrates.

TABLE I. InN fractions of the Ga1−xInxN QW layers for type-A and type-B
samples and their reference samples grown along the c axis of GaN. Zw is
the QW thickness.

Sample
Wavelength �nm�,

peak type
Zw

�nm�

InN-fractions�%�

Fully
strained Relaxed

Type-A
MQW �PL� 503, peak 3.7 13.5 20.2
Type-B
MQW �PL� 517, peak 3.7 14.3 23.6
c-axis
MQW �PL� 501, peak 3.0 7.7 21.7
Type-A
LED �EL� 527, dominant 2.8 18.8 31.1
Type-B
LED �EL� 539, dominant 3.7 18.1 30.7
c-axis LED
�EL� 524, dominant 3.0 9.0 23.9
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Similar results were obtained in electroluminescence
�EL� spectra. Dominant emission wavelengths of 525 nm or
larger are achieved in polar LED structures grown along the
c axis for InN-fractions of �9%. In nonpolar type-A and
type-B LED structures, the same wavelengths can be
achieved for x=18.8% and 18.0%, respectively. The correla-
tion of alloy fractions as derived from the XRD analysis and
the emission wavelength in PL and EL is summarized in
Table I.

Both type-A and type-B LEDs show a single narrow EL
emission line in the green range: dominant wavelength of
520–540 nm �Fig. 3�a�� and linewidth of 38–48 nm. The
partial optical output power measured through the substrate
of the epi wafers reaches 60 �W at a current density of
12.7 A /cm2 in the type-B LED structures on r sapphire,
while a threefold higher value of 160 �W is reached in the
type-A structures on bulk GaN �Fig. 3�b��. The �partial� EQE
of type-A LEDs shows a monotonic decrease as a function of
dc current density �Fig. 3�c��. Within this current range, the
values are consistently several times higher than those ob-
tained in type-B LEDs. As the drive current increases, there
is a red shift ��10 nm� in the dominant wavelength for both,
type-A and type-B LEDs, as seen in Fig. 3�c�. We attribute
the better device performance of type-A LEDs to the higher
crystalline quality when compared to type-B LEDs. How-
ever, the �partial� EQE of these nonpolar devices is still an
order of magnitude lower than that obtained from polar
�0001� green GaInN /GaN LEDs. Most likely, this is due to
the early development stage of these devices and could pos-
sibly be improved with better junction placement. At the cur-
rent low efficiency level, we cannot precisely distinguish
possible thermal effects from the system-inherent effects in
the drop of EQE with increasing current density. The ob-
served redshift of the emission wavelength suggests a domi-
nance of the thermal effects.

In conclusion, the crystalline quality and the electro-
optical performance of green LEDs grown along the nonpo-
lar a axis of GaN has been significantly improved by em-

ploying low-dislocation-density a-plane �11̄20� GaN bulk
substrates. We observed a threefold increase in light output

power when compared to those on high-dislocation-density
a-plane GaN grown on r-plane sapphire, although the overall
power still is lower than that obtained in conventional
c-plane device structures. We found that the InN fractions in
the nonpolar QW have to be twice as high as in polar �0001�
c-axis growth to reach the 500–540 nm green emission re-
gion. We attribute this to the elimination of the piezoelectric
dipole across the QWs.
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FIG. 3. �Color online� EL characteristics of type-A LED structure grown on
bulk GaN and of type-B LED structure grown on r-sapphire LEDs as a
function of dc current density: �a� dominant wavelength, �b� partial light
output power �EQE�, and �c� partial external quantum efficiency. Partial
refers to the fraction that can be measured through the substrate of the epi
wafers. Solid lines are guides to the eye.
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