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We demonstrate the growth and fabrication of a semipolar (1013) InGaN/GaN green (~525 nm)
light emitting diode (LED). The fabricated devices demonstrated a low turn-on voltage of 3.2 V and
a series resistance of 14.3 (). Electroluminescence measurements on the semipolar LED yielded a
reduced blueshifting of the peak emission wavelength with increasing drive current, compared to a
reference commercial c-plane LED. On-wafer measurements yielded an approximately linear
increase in output power with drive current, with measured values of 19.3 and 264 uW at drive
currents of 20 and 250 mA, respectively. The external quantum efficiency did not decrease
appreciably at high currents. Polarization anisotropy was also observed in the electroluminescence

from the semipolar green LED, with the strongest emission intensity parallel to the [ 1210] direction.
A polarization ratio of 0.32 was obtained at a drive current of 20 mA. © 2005 American Institute

of Physics. [DOL: 10.1063/1.2139841]

Current commercially available III-nitride based opto-
electronic devices typically consist of epitaxial multilayer
thin films grown along the polar ¢ direction of the wiirtzite
crystal structure. The performance of these devices suffers
from strong polarization-induced electric fields along the po-
lar ¢ direction, which results in reduced overlap between the
electron and hole wave functions in the quantum wells.'™ As
a result, these devices typically demonstrate a low radiative
recombination rate, as well as a blueshift in peak emission
wavelength with increasing bias due to the carrier-induced
screening of the polarization-induced electric fields. Addi-
tionally, the density of states in the valence band is much
higher than the density of states in the conduction band in
these structures,5 and as a result, very high carrier densities
are needed to generate optical gain.

Recently, there have been several reports of light emit-
ting diodes (LEDs) fabricated on nonpolar a- and m-plane
GaN.*” These devices show a negligible to zero blueshift of
peak emission wavelength with increasing drive currents, in-
dicative of the expected absence of polarization-induced
electric fields along the conduction direction. Additionally,
theoretical results suggest that the effective hole mass in
strained nonpolar InGaN quantum wells is smaller than that
in strained c-plane InGaN quantum wells.'” Recent work on
nonpolar m-plane films grown by molecular beam epitaxy11
has yielded hole concentrations that are almost an order of
magnitude higher than for c-plane films.

Another approach to decreasing or potentially eliminat-
ing the polarization effects and reducing effective hole
masses is to grow nitride heterostructures on so-called “semi-
polar” planes, i.e., upon planes that may not be classified as
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¢, a, or m planes, and have at least two nonzero A, i, or k
Miller indices and a nonzero € Miller index. By extension, it
is expected that nitride-based LEDs wherein the conduction
direction is along semipolar directions (parallel to the plane

normals of {1011}, {1012}, and {1013} planes, for instance)
should demonstrate behavior indicative of reduced
polarization-induced electric fields'> and higher hole
concentrations,lo when compared with devices in which the
conduction direction is along the polar ¢ direction. The semi-
polar planes are believed to be stable over a wide range of
growth conditions,""* unlike nitride growth on nonpolar
planes. Furthermore, the indium incorporation efficiency for
semipolar growth is believed to be comparable to that ob-
served in c-plane growth, and it is predicted that for particu-
lar semipolar planes, the value of piezoelectric polarization
will approach zero at specific indium compositions in com-
pressively strained InGaN quantum wells.'? Nishizuka er
al.”® have demonstrated the growth of semipolar {1122} In-
GaN quantum wells on the sidewalls of patterned c-plane
oriented stripes. In this work, we demonstrate a green
InGaN/GaN LED on a planar semipolar (1013) GaN
template.

The semipolar green InGaN/GaN LED structure was
grown by metalorganic chemical vapor deposition in a
horizontal-flow reactor, on a 20-um-thick specular and opti-
cally transparent semipolar (1013) GaN template on m sap-
phire grown by hydride vapor phase epitaxy (HVPE). Analy-
sis of the HVPE-grown template using transmission electron
microscopy yielded a defect structure dominated by basal
plane stacking faults and threading dislocations in the (1010)
directions on the (0001) plane. Convergent beam electron
diffraction of the HVPE-grown template revealed that the

negative ¢ direction emerged from the surface of the (101_§)

© 2005 American Institute of Physics
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FIG. 1. (a) A 26-w x-ray scan indicating the surface orientation of the GaN
(1013) film on m sapphire. (b) AFM image of the (1013) GaN film surface.
(c) Schematic of the semipolar green LED.

film. Figure 1(a) shows an on-axis x-ray diffraction scan for

the HVPE-grown template, confirming the (1013) surface
orientation. Figure 1(b) shows an atomic force microscope

(AFM) image of the (1013) GaN surface over a 20
X 20 wm? area. Details of the HVPE growth and material
characterization will be reported elsewhere.'* A detailed
schematic of the device structure is shown in Fig. 1(c).
Following the growth, a Cl,-based reactive ion etch was
used to define 300X300 um?> mesas. Ti/Al/Ni/Au
(20/50/20/300 nm) and Pd/Au (5/6 nm) were used as the
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n-GaN and transparent p-GaN contacts, respectively. The
fabricated devices were tested on wafer, and all measure-
ments were carried out at room temperature. Details of the
test setup are provided elsewhere.’

The solid line in Fig. 2(a) shows the I-V curve for a

representative semipolar (1013) LED. The device exhibits
rectifying behavior, with a low turn-on voltage of 3.2 V and
a series resistance of 14.3 (). The dashed line in Fig. 2(a)
shows the I-V curve for a commercially available green
c-plane LED (emission at ~525 nm) that was used as a ref-
erence. The commercial green LED has a turn-on voltage of
3.5V, and a series resistance of 28.9 ). The difference in
the turn-on voltage between the two LEDs may be attributed
to a decrease in the polarization-induced electric fields in the
semipolar LED compared to the commercial LED, which
should allow current flow across the semipolar diode at
lower bias voltages.

Figure 2(b) shows the direct current (dc) electrolumines-
cence (EL) spectra for a representative semipolar LED for
various drive currents in the range 20-250 mA. The peak
emission wavelength  blueshifts from 527.1 nm at
20 mA to 520.4 nm at 250 mA, representing a net shift of
6.7 nm over a 230 mA range. The inset in Fig. 2(b) shows
the peak emission wavelength as a function of drive current
for both the semipolar green LED and the commercial green
LED. The commercial green LED shows a shift in emission
from 522.4 nm at 20 mA to 510 nm at 100 mA, representing
a net shift of 12 nm over an 80 mA range. We attribute the
reduced blueshift in the semipolar green LED with increas-
ing drive current to reduced polarization-induced electric
fields in the active region of the device compared to the
commercial c-plane LED. Additionally, based on preliminary
calculations, we believe that the appearance of a shoulder at
~450 nm in the EL emission spectra at large drive currents
is likely related to the population of, and emission from, the
n=2 level of the InGaN quantum wells.

Figure 2(c) shows the variation of output power and ex-
ternal quantum efficiency (EQE) as a function of drive cur-
rent for the semipolar green LED. The LED was measured
by on-wafer probing, and, consequently, the output power
values for the semipolar LED were significantly lower than
that for a typical packaged commercial c-plane LED. From
past measurements, we estimate that the output power for the
bare-chip LED should improve by roughly five-fold after
packaging. Figure 2(c) shows that the output power for the
semipolar green LED increases approximately linearly
within the measured range of drive currents of 5-250 mA. A
dc output power value of 264 uW was measured at a drive
current of 250 mA. The EQE was 0.041% at a drive current
of 20 mA and increased as the drive current was increased,
attaining a maximum value of 0.052% at a drive current of
120 mA, after which it decreased gradually as the drive cur-
rent was increased. Such a trend in the EQE as a function of
drive current is typically observed in long wavelength
arsenide- and phosphide-based LEDs. The origin of the
atypical variation of EQE with drive current for the semipo-
lar green LED is presently unknown, but we speculate that it
is related to the reduced built-in electric fields along the con-
duction direction of these semipolar nitride LEDs.

Gardner et al.’ have shown polarization anisotropy in the
EL emission for m-plane InGaN-GaN LEDs; we observed
similar anisotropic emission from the semipolar nitride
LEDs. Figure 2(d) shows the EL intensity as a function of
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FIG. 2. (a) I-V curves for the semipolar green LED (solid line) and the commercial c-plane green LED (dashed line). (b) EL spectra for the semipolar green
LED under varying drive currents. The inset shows the variation of peak emission wavelength as a function of drive current for the semipolar green LED as
well as for the commercial c-plane green LED. (c) Output power and EQE as a function of drive current for the semipolar green LED, tested on wafer. (d)
Variation of output power with the orientation of a polarizing filter placed between the sample and the Si photodiode, for the semipolar green LED and for

an unpackaged c-plane green LED.

the orientation of a polarizing filter placed between the semi-
polar green LED and the Si photodiode, at a drive current of
20 mA. It can be seen that there is a periodic variation of the
EL intensity with angular orientation of the polarizer, with

the EL intensity being strongest parallel to the [1210] direc-
tion [corresponding to the EL intensity at approximately 0°
and 180° in Fig. 2(d))]. This indicates that the light collected
from the semipolar LED is partially polarized, and the polar-
ization ratio p [defined as p=(I.x—Tnin)/ Tnax+ Imin) ] Was
0.32 at a drive current of 20 mA. The emission polarization
anisotropy is believed to be related to the crystal field along
the ¢ axis in wurtzite GaN and the influence of this field on
the valence band structure.' Corresponding data collected
on wafer from a conventional c-plane green LED did not
show any evidence of polarization anisotropy.
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