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Abstract

Ultraviolet nonpolar InGaN/GaN light-emitting diodes grown on trench epitaxial lateral overgrowth (TELOG) a-plane GaN template

by metalorganic chemical vapor deposition were fabricated. Two emission peaks at 373 and 443 nm are observed from each fabricated

device. The double emission peaks feature is identified by cathodoluminescence images, which show that the ultraviolet peak is emitted

from the low-defect density wings on the TELOG and the blue peak is emitted from the TELOG-coalesced seed areas due to different

incorporation of indium. The L–I–V diagram revealed that there are leakage current pathways due to the many threading dislocations in

seed regions, and that the output power reached 0.2mW at 140mA. Two electroluminescence (EL) peaks are observed simultaneously

when the driving current is below 50mA. However, the EL peak at 373 nm dominates when current is above 50mA. In addition, the

degree of polarization of the ultraviolet peak was measured and found to be 28.7%.

r 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, ultraviolet light-emitting diodes (UV LEDs)
have been attracting great attention since they could be
used to fabricate white LEDs. Such an approach has the
advantage that color can be controlled by the phosphor
mix at one point, so color rendering will be excellent [1].
However, the conventional c-plane UV LEDs suffer from
the quantum-confined Stark effect [2,3], due to the
existence of strong piezoelectric and spontaneous polariza-
tions [4]. The built-in electric fields along the c-direction
cause spatial separation of electrons and holes, which gives
rise to restricted carrier recombination efficiency, reduced
oscillator strength, and red-shifted emission [5].

Since the performance of III-nitride LEDs are limited
by the polarization-related internal electric fields, nonpolar
e front matter r 2008 Elsevier B.V. All rights reserved.

rysgro.2007.12.013

ing authors. Tel.: +886 3 5712121; fax: +886 3 5716631.

esses: timtclu@faculty.nctu.edu.tw (T.-C. Lu),

.nctu.edu.tw (H.-C. Kuo).
a-plane LEDs are currently the subject of intense research
to improve the internal quantum efficiency [6,7]. Unfortu-
nately, nonpolar a-plane GaN-based material grown on
r-plane sapphire substrates always shows wavy, stripe-like
growth features and possesses a large density of threading
dislocations (TDs) (109–1010 cm�2) and stacking faults [8].
The high defect density in the GaN films limits the LED
performance because TDs act as nonradiative centers and
reduce radiative recombination efficiency. In addition, the
lattice mismatch between the a-plane GaN and r-plane
sapphire results in a serious anisotropic in-plane strain
difference between orthogonal crystal axes [9]. Therefore,
we have proposed an approach to improve [1 1 2̄ 0] a-plane
GaN quality by using epitaxial lateral overgrowth on
trenched a-plane GaN buffer layers [10]. The trenched
epitaxial lateral overgrowth (TELOG) allowed us to obtain
a-plane GaN with low dislocation density, simple fabrica-
tion process, lower cost, and thinner coalescence thickness
in comparison with previous reports [11,12]. The research
on a-plane InGaN/GaN LEDs has been focusing on the
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blue emission range for many years. In this study, we
report on the fabrication of UV nonpolar InGaN/GaN
LEDs using a reduced-defect trench epitaxial lateral
overgrowth a-plane GaN template and discuss character-
istics of these devices.

2. Experiments

First, a-plane GaN films with 1.5 mm thickness were
grown by low-pressure metal-organic chemical vapor
deposition (MOCVD) on r-plane sapphire substrates using
conventional two-step growth technique. Then, SiO2 was
deposited and patterned to realize a 2 mm seed/7 mm trench
TELOG stripe pattern parallel to the [1 1̄ 0 0] direction (to
obtain vertical c-plane sidewalls). SiO2 was etched using
inductively coupled plasma etching through the windows
to the GaN epitaxial film. The GaN in the trench areas
(unprotected by SiO2) was etched by reactive-ion etching
down to the r-plane sapphire substrate. The SiO2 mask was
removed by hydrofluoric acid to simplify the growth
process. We then continue to perform the regrowth process
on 2 mm seed/7 mm trench stripe patterns to obtain a fully
coalesced a-plane GaN template [10]. Later, the LED
structure was regrown by MOCVD on the a-plane TELOG
GaN template.

Fig. 1 shows the structure of the UV nonpolar TELOG
LED. It consisted of 12-mm-thick TELOG GaN template,
a 1.5-mm-thick Si-doped n-GaN with an electron concen-
tration of 3� 1018 cm�3, a 0.1-mm-thick n-GaN with an
electron concentration of 1� 1018 cm�3, followed by the
active region, which consisted of eight pairs of MQWs with
15-nm-thick GaN barriers and 5-nm-thick InGaN wells. A
30-nm-thick p-type Al0.1Ga0.9N electron blocking layer
separated the active region from the 0.16-mm-thick p-type
GaN with a hole concentration of 6� 1017 cm�3. After
MOCVD growth, the LED wafer was partially etched by
reactive-ion etching from the surface of the p-type GaN
until the n-type GaN was exposed. Ni/Au contact metal
layers were evaporated onto the p-type GaN contact layer,
and a titanium/aluminum (Ti/Al) contact was evaporated
onto the n-type GaN layer. The comparison of surface
Fig. 1. Structure of the ultraviolet nonpolar TELOG LED.
morphologies and defect distributions over various areas
were obtained by using scanning electron microscopy
(SEM) and spatially resolved cathodoluminescence (CL).
The LED spectrum and the degree of polarization were
measured by electroluminescence (EL).

3. Results and discussion

Fig. 2 shows the cross-sectional SEM image of the a-
plane UV LED grown on TELOG substrate. Most TDs
were located on the GaN seed stripes: they originated from
the GaN seed and penetrated through the MQWs to the
p-type GaN surface where they were visible as surface pits.
The TD density of the GaN wing region was much lower
than that of the seed region. Fig. 3(a) shows a plan-view
SEM image of a wing with seed regions. Fig. 3(b, c) are the
monochromatic CL images of Fig. 3(a) at 373 and 443 nm,
respectively. The bright regions showed that the emission
of 373 nm mainly came from the low defect density wings.
In comparison, the emission of 443 nm came from the high
defect density GaN seeds. A similar behavior was observed
in the lateral epitaxially overgrown window and wing
regions by Chakraborty et al. [13]. They assumed that the
presence of defects led to increase in indium incorporation
in the poor quality region. We thus suggest that more
indium atoms could be incorporated in the MQWs of seed
regions with higher dislocation density, resulting in longer-
emission wavelength from those areas.
Fig. 4(a) shows the L–I–V characteristics of nonpolar

TELOG LEDs. The I–V curve of the diode showed that the
series resistance was about 50O and the forward voltage
was below 2V. This indicated that there could be some
leakage current pathways. According to Kozodoy’s report
[14], we suggest that leakage current pathways could be
present due to the high density of TDs in the seed regions.
Besides, the output power increased appreciably when the
injection current increased over 40mA and finally reached
0.2mW at 140mA. Fig. 4(b) presents the normalized EL
Fig. 2. Cross-sectional SEM image of a TELOG a-plane LED with 2mm
seed/7mm trench patterns.
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Fig. 4. (a) L–I–V characteristics of the ultraviolet nonpolar LED and (b)

normalized CW electroluminescence spectra.

Fig. 3. (a) Plan-view SEM image, including seed regions and wing regions

(b) monochromatic CL image at 373 nm and (c) monochromatic CL image

at 443 nm.
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spectra at drive currents ranging from 25 to 60mA. When
the injection current was below 25mA, the spectrum was
dominated by the blue emission at 443 nm. Once the
current increased over 30mA, the UV emission at 373 nm
appeared in addition to the 443 nm emission. The intensity
of the 373 nm UV peak increased much faster than that of
the 443 nm UV peak from 30 to 60mA, and finally the UV
peak became the dominant peak. Meanwhile, the 373 nm
peak exhibited a red-shift to 382 nm when the current was
increased from 30 to 60mA. This could be attributed to the
bandgap shrinkage due to the thermal effect. We assume
that the 373 nm UV emission comes from the GaN wing
regions as shown in Fig. 3(b). On the other hand, the
longer 443 nm wavelength EL emission (bright bands in
Fig. 3(c)) comes from the TELOG seed regions. There are
two reasons that could account for the special double peaks
feature in the EL spectra. First, since many TDs in the seed
regions would form leakage current pathways, injection
current tends to bypass wing regions and a flow through
these leakage channels in the seed regions at an early stage
(when the injection current was below 30mA). The other
reason is that the difference of bandgap between the seed
and wing regions due to the different indium incorporation
that caused different turn-on voltages. Obviously, the turn-
on voltage in wing regions was higher than that in the seed
regions. Therefore, the injection current preferred to pass
through seed regions until the injection current is high
enough to spread into wing regions. As a result, the
emission peak of 443 nm was the dominant peak at low-
injection current and subsequently the 373 nm peak quickly
increased in intensity once the injection current spread into
the wing regions.
Nonpolar GaN films have been shown to exhibit

optically polarized spontaneous emission, which is ex-
plained by the crystal field oriented along the c-axis of
wurtzite GaN and its effect on the valence-band splitting
induced by large compressive strain within the wells [15].
The linear polarization of the EL of our devices at room
temperature was analyzed by rotating a polarizer between
a polarization angle of 01 (referred to as parallel to the
c-axis) and 3601. The polarization ratio is defined as
r ¼ (Imax�Imin)/(Imax+Imin), where Imax is the intensity of
light with polarization perpendicular to the c-axis and Imin

is the intensity of light with polarization parallel to the
c-axis. Fig. 5 shows the EL intensity of UV spectral range
at different polarization angles at room temperature, as the
operation current is 80mA. The degree of polarization is
estimated to be about 28.7%. This polarization ratio
is lower than that reported at 10K for the m-plane



ARTICLE IN PRESS

4000

8000

12000

0

30

60

90

120

150

180

210

240

270

300

330

8000

12000

N
o
rm

a
liz

e
d
 E

L
 i
n
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
) 

Fig. 5. Polarization degree of the UV spectral range at the operation

current of 80mA.
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InGaN/GaN quantum wells grown by molecular beam
epitaxy [16]. This could be explained that an increase in
device temperature is first due to the ambient temperature
and then by current injection and consequently the higher-
energy valence band minimum with polarization parallel to
the c-axis filled with holes, or by population of the valence
band from the minimum up to higher energy levels as the
hole density increases with forward bias [17].

4. Summary

In conclusion, we have grown nonpolar InGaN/GaN
UV LEDs using the TELOG technique. Our CL results
revealed that the low defect density wings emitted a 373 nm
peak and the TELOG-coalesced seed regions emitted at
443 nm. This difference in emission wavelength is attrib-
uted to different incorporation of indium, which was
apparently related with the distribution of TDs. The L–I–V

diagram revealed that the series resistance was about 50O
and that there are leakage current pathways due to high
density of TDs in seed regions. The EL spectra showed that
the peak at 443 nm appeared at first and then the peak
of 373 nm was emitted with an increasing current. We
proposed that the reasons for this phenomenon were the
differences in crystal quality and bandgap between the seed
regions and the wing regions. The polarization mea-
surements showed that such LEDs possess 28.7% polar-
ization degree.
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