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a b s t r a c t
We introduce a method to enhance the luminescence of GaN-based LEDs by combining the direct heteroepitaxy laterally overgrowth (DHELO) technique with selective wet etching process. The epitaxial overgrowth of GaN layers on sapphire substrate with SiO2 micro-rods array exhibited a reduced dislocation
density and improved the crystal quality. The EL intensity of LEDs with SiO2 micro-rods array was 6.5%
higher than conventional LEDs at 20 mA. The selective wet etching process was then used to texture
the LED sidewalls into inverted pyramid shape. Finally, the EL intensity could be further enhanced about
12.5% as compared with LEDs with SiO2 micro-rods array when adopting the textured sidewalls.
Ó 2011 Published by Elsevier B.V.

1. Introduction
The GaN-based semiconductors have attracted great attention
for application in optoelectronic devices such as light-emitting
diodes (LEDs) and laser diodes [1]. However, the external quantum
efﬁciency is still low in InGaN/GaN multiple-quantum well (MQW)
structures. There are two approaches to increase external quantum
efﬁciency. First, the internal quantum efﬁciency is strongly inﬂuenced by crystal quality and strain-induced piezoelectric polarization [2,3]. Second, the light extraction efﬁciency of LEDs is limited
by total internal reﬂection due to the large difference in refractive
index. However, several approaches have been proposed for reduce
the TD density, such as epitaxial lateral overgrowth and patterned
sapphire substrate [4,5]. Recently, direct heteroepitaxial lateral
overgrown GaN on a SiO2 or Si3N4 patterned sapphire substrate
is also a promising way to develop high quality GaN ﬁlms [6–8].
Furthermore, to improve the light extraction efﬁciency, surface
roughening on p-type GaN surface by dry etching process [9] and
sidewalls texturing by wet etching process [10,11] have been
widely implemented in GaN-based LEDs. However, it is difﬁcult
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to etch the Ga-face GaN material due to its chemically stable
properties.
In this paper, we designed the SiO2 micro-rods array to improve
the GaN ﬁlm quality via direct heteroepitaxial lateral overgrowth
(DHELO) technique. High quality and low-defect GaN epilayer
was lateral overgrown on a SiO2 micro-rods array patterned sapphire substrate. Moreover, the sidewalls were textured by wet
etching process to enhance the light extraction efﬁciency. The
physical, electrical, and optical properties of the LEDs with SiO2 micro-rods array and textured sidewalls will be discussed.
2. Experimental
Fig. 1a and b shows the schematic diagram of sapphire substrate with SiO2 micro-rods array at the bottom and surrounding
the LED. Firstly, SiO2 layer was deposited on the sapphire substrate
by plasma enhanced chemical vapor deposition. Secondly, the
standard photolithography was utilized to deﬁne the SiO2 microrods array in the 40-lm-wide isolation which makes the SiO2
micro-rods array at the bottom and surrounding the LED. The samples were then etched by BOE solution for 2 min of etching time.
The diameter, spacing, and height of SiO2 micro-rods array were
2 lm, 4 lm, and 0.88 lm, respectively. The samples used in this
experiment were grown on c-plane (0 0 0 1) sapphire substrate
by metal–organic chemical vapor deposition (MOCVD) system.
The InGaN/GaN LED structure consists of 30 nm thick GaN buffer
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Fig. 1. Schematic diagram of (a) a sapphire substrate with SiO2 micro-rods array at
the bottom and surrounding the LED device and (b) LED structure grown on SiO2
micro-rods array.

layer grown at 520 °C, a 2 lm thick undoped GaN layer, a 2 lm
thick Si-doped n-GaN layer grown at 1050 °C, a 10 nm thick Sidoped n-AlGaN layer grown at 1050 °C, an InGaN/GaN multiplequantum well (MQW) active region grown at 770 °C, a 40 nm thick
Mg-doped p-AlGaN electron blocking layer grown at 950 °C and
0.4 lm thick Mg-doped GaN layer grown at 950 °C. The MQW active region consists of ﬁve pairs of 3 nm thick InxGa1 xN (x = 0.2)
well layers and 10 nm thick GaN barrier layers. The as-gown wafers were rapidly thermal annealed at 650 °C for 30 min to activate
Mg in p-type GaN. The crystalline quality of these samples was
analysis by high-resolution X-ray diffraction (HRXRD) and room
temperature photoluminescence (PL). The surface morphology
and the residual stress were determined by scanning electron
microscope (SEM) and micro-Raman spectroscope.
For standard LED processes, we partially etched the samples
using Cl2/Ar as the etching gas by inductively coupled plasma system until the n-type GaN layer was exposed. Indium–tin–oxide
was subsequently deposited onto p-type GaN layer to sever as
the current spreading layer. Finally, the Cr/Pt/Au deposited on both
p- and n-type GaN layer for the metal contact and then separated
into 350 lm  425 lm LED chips from the middle of the isolation.
The current–voltage (I–V) characteristic was measured by Keithley
2400.
3. Results
Fig. 2a and b shows SEM images of p-type GaN grown on sapphire substrate without and with SiO2 micro-rods array of a device,
respectively. The p-type GaN surface morphology was roughened
with hexagonal pits for light extraction. It was found that V-shape
pit density observed from the area of sapphire substrate with SiO2
micro-rods array was lower than the area without SiO2 micro-rods.
The lower V-shape pit density was contributed to improved crystalline quality and released compressive strain of the GaN epilayer.
As a result, we could change the surface morphology of p-type GaN
by changing the design of the SiO2 micro-rods array.
Fig. 3a shows normalized XRD rocking curves of the (0 0 2)
plane measured from these two samples. The crystalline quality
could be comprehended by the full width at half maximum

Fig. 2. SEM images of p-type GaN (a) grown on ﬂat sapphire substrate and (b)
grown on sapphire substrate with SiO2 micro-rods array.

(FWHM) of the x-scan (0 0 2) rocking curve and the etch-pit density (EPD) measurement. The FWHM of the x-scan rocking curve
for the (0 0 2) plane infer the density of screw-type and mix-type
dislocations [12]. The FWHM of the conventional LED and LED with
SiO2 micro-rods array were 388.8 arcsec and 313.2 arcsec, respectively. The narrower FWHM implies that crystalline quality could
be improved by adopting the SiO2 micro-rods array. In the EPD
measurement, the etching process was carried out in a H2SO4
and H3PO4 mixture solution with 1:1 ratio at 250 °C for 30 min.
The EPD measurement reveals that threading dislocation propagating to the top surface of GaN epilayer which originates from the
GaN/sapphire interface. The etch-pit density of the LED with SiO2
micro-rods array was 1.7  10 8 cm 2, which was less than that
of conventional LED (4.2  10 8 cm 2). The improvement of crystalline quality of GaN epilayer using SiO2 micro-rods array was
attributed to the threading dislocation bending during the lateral
overgrowth. Fig. 3b shows normalized room temperature PL spectrum which obtained by using 405 nm GaN laser as excitation light
source. The emitting wavelength was blueshift from 445.4 nm to
440.2 nm. The blueshift of the emitting wavelength of the LED with
SiO2 micro-rods array was attributed to smaller residual stress by
using the DHELO technique [13]. Fig. 4 shows the E2 (high) mode
micro-Raman spectrum of conventional LEDs and LEDs with SiO2
micro-rods array. The Raman peak position of unstressed GaN bulk
[14], LEDs grown without and with SiO2 micro-rods array were
567.6, 569.426 and 568.508 cm 1, respectively. The Raman peak
position shifts to lower wavenumber implies that the residual
stress was released during epitaxy lateral overgrowth of GaN epilay-
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gap tilts and quantum-conﬁned stark effects (QCSE) caused by the
piezoelectric ﬁeld could also be reduced due to smaller residual
stress [16].
For an additional light extraction efﬁciency improvement, the
LED with SiO2 micro-rods array was further textured GaN/sapphire
interface by using selective wet etching process. Firstly, a BOE solution was used to remove SiO2 micro-rods array to formation of the
micro-holes array surrounding the LED. Secondly, a 5M NaOH
(50 °C) solution was then used to selective etching GaN/sapphire
interface into inverted pyramid shape for 20 min. Fig. 5a and b
shows the cross-sectional SEM image of the LED structure grown
on SiO2 micro-rods array and the sample after an etching time of
20 min in 5M NaOH solution at 50 °C. The higher etching rate of
the GaN/sapphire interface was observed when the sidewalls of
SiO2 micro-rods array in a NaOH solution. This result was attributed to the two reasons. The ﬁrst reason is the poor GaN ﬁlms quality near the edge of the SiO2 micro-rods array during the lateral
overgrowth of GaN ﬁlms. The second reason of higher etching rate
of GaN/sapphire interface is the exposed of N-face GaN after etching in a BOE solution. However, the N-face GaN etches more readily
than the Ga-face GaN. The inset of Fig. 6 shows I–V characteristics
of these three samples. The forward voltages at 20 mA were all
approximate 3.3 V for each sample. The similar forward voltage
of these samples mean that LED with SiO2 micro-rods array and
additional selective wet etching process will not affect the electrical property. At the reverse bias of 5 V, the leakage current of LED
without and with SiO2 micro-rods array were 24.4 nA and 1.45 nA,
respectively. The smaller leakage current observed from the sample can be attributed to better crystalline quality.
Fig. 6 shows the electroluminescence (EL) intensity of the samples as a function of injection current (L-I). The EL intensity of LED
with SiO2 micro-rods array was 6.5% higher than conventional LED
at 20 mA. After selective wet etching process of 20 min in a NaOH
Fig. 3. (a) Normalized XRD rocking curves and (b) Normalized PL spectra measured
from the conventional LED and LED with SiO2 micro-rods array.

Fig. 4. Micro-Raman spectrum of the conventional LED and LED with SiO2 microrods array.

er. Hence we could estimate the biaxial stress relaxation difference
within two samples by the equation: Dx = 6.2rGaN [15], where Dx
is Raman shift and rGaN is stress relaxation difference. By analyzing
the main scattering signal of E2 (high) mode, the LED with SiO2 micro-rods array exhibited a 148 MPa (0.918 cm 1) stress relaxation
when compared to conventional LEDs. As these results, lattice and
thermal expansion mismatch induced residual stress could be
released by inserting the SiO2 micro-rods array. Generally, the
strong internal piezoelectric ﬁeld was found in the GaN epilayer
due to high compressive stress. It should be noted that energy band-

Fig. 5. Cross-sectional SEM image of (a) LED structure grown on SiO2 micro-rods
array and (b) after an etching time of 20 min in 5M NaOH solution.
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Fig. 6. The EL intensity as a function of injection current for the conventional LED,
LED with SiO2 micro-rods array and LED with textured sidewalls, respectively. The
inset shows the forward I–V characteristics.

solution, the EL intensity could be further enhanced about 12.5% as
compared with LEDs with SiO2 micro-rods array when adopting
the textured sidewalls. In other words, we can achieve signiﬁcant
enhancement in LED luminescence by using simple wet etching
process without photo-assistance or high temperature. The
improvement was mainly contributed to the trapped light randomly scattered by SiO2 micro-rods array and textured sidewalls.
On the other hand, the epitaxial GaN ﬁlms quality were also improved by using DHELO technique.
4. Conclusions
In summary, we have demonstrated a method to obtain high
performance GaN-based LEDs by combining the DHELO technique
with selective wet etching process. However, the lateral overgrowth of GaN layer with the SiO2 micro-rods array can improve
the GaN ﬁlm quality and release the residual stress. The EL intensity of LEDs with SiO2 micro-rods array was 6.5% higher than conventional LEDs at 20 mA. Finally, the EL intensity could be further
enhanced about 12.5% as compared with LEDs with SiO2 microrods array when adopting the textured sidewalls.
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