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ABSTRACT
GaN-based light emitting diodes (LEDs) structure were grown on the cone-shaped patterned sapphire
substrates (PSSs) using metalorganic chemical vapor deposition. To improve the crystal quality of nitride
epilayer and optoelectronic performance of LED device, the top-tip cone shapes of PSSs were further
modified by wet etching. Using wet etching process, some dry-etched induced damage on substrate
surface created during the PSS fabrication process could be removed, resulting in higher crystal quality of
epilayer and better device performance. In comparison to the LEDs grown on the conventional sapphire
substrate (CSS) and cone-shaped PSS without wet etching, the LED prepared on the cone-shaped PSS
with wet etching for 3 minhad 55% and 10% improvement in output power at a driven current of 350 mA,
respectively. It reveals that the technique of the modification in PSS shape is potentially useful in LEDs
application.
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1. INTRODUCTION
Recently, GaN-based light-emitting diodes (LEDs)
are commonly used in full-color displays, traffic signals,
automobiles, solid-state lighting, backlights of liquidcrystal displays, and so on [1]. High luminescence
efficiency is required for LEDs devices employed
for these applications. However, as the GaN epilayer
was grown on the sapphire and silicon carbide, a high
threading dislocation (TD) density ranging from 109
to 1011 cm−2 will be created due to the lattice mismatch
[2]. It is well known that high TD density would lead to
the significant deterioration of LED performance, such
as device lifetime, electron mobility, and the internal

quantum efficiency. As a result, reducing the TD density
plays an important role to obtain the high efficiency
LEDs.
For the sake of reducing the TD density of GaN
epilayer to a range of 106 ~ 107 cm-2, several growth
techniques consisting of epitaxial lateral overgrowth
(ELOG), pendeo-epitaxy and facet-controlled epitaxial
lateral overgrowth have been developed. However, due to
its single-growth process with no interruption, patterned
sapphire substrate (PSS) technique is another promising
method to obtain the GaN epilayer with high quality.
Nevertheless, during the GaN growth on PSS, it requires
a long time to merge the epilayer grown on etched and
non-etched sapphire, and then reaches a smooth film
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surface. In some previous researches [3-5], the InGaN/
GaN film with high quality can be achieved using
metalorganic chemical vapor deposition (MOCVD) on
the cone-shaped PSS. In the first stage of GaN growth
on cone-shaped PSS, the epilayer is merely deposited on
the flat basal of sapphire. Besides, there is no preferential
orientation for the GaN growth on the cone areas. This
implies the growth time of epilayer with smooth surface
grown on the cone-shaped PSS is less than that on the
conventional PSS.
In this study, the cone-shaped PSSs have been
prepared for the growth of GaN-based LED epitaxial
structures. Moreover, the wet etching process was
used to modify the top-tip shape of PSSs by varying
the etching time. The epilayer quality, light extraction
characteristic and optoelectronic performance of LEDs
were investigated in detail for device fabrication on the
PSSs with modified top-tip cone shapes.

2. EXPERIMENTAL
The detailed procedure for the fabrication of PSSs
with modified top-tip cone shapes was illustrated as
follows. First, a thick photoresist was span on the (0001)
sapphire by spin-coating, then heated the substrate to
about 150°C to reflow the photoresist and formed the
cone-shaped pattern array. The photoresist array played a
role of the mask layer to transfer the pattern on sapphire
substrate by an inductively coupled plasma reactive ion
etching (ICP-RIE) system using the reactive Cl2 gas.
The diameter, interval and height of each cone-shaped
pattern were 2.4, 0.5, and 1.5 μm, respectively. After the
ICP-RIE process, the fabricated cone-shaped PSSs were
etched with a mixture of H2SO4: H3PO4 (3: 1) solution
at 250°C for 3, 5, 7 and 10 min to create the various
top-tip shapes. For the sake of cleaning the sapphire
surface, these patterned substrates were soaked in the
H2SO4: H2O2 (3: 1) solution at 120°C and deionized
water at room temperature for the same time of 10 min
in sequence.
In this work, LED epilayers were grown on two types
of substrates; one is PSSs and the other is the conventional
sapphire substrate (CSS) used as a contrast sample by
low-pressure MOCVD at the same growth condition.
The LED epitaxial structure consisted of a 3-μm-thick
layer of un-doped GaN (u-GaN), a 2-μm-thick layer
of n-type GaN: Si, 6 periods of InGaN/GaN multiple
quantum wells, a 100-nm-thick p-type AlGaN layer and

a 0.2-μm-thick p-type GaN: Mg layer. For the fabrication
of LED device, a 24 × 45 mil.2 mesa pattern was defined
and prepared via the standard photolithography and dry
etching processes. Then the ITO transparent conducting
layer was deposited on the p-type GaN layer. Finally,
the Cr/Au metal was prepared as both the n- and p-pad
electrodes.
The crystal quality of the flat u-GaN epilayer was
determined by X-ray diffraction (XRD) with the analyses
of (002) and (102) planes. The surface morphology
and pattern feature of PSS were observed by scanning
electron microscope (SEM). The typical current-voltage
(I-V) characteristic of LED sample was analyzed by
a semiconductor parameter analyzer (Keithley, 2400
source meter), while the measurement of optical output
power was demonstrated with a calibrated integrating
sphere. Besides, to quantitatively characterize the light
extraction efficiency of LEDs on these sapphires, the
simulation of photon trajectory was performed by TracePro software (commercial light-simulation software
based on geometrical optics).

3. RESULTS AND DISCUSSION
The surface morphologies of fabricated PSSs with
various cone shapes are shown in Figure 1. Figure 1 (a)
displays the cross-sectional SEM image of the coneshaped PSS without wet etching. The actual diameter and
height of each cone-shaped pattern are estimated to 2.421
and 1.488 μm, respectively. The plane-view SEM images
of cone-shaped PSSs after further wet etching treatments
with various etching time of 3 ~ 10 min are shown in
Figure 1 (b) ~ 1 (e), respectively. With performing the
wet etching process for 3 min (Figure 1 [b]), the toptip surface of pattern was smooth. As the etching time
was further increased to 5 ~ 10 min (Figure 1 [c] ~ 1
[e]), the top-tip shape became more and more angular.
In addition, the bottom area of each pattern was enlarged
and the interval between patterns was reduced with an
increment of etching time. Moreover, the inclined planes
were formed on the sidewalls of patterns as the etching
time was increased, in particular for the samples with wet
etching for 7 ~ 10 min (Figure 1 [d] and 1 [e]).
The crystal quality of GaN epilayer was estimated by
the values of full-width at half-maximum (FWHM) for
the XRD rocking curves. Figure 2 (a) and 2 (b) show the
XRD rocking curves taken at GaN (002) and GaN (102)
planes, respectively. It clearly shows the difference in
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Figure 1. (a) Cross-sectional SEM image of PSS without wet etching and plane-view images of PSSs with
wet etching for; (b) 3 min; (c) 5 min; (d) 7 min and; (e) 10 min.
the FWHM values as the XRD peaks were intentionally
normalized to the same intensity. As the GaN epilayer
was grown on CSS, it was found that the FWHM values
at (002) and (102) planes for the GaN were evaluated
to 412 and 593 arcsec, respectively. After depositing the
GaN epilayers on PSSs with wet etching for 0, 3, 5, 7 and
10 min, the FWHM values at (002) plane were measured
to be 318, 272, 279, 293 and 305 arcsec, respectively.
Meanwhile, the FWHM values at (102) plane of the GaN
epilayers grown on these PSSs were 362, 285, 292, 322
and 336 arcsec, respectively. It is obvious that the design
of cone-shaped PSS is helpful to enhance the crystal
quality of GaN epilayer. Additionally, it can be observed
that the crystal quality of GaN is further improved
with performing the wet etching treatment on the PSS.
According to our knowledge, there were some dryetched induced damages formed on the substrate surface
as the ICP-RIE process was carried out to fabricate the
PSS. After a wet etching treatment on the PSS, both
the modification in the top tip of cone-shaped PSS and
removal of these dry-etched induced damages were
achieved. This is the reason why the crystal quality of
GaN epilayer can be further enhanced by employing the
PSS with wet etching treatment. On the other hand, as the
wet etching time was increased, the inclined planes were
gradually formed in the sidewall of PSS, as exhibited
in Figure 1. These inclined planes were apparently

Figure 2. XRD FWHM values for the (a) (002)
and; (b) (102) ref lections of GaN epilayers grown
on CSS and cone-shaped PSSs.

12 GaN-Based LEDs Fabricated on Cone-Shaped Patterned Sapphire Substrates with Modified Top-Tip

observed in the PSSs with wet etching for 7 ~ 10 min.
The result implies that the epilayer could be grown on
both bottom area (c-plane) and angular cone region in the
initial stage, leading to the higher dislocation density and
a deterioration of crystal quality in the epilayer.
Figure 3 (a) ~ (e) display the Trace-Pro simulation
results for the LED structures prepared on the coneshaped PSSs with various wet etching time. During the
simulation, a 10 mW power and 5,000 light rays were
used to emit randomly from the MQW active layer. The
results indicate that the fluxes and rays are simulated to
be 26.33 mW and 3,039 rays, 26.94 mW and 3,162 rays,
26.81 mW and 3,142 rays, 26.69 mW and 3,114 rays,
and 26.61 mW and 3,102 rays for the LEDs fabricated on
cone-shaped PSSs with wet etching for 0, 3, 5, 7 and 10
min, respectively. It is noted that the epilayer absorption
and the effect of silver cup in the epoxy lamp are both not
taken into account in the simulation process. However,
the influence of various cone-shaped PSSs on the optical
scattering at LED samples also can be demonstrated.
Based on the simulated results, the density of light beam
reflected from the PSS with wet etching for 3 min is

more than that from the other PSSs. It indicates that the
light extraction in LED is improved by performing the
wet etching treatment on the PSS, in particular, for the
etching time of 3 min. Furthermore, it can be seen that
the simulated values of flux and ray in all LED samples
are close to each other, which is attributed to the similar
substrate morphology.
Figure 4 shows the I-V characteristics of the LED
devices fabricated on the CSS and various cone-shaped
PSSs. At an injection current of 350 mA, the forward
voltages of the LEDs prepared on the CSS and PSSs with
wet etching for 0, 3, 5, 7 and 10 min are measured to
be 3.66, 3.65, 3.64, 3.66, 3.67 and 3.69 V, respectively.
Figure 5 exhibits the light output power as a function of
injection current from 0 to 350 mA for the LEDs grown
on the CSS and various cone-shaped PSSs, respectively.
As discussed in Figure 2, the epilayer quality of GaN
was improved efficiently with the aid of cone-shaped
PSSs. The similar trend was also found in the device
performance. In comparison to the LED fabricated on
CSS, there was an obvious enhancement in light output
of the LED grown on cone-shaped PSS. Moreover, the

Figure 3. Trace-Pro simulations taken from GaN-based LED sprepared on the cone-shaped PSSs with wet
etching for (a) 0 min; (b) 3 min; (c) 5min; (d) 7 min and; (e) 10 min.
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the output powers of LEDs on PSSs with wet etching for
0, 3, 5, 7 and 10 min were 333, 367, 356, 353 and 347
mW, respectively. Compared with the LEDs fabricated
on CSS and PSS without wet etching, the LED on PSS
with wet etching for 3 min possesses55% and 10%
improvement in light output (@ 350 mA), respectively. It
indicates that the cone-shaped PSS is an efficient method
to enhance the light extraction of LED device. On the
other hand, it can be expected that the improvement in
the optoelectronic performance of LED device via the
aid of wet etching process is limited. However, in this
Figure 4. I-V curves for the GaN-based LED
sfabricated on the CSS and cone-shaped PSSs
with wet etching from 0 to 10 min.

work, we hope that the optoelectronic performance of
LED device can be further enhanced by using the costeffective method (wet etching). The results prove that
the technique of cone-shaped PSS with modified toptip fabricated by wet etching is indeed useful for the
improvement in the LED performance, especially for the
etching time of 3 min.

4. CONCLUSIONS
In summary, the GaN-based LEDs were prepared
on the PSSs with modified top-tip cone shapes. The
influences of various cone shapes on the crystal
quality of GaN epilayer and device performance were
investigated. By performing the wet etching process
Figure 5. Light output power as a function
of injection current for the GaN-based LEDs
fabricated on the CSS and PSSs with wet etching
from 0 to 10 min.
light output of LED device was further improved as the
PSS was treated with wet etching, resulting from the
enhancement in crystal quality of GaN epilayer. The
result also agreed well with the Trace-Pro simulation, as
shown in Figure 3. Nevertheless, with increasing the wet
etching time to 5 ~ 10 min, the LED device presented a
slight decrease in the light output. This can be ascribed to
the growth of GaN epilayer not only on the c-plane area
but also on the angular cone region in the initial stage,

on these PSSs, it leads to not only the modification in
the top tip of pattern shape but also the removal of dryetched induced damages on sapphire surface. This can
induce a higher crystal quality in GaN epilayer and better
device performance. The optimum wet etching time was
evaluated to 3 min. At a driving current of 350 mA, the
LED device fabricated on this PSS possesses the largest
improvement in epilayer quality and light extraction than
those on the other PSSs. It indicates that the wet etching
treatment employed for the cone-shaped PSSs has high
potential for LED applications.
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