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InGaN light-emitting diodes (LEDs) were fabricated on cone-shaped patterned sapphire substrates (PSSs) by using low-pressure
metalorganic chemical vapor deposition. To enhance the crystal quality of the GaN epilayer and the optoelectronic performance of
the LED device, the top-tip cone shapes of the PSSs were further modified using wet etching. Through the wet etching treatment,
some dry-etched induced damage on the substrate surface formed in the PSS fabrication process can be removed to achieve a high
epilayer quality. In comparison to the LEDs prepared on the conventional sapphire substrate (CSS) and cone-shaped PSS without
wet etching, the LED grown on the cone-shaped PSS by performing wet etching for 3 min exhibited 55% and 10% improvements in
the light output power (at 350 mA), respectively. This implies that the modification of cone-shaped PSSs possesses high potential

for LED applications.

1. Introduction

In recent years, InGaN light-emitting diodes (LEDs) have
been used in a wide range of optoelectronic applications
such as traffic signals, automobiles, full-color displays, solid-
state lighting, and backlights of liquid-crystal displays [1-
3]. To apply for these applications, an LED device with high
luminescence efficiency is required. Nevertheless, depositing
a GaN epilayer on lattice-mismatched substrates consisting of
sapphire and silicon carbide has resulted in a high threading
dislocation (TD) density with a range from 10° to 10" cm™
[4, 5]. The high TD density created in the GaN epilayer causes
a considerable deterioration of LED performance, including
electron mobility, device lifetime, and the quantum efficiency
of radiative recombination. Consequently, decreasing the TD

density may be a key process in achieving high-efficiency
LEDs.

To reduce the TD density of the GaN epilayer to a range
of 10°-107 cm ™2, several methods including epitaxial lateral
overgrowth (ELOG), pendeoepitaxy, and facet-controlled
ELOG have been developed. Moreover, because of its single-
growth process with no interruption, the patterned sapphire
substrate (PSS) technique is another promising method for
achieving a GaN epilayer with high crystal quality. However,
as the GaN epilayer is grown on PSS, a long period is
required for merging the GaN epilayers grown on etched and
nonetched sapphire and subsequently obtaining a smooth
film surface. Based on previous reports [6-8], InGaN/GaN
epilayers with high crystal quality can be achieved by using
metalorganic chemical vapor deposition (MOCVD) on a



cone-shaped PSS. At the first step of GaN growth on a cone-
shaped PSS, the epitaxial film is merely deposited on the
flat basal of the sapphire substrate. Furthermore, the GaN
growth on the cone regions has no preferential orientation.
This indicates that the growth time of a GaN epilayer with
a smooth surface on a cone-shaped PSS is less than that
required for using the conventional PSS.

In this study, cone-shaped PSSs were fabricated using dry
and wet etching processes and then employed for growing
InGaN LED epitaxial structures. In addition, to improve
the epilayer quality and LED performance, the wet etching
process was applied to modify the top-tip shape of the PSSs
by changing the etching time. The epilayer quality, light
extraction characteristic, and optoelectronic performance
were investigated in detail for these InGaN LEDs fabricated
on PSSs with modified top-tip cone shapes.

2. Experimental Procedure

For the fabrication of PSSs with modified top-tip cone
shapes, the dry and wet etching processes were employed
in sequence, which are described as follows. First, a thick
photoresist was deposited on the (001) sapphire through spin-
coating, and then a thermal photoresist reflow process was
used to create the cone-shaped pattern array. The photoresist
array was used as the mask layer to transfer the pattern
on the sapphire by applying an inductively coupled plasma
reactive ion etching (ICP-RIE) system using reactive Cl,
gas. The diameter, interval, and height of each cone-shaped
pattern were set to 2.4, 0.5, and 1.5 ym, respectively. After
performing ICP-RIE, the cone-shaped PSSs were further
chemically etched using a mixture of H,SO,:H;PO, (3:1)
solution at 250°C for 3, 5, 7, and 10 min to form the various
top-tip shapes. To clean the substrate surface, these PSSs were
soaked in the H,SO, : H, 0, (3 :1) solution at 120°C for 10 min
and in deionized water at room temperature for 10 min in
sequence.

For growing the LED epitaxial structure, the epilayers
were on these PSSs and on a conventional sapphire substrate
(CSS) employed as the contrast sample by using low-pressure
MOCVD. The LED epitaxial structure included a 3 ym thick
layer of undoped GaN (u-GaN), a 2 ym 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 ym thick p-type
GaN:Mg layer. To fabricate the LED device, a 24 x 45 mil.?
mesa pattern was defined and prepared using standard
photolithography and dry etching processes. Subsequently,
the ITO film used as the 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 epilayer quality of the flat u-GaN was measured
using X-ray diffraction (XRD) combined with the analyses
of the (002) and (102) planes. The surface morphology and
pattern feature of these PSSs were observed using scanning
electron microscopy (SEM). The microstructure and electron
diffraction pattern of the GaN epilayers grown on PSSs
were investigated using transmission electron microscopy
(TEM). The typical current-voltage (I-V') characteristic of the
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fabricated InGaN LED device was analyzed using a semicon-
ductor parameter analyzer (Keithley, 2400 sourcemeter), and
the measurement of light output power was conducted using
a calibrated integrating sphere.

3. Results and Discussion

Figure 1 shows the surface morphologies of the fabricated
PSSs with various cone shapes. Figure 1(a) presents the cross-
sectional SEM image of the cone-shaped PSS that was not
subjected to the wet etching process. We determined that
the actual diameter and height of each cone-shaped pattern
were 2.421 and 1.488 um, respectively. The plane-view SEM
images of the cone-shaped PSSs after further wet etching
treatments administered using etching times of 3, 5, 7,
and 10 min are shown in Figures 1(b), 1(c), 1(d), and 1(e),
respectively. After conducting the wet etching process for
3 min, the top-tip surface of the cone pattern was smooth. By
increasing the etching time to 5-10 min, we observed that the
top-tip shape became increasingly angular. Additionally, the
diameter of each cone pattern was enlarged and the interval
between these patterns was decreased as the etching time was
increased. Furthermore, inclined planes were formed on the
sidewalls of the patterns when the etching time was increased,
particularly for the samples that underwent 7-10 min of wet
etching (Figures 1(d) and 1(e)).

The crystal quality of the GaN epilayer was evaluated
using the full-width at half-maximum (FWHM) values for
the XRD rocking curves. The XRD rocking curves derived
on the GaN (002) and GaN (102) planes of all the samples
are displayed in Figures 2(a) and 2(b), respectively. When
the GaN epilayer was grown on the CSS, the FWHM values
at the (002) and (102) planes were determined to be 412
and 593 arcsec, respectively. After growing the GaN epilayers
on the PSSs by performing wet etching for 0, 3, 5, 7, and
10 min, the FWHM values at the (002) plane were analyzed
and determined to be 318, 272, 279, 293, and 305 arcsec,
respectively. The FWHM values at the (102) plane of the
GaN epilayers deposited on these PSSs were 362, 285, 292,
322, and 336 arcsec, respectively. The crystal quality of the
GaN epilayer can clearly be improved by adopting the design
for a cone-shaped PSS. In addition, we observed that the
crystal quality of the GaN epilayer was further enhanced by
performing the wet etching treatment on the PSS. According
to our knowledge, some dry-etched induced damage on the
substrate surface occurred when the ICP-RIE process was
conducted to fabricate the PSS. Consequently, by performing
the wet etching treatment on the PSS, both the modification
of the top tip of the cone-shaped PSS and the removal of
the dry-etched induced damage can be achieved. This is the
reason that the crystal quality of the GaN epilayer was further
improved by using the cone-shaped PSS combined with wet
etching treatment. In addition, as mentioned previously, the
inclined planes gradually formed on the sidewalls of the PSS
as the wet etching time increased (Figure 1). These inclined
planes clearly formed on the PSSs when wet etching was
performed for 7-10 min. The result indicates that the epilayer
can most likely be deposited on both the bottom (c-plane)
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FIGURE 1: (a) Cross-sectional SEM image of cone-shaped PSS without treatment by wet etching and plane-view SEM images of cone-shaped
PSSs subjected to wet etching for (b) 3 min, (c) 5min, (d) 7 min, and (e) 10 min.

and the angular cone region at the initial stage, which results
in an increased dislocation density and the deterioration of
crystal quality in the epilayer.

Figures 3(a), 3(b), and 3(c) display the cross-sectional
TEM images of the GaN epilayers grown on the PSSs sub-
jected to wet etching for 0, 3, and 10 min, respectively. In com-
parison to Figures 3(a) and 3(c), an obvious difference can
be observed in Figure 3(b) (i.e., the formations of protrusions
and voids on the sidewalls of the cone pattern). Furthermore,
we determined that no protrusion or void formed on the
sidewalls of the cone pattern when the PSSs were wet-etched
for 0, 5, 7, and 10 min (the images of the GaN epilayers grown
on the PSSs subjected to wet etching for 5 and 7 min are
not shown here). This indicates that the special structure
feature only appears in the GaN epilayer prepared on a PSS

subjected to wet etching treatment for 3 min. In addition, the
right protrusion in Figure 3(b) was chosen to be examined
using a selected area electron diffraction pattern, as shown
in Figure 3(d). The single crystalline electron diffraction dots
in Figure 3(d) indicate that the protrusion possesses the
[1101] zone axis of GaN. Figures 4(a) and 4(b) show the
cross-sectional SEM images before and after epilayer growth
occurred on the PSS subjected to wet etching for 3 min,
respectively. We observed that the sidewalls of the cone
patterns were smooth before wet etching, and the protrusions
and voids were formed during epilayer growth. When we
chose one of the cone patterns in Figure 4(b) (marked with
a green circle) and enlarged the SEM magnification, the
features of the protrusions and voids could be observed
clearly, as shown in Figure 4(c).
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FIGURE 2: XRD FWHM values for the (a) (002) and (b) (102) reflections of GaN epilayers prepared on the CSS and various cone-shaped PSSs.
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FIGURE 3: Cross-sectional TEM images of the GaN epilayers grown on the PSSs subjected to wet etching for (a) 0 min, (b) 3 min, and (c)
10 min. (d) Selected area electron diffraction pattern of the right protrusion in (b).
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FIGURE 4: Cross-sectional SEM images (a) before and (b) after epilayer growth on PSS subjected to wet etching for 3 min and (c) SEM image
taken at the cone pattern in (b) (marked with green circle) with higher magnification.

In this study, the formations of protrusions and voids
were observed in the GaN growth on the cone-shaped
PSS subjected to wet etching for 3 min. The effects of the
protrusions and voids on the epilayer quality and LED device
performance are discussed. When the PSSs were employed,
the GaN growth primarily occurred in the bottom regions
(c-plane), and the ELOG process was used to merge the GaN
films [9-11], leading to an improvement in the crystal quality
of GaN epilayer. As the wet etching process was performed on
the cone-shaped PSS for 3 min, the indistinct angular planes
formed on the sidewalls of the cone patterns. Subsequently,
after growing the GaN epilayer on this PSS, the protrusions
and voids were generated on the sidewalls of the cone
patterns. Park et al. have proposed a detailed investigation
of the microstructures of GaN epilayer grown on the cone-
shaped PSS [12]. It indicates that the recrystallized GaN
islands and nanovoids were formed on the inclined surface of
the cone-shaped PSS. Based on our observation, the features
of the “recrystallized GaN islands and nanovoids” presented
in Park et al. research are very similar to those of the “pro-
trusions and voids” observed in our study. Additionally, the
recrystallized GaN island was examined using a selected area
electron diffraction pattern via the TEM measurement, and
it revealed that the electron diffraction dots generated from
the recrystallized GaN island possessed the [1101] zone axis
of GaN. Consequently, we can confirm that the protrusions

observed in our work are equivalent to the recrystallized GaN
islands found in Park et al. research. According to Park et
al. investigation, there is a 9° rotation of the recrystallized
GaN island to GaN epilayer and Al,O; substrate, leading
to further decrease in the lattice mismatch at the interfaces
of Al,O5/recrystallized GaN island and recrystallized GaN
island/GaN epilayer. (Here, the GaN epilayer is meant for
the GaN film with (002) growth orientation deposited on
the recrystallized GaN island.) The 9° rotation would result
in a significant reduction of the misfit dislocation from the
interface between the recrystallized GaN island and GaN
epilayer. Furthermore, the crystal quality of GaN epilayer
can be improved via the formation of recrystallized GaN
islands. This implies that the protrusions observed in our
study also play a key role in improving the quality of GaN
epilayer and optoelectronic performance of LED. Besides, the
enhancement in light extraction by embedding or forming
voids in the LED structure has been reported in several
studies [13-15]. Based on the aforementioned discussion, the
formations of protrusions and voids in our work are indeed
helpful for the improvements of epilayer quality and LED
device performance. The device performance was discussed
later, as shown in Figure 6. As discussed in Figure 2, with
increasing the wet etching time on the PSS, the epilayer could
be grown on both the bottom and the angular cone region at
the initial stage, causing a degradation of the epilayer quality.
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FIGURE 5: I-V characteristics of the InGaN LEDs prepared on the
CSS and various cone-shaped PSSs subjected to wet etching from 0
to 10 min.

Moreover, the disappearance of GaN protrusions is the other
reason for the degradation of the epilayer quality.

Figure 5 presents the I-V characteristics of the LED
samples fabricated on both the CSS and various cone-shaped
PSSs. As the injection current increased to 350 mA, the
forward voltages of the LED samples prepared on the CSS
and PSSs subjected to wet etching for 0, 3, 5, 7, and 10 min
were determined to be 3.66, 3.65, 3.64, 3.66, 3.67, and 3.69 V,
respectively. Figure 6 shows the light output power as a
function of injection current ranging from 0 to 350 mA for
the InGaN LEDs fabricated on both the CSS and various
cone-shaped PSSs. As shown in Figure 2, the crystal quality
of the GaN epilayer was enhanced efficiently by using the
cone-shaped PSSs. A similar trend was observed in the device
performance. Compared with the LED prepared on the CSS,
the light output power of the LED grown on the cone-shaped
PSS was substantially improved. Moreover, the light output
power of the LED was further enhanced when the PSS was
treated with wet etching because of the improvement in
crystal quality of the GaN epilayer. Nevertheless, as the PSS
was wet-etched for 5-10 min, the LED device exhibited a
slight decrease in light output power. This was attributed to
the deterioration of epilayer quality. At an injection current
of 350 mA, the light output power of the LED fabricated on
a CSS was measured to be 237mW. In addition, the light
output powers of the LEDs fabricated on PSSs subjected to
wet etching for 0, 3, 5, 7, and 10 min were determined to be
333, 367, 356, 353, and 347 mW, respectively. Compared with
the LEDs prepared on the CSS and PSS without wet etching,
the LED grown on the PSS subjected to wet etching for 3 min
exhibited 55% and 10% improvements in light output power
(at 350 mA), respectively.
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FIGURE 6: Light output power as a function of injection current of
the InGaN LEDs prepared on the CSS and various cone-shaped PSSs
subjected to wet etching from 0 to 10 min.

4. Conclusion

In summary, InGaN LEDs were grown on the PSSs with
modified top-tip cone shapes. The effects of various cone
shapes on the epilayer quality and device performance were
also investigated. Performing the wet etching treatment on
the cone-shaped PSS resulted in the modification of the
top tip of the pattern shape and the removal of dry-etched
induced damage on the substrate surface. This led to the
enhanced crystal quality of GaN growth and improved device
performance. The optimal wet etching time for the cone-
shaped PSSs was determined to be 3 min. The LED device
prepared on this PSS demonstrated the most improvement
in both epilayer quality and light extraction compared with
those demonstrated by the other PSSs. This indicates that
using the wet etching treatment on the cone-shaped PSSs is
potentially useful in LED applications.
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