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The InGaN-based light-emitting diodes �LEDs� were fabricated through a crystallographic etching process to increase their light
extraction efficiency. After the laser scribing and the selective lateral wet etching processes at the LED chip edge region, the stable

crystallographic etching planes were formed as the GaN �1012̄� planes and had an including angle with the top GaN �0001� plane
measured as 40.3°. The AlN buffer layer acted as the sacrificial layer for the lateral wet process with a 27.5 �m/h etching rate. The
continuous cone-shaped sidewall �CSS� structure of the treated LED has a larger light-scattering area and higher light extraction
cones around the LED chips. The LED with the CSS structure around the chip edge region has a higher light output power
compared to a conventional LED when measured in LED chip form.
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Gallium nitride materials have attracted considerable interest in
the development of optoelectronic devices, such as light-emitting
diodes �LEDs� and laser diodes. Consequently, bright blue LEDs
require an increase in their internal and external quantum efficien-
cies. The lower external quantum efficiency of the InGaN-based
LEDs is due to a larger refractive index difference between the GaN
layer and the surrounding air ��n � 1.5�. Techniques used to in-
crease light extraction have included light output coupling through
surface plasmons, corrugated Bragg gratings, and random surface
texturing1-5 to convert waveguided modes into free-space modes.
Bottom pattern Al2O3 substrates,6 top p-type GaN:Mg surface rough
processes,7,8 the forming of photonic crystal structures,9-12 the peri-
odic deflector embedded structures,13 and selective oxidization on
the mesa sidewall14 through a photoelectrochemical �PEC� wet oxi-
dation process have been used to increase light-extraction efficiency
in InGaN-based LEDs on Al2O3 substrates. Fujii et al.15 reported
that a laser-liftoff technique followed by an anisotropic etching pro-
cess to roughen the surface �an n-side-up GaN-based LED with a
hexagonal “conelike” surface� has been fabricated to increase the
extraction efficiency. In addition, research efforts have integrated
ZnO nanostructures on GaN light-emitting diodes for enhanced
emission efficiency.16-18 Both the AlInGaP-based LED with the trun-
cated inverted pyramid structures and the GaN-based LEDs with the
ATON technique on the SiC substrate19 for the substrate-shaping
process can enhance light-extraction efficiency. Lee et al.20 reported
that experimental results, including photoluminescence and near-
and far-field patterns, indicate that the proposed sidewall-deflector-
integrated LED structure enhances the overall surface emission in-
tensity via the proposed mechanism by up to 3.1 times for a sidewall
angle of 30°. Kim et al.21 have reported that GaN-based LEDs with
peripheral microhole arrays �PMA-LEDs� have been grown and fab-
ricated on SiO2 hexagonal pattern masks using selective metallor-
ganic chemical vapor deposition �MOCVD�. The light output inten-
sity of the PMA-LED was 30% higher than that of conventional
LEDs. The processes attempted on the selective PEC etching
process,22 the controlled wet chemical etching on the AlInN layer,23

the wet bandgap-selective photoelectrochemical etching process for
the liftoff process,24 and the oxidizing process25,26 on the GaN ma-
terials can also affect the optical properties of nitride-based devices.
The crystallographic wet chemical etchings of the p-GaN have
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�0001�, �101̄0�, and �1012̄� stable planes,27 and the wet chemical

etchings of the n-GaN have �0001�, �101̄0�, �1011̄�, �1012̄�, and

�1013̄� stable planes.28

In this article, a description is given on how the continuous cone-
shaped-sidewall LED �CSS-LED� structures have been fabricated
through a laser scribing process and a selective wet process in hot
phosphoric acid �H3PO4, 170°C for 20 min�. This fabrication pro-
cess consisted of a lateral wet etching process on an AlN buffer
layer and a crystallographic etching process on an N-face GaN layer.
By forming a stable CSS structure close to the laser scribing lines of
the LED chips, the light extraction efficiency of the CSS-LED struc-
ture was increased to have a higher light output power and to change
the far-field radiation patterns. The relationship between the CSS
structure and the light extraction efficiency was analyzed in detail.

Experimental

InGaN-based LED structures were grown on a polished optical-
grade C-face �0001� 2 in. diam sapphire substrate by using the
MOCVD system. Trimethylgallium �TMGa�, trimethylaluminum
�TMAl�, trimethylindium �TMIn�, and ammonia �NH3� were used as
the Ga, Al, In, and N sources, respectively. The doping source gas
for the Si, as the donor, was monosilane �SiH4� and for Mg as the
acceptor, was bis-cyclopentadienylmagnesium �Cp2Mg�. These
LED structures consisted of a 30 nm thick AlN buffer layer, a 1 �m
thick unintentionally doped GaN layer, a 3 �m thick n-type GaN
layer, 10 pairs of the InGaN/GaN multiple quantum wells �MQWs�
active layers, and a 0.4 �m thick magnesium-doped p-type GaN
layer. The active layers consisted of a 30 Å thick InGaN-well layer
and a 70 Å thick GaN-barrier layer for the InGaN/GaN MQW LED
structures. We cleaved a 2 in. LED wafer into two half-wafers to
prepare for this experiment, with a mesa region of 380 � 380 �m
LEDs. The LED chips were isolated by using a triple frequency
ultraviolet Nd:yttrium aluminum garnet �355 nm� laser for the laser
scribing process. The laser scribing depth was �21.6 �m to expose
the AlN/sapphire interface for all LED samples shown in Fig. 1b.
The dimension of the LED chip was 420 � 420 �m in size, which
was defined by the laser scribing process. Half of the LED wafer
was immersed in a hot phosphoric acid �H3PO4, 170°C� for a
20 min crystallographic wet etching process. The wet etching pro-
cess consisted of a selective lateral etching process on an AlN buffer
layer and a bottom-up N-face crystallographic etching process to
form the CSS structure around the LED chips. A similar crystallo-
graphic etching process to form an inclined undercut LED structure
was discussed in detail in our previous report.29 Next, the n- and
p-GaN were defined as the mesa region through the inductively
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coupled plasma �ICP� etcher using Cl2 gas. A 240 nm thick indium–
tin oxide �ITO� layer was deposited on the mesa region as a trans-
parent contact layer �TCL�. The Cr/Au metal layers were deposited
as n- and p-type contact pads. The LED device that was fabricated
through this process flow without the wet etching process was de-
fined as a standard LED �ST-LED�. The LED device that was fab-
ricated by adding the laser scribing process and the crystallographic
wet etching process was then defined as a CSS-LED. Both LED
structures had laser scribing lines around the LED chips that isolated
and separated each of the LED chips. The chosen ST-LED and CSS-
LED were both located at the 2 in. LED wafer center near the
cleaved line to allow an analysis of the optical and electrical prop-
erties from the more similar material properties. The geometric mor-
phology of these LED structures was observed through a scanning
electron microscopy �SEM�. The optical and electrical properties of
both LED samples were measured by using the optical spectrum
analyzer and the precision semiconductor parameter analyzer, HP
4156C. The light output power and far-field radiation patterns were
measured on nonencapsulated LEDs in chip form. The light inten-
sity profiles that crossed the whole LED samples were measured by
a beam profiler �Spiricon: number of effective pixels: 1600
� 1200 pixels�.

Results and Discussion

From the cross-sectional SEM images shown in Fig. 1b, the laser
scribing depth on the CSS-LED structure was measured as 21.6 �m
that isolated the InGaN-based LED chips. The AlN buffer layer was
then exposed for the selective lateral wet etching process. After a
20 min crystallographic wet etching process in a hot H3PO4 solu-
tion, the CSS structures of the LED chips were formed at the LED
chip edge region shown in Fig. 1c. The lateral wet etching width
from the laser scribing line was �9.17 �m measured in Fig. 1b and
the lateral etching rate of the AlN buffer layer was calculated as
27.5 �m/h. The lateral etching process on the AlN buffer layer and
the bottom-up N-face crystallographic wet etching process on the
GaN-based epitaxial layer were used to form the continuous CSS
structures. From the SEM image shown in Fig. 1c, the dimensions of
the CSS structure of the CSS-LED were measured as values of
ownloaded 25 Apr 2011 to 159.226.100.225. Redistribution subject to E
4.57 �m in height and 5.35 �m in width. The stable crystallo-

graphic etching planes were formed as GaN �1012̄� planes and had
an including angle with the top GaN �0001� plane calculated as
40.3°. Stocker et al.27,28 reported that the GaN epilayers have been

crystallographically etched as �1012̄� planes in H3PO4 at 132°C.
The stable and controllable CSS structure was formed when the

GaN �1012̄� plane and top GaN �0001� plane met at the continuous
cone-shaped edge. After the laser scribing and crystallographic wet
etching process, the continuous CSS structure was observed in the
CSS-LED structure shown in Fig. 1d.

In Fig. 2, the light output power and the operation voltage as
functions of the dc injection current were measured. The light output
power of the CSS-LED had a 12% enhancement compared with the
ST-LED at a 20 mA operating current. The operation voltages of
both LED samples were almost the same at the value of 3.3 V at
20 mA. This is because the treated region after the laser scribing and
lateral wet etching processes was far from the mesa region and the
metal contact regions of the CSS-LED structure.

At 20 mA, the far-field radiation patterns and the light-enhanced
ratio of both LED samples were measured from the normal direction
�� = 0°� to the back-side direction �� = 180°� as seen in Fig. 3a and
b. The emission wavelengths of both LEDs were measured at
475 nm with a 25 nm linewidth for the integrated intensity analysis.
The radiation pattern for the ST-LED is nearly the same as the
Lambertian emission pattern at the front side of an LED chip. The
radiation pattern of the CSS-LED is different from the ST-LED in
that the light-emission intensity was higher in the front side and was
lower in one part of the back side. The light output power at the
front side of the LED chip was calculated by summing up the light-
emission intensity from 0 to 90° detected angles. The enhanced ra-
tio of light output power at the front side �from � = 0 to 90°� and
the back side �from � = 90 to 180°� were calculated as values of
1.28 and 0.92 times compared to the ST-LED. The total light-
enhanced ratio of the CSS-LED was 1.1 times higher compared to
the ST-LED when summing up the light-emission intensity from all
directions �0–180° detected angles�.

Figure 1. CSS-LED structures are ob-
served in the SEM images. �a� The laser
scribing lines between each CSS-LED
chip after the wet etching process. �b� The
laser cutting width and depth are about 6.8
and 21.6 �m, respectively. �c� The CSS
structure of the LED is measured at the
values of 4.57 �m in height and 5.35 �m
in width. The stable crystallographic etch-
ing planes formed at the inclined GaN

�1012̄� planes and the top GaN �0001�
plane that are both included in the 40.3°
angle. �d� The continuous CSS structure
close to the laser scribing lines is observed
in the CSS-LED structure.
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The light-enhanced ratios as a function of the detected angles are
defined as the values of the light-emission intensity of the CSS-LED
divided by the ST-LED at each detected angle, as shown in Fig. 3b.
The light-enhanced ratio of the CSS-LED has its highest value
�1.84� at the lateral direction ��86°�, but its light-emission intensity
is lower than the normal direction �� = 0°�. At the front side of the
LED chip, the higher enhanced ratio ��1.28 times� was observed at
the detected range of angles between 0 and 22° and the lowest
enhanced ratio �about 1.16 times� was observed at 46°. At the back
side of the LED chip, the lower light-emission intensity and lower
enhanced ratio �below 1.0 times� were observed at the range of
angles between 90 and 136° that might be caused by the total inter-

nal reflection that occurs at the inclined �1012̄� stable planes of the
CSS-LED structures. Part of the light emitted from the InGaN/GaN

MQW active layer was reflected by the inclined �1012̄� planes to
enhance the higher light-emission intensity at the front side of the

CSS-LED chip. The CSS-LED structure has stable inclined �1012̄�
planes and CSS structures, resulting in a higher light-extraction ef-
ficiency at the range of angles between 152 and 180°. This is be-
cause the light-emission cones from the active layer and the light-

extraction cones on the inclined �1012̄� planes have a higher
overlapping ratio that increases the light-extraction efficiency. The

included angle of the inclined �1012̄� GaN planes and top GaN
�0001� plane is 40.3°. Strauss et al.30 mention that the optimized
chip sidewalls have vertical angles of 60° and a 55% higher percent-
age of light extraction in an ATON structure. This CSS-LED struc-

ture consists of inclined �1012̄� stable planes that can increase the
light-extraction efficiency in a similar way to the results on a GaN-
based LED ATON structure through an SiC-shaping substrate
process.31 Chang et al.32 reported that the ICP-etched wavelike side-
walls mainly enhance the light output at the horizontal directions.
The CSS structure has a larger sidewall surface and a better light-
extraction angle on the chip sidewall that permit higher light-
extraction efficiency. The light output power of CSS-LED increased
at the front side �1.28 times� and decreased at the back side �0.92
times� of the chips. After the chip-sidewall-shaping process, a higher
light-extraction efficiency was observed in the CSS-LED structure
that increased the external quantum efficiency.

Figure 2. Light output power and operation voltage as functions of the dc
injection current are measured at 20 mA. The light output power of the
CSS-LED has a 12% enhancement compared to a ST-LED. The operation
voltages are almost the same at 3.3 V.
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The light intensity profiles of both LED samples at a 20 mA
operation current were measured by a beam profiler shown in Fig. 4.
The top view and 45° bird’s eye view of the light intensity patterns
of both LED samples are shown in Fig. 4a-d. In the ST-LED struc-
ture, a higher light intensity was observed around the chip edge
caused by the light-scattering process from the laser scribing lines.
In the CSS-LED structure, a much higher light intensity was ob-
served around the LED chip that has a larger light-scattering process
that occurs at the CSS structure close to the laser scribing lines. In
both LED structures, the light intensity in the mesa regions on the
ITO layer was almost the same. A lower light-intensity region on the
ST-LED was observed in the ICP-etched n-type GaN:Si layer.

The schematic diagrams of the CSS InGaN-based LED structures
are shown in Fig. 5a. To analyze the light-intensity distribution over
the whole LED chips, the line-scanning light-intensity profiles of
both LED samples are shown in Fig. 5b, where the observation
positions are marked in Fig. 4a and b with dashed lines along the
x-axis. In Fig. 5a, the regions of the CSS-LED structure were la-

Figure 3. �Color online� LED samples show measurements of �a� far-field
radiation patterns and �b� light-enhanced ratios from the normal direction
�� = 0°� to the back-side direction �� = 180°�. The light-enhanced ratios as a
function of the detected angles are defined as the values of the light-emission
intensity of the CSS-LED divided by the ST-LED at each detected angle.
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beled as the TCL region �A�, the mesa region without an ITO layer
�B�, the mesa sidewall �C�, the ICP-etched GaN:Si layer �D�, the
chip sidewall �E�, and the laser scribing line �F�. From the light-
intensity profiles in Fig. 5b, the lower light-intensity regions were
observed at the 10 �m width around the mesa edge region without
an ITO layer �region B� and an ICP-etched n-type GaN:Si surface
close to the laser scribing lines �region D�. After the lateral wet
etching process on the CSS-LED structure, the higher light-intensity
peak was observed at the laser scribing line �region F�, the chip
sidewall region with the CSS structure �region E�, and on part of the
n-type GaN:Si layer �region D�. The width of the higher intensity
region increased in the CSS-LED device caused by the higher light-
extraction process and the light-scattering process that occurred at
the CSS structures. When the light is generated from the
InGaN/GaN active layer, the emission light will propagate to the
chip edge region caused by the total internal reflection process that
occurred at the top of the GaN/air and the bottom GaN/sapphire
interface. Then, the propagated light can be extracted by the con-
tinuous CSS structure to increase the external quantum efficiency in
the CSS-LED structure. The resolution of the beam profiler is
0.4 �m/pixel, where the width of the LED image is 650 �m and the
pixel numbers along the x-axis are 1600 pixels. The widths of the
higher light-intensity region �chip sidewall region� close to the laser
scribing lines were measured at the values of 9 and 24 �m of the
ST-LED and the CSS-LED structures, respectively. The larger emis-
sion width and higher light intensity of the CSS-LED were caused
by the larger light-scattering process at the laser scribing lines and
the higher light-extracting process through the continuous CSS
structure. The higher light output power and the different shape of
the far-field radiation pattern were measured in the CSS-LED struc-
ture that has a higher light-extraction effect around the chip edge
region.

Conclusion

The CSS l LED structures were fabricated through a lateral wet
etching and a crystallographic wet etching process in a hot H3PO4

solution. The included angle of the crystallographic inclined �1012̄�
GaN planes and top GaN �0001� plane was measured as 40.3°. The
higher light intensity of the CSS-LED structure was observed at the
chip edge region from a line-scanning light-intensity profile mea-
surement. The chip-sidewall-shaping process with the continuous
cone-shaped structures close to the laser scribing lines can increase
the light-extraction efficiency of nitride-based LEDs.

Figure 4. �Color online� Light intensity profiles of both LED samples at a
20 mA operation current are measured by the beam profiler. �a, b� top view
and �c, d� 45° bird’s eye view of light intensity patterns for both LED
samples are observed at a 20 mA operation current.
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