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Periodic triangle pyramidal array patterned sapphire substrates �PSSs� with various slanted angles
were fabricated by wet etching. It was found beside normal wurtzite GaN, zinc blende GaN was
found on the sidewall surfaces of PSS. The crystal quality and performance of PSS-LEDs improved
with decrease in slanted angle from 57.4° to 31.6°. This is because most of the growth of GaN was
initiated from c-planes. As the growth time increased, GaN epilayers on the bottom c-plane covered
these pyramids by lateral growth causing the threading dislocation to bend toward the pyramids.
© 2010 American Institute of Physics. �doi:10.1063/1.3304004�

Many technique have been developed for improving the
GaN-based light-emitting diodes �LEDs� internal quantum
efficiency �IQE� and light extraction efficiency �LEE�, such
as low temperature buffer layer,1 epitaxial lateral overgrowth
�ELOG�,2,3 surface roughening,4,5 nanoimprinting,6 metal
mirror reflect layer7 and patterned sapphire substrate
�PSS�.8–11 Currently, the PSS technique has attracted much
attention for its high production yield. Using the PSS tech-
nique can improve both IQE and LEE.

In this study, periodic triangle pyramidal array PSSs with
various slanted angles were fabricated by wet etching. The
pattern morphologic, epilayers quality, microstructure, as
well as optical properties of the InGaN/GaN-LED were sys-
tematically investigated.

PSSs with periodic patterns �2 �m width and 2 �m
spacing� were prepared by standard photolithography. A 100
nm thick SiO2 film served as the wet-etching hard mask and
was deposited on the sapphire surface. As shown in Fig. 1
and Table I, four kinds of periodic triangle pyramidal arrays
were etched in hot H3PO4-based solutions for various
times.12,13 They were denoted as A, B, C, and D-PSS.

Their confocal microscope images are shown in Fig. 1.
The heights of pyramids were all about 1.20 �m. The struc-
ture of A-PSS comprises of a triangle pyramid covered with

three �101̄2�r-planes with a flat top c-plane. The slanted
angle between the r-plane and c-plane was 57.4° as listed in
Table I. The other PSSs comprise of triangle pyramids cov-

ered with different �101̄x� �x�2� planes without top c-plane.

The slanted angle between the c-plane and �101̄x� planes of
samples A, B, C, and D were 57.4°, 45.3°, 38.3°, and 31.6°,
respectively. These slanted angles were measured using fo-
cus ion beam �FIB� and cross section scanning electron mi-
croscopy �SEM� images.

After the clean process, the LED structures were grown
by metalorganic chemical vapor deposition. The structures
comprised a buffer layer on the PSS, a undoped-GaN layer
film, a n-GaN layer, a Si-doped AlGaN cladding layer, an
InGaN-GaN multiple quantum well �MQW� with emission

wavelength in the blue region �450 nm�, a Mg-doped AlGaN
cladding layer and a p-GaN layer.

The device mesa with a chip size of 350�350 �m2 was
then defined by an inductively coupled plasma to remove
Mg-doped GaN layer and MQW until the Si-doped GaN
layer was exposed. After annealed at 600 °C for 10 min, the
indium tin oxide �ITO� layer was deposited to form a p-side
contact layer and a current spreading layer. The Cr/Au layer
was deposited onto the ITO layer to form the p-side and
n-side electrodes.

The uniformity of device performance is addressed by
the wafer mapping of dominant wavelength and forward
voltage. The data are obtained at a forward current of 20 mA
and with a sampling rate of 180:1, i.e., �100 devices, across
a 2 inch wafer. The average wavelength and forward voltage
across the wafer is 448.0 nm and 3.30 V, respectively. The
standard deviations of dominant wavelength and forward
voltage are 2.5 nm and 0.03 V for all samples.

The average luminescence intensity and the output
power of LEDs were listed in Table I. As can be seen, the
performance of PSS-LEDs increased with decrease in slanted
angle. When the angle decreased to 31.6°, the light intensity
and the output power of D-LED were 140.0 mcd and 20.8
mW, which were 1.54 and 1.37 times higher than those of
A-LED. This indicates that IQE, GaN crystal quality and
LEE improved with decrease in slanted angle.

Light output measurements were conducted at various
temperatures, the room temperature IQE values listed were
determined by assuming 100% IQE at low temperature

a�Author to whom correspondence should be addressed. Electronic mail:
sermonwu@stanfordalumni.org. Tel.: 886-3-5131555. FAX: 886-3-
5724727.

FIG. 1. Confocal microscopy images of PSS: �a� A-PSS, �b� B-PSS, �c�
C-PSS, and �d� D-PSS.
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�77 K�. The measured IQEs ��int� of PSS-LEDs were listed
in Table I. The IQE of PSS-LEDs increased with decrease in
slanted angle. When the angle decreased to 31.6°, the IQE of
D-LED were 66.0%, which was 1.17 times higher than that
of A-LED.

Transmission electron-microscopy �TEM� and high-
resolution transmission electron microscopy �HRTEM� were
used to verify the nature of GaN crystals. Low-magnification
cross-sectional TEM images of GaN grown on A-PSS and
D-PSS are shown in Figs. 2�a� and 2�b�. Two kinds of GaNs
were found on PSS. One �GaN I� was initiated from c-plane
of A-PSS and D-PSS. The other �GaN II� was from sidewall

surfaces of A-PSS �Figs. 2�a��. Most of threading disloca-
tions were initiated from c-plane. This is because most of the
growth of GaN was initiated from c-planes.14,15 To realize
the crystallographic relationships among GaN and sapphire
substrate, selected area diffraction �SAD� patterns were taken
from GaN I, GaN II, and PSS �Figs. 2�c�–2�f��. GaN I was
wurtzite structure as shown in Fig. 2�c�. The crystallographic
relationship between GaN I and sapphire is established as

�0001�GaN I � �0001�sapphire and �11̄00�GaN I � �112̄0�sapphire.
This orientation relationship is usually seen in the case of a
GaN epitaxially grown on a c-plane sapphire. On the other
hand, it is worthy to note that GaN II was zinc blende struc-
ture as shown in Fig. 2�c�. There is no obviously crystallo-
graphic relationship between GaN II and sapphire substrate.
The HRTEM images of zinc blende region �GaN II� and
wurtzite region �GaN I� are shown in Figs. 2�g� and 2�h�.

In addition to TEM, two other ways was used to evaluate
the GaN crystal quality: �1� x-ray diffraction �XRD� and �2�
screw dislocation density, which can be characterized by
etching pit density �EPD�. They are summarized in Table I.
XRD shows that the full-width at half-maximum �FWHM�
of the rocking curve decreases monotonically as the slanted
angle is decreased from 57.4° to 31.6° for both the symmet-
ric �002� and asymmetric �102� reflections. This indicates the
structural quality of PSS-LEDs increased with decrease in
slanted angle.16 The improvement on structural quality was
also verified by EPD. Samples were etched in 210 °C H3PO4
for 2 min. As expected, the EPD was reduced from 4.31
�107 to 0.52�107 cm−2 when the slanted angle decreased
from 57.4° to 31.6°. The reduction of dislocation density also
indicated that the IQE was improved.17

We believe that the observed differences in EPDs/crystal
qualities were due to the change in lateral growth area of
GaN. Most of the growth of GaN was initiated not from
sidewall surfaces but c-planes.14,15 There were following two
kinds of c-planes: �1� top c-plane and �2� bottom c-plane. As
the growth time growth time increased, GaN epilayers on the
bottom c-plane covered these pyramids by lateral growth,
which is similar to the ELOG mode.14,15

The lateral growth area fraction �LGA� can be estimated
by the following equation:

LGA = �1 − �c-plane areas/total areas�� ,

where c-plane areas include top and bottom c-plane areas. As
listed in Table I, LGAs of LEDs indeed increased with de-
crease in slanted angle. As a result, the EPDs on the surfaces
of LEDs decreased with slanted angle. This indicates that the

TABLE I. The parameters and performances of PSS-LEDs.

Patterned sapphire substrate GaN on PSS Light-emitting diodes

Pyramid protrusion
XRD FWHM

�arcsec�
EPD

��107 cm−2�

Average intensity
�mcd�

Output power
�mW�

�int

�%�
Etched depth

��m�
c-area ratio

�%�
Slanted angle

�°� �002� �102� RT, 20 mA

A-PSS 1.20 59.6 57.4 269.3 410.3 4.31 91.2 15.2 56.5
B-PSS 1.20 47.5 45.3 264.1 353.6 1.11 121.6 17.2 60.7
C-PSS 1.20 21.6 38.3 251.5 312.6 0.87 131.2 18.5 61.6
D-PSS 1.20 9.6 31.6 243.4. 301.2 0.52 140.0 20.8 66.1

FIG. 2. Bright-field TEM images of �a� A-PSS and �b� D-PSS. �c�, �d�, �e�,
and �f� are SAD patterns taken from �a� A-PSS. These patterns are from
GaN I��c��, GaN II��d��, sapphire substrate��e��, and interface region ��f��a-
mong GaN I, GaN II, and sapphire substrate. �g� and �h� are HRTEM images
of �g� GaN II region �zinc blende structure� and �h� GaN I region �wurtzite
structure�.
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GaN crystal quality improved with decrease in slanted angle.
The other factor might affect the light intensity and the

output power is the light extraction efficiency. Monte Carlo
simulation reveals that the extraction efficiency were in-
creased when the slanted angle was decreased from 80° to
30°.18 As a result, the light extraction efficiencies of PSS-
LEDs increased as the slanted angle was decreased from
57.4° to 31.6°.

In summary, periodic triangle pyramidal array PSSs with
various slanted angles were fabricated by wet etching. Be-
side normal wurtzite GaN, zinc blende GaN was found on
the sidewall surfaces �r-planes� of A-PSS. The luminescence
intensity, the output power, crystal quality, and light extrac-
tion efficiencies of PSS-LEDs increased as the slanted angle
was decreased from 57.4° �r-plane� to 31.6°. We believe that
these observed differences were due to the change in lateral
growth area of GaN, which increased with decrease in
slanted angle. When the angle decreased to 31.6°, the light
intensity and the output power of D-LED were 140.0 mcd
and 20.8 mW, which were 1.54 and 1.37 times higher than
those of A-LED.
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tional Nano Device Laboratory, Center for Nano Science and
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