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Abstract—In this paper, we demonstrated the high perfor-
mance GaN-based LEDs by using a high aspect ratio cone-shape
nano-patterned sapphire substrate (HAR-NPSS). We utilized
nano-imprint lithography (NIL) and dry-etching system to fabri-
cate a high depth HAR-NPSS. The micro-scale patterned sapphire
substrate (PSS) was also used for comparison. A great enhance-
ment of light output was observed when GaN-based LEDs were
grown on a HAR-NPSS or a PSS. The light output power of
LEDs with a HAR-NPSS and LEDs with a PSS were enhanced
of 49 and 38% compared to LEDs with a unpatterned sapphire
substrate. The high output power of the LED with a HAR-NPSS
indicated that the technology of NAR-NPSS not only can improve
the crystalline quality of GaN-based LEDs but also a promising
development to a NPSS.

Index Terms—GaN, light-emitting diodes (LEDs), nano-imprint
lithography (NIL), nano-patterned sapphire substrate (NPSS).

I. INTRODUCTION

T HE GaN-based LEDs have been widely used for light
source, backlight in liquid crystal displays, and solid state

lighting [1], [2] and became popular in the study. GaN is a very
hard and mechanically stable material. However, there is actu-
ally few suitable substrate can be used to grow GaN because
of the specific hexagonal lattice. Considering the high quality,
high throughput, low cost and mass production for GaN-based

Manuscript received December 01, 2012; revised April 16, 2013; accepted
June 01, 2013. Date of publication June 25, 2013; date of current version
November 13, 2013. This work was supported by the National Science Council,
Republic of China, under NSC 100-3113-E-009-001-CC2
J.-K. Huang, D.-W. Lin, J.-R. Chen, H.-W. Huang, P.-T. Lee, G.-C. Chi, and

H.-C. Kuo are with the Department of Photonics and Institute of Electro-Optical
Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan (e-mail:
hckuo@faculty.nctu.edu.tw).
M.-H. Shih is with the Department of Photonics and Institute of Electro-Op-

tical Engineering, National Chiao TungUniversity, Hsinchu 30010, Taiwan, and
also with the Research Center for Applied Sciences (RCAS), Academia Sinica,
Taiwan (e-mail: mhshih@gate.sinica.edu.tw).
S.-Y. Kuo is with the Department of Electronic Engineering, Chang Gung

University, TaoYuan 333, Taiwan.
K.-Y. Lee and C.-H. Lin are with the Luxtaltek Corporation, Miaoli 350,

Taiwan.
Color versions of one or more of the figures are available online at http://

ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JDT.2013.2270276

LEDs, sapphire substrates is a well known solution. Although
sapphire substrate is a very common substrate to GaN epitaxy,
the lattice mismatch between GaN and sapphire still limited the
light output and resulted in a low internal quantum efficiency
(IQE) and a poor external quantum effciency (EQE). The low
IQE is directly related to the threading dislocations (TDs)in the
GaN film. In order to decrease the TDs density and improve
the crystalline quality, a micro-scale patterned sapphire sub-
strate (PSS) is recommended to solve the problem [3], [4]. A
PSS served as a GaN template and the pattern could be scat-
tering centers for the guided light to improve GaN crystalline
quality and the light extraction efficiency. Recently, nano-scale
patterned sapphire substrate (NPSS) are investigated as a new
substrate to GaN-based LEDs. It was proposed that NPSS can
be a high potential template and provide a new type substrate
for GaN epitaxy [5]–[12]. The use of NPSS resulted in TDs
density reduction [9]–[11] and reduction in screw dislocation
density fraction [12] in GaN template. These reductions in both
dislocation density and screw dislocation density from the use
of NPSS resulted in improved IQE in InGaN QW LEDs at-
tributed to the reduced non-radiative recombination rate. In ad-
dition to the dislocation density reduction, several methods had
been pursued for achieving improved IQE in InGaN-based QW
LEDs by suppressing the charge separation in active regions
[13]–[18]. The charge separation suppression had been pursued
by using non/semi-polar QWs [13]–[15], and polar QWs with
large overlap designs [16]–[18]. The surface patterning based
on photonic crystals [19], [20] and self-assembled microlens ar-
rays [21], [22] had been reported for achieving large increase in
light extraction efficiency (LEE) in III-Nitride LEDs. Recently,
the effect of pattern density in PSS had been also shown to af-
fect the light extraction in GaN-based LEDs [23]. Although the
technology of NPSS has been reported to play an important role
for improving LEDs efficiency, there are few reports on the rela-
tion between the efficiency and the NPSS geometry. Due to the
hardness of sapphire, the etching depth is usually a bottleneck
to modify the profile for the dry-etching methods or wet-etching
methods for the NPSS patterns. The pattern profile is also a key
issue to the GaN quality when growing GaN layers on a pat-
terned substrate. In this study, the high aspect ratio cone-type
nano-patterned sapphire substrate (HAR-NPSS) was used to de-
crease the defect density and improve the quality of GaN LEDs.
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Fig. 1. (a) Schematic diagram of LED structure with a HAR-NPSS. (b) Cross-
view SEM image of GaN/HAR-NPSS interface.

A nano-imprint lithography (NIL), which is a high throughput,
rapid and repeating process for mass production, was utilized to
fabricate a HAR-NPSS with a 12-fold a photonic quasi-crystal
(PQC) pattern [24]–[27].

II. EXPERIMENTS

Fig. 1(a) shows the schematic diagram of the GaN-based
LEDs with a HAR-NPSS and Fig. 1(b) is the SEM cross-view
image around an interface of the GaN film and HAR-NPSS.
In order to fabricate a high depth HAR-NPSS, the NIL was

processed with a deep imprint-mold with a high depth of 700
nm. The following is the detail of the HAR-NPSS process flow
by using NIL and dry-etching system. First, an imprint-resist
was coated onto sapphire substrate surface. Then, a deep pat-
terned mold was placed onto sapphire substrate with an im-
print-resist film to transfer pattern by applying a high pressure
at a transition temperature. Second, the sapphire substrate and
the mold were cooled down to room temperature to release the
mold from the substrate. The thickness of the imprint-resist after
NIL process is approximately 800 nm. Finally, we used an in-
ductively coupled plasma reactive ion etching (ICP-RIE) with
the chemical mixture BCl Cl Ar of 50/20/5 sccm to transfer
the pattern onto sapphire substrate by a RF power of 450 W
and an ICP power of 200 W. The fabricated HAR-NPSS sam-
ples were patterned as a 12-fold PQC with a 450 nm diameter,
a 250 nm spacing distance and a 530 nm high etching depth.
The aspect ratio of HAR-NPSS is as high as 1.17 and the profile
of HAR-NPSS is cone-like type which is similar to the profile
of PSS. A sample with the PSS pattern and a flat sapphire sub-
strate were also prepared as the references in the experience.
The PSS was fabricated by the photo-lithography process. The
photo-resist AZ-5214-E was used as the etching mask and apply
the same ICP-RIE system to transfer pattern onto the sapphire.
The PSS pattern is with a diameter of 2 m, a spacing distance of
1 m and an etching depth of 1.3 m. The aspect ratio of PSS is

Fig. 2. (a) Top-view SEM image of a HAR-NPSS with a 12-fold PQC pattern.
(b) Top-view SEM image of a PSS.

0.65. Fig. 2 shows the top-view images of the HAR-NPSS with
a 12-fold PQC pattern and PSS.
All LED structure were fabricated by the metal organic

chemical vapor deposition (MOCVD) system. The LED struc-
ture was described by following. The LED consists of a 50
nm-thick GaN nucleation layer grown at 500 C, a 3 m-thick
un-doped GaN (UN-GaN) buffer layer grown at 1050 C,
a 3 m-thick Si-doped GaN (N-GaN) layer grown at 1050
C, an unintentionally doped InGaN/GaN multiple quantum
well (MQW) active region grown at 770 C, a 50 nm-thick
Mg-doped p-AlGaN electron blocking layer grown at 1050 C,
and a 120 nm-thick Mg-doped p-GaN contact layer grown at
1050 C. The MQW active region consists of 14 periods of 3
nm/10 nm thick In Ga N/GaN quantum well layers and
barrier layers.
The LED devices were fabricated by standard LED chip pro-

cesses with a chip size of 575 250 m . A indium-tin-oxide
(ITO) thin film with a thickness of 240 nm is deposited onto
p-GaN surface. The n-contact and p-contact metal are Cr/Pt/Au
layers with thickness of 30/50/1400 nm.

III. RESULTS AND DISCUSSION

The transmission electron microscopy (TEM) images were
employed to investigate the crystalline quality of GaN layers
grown on a flat sapphire substrate, a PSS and a HAR-NPSS.
Fig. 3(a)–(c) show the TEM images of GaN-Based LEDs grown
on a flat sapphire, a PSS and a HAR-NPSS, respectively. It
can be seen that the TDs density of GaN epilayer were drasti-
cally reduced by using PSS and HAR-NPSS (Fig. 3(b) and (c))
as compared with GaN epilayer grown on a flat sapphire sub-
strate [Fig. 3(a)]. The reduction of TDs density for GaN epilayer
grown on PSS can be attributed to epitaxial lateral overgrowth
(ELOG) mechanism, which results in the dislocation bending
to lateral direction and preventing them reaching the MQWs to
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Fig. 3. (a) TEM image of GaN-based LEDs grown on a flat sapphire sub-
strate. (b) TEM image of GaN-based LEDs grown on a PSS. (c) TEM image
of GaN-based LEDs grown on a HAR-NPSS. (d) GaN/HAR-NPSS interface
corresponding to the red dash-line area.

degrade light output efficiency. Moreover, Fig. 3(d) shows the
magnified figure of the red dashed line region in Fig. 3(c). From
Fig. 3(d), one can see that a number of stacking faults occurred
above the nano-lens patterns, these stacking faults were believed
to be a channel which could block the propagation of TDs [28].
As a result, the TDs were rarely observed above the stacking
faults; while theywere dense underneath the stacking faults. The
dislocation densities of LEDs grown on a HAR-NPSS, PSS, and
flat sapphire substrate are estimated to 1.6 10 , 2.2 10 , and
1.1 10 cm , respectively. One can find out that the dislo-
cation densities of LEDs grown on a HAR-NPSS and PSS are
greatly decreased as compared with LEDs grown on a flat sap-
phire substrate. In addition, the LEDs grown on a HAR-NPSS
even has a slightly improvement than LEDs grown on a PSS.
Fig. 4 shows the characteristics of a typical current–voltage

(I–V) and intensity–current (L–I) characteristics of conventional
LEDs with a flat sapphire substrate, LEDs with a PSS and LEDs
with a HAR-NPSS for transistor outline-can (TO-can) package.
It is found that the measured forward voltages under a injection
current of 20 mA at room temperature for conventional LEDs
with a flat sapphire substrate, LEDs with a PSS and LEDs with
a HAR-NPSS are 3.29, 3.3, 3.28 V, respectively. The voltages
of LEDs with a flat sapphire substrate, LEDs with a PSS and
LEDs with a HAR-NPSS are very close under a driving current
of 20 mA. It indicates the good electrical propertisy of LEDs
with a PSS and LEDs with a HAR-PSS. In addition, the I-V
curves of LEDs devices with a flat sapphire substrate, a PSS
and a HAR-NPSS are very similar even under a high injection
current. There is no influence to I–V characteristics of device
when we used a PSS or a HAR-PSS. At a an injection current
of 20 mA and peak wavelength of 460 nm for TO-can package,
the light output powers of conventional LEDs with a flat sap-
phire substrate, LEDs with a PSS and LEDs with a HAR-NPSS
are measured of 14.7, 20.3 and 22 mW by a integrating sphere

Fig. 4. (a) Current–voltage (I–V) characteristics of conventional LEDs with
a flat sapphire substrate, a PSS and a HAR-NPSS. (b) Intensity–current (L–I)
characteristics of conventional LEDs with a flat sapphire substrate, a PSS and a
HAR-NPSS.

measurement system. Hence, the enhancement percentages of
LEDs with a PSS and LEDs with a HAR-NPSS are 38 and 49%
which are compared to conventional LEDs with a flat sapphire.
The optical enhancements are attributed to the improvement of
GaN crystal quality by PSS and HAR-NPSS, and the pattern ge-
ometry of PSS or HAR-PSS is not critical factor to reduce the
defects in the GaN layers. The calculated value of wall plug effi-
ciency (WPE) are 22.3, 30.7 and 33.5% for conventional LEDs
with a flat sapphire substrate, LEDs with a PSS and LEDs with
a HAR-NPSS. The enhancement of the WPE of LEDs with a
HAR-NPSS can be attributed to IQE and LEE of the device.
The IQE of LEDs grown on a HAR-NPSS and PSS are sim-
ilar due to they have almost the same dislocation densities. On
the other hand, the LED with a HAR-NPSS has a higher output
power than the LEDwith a NPSS, which is attributed to the light
scattering effect by nano-scale HAR-NPSS.
As compared to the previous work [29], the aspect ratios of

the structure with NPSS and embedded SiO nanorod array and
the structure with HAR-NPSS in this paper are indeed much dif-
ferent. The aspect ratio of the former structure is approximately
0.4, while it of the current structure is approximately 1.12. How-
ever, we should note that the 48% of light output power en-
hancement is contributed from both effects of the NPSS and em-
bedded SiO nanorod array. For the LED only with the NPSS
structure, the light output power enhancement is only 35% [29].
In addition, the chip sizes between these two researches are dif-
ferent. The LEDs with the NPSS and embedded SiO nanorod
array are 300 300 m , while the LEDs with the HAR-NPSS
are 575 250 m . In addition, the advantages of using the
HAR-NPSS as the epitaxial substrate is that it can further im-
prove the crystalline quality and LEE without the complicated
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process of NPSS, embedded SiO nanorod array, and regrowth
technique. The light output power enhancement of LEDs with
HAR-NPSS can achieve the same level (49%) as compared
with the previous work (48%). However, the layer thickness of
un-doped GaN should be increased, so the GaN epi-layer can
effectively coalesce. But we consider that the layer thickness in-
crease is acceptable because the thicker epi-layer is also needed
as using the commercial micro-scale PSS.

IV. CONCLUSION

In short, GaN-based LEDs with a high aspect ratio
cone-shape nano-patterned sapphire substrate (HAR-NPSS)
are demonstrated with the nano-imprint lithography (NIL).
The light output power of the GaN-based LEDs grown on a
HAR-NPSS showed better performance as compared to LEDs
with a PSS and a unpatterned sapphire substrate. The high
output power of the LED with a HAR-NPSS indicated that
using NAR-NPSS as epitaxial substrate to grow LED structure
can not only improve the crystalline quality of GaN-based
LEDs but also enhance the light extraction efficiency. This
work verified that the HAR-NPSS has a promising potential to
improve performances of GaN-based LEDs. It also proved that
the NIL system is advantaged to fabricate a HAR-NPSS for
mass production.
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