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Abstract—The flip-chip light-emitting diodes (FC-LEDs) with
triple-light scattering layers were investigated comprising a top
surface sapphire textured layer, an interface patterned sap-
phire layer, and a bottom naturally textured p-GaN layer. Such
triple-textured layers are useful for light extraction efficiency
enhancement. The light output power of FC-LEDs was increased
60% (at 350-mA current injection) compared to that of conven-
tional FC-LEDs by implementing the triple-light scattering layers.

Index Terms—Flip-chip light-emitting diodes (FC-LEDs), natu-
rally textured p-GaN layer, patterned sapphire, sapphire textured
layer, triple-light scattering layers.

I. INTRODUCTION

WIDE BANDGAP light-emitting diodes (LEDs) that
are III–nitride, ranging from ultraviolet to the

short-wavelength part of the visible spectrum have been
intensely developed in the past ten years [1]. Recently, as the
brightness of GaN-based LEDs has increased, applications
such as traffic signals, backlight for cell phones, and LCD-TV
have become possible [2]. However, as for the replacement of
the conventional fluorescent lighting source with solid-state
lighting, it still needs a great effort for improving the light
extraction efficiency. The conventional LEDs are inherently
inefficient because photons are generated through a sponta-
neous-emission process and emitted in all directions. A large
fraction of light emitted downward toward the substrate does
not contribute to usable light output. In addition, there is an
inherent problem associated with conventional nitride LEDs,
i.e., the poor thermal conductivity of the sapphire substrate.
It has been shown that the flip-chip technique is an effective
way to further enhance light extraction and heat dissipation [3].
The flip-chip light-emitting diodes (FC-LEDs) configuration
has high extraction efficiency compared to that of conventional
LEDs due to the lower refraction index contrast between sap-
phire substrate ( ) and air ( ). This leads a critical
angle of light output to become larger and let total internal
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reflection reduce. Furthermore, metal contact including n- and
p- metal of FC-LEDs would not baffle light output. However,
FC-LEDs still have a total internal reflection effect between the
GaN–air, GaN–sapphire, and sapphire–air interfaces, reducing
the extraction efficiency of FC-LEDs.

Previously, there has been more and more intensive research
in the enhancement of light extraction efficiency. The surface
texturing effect on light extraction efficiency enhancement
was discussed in many papers [3], [4], [7]. Tsai et al. reported
the high efficiency GaN-based LEDs with naturally textured
surface grown by metal–organic chemical vapor deposition
(MOCVD) [3], [4]. Huang et al. reported the enhancement
of light extraction efficiency by nano-roughened p-GaN sur-
face [5]. Horng et al. reported the indium–tin–oxide (ITO)
textured window layers using natural lithography for light
extraction improvement [6]. Han et al. reported the light ex-
traction improvement of FC-LEDs by texturing the bottom
side surface of the sapphire substrate [7]. Besides, epi-growth
on pattern sapphire substrate (PSS) can reduce dislocation
density in the epitaxial layers and also enhance light scattering
at GaN-sapphire interface [8]–[10]. Feng et al. reported the
luminescence enhancement from GaN-based blue LEDs grown
on grooved sapphire substrates [8]. Wuu et al. reported the
near-ultraviolet LEDs grown on PSS [9]. Lee et al. reported
the output power enhancement of GaN-based LEDs grown
on wet-etched PSS [10]. All these methods have one thing in
common, which is that photons generated within the LEDs
can experience multiple opportunities to find the escape cone.
As a result, the light extraction efficiency and the LED output
intensity could both be enhanced significantly. In this letter,
nitride-based FC-LEDs with triple-light scattering layers were
fabricated by a combination of epi-growth naturally textured
surface, epi-growth on PSS, and micro-pillar arrays sapphire
surface techniques. The detail of device fabrications and char-
acteristics will be discussed.

II. EXPERIMENT

The GaN LED wafers used in this study were grown by
MOCVD onto c-face (0001) 2-in diameter PSS.

Fabrication of PSS was illustrated as follows: the Ni
films with bump-array patterns of 3- m diameter and 3- m
spacing were deposited onto the sapphire substrate by e-beam
evaporator and defined by standard photolithography to
serve as the dry-etching hard mask. The sapphire substrate
was then dry etched using an inductively coupled plasma
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Fig. 1. Schematic drawing of the FC-LEDs with triple-light scattering layers.

(ICP) etcher with an etching depth of 1 m. In this study,
a GaN-LED structure comprised a 1.5 m-thick undoped
GaN layer, a 2.5- m-thick highly conductive n-type GaN
layer, a 0.2- m-thick InGaN–GaN multiple quantum-well, a
0.2- m-thick p-type GaN layer, and InGaN–GaN short-period
super-lattice tunneling contact layers for ITO ohmic contact.
Top-emitting LEDs with a size of 1000 m 1000 m were
fabricated using standard photolithography and ICP etcher for
current isolation purposes. The p-GaN and active layers were
partially etched by an ICP etcher to expose an n-GaN layer for
electrode formation. An ITO film (250 nm) was deposited on
the p-GaN layer as the transparent conductive layer.

The samples were then annealed at 500 C for 10 min in
air. The Cr–Pt–Au (50 nm/50 nm/2500 nm) metals were de-
posited for the p- and n-contact pads. After completing the con-
ventional face-up LED structure, the Ni (500 nm) metal with
bump-array patterns of 3- m diameter and 3- m spacing was
deposited onto the bottom side of sapphire substrate as the hard
mask. The sample was then subjected to the ICP process using

– (10 sccm/30 sccm) plasma with an ICP power of
850 W and RF power of 400 W to form the micro-pillar ar-
rays surface for light extraction purposes. The processed LED
wafer was then subjected to the laser scribe and broken into
1000 1000 m chips. Finally, the LED chips were flip-chip
bonded on a SiO –Al (80 nm/200 nm) coated silicon submount
using Panasonic ultrasonic flip-chip bonder for electrical and
optical measurement. A schematic drawing of the GaN FC-LED
with triple-light scattering layers including a top pineapple-like
pillar arrays surface layer, interface pattern sapphire layer, and
bottom naturally textured p-GaN layer was shown in Fig. 1.

III. RESULTS AND DISCUSSION

The surface morphologies of triple-light scattering layers
were examined by scanning electron micrographs, as shown
in Fig. 2(a)–(c). Fig. 2(a) shows the top sapphire surface with
5.5- m periodic distance and 3.2- m depth of pillar-arrays
structure. Such a pineapple-like pillar surface could be ascribed
to the nonuniform Ni hard mask and various etching rate in the
center and rim areas of etch pillar which result in a partial over
etching and the uneven pillar surface. Fig. 2(b) shows the PSS
before and after epi-growth [inserted figure]. In this study, the
patterns with 3- m diameter, 3- m spacing, and 1- m etching
depth were formed on the sapphire substrate for epi-growth.
According to the inserted figure, the PSS can be buried com-
pletely by a GaN epitaxial layer without the appearance of a
void. Shown in Fig. 2(c) is the naturally textured surface grown
by MOCVD.

Fig. 2. Scanning electron microscope of surface morphology of (a) top surface
sapphire textured layer, (b) interface pattern sapphire layer, and (c) bottom nat-
urally textured p-GaN layer.

In this study, four types of FC-LEDs were fabricated for
comparison: conventional FC-LEDs, FC-LEDs with a bottom
side naturally textured p-GaN surface [LED-I], FC-LEDs with
a bottom side naturally textured p-GaN surface and interface
PSS layer [LED-II], and FC-LEDs with triple-light scattering
layers [LED-III]. The corresponding current–voltage ( – )
and output power–current ( – ) characteristics of these four
types FC-LEDs were shown in Fig. 3. It was found that the

– curves were almost identical for these devices. The for-
ward voltage (at 350 mA) was all about 3.55 V for these four
devices. The similarity of electrical property indicates that the
implementing of triple-light scattering layers would not result
in any degradation in the electrical properties of nitride-based
FC-LEDs. According to the – curves, it could be seen that
output power of LED-I, -II, and -III were all larger than that
of conventional FC-LEDs. By adopting the naturally textured
p-GaN layer, the TIR effect can be reduced and the light escape
probability can be increased at the GaN–air interface resulting
in the higher output power of LED-I. Furthermore, the output
power can be further enhanced by epi-growth on PSS. The
interface PSS not only reduces the dislocation but increases
the light scattering from GaN to sapphire substrate. Finally,
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Fig. 3. Corresponding �–� and �–� characteristics of the four types of
FC-LEDs.

by a combination of epi-growth naturally textured surface,
epi-growth on PSS, and micro-pillar array sapphire surface
techniques, it is found that the light output power of LED-III
could be significantly raised from 119 to 191 mW under
350-mA current injections compared to that of conventional
FC-LEDs. This result can be attributed to the implementation
of triple-light scattering layers. The internal quantum effi-
ciency and external quantum efficiency could be improved by
epi-growth on the PSS. Beside, a top pineapple-like textured
sapphire surface and bottom naturally textured p-GaN surface
can efficiently reduce the totally internal reflection effect and
enhance the light extraction from sapphire to air and GaN to
air, respectively. The LED-III offers a significant advantage
over conventional FC-LEDs by facilitating light emission from
the top pineapple-like pillar array surface and bottom naturally
textured p-GaN surface. By these arts, it is noted that the bare
FC-ELDs with triple-light scattering layers (without an epoxy
lens encapsulated) present 60% output power enhancement at
350-mA current injection compared to that of conventional
FC-LEDs. To further investigate the influence of triple-light
scattering layers on light–output performance of an LED
chip, intensity distribution measurements were performed on
LED-III and conventional FC-LEDs. Fig. 4 shows the photos of
the devices under 20-mA current injections. Each light output
intensity distributions is also shown in the same figure. It was
obviously observed that the EL intensities of LED-III clearly
exceeded those of conventional FC-LED under the same injec-
tion current at the top surface area. Such an enhancement could
be attributed to the adopting of triple-light scattering layers
that photos could have a larger probability to emitted from the
device and, thus, achieve even brighter LEDs.

Fig. 4. Intensity distribution of (a) LED-III and (b) conventional FC-LED with
a 20-mA injection current.

IV. SUMMARY

The FC-LEDs with triple-light scattering layers were inves-
tigated. The formation of the FC-LEDs’ structure increased the
light output power up to 60%. The novel FC-LEDs’ structure
could not only reduce the TIR effect but efficiently facilitate
light emission from the top pineapple-like pillar arrays surface
and bottom naturally textured p-GaN surface.
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