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Abstract—In this paper, we report the fabrication and charac-
teristics of nano-roughened GaN laser lift-off (LLO) light-emitting
diodes (LEDs) with different scale surface roughness. The surface
roughness of devices was controlled by inductively coupled plasma
reactive ion etching. Using this fabrication method to form nano-
scaled roughness, the electrical property was almost not degraded.
Furthermore, the light–output power and wall-plug efficiency of
LLO LED could be both significantly enhanced about two times
using this simple method.

Index Terms—GaN, laser lift-off (LLO), light-emitting diode
(LED), light extraction efficiency, nano-roughened surface.

WIDE bandgap nitride materials have attracted con-
siderable interest in optoelectronic devices such as

light-emitting diodes (LEDs) and laser diodes. Recently, high
brightness GaN-based LEDs have become a strong candidate
for applications such as displays, traffic signals, backlight for
cell phones, exterior automotive lighting, printers, medical
applications, etc. [1]. At the present time, laser lift-off (LLO)
LED [2], [3] was demonstrated to be one of high potential
light-emitting devices to achieve high brightness operation due
to its excellent thermal dissipation. Many groups [3]–[5] have
demonstrated excellent performance on light–output power
with high injection current. However, the external quantum
efficiency of the nitride-based LEDs is often low due to the
large refractive index difference between the nitride epitaxial
layer and the air. Limited by the critical angle—for the light
generated in the InGaN-GaN active region to escape is about

, the light extraction efficiency
of conventional GaN-based LEDs, even GaN LLO LED, is
usually only a few percent [6]. Therefore, several methods
such as surface roughening [6]–[9], inclined side wall [10],
[11], and diffused mirror techniques [12] gradually have been
investigated to improve their light extraction efficiency. Among
these methods, surface roughening seems to have high proba-
bility to provide large enhancement due to random scattering
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from the roughened surface. Fujii et al. [7] reported a large
enhancement of light–output power about 2.3 times for LLO
LEDs using surface roughness formed by photoelectrochemical
(PEC) etching. Kim et al. [8] also reported 100% enhancement
for light intensity of LLO LED with “ball” shape roughness
fabricated by using dry etching compared to conventional
LLO LED. However, the size effect and control of roughness
fabricated by dry etching on the LLO surface is still required
to be further investigated.

In this letter, we report the fabrication and characteristics of
nano-roughened LLO LED. The surface roughness was well
controlled by using ICP-RIE. We mainly investigated the ef-
fect of nano-scaled roughness on the light–output power of LLO
LED. The light–output power could be significantly increased as
the root-mean-square (rms) roughness of the top surface of the
LLO LED was increased.

Samples used in this experiment were all grown by
metal–organic chemical vapor deposition with a rotating-disk
reactor (Emcore D75) on c-face sapphire (0001) substrates.
The structure of the LEDs consist a 30-nm-thick low-tempera-
ture GaN nucleation layer, a 4- m-thick Si-doped GaN layer,
an undoped five-period InGaN-GaN multiple quantum-well
(MQW) active region with emission at 470 nm at 20-mA
operation, and a 0.1- m-thick Mg-doped GaN. The fab-
rication process of the LLO-LEDs on Si began with the
deposition of transparent contact ITO, alumina mirror, and
indium bonding layer on p-GaN. The sample was then bonded
onto an Cr–Au-coated Si substrate at 350 C to form a
structure of sapphire–GaN LED/ITO/Al–In–Au–Cr–Si. The
bonded structure was subjected to the LLO process to form a
u-GaN/n-GaN/MQW/p-GaN structure on Si. A KrF excimer
laser (Lambda Physick LPX200) at wavelength of nm
with pulsewidth of 25 ns was used to remove the sapphire
substrate. The incident laser flux was set to a value of about
0.6 J/cm . The laser beam with a size of 1.2 mm 1.2 mm was
incident from the polished backside of the sapphire substrate
into the sapphire–GaN interface to decompose the GaN into Ga
and N . After the whole GaN LED sample was scanned by the
laser beam, the sample was placed on a hot plate at Ga melting
point of about 30 C to separate the GaN LED structure from
sapphire substrate to form an LLO u-GaN/n-GaN/MQW/p-GaN
structure on Si substrate. The details of the LLO process can be
described in [4]. Then the u-GaN was etched away to expose
the n-GaN layer by inductively coupled plasma reactive ion
etching (ICP-RIE) (SAMCO ICP RIE 101ipH). Fig. 1(a) shows
the atomic force microscopy (AFM) image of the sample sur-
face. The etched sample shows a smooth surface with an rms
roughness of around 1.2 nm. The etching process to form sur-
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Fig. 1. (a) AFM image of the sample surface before the nano-roughening
process, (b) AFM image of roughened surface with an etching time of 3.5 min,
and (c) rms value of surface roughness as a function of the etching time.

face roughness was then performed under a zero bias condition
in the ICP-RIE chamber (Cl Ar sccm, 6-Pa chamber
pressure, 500-W ICP power) with three different etching time
(1, 3.5, and 5 min). Then, a square mesa of m
was created by ICP/RIE for current isolation purpose. Finally,
a Ti–Al with a diameter of 100- m circular pad was deposited
as the n-type contact.

Fig. 1(b) and (c) shows the AFM image of roughened sur-
face with an etching time of 3.5 min and the rms value of sur-
face roughness as a function of the etching time, respectively.
The rms value of surface roughness is 7.4, 32.9, and 44.6 nm
for these three conditions. Fig. 2(a) shows the scanning emis-
sion microscopy (SEM) images of our fabricated device and
the surface roughness. The surface roughness was made at the
light-emitting region. Obviously, the “cone” shape roughness
densely covered on the surface of LLO LED. From both SEM
and AFM images, the height of the GaN cone was revealed to
be around 50, 150, and 500 nm at the etching time of 1, 3.5,
and 5 min, respectively. The transmission electron microscopy
image of the GaN cone was also measured as shown in Fig. 2(b).
The dislocation could be found around the bottom of the GaN
cone. Besides, the angle between the side plane and basal plane
of the cone is around 58 , which suggests the side plane might
be plane [13]. These seem to mean the formation of this
kind of roughness results from two possible reasons: one is the
higher etching rate at the dislocation region than other regions
and another is the etching-resistant property of plane
[13].

Current–voltage ( – ) characteristics and intensity–current
( – ) characteristics of the nanoroughened LEDs with etching
time of 1 min (LED I), 3.5 min (LED II), 5 min (LED III), and
conventional LED were measured as shown in Fig. 3(a). It was
found that the – curves were almost identical for these de-
vices. The 20-mA forward voltages were all around 4.5 V for
these three LEDs. The slightly high forward voltage might re-
sult from the existence of the residual undoped GaN caused by
slightly inaccurate etching rate in the process of removing un-
doped GaN. The similarity of electrical property indicates that

Fig. 2. (a) SEM images of our fabricated device and the surface roughness, and
(b) transmission electron microscopy (TEM) image of the GaN cone spreading
on sample surface.

Fig. 3. (a) I–V and L–I characteristics of the LED I, LED II, LED III, and
conventional LED. (b) Wall-plug efficiency and enhancement on light–output
power as a function of the rms roughness of top surface we etched.

the fabrication of roughness would not result in any degrada-
tion in the electrical properties of nitride-based LEDs. In the
light–output power measurement, the device was put in an in-
tegral sphere and detected by a calibrated large area Si photo-
diode at room temperature. This detecting condition covers al-
most all the power emitting from LEDs. It could be seen that
EL intensity of LEDs I, II, and III were all larger than that ob-
served from the conventional LED. At an injection current of
20 mA, it could be found that the light–output power of LED I,
LED II, LED III, and conventional LED was about 9.98, 14.96,
16.29, and 7.67 mW, respectively. The two possible reasons
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Fig. 4. Intensity distribution of (a) LED II and (b) conventional LED with a
20-mA injection current.

for the light–ouput enhancement are the reduction of absorp-
tion length in vertical direction and the light scattering from the
roughened surface. In our experiment, the thickness of full struc-
ture would be varied from 3.5 to 3 m as the etching time was
increased to 5 min. We evaluated the effect of the thickness on
the light–output intensity using the ray tracing method. In fact,
the effect seems to be small and can be neglected in our experi-
ment. This also suggests the enhancement of light–output power
could be mainly attributed to the much more light scattering
from the nano-roughened surface. Fig. 3(b) shows the enhance-
ment on light–output power, wall-plug efficiency as a function
of the rms roughness of top surface we etched. The enhancement
could be significantly raised from 33% to 110%, and wall-plug
efficiency could be increased from 7.65% to 17.88% as the rms
roughness was increased from 7.4 nm etching time min
to 44.6 nm etching time min . However, the enhancement
and wall-plug efficiency has shown a tendency toward satura-
tion as the etching time was beyond 3.5 min although the rms
roughness (44.6 nm) and cone height (500 nm) caused by 5-min
etching is greatly larger than those caused by 3.5-min etching.

To further investigate the influence of nano-roughened sur-
face on light–output performance of an LED chip, intensity dis-
tribution measurements were performed on LED II and con-
ventional LED. Fig. 4(a) and (b) shows the photos of LED II
and conventional LED with injecting a 20-mA dc current in
these two different devices, respectively. Each intensity distri-
bution was also shown in the same figure. The EL intensities
observed from LED II were obviously greater than those ob-
served from conventional LED at the same injection current at
the top surface area. Such an enhancement could be attributed
to the nano-roughened surface that photons could have a larger
probability to be emitted from the device in the top emission di-
rection and, thus, achieve even brighter LEDs.

In summary, we have investigated the fabrication and charac-
teristics of nano-roughened LLO LED with different rms sur-
face roughness using a controllable ICP-RIE dry etching tech-

nique. Using this fabrication method to form nano-scaled rough-
ness, the electrical property was almost not degraded below the
etching time of 5 min. The light–output power of LLO LED
could be significantly enhanced from 7.65 mW (conventional
LED) to 16.29 mW (LED III), indicating a higher light extrac-
tion efficiency in the structure of nano-roughened LLO-LED.
Furthermore, the wall-plug efficiency was also increased from
8.6% to 17.88%. That is, a great enhancement (about two times)
has been achieved on both light–output power and wall-plug ef-
ficiency of LLO LED using this simple method.
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