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a b s t r a c t

The GaN-based thin-film vertical-injection LEDs (VLEDs) with GaN nano-cone structures are fabricated
and presented. Under the process conditions of fixed Cl /Ar flow rate of 10/25 sccm and ICP/bias power of
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200/200 W, the GaN nano-cone structures are self-assembly formed with variable density of 1.5 × 107 to
1.4 × 109 cm−2 and variable depth of 0.56–1.34 �m when varying the ICP chamber pressure. At a driving
current of 350 mA and with chip size of 1 mm × 1 mm, the light output power of our thin-film LED with a
specific GaN nano-cone structure reaches 224 mW which is enhanced by 160% when compared with the
output power of conventional VLED. In addition, the corresponding light radiation pattern shows much
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nductively coupled plasma (ICP) higher light intensity due

GaN-based materials have attracted considerable interest in
any optoelectronic device applications, such as light-emitting

iodes (LEDs) and laser diodes (LDs). Recently, high brightness
aN-based LEDs has gradually invaded into the applications of out-
oor displays, traffic signals, LED-backlit liquid crystal displays and
irect-view large area signage [1–3]. To further extend the appli-
ation arm of GaN-based LED to projectors, automobile headlight
nd even general lighting, further improvement on optical power
nd light extraction efficiency are eagerly required. The thin-film
ED structure is developed very recently and can be a promising
andidate to achieve the goals. A well known thin-film GaN LED
tructure is fabricated by the process steps of removing sapphire
sing an excimer laser [4–6], and roughening revealed n-doped GaN
7]. Recently, we reported an increase in the extraction efficiency of
aN-based LEDs by surface roughening [8,9]. To improve the light
cattering effect or extraction efficiency of a roughened surface, lots
f methods of fabricating nanostructures on GaN surface have been

eported, such as GaN nanorods using inductively coupled plasma
eactive-ion etching (ICP-RIE) with nano-mask [10], growth of free
islocation InGaN/GaN MQW nanorod arrays by MO-HVPE [11],
anoporous GaN:Mg structure using photochemical etching (PEC)

∗ Corresponding author at: Institute of Electro-Optical Engineering, National
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strong light scattering effect by the formed nano-cone structure.
© 2008 Elsevier B.V. All rights reserved.

12], and InGaN/GaN nanoposts using e-beam lithography [13]. To
aximize the light scattering performance of nanostructure, in

his paper, we report a simple technique of fabricating bundles of
aN nano-cone on GaN vertical-injection LEDs (VLEDs) epitaxial
lm, and the height and density of the corresponding GaN nano-
ones are controllable by using ICP-RIE. Further, to demonstrate
ltra-high brightness GaN-based LEDs, the electrical and optical
haracteristics of a thin-film VLED incorporated with a GaN nano-
one structure are presented.

Our prepared GaN LED wafer consists of a 50-nm thick of GaN
ucleation layer grown at 550 ◦C, a 2-�m thick of un-doped GaN
uffer layer grown at 1050 ◦C, a 3-�m thick of Si-doped n-GaN

ayer grown at 1050 ◦C, an unintentionally doped InGaN/GaN mul-
iple quantum well (MQW) of active region grown at 770 ◦C, a
0-nm thick of Mg-doped p-AlGaN electron blocking layer grown
t 1050 ◦C, and a 0.2 �m thick of Mg-doped p-GaN contact layer
rown at 1050 ◦C. The MQW active region consists of five periods
f 3/7 nm-thick of In0.21Ga0.79N/GaN quantum well layers and bar-
ier layers. Fig. 1 is a schematic diagram for our GaN VLED with
aN nano-cone structures. The whole process steps are described
s follows.
First, a transparent contact of Ni/Au (3/3 nm) layer, silver mir-
or, and bonding metal layer of Cr/Pt/Au (20/30/1000 nm) are
eposited on p-GaN of our prepared LED wafer, respectively. Then
eposited LED wafer is bonded onto a Cr/Pt/Au (20/30/1000 nm)
oated p-type conducting Si substrate by commercial SUSS SB6e

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:stevinhuang737672@msn.com
dx.doi.org/10.1016/j.mseb.2008.07.002
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of nano-cones increases as the chamber pressure keeps increasing.
ig. 1. A schematic diagram of a vertical-injection LED structure with GaN nano-
one structure.

afer bonder at bonding temperature of 350 ◦C and bonding pres-
ure of 17 kg/cm2 for 120 min. Second, the sapphire substrate of
ounded wafer is removed by a well known Laser Lift-Off (LLO)
rocess. In our experiment, a KrF excimer laser at wavelength of
48 nm with pulse width of 25 ns is used. The incident laser with a
eam size of 1.2 mm × 1.2 mm is incident from the polished back-
ide of the sapphire substrate onto the sapphire/GaN interface to
ecompose GaN into Ga and N2. In this LLO process, the beam
ize of KrF laser is larger than our desired size (1 mm × 1 mm) of
EDs, therefore, the laser irradiation on the interface of sapphire
nd GaN is rather uniform. Third, the sapphire-removed bounded

afer is dipped into HCl solution to remove the residual Ga on

he u-GaN. In order to thin out the revealed n-GaN, the whole
apphire-removed wafer is etched with the etching condition of
gas mixture of Cl2/Ar = 10/25 sccm with the ICP source power,

F
s
G
i

Fig. 2. SEM images of n-GaN surface using different chamber pressure: (a) 2.5 mTo
Engineering B 151 (2008) 205–209

ias power set at 200/200 W, and a chamber pressure of 2.5 mTorr
ith an approximate etching depth of 2 �m by ICP-RIE. Fourth, the

ssociated mesas are etched further down to the Cr metal inter-
ace using SiO2 etching mask by plasma enhanced chemical vapor
eposition (PECVD) for single chip isolation and then used a buffer
xidation etchant (BOE) to remove the residual SiO2 layer. Fifth,
0.5-�m of SiO2 is deposited onto the wafer surface and then

hoto-lithography is used to define the passivation pattern after
et etching of SiO2 by a BOE solution. Sixth, a patterned Cr/Au

lectrode is deposited on n-GaN as the n-type contact layer and
r/Au metal is deposited on Si substrate backside. Finally, under
gas mixture condition of Cl2/Ar = 10/25 sccm with the ICP source
ower, bias power set at 200/200 W, and etching time of 2 min with
ifferent chamber pressure for VLEDs, n-GaN nano-cone structures
f various heights and densities are self-assembly formed when
ontrolling the chamber pressure to be from 2.5 to 67.5 mTorr. The
eights and densities of various nano-cone are estimated by a scan-
ing electron microscope (SEM) (Hitachi FE-SEM S-5000).

Fig. 2(a) is the SEM image with 30◦ tilted view angle, which
hows a uniform etched surface without obvious GaN nano-cone
tructure when the chamber pressure is 2.5 mTorr. However, when
he chamber pressure is increased to 10.0 mTorr, as shown in
ig. 2(b), the n-GaN nano-cones begin to be formed and the density
ig. 2(c–f) shows the GaN surface morphologies at chamber pres-
ures of 20.0, 37.5, 52.0 and 67.5 mTorr, respectively. Apparently, the
aN surface becomes to be randomly roughened when the pressure

s beyond 52.0 mTorr.

rr, (b) 10 mTorr, (c) 20 mTorr, (d) 37.5 mTorr, (e) 52 mTorr, and (f) 67.5 mTorr.
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As we know, there are many dislocations in the GaN film for the
ig. 3. The density and depth of GaN nano-cone structures as a function of the
hamber pressure varies from 5 to 67.5 mTorr with Cl2/Ar flow rate of 10/25 sccm,
CP/bias power of 200/200 W for 2 min of etching time.

We also calculate the mean height and density of the GaN nano-
one by SEM data as shown in Fig. 3. The density of nano-cone
ncreases from 1.5 × 107 to 1.4 × 109 cm−2 when the chamber pres-

ure is increased from 5 to 37.5 mTorr, respectively. In addition, the
eight of the GaN nano-cones can reach a maximum of 1.34 �m
ith height/diameter ratio of 3 at 37.5 mTorr and is then gradually
ecreased due to lower plasma densities resulting from recom-

l
L
r
a

Fig. 4. The formation model of GaN nano-cone structure: (a) before ICP etching, (b)
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ination. The result suggests that the chamber pressure plays a
ajor role on forming and controlling the height and density of
aN nano-cones. Although the exact mechanism of the formation
f such nano-cone structures is not fully understood yet, it seems
o be related to the crystalline quality of epitaxially grown GaN

aterial and the capability of the ICP process of dissociating GaN
ond. In general, MOCVD-grown GaN on a sapphire substrate is
nown to have high densities of dislocation and defect on the order
f 108 to 109 cm−2 because of a lattice mismatch between the GaN
nd sapphire substrate. These dislocations and defects tend to have
eaker binding energy and could be easily dissociated by the ICP

tching process leaving behind the rigid crystalline GaN region [14].
s for the increase in the nano-cone density when raising chamber
ressure, it could be attributed to the degradation of the ICP dis-
ociation ability at a higher chamber pressure [15,16]. According to
efs. [15,16], the plasma density is a strong function of the cham-
er pressure. As the chamber pressure is increased, the mean free
ath decreases and the collisional frequency increases. This tends
o result in changes in both ion energy and plasma density which
trongly influence the dissociation of GaN bonding during the ICP
tching process.
attice mismatch between the GaN film and sapphire substrate after
LO process as shown in Fig. 4(a). Those dislocations are randomly
evealed or hidden in the GaN film, and some of their distances
re very near and others are very far. If the dislocation is hidden in

after ICP etching, and (c) TEM image of VLED with GaN nano-cone structure.
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with and without GaN nano-cone structure. At an injection current
of 350 mA, the light output power of the conventional VLED and the
VLED with nano-cone structure are 86 and 224 mW, respectively,
indicating a factor of 2.6 is enhanced by the nano-cone structure. In
addition, the corresponding wall plug efficiencies of the VLED with
Fig. 5. (a) Current–voltage (I–V) and (b) intensity–current (L–I). (c) Room tempe

he GaN film, it is easy to form the stacking faults on the front or
op of the dislocation and induces the week binding. Therefore, as
hown in Fig. 4(b), at the beginning of the ICP etching process using
gas mixture condition of Cl2/Ar = 10/25 sccm with the ICP source
ower, bias power set at 200/200 W, chamber pressure at 30 mTorr,
nd etching time of 45 s, the cones with a tip can be formed at the
pot where the distance of dislocations is near and the cones with
mesa will be formed at the spot where the distance of disloca-

ions is far. However, the cones with a mesa are turned to be the
ones with a tip when the etching depth of the GaN is over 1.5 �m
using n-GaN test sample for ICP etching). Those cones with a tip are
andomly revealed on the GaN surface and the angle between the
ide plane and basal plane of the tip is around 58◦ [17]. In addition,
ccording to our experimental results, the distances between those
ones with a tip are generally smaller than 2 �m. Therefore, there
re two possible mechanisms for forming the cones with a tip or a
esa. One is the higher etching rate on the dislocation region than

he rate on other regions; the other is the etching depth of n-GaN
sing dry etching process.

The high-resolution transmission electron microscopy (TEM)
JEOL, JEM-200CX) image of the VLED with GaN nano-cone illus-
rated in Fig. 4(c) shows the diameter and height of a GaN nano-cone
re approximately 85 and 100 nm, respectively, using a gas mixture
ondition of Cl2/Ar = 10/25 sccm with the ICP source power, bias
ower set at 200/200 W, chamber pressure at 30 mTorr, and etch-

ng time of 20 s. In that TEM image, the [0 0 0 1], direction is vertical

o the plane of the cone, indicating that the [0 0 0 1] direction is a
ommon growth direction of the GaN.

Fig. 5(a) shows the forward I–V curves for the VLEDs with
nd without GaN nano-cone structure. Suggest by the results
f Figs. 2 and 3, we choose a gas mixture condition of

F
s

EL spectra for the conventional VLED and VLED with GaN nano-cone structure.

l2/Ar = 10/25 sccm with the ICP source power, bias power set at
00/200 W, chamber pressure at 37.5 mTorr, and etching time of
min for the device. It is found that the measured forward volt-
ges under injection current of 350 mA at room temperature for
he VLED with and without GaN nano-cone structure are 4.69 and
.86, respectively. The slightly higher forward voltage of the VLED
ith GaN nano-cone structure can be attributed to the heating and

harging damages during ICP-RIE etching process. Fig. 5(b) shows
ight output power as a function of forward DC current for the VLEDs
ig. 6. Far-field pattern of the conventional VLED and VLED with GaN nano-cone
tructure at driving current 350 mA.
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nd without nano-cone structure are 5.2% and 12.7%, respectively,
hich addresses a substantially improvement by the nano structure

s well. Fig. 5(c) shows the typical room-temperature electrolumi-
escence (EL) spectra of the conventional VLEDs and the VLED with
aN nano-cone structure at a driving current of 350 mA, indicating

hat the InGaN-based MQW emission peaks of those two devices
re both located at 453 nm.

To further study the influence of the nano-cone structure on the
evices, we also measured the light output radiation patterns of
he compared VLEDs packaged on transistor outline (TO)-cans at a
riving current of 350 mA, as shown in Fig. 6. It can be seen that the
LED with GaN nano-cone surface possesses much higher extrac-

ion efficiency with a view angle about 136◦ compared to the view
ngle of 122◦ for the VLED without GaN nano-cone structure. This
nhancement was attributed to the strong light scattering effect by
he GaN nano-cone surface defined by ICP etching on our VLEDs.

In summary, GaN-based thin-film VLEDs with GaN nano-cone
tructure is designed and fabricated. We demonstrate a simple
echnique of fabricating GaN nano-cone structure of which the
eight and density are controllable using ICP-RIE. At a driving cur-
ent of 350 mA and with chip size of 1 mm × 1 mm, the light output
ower and the wall plug efficiency of the VLEDs with a specific
aN nano-cone structure can achieve 224 mW and 12.7% which are
ncreased by 160% and 144%, respectively, when compared with
he results of the conventional VLEDs without nano-cone struc-
ure. The corresponding light radiation pattern shows much higher
ight intensity due to the strong light scattering effect by the formed
ano-cone structure.
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