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Abstract

We report a novel method to fabricate GaN-based nanorod light emitting diodes (LEDs) with controllable dimension and density using
self-assemble nickel (Ni) and Ni/shi, nano-masks and inductively coupled plasma reactive ion etching (ICP-RIE). Under the fikgd CI
flow rate of 50/20 sccm, ICP/Bias power of 400/100 W and chamber pressure of 0.67 Pa, the GaN-based nanorod LEDs were fabricated with
density of 2.2x 10° to 3 x 10'°cm~? and dimension of 150-60 nm by self assemble Ni nano-masks with various size. The size MNi/Si
nano-mask was control by the thickness Ni film ranging 153-50d rapid thermal annealing condition. The technique offers a controllable
method of fabrication of GaN-based nanorod LEDs and should be applicable for fabrication of the others IlI-V nanoscale photonic and
electronic devices.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [4-5]. For GaN-based materials, the fabrications and syn-
thesizing of GaN nanowires and nanorods have been re-
Wide-bandgap gallium nitride (GaN) and other group ported using various methods, for example, carbon nanotube-
llI-nitrides based semiconductors have been successfullyconfined reaction, metal-catalyzed growth assisted by laser
employed to realize short-wavelength light emitting diodes ablation, and the high temperature pyrolysis approach and
(LEDs) and laser diodd4—3]. Additionally, due to quantum  so on[6-11]. Furthermore, using photoenhanced wet etch-
confinement effects, fabrication and studies of hano-structureing technique to produce GaN whiskdfi®—14]were also
have recently attracted a great deal of interest for potential reported recently. However, all these reported methods are
application on electronic and optoelectronic devices. Poten-relatively complicated and mostly using synthesis approach
tial applications for nanorod LEDs include quantum cryptog- with catalysts assist, and had no mention about the control of
raphy and information processing. With the recent progress dimension and density for these fabricated GaN-based LEDs.
in semiconductor process technology, various nano-structureSince we was reported a method to fabricating controllable
fabrication methods have been investigated such as e-beantGaN-based structure dimension and density using no mask
lithography, and metal-catalyzed nano-structure synthesis byby ICP-RIE[3], but the method caused GaN-based structure
vapour-liquid—solid growth process on different materials top-surface was etching and formation high resistance, so
unable to fabricating GaN-based light emitting devices. The
* Corresponding author. Tel.: +886 3 5712121; fax: +886 35716631.  Study ofthe self-assemble nanometer-sized metal or semicon-
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it is an attractive method for producing intrinsic nanoscale GaN:Mg layer on top. These LED samples were separated
devices without the need for expensive lithography. In this into two sets for different process procedures. As shown
paper, we report a novel technique to fabricate GaN-basedin Fig. 1(a), the first set of samples was deposited thin Ni
nanorod LEDs with controllable dimension and density us- layer with a thickness of 158 directly on top of the GaN
ing self-assemble nickel nano-mask and inductively coupled LED film using an electron-beam evaporation. As shown in
plasma reactive ion etching (ICP-RIE). Fig. 1(b), the second set of samples was deposited a 2000
SizgNy thin film layer on GaN-based LED film, followed by
the deposition of a Ni layer with the thickness ranging from
2. Experimental details 50to 150A. Al samples were subsequently rapid thermal an-
nealing (RTA) under flowing Mat temperatures 800-90C
The GaN-based LED structures were grown by metal- for 1 min to form various nanometer-sized Ni clusters (nano-
organic chemical vapor deposition (MOCVD) ofaxis sap- masks). Finally, all GaN-based LED samples (first and sec-
phire substrate. The GaN-based LED structure has ar8.0  ond sets of samples) with various Ni nano-masks were than
n-type GaN:Si layer and 30 nm thick GaN buffer layer on a etched using a planar type ICP-RIE system (SAMCO ICP-
(000 1)sapphire substrate. This was followed by the growth RIE 101iPH) at the ICP power and bias power source with
of 0.1m thick InGaN/GaN multiple guantum well (MQW)  RF frequency of 13.56 MHz. The ICP has a reactor chamber
layers, followed by the deposition of a Quin thick p-type which is connected to a load-lock chamber. The etchant gases

(a) First set (b) Second set
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Fig. 1. Schematic illustration of GaN-based nanorod LEDs’ process: using (a) Ni (first set) and (NN {&&icond set) as nano-masks formation. The reaction
products after RTA and ICP-RIE etching, leading to the formation of GaN-based nanorod LEDs.
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of Cl; and Ar gases were introduced into the reactor chamber
through independent electronic mass flow controllers (MFCs)
that can control the flow rate of each gas with an accuracy of
about 1 standard cubic centimeter min (sccm). An automatic
pressure controller (APC) is placed near the exhaust end of
the chamber to control the chamber pressure. The etching
rate is about 4008/min under a gas mixture condition of
Cly/Ar = 50/20 sccm with the ICP source power, bias power
set at 400/100 W and chamber pressure of 0.67 Pa for 3 min
of etching time. After the etching process, the dimension and
density of the nanorods were estimated by the scanning elec-
tron microscope (SEM) (Hitachi FE-SEM S-5000).

3. Results and discussion
3.1. Effect of SiNg film under Ni layer

As shown inFig. 2(a) is the SEM image of Ni/SN4
nano-mask image, the Nifh,4 mask dimension size were
about 200/150 nm and Ni clusters height was about 100 nm.
Fig. 2(b) and (c) shows the first and second set SEM images
with the same Ni thickness 199 at the RTA condition of
850°C for 1 min and ICP-RIE etching process to form the
GaN-based nanorod LEDs. As shownFHig. 2(b) and (c),

the second set GaN-based nanorod LEDs with the dimension 7 : K
of about 130-190 nm was more uniform and narrower than ¥ N , .
that of the first set with the dimension of about 200-300 nm. LSS-P 23.08kV X78.0K

This can be explained by the strain effect. The room tem-
perature lattice constant of Ni was about 0.352 nm and that
of the corresponding crystalline GaN (first set) surface to
be 0.318 nm ira direction and 0.518 nm in direction. This
gives the room temperature strains wef@an/ni) = 10% and
gc(Gan/Ni) = —32%, however, SN4 (second set) surface to
be 0.761 nmin thadirection and 0.291 nm in thedirection
gives the room temperature strainssagisn,/nj = —53%
ands (si;N,/Ni) = 21%, respectively. This means that the de-
position of Ni on S§N4 resultin a higher compressive strains
in a direction, and resultant Ni nanoclusters size is smaller
and more uniform than that of the first set of samples.

The dimension of the second set of nanorods shows more
uniform and narrower than first set of nanorods due to the
Ni nano-mask dimension was more uniform and smaller, and

additionally undercut effect on nano-masksi\&j underlayer Fig. 2. The SEM images of GaN-based nanorod LEDs samples: (a) only
after RIE etching. Ni/SizN4 nano-masks; (b) etching first set sample; (c) etching second set
sample at fixed the same RTA temperature 850annealing time 1 min,

Cly/Ar flow rate of 50/20 sccm, ICP/Bias power of 400/100 W, and chamber
3.2. Effect of temperature pressure of 0.67 Pa for 3min of etching time.

We estimate the mean dimension and density of the GaN-
based nanorod LEDs as a function of the Ni nano-mask RTA LED nanorods on the first set was about 160—-380 nm as the
temperature. The RTA temperature need to be chosen abovéRTA temperature from 800 to 90C for 1 min, while the sec-
700°C to form the Ni self assemble nano-madkg. 3shows ond set was about 120-220 nm. The Ni nano-masks formed
the nanorods density can be estimated about23@ cm—2 under RTA temperature condition at 88D for 1 min showed
as the Ni nano-mask RTA temperatures between 800 andmore uniform distributed dimension with smaller standard
900°C for 1 min at fixed Ni film thickness 158 on the first deviation error bar. Therefore, we performed RTA at 850
and second set samples. The dimension of the GaN-basedor 1 min on the later experiments.
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Fig. 3. The mean dimension and density of GaN-based nanorod LEDs on first and second set samples as a function of the RTA temperature varies from 800
900°C for 1 min with Ch/Ar flow rate of 50/20 sccm, ICP/Bias power of 400/100 W, and chamber pressure of 0.67 Pa for 3min of etching time.

3.3. Effect of thickness of the Ni film crease form 2.2 10° to 3 x 101%cm~2 and the dimension
decrease from 150 to 60 nm as the Ni film thickness decrease
Itis known that the thickness of the Nifilm can play anim-  from 150 to 508. Under the same annealing condition, the
portant role in determining Ni nanometer clusters at a given Nj cluster get larger and dispersed resulting in bigger and
temperature. We have examined the mfluence of using var-dispersed nanorod LEDs. On the other hand, as the Ni ini-
ious Ni initial layer thickness from 50 to 130 deposited tial thickness decrease, it is more easily for Ni migration and
on SgN4/GaN LED film (second set) to investigate this ef-  Ni clusters dimension size became smaller and denser at the
fect at 850°C RTA process for 1 min. The nanorod LEDs same annealed conditi¢h5].
were then formed using various Nig8l4 nano-masks and The transmission electron microscopy (TEM) (JEOL,
ICP-RIE. Fig. 4 shows the mean dimension and density of JEM-200CX)image oftheInGaN/GaN MQW nanorod LEDs
GaN-based nanorod LEDs as a function of Ni-mask initial fabricated by Ni/SiN4 nano- mask(SA Niand 850°C RTA)
layer thickness from 50 to 158 The nanorod densities in-  and ICP-RIE as llustrated Fig. 5(a) shows that the diameter
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Fig. 4. The mean dimension and density of GaN-based nanorod LEDs on second set samples as a function of the Ni film thickness varies froheb0 to 150
the same RTA 850C for 1 min with Cb/Ar flow rate of 50/20 sccm, ICP/Bias power of 400/100 W, and chamber pressure of 0.67 Pa for 3 min of etching time.
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Fig. 5. (2) TEM image of a InGaN/GaN MQW nanorod LEDs with mean
diameter of about 80 nm and etching depth of abquiril (b) Selected-area
electron diffraction patterns from the InGaN/GaN MQW nanorod.

of the GaN nanorods is approximately 80 nm and the etching

depth is about .um. and five pair InGaN/GaN MQWs em-

129

by varying Ni-mask initial layer thickness using ICP-RIE
etching. Under the fixed CI2/Ar flow rate of 50/20 sccm
and ICP/Bias power of 400/100 W, the GaN-based nanorod
LEDs were fabricated with density of 2.2 10° to 3 x
10'°cm~2 and dimension of 150—-60 nm by self-assemble Ni
nano-masks with various size. The size of Ni nano-mask was
control by the thickness Ni film ranging 150-B@and rapid
thermal annealing condition. The technique offers a relatively
simple method for fabrication of controllable mean dimen-
sion and density of GaN-based nanorod LEDs. It should be
applicable for fabrication of other types of 1ll-V based ma-
terials and structures including p—n junction, hetero-junction
and laser devices.
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