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Catalytic Growth of Large-Scale GaN Nanowires
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A novel lanthanon seed was employed as the catalyst for the growth of GaN nanowires. Large-scale GaN
nanowires have been synthesized successfully through ammoniating Ga,O;/Tb films sputtered on Si(111)
substrates. Scanning electron microscopy, x-ray diffraction, high-resolution transmission electron micros-
copy, and Fourier transform infrared spectroscopy were used to characterize the samples. The results
demonstrate that the nanowires are single-crystal hexagonal wurtzite GaN. The growth mechanism of GaN

nanowires is also discussed.
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1. Introduction

GaN, an attractive wide bandgap (3.4 eV direct gap at room
temperature) semiconductor material, has recently attracted
considerable attention owing to its innovative physical prop-
erties and potential applications. One-dimensional GaN nano-
structures have wide applications in the field of high efficient
ultraviolet and visible photoelectron devices (Ref 1). Recently,
there have been reports on the growth of GaN nanostructures
by many methods (Ref 2-7). Among these numerous methods,
the metal catalyst-assisted vapor-liquid-solid (VLS) growth is
the most successful approach because it can offer simple and
size-controllable growth of nanostructures. Some metal cata-
lysts used for the growth of nanostructures, such as Ni (Ref 1),
Au (Ref 8), Fe (Ref 9), and In (Ref 10), have been reported. So
far as we know, the growth of GaN nanostructures employing
lanthanon as catalyst has been reported infrequently. Tb is one
of rare earths elements and can be employed as catalyst. This
paper presents a novel route via Tb seed for the catalyst-
assisted growth of GaN nanowires. This growth method allows
a continuous synthesis and produces large-scale single-
crystalline GaN nanowires at relatively high purity and low
cost. Accordingly, it is obviously advantageous for the
applications of nanodevices.

2. Experimental

First, Si(111) substrates were washed with absolute ethyl
alcohol and then ultrasonic cleaned in acetone, absolute ethyl
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alcohol, and de-ionized water for 30 min in sequence.
Secondly, Ga,0O3/Tb thin films were deposited in turn on
Si(111) substrates by sputtering a Tb target (99.95%) and a
sintered Ga,03; (99.99%) target. The sputtering chamber was
evacuated to a background pressure of 1.8 x 10> Pa, and then
argon gas (99.999%) was introduced into the chamber at a
pressure of 2 Pa. The sputtering power was 150 W and the
distance between the target and substrates was 8 cm. The
sputtering time for Tb and Ga,O; was 5 and 90 min,
respectively. Thirdly, as-deposited Ga,O5/Tb thin films were
placed into a quartz tube of a furnace and ammoniated under
flowing NH; (flow rate 500 mL/min) at 950 °C for 5 min.
After reaction, a light yellow layer was found on the surface of
substrate.

The surface morphology, structure, and composition of the
samples were examined with scanning electron microscopy
(Hitachi S-570, SEM), x-ray diffraction meter (Rigaku D/max-rB
Cu k,, XRD), high-resolution transmission electron microscopy
(Philips Tecnai F30, HRTEM), and Fourier transform infrared
spectroscopy (Tensor 27, FTIR).

3. Results and Discussion

Figure 1 shows the representative SEM images of the
sample, the light-yellow layer is composed of high-density GaN
nanowires, crossing each other and distributing homogeneously
on the whole surface of Si substrate. Nanoparticles are observed
at the top of the rods, lined out with circles in Fig. 1(a).
However, no nanoparticles can be detected clearly at the top of
some nanowires, because some nanoparticles on the top are
destroyed by the sublimation (sublimation temperature about
900 °C) of GaN. Analysis of a number of nanowires shows that
the length is about several tens of microns and the diameter
ranges from 50 to 100 nm.

Figure 2 shows the XRD pattern of the sample. The four
peaks (100), (002), (101), and (102) of GaN nanowires are
located at 32.40, 34.54, 36.78, and 48.38°, respectively,
demonstrating that the reflections can be indexed to the
hexagonal GaN phase with the lattice constants ¢ = 0.318 nm
and ¢ =0.518 nm, which are consistent with the reported
values for bulk GaN (Ref 11). The sharp diffraction peaks
reveal that GaN nanowires possess good crystalline quality.
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Fig. 1 SEM image of GaN nanowires ammoniated at 950 °C for
5 min
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Fig. 2 XRD pattern of as-synthesized sample ammoniated at
950 °C for 5 min
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Fig. 3 HRTEM image (a) and HRTEM lattice image (b) of single
GaN nanowire. The upper-right-hand inset of (a) is the correspond-
ing SAED pattern

HRTEM (Fig. 3) was carried out for understanding further
the structural properties of the nanowires. Figure 3(a) shows
the lower-amplified HRTEM image of single nanowire with a
diameter of about 100 nm, the inset in the upper-right-hand
comner is the selected area electron diffraction (SAED) pattern
of the nanowire, which can be indexed to the diffraction of
wurtzite GaN crystal along the [001] direction. Meanwhile, it
also confirms that the nanostructures are single crystalline GaN
nanowires. Figure 3(b) shows the HRTEM lattice image of the
same nanowire, the visible lattice image proves that the
nanowires are single crystal in nature. The interplanar spacing
measured accurately is 0.276 nm, which corresponds to the
(100) plane of hexagonal GaN, indicating the growing direction
of the nanowire is perpendicular to the (100) plane, which is in
accordance with the result of XRD.

Figure 4 shows the FTIR spectrum of GaN nanowires
ammoniated at 950 °C for 5 min. Four prominent IR absorption
bands are observed at 562.36 cm ' (band 1), 610.91 cm '
(band 2), 728.05 cm ™" (band 3), and 1109.23 cm ™' (band 4),
respectively. In the light of the reported band of Ga-N
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Fig. 4 FTIR spectrum of the sample ammoniated at 950 °C for
5 min

stretching vibration absorption in hexagonal GaN at
560.45 cm™' (Ref 12), band 1 should be a Ga-N stretching
vibration absorption peak, illustrating the obtained products are
hexagonal GaN, which is in accordance with the results of
XRD and HRTEM. Bands 2, 3, and 4 are all related to Si
substrate. Band 2 is due to a local vibration of substitutional
carbon in Si crystal lattice (Ref 13). Band 3 is associated with
amorphous phases in the substrates (Ref 14). Band 4 is
attributed to Si-O-Si asymmetric stretching vibration, which
ascribes to the extremely thin SiO, layer on the surface of Si
substrate (Ref 15). FTIR spectrum further confirms that GaN is
synthesized under current conditions.

From the above-mentioned SEM pictures, it can be found
that the nanowires terminate in nanoparticles with diameter
slightly larger than that of the connected nanowires, which is
the most remarkable sign (Ref 16) of VLS mechanism.
Therefore, the formation of GaN nanowires is dominated
probably by Tb catalyst-assisted VLS mechanism. Although
the melting point (1360 °C) of bulk metal Tb is higher than the
reaction temperature we used, the melting point of nanoparti-
cles is lower than that of the corresponding bulk materials
(Ref 17). Tb film breaks up at the reaction temperature and
liquid Tb droplets appear on Si substrates, which could act
subsequently as the favorable nucleation sites for GaN
nanowires. At the same time, NH; decomposes step by step
to NH,, NH, H,, and N when the ammoniating temperature is
above 850 °C (Ref 18). The Ga,0; particles are reduced to
gaseous Ga,0 by H; and then GaN molecules are synthesized
through the reaction of Ga,O and ammonia (Ref 19). All the
reactions can be expressed as follows:

2NH; (g) — N» (g) +3H> (g),
G3203 (S) + 2H2 (g) — GaZO (g) + 2H20 (g),
Ga,0 (g) + 2NH; (g) — 2GaN (s) + 2H; (g) + Hy0 (g).

It is thought that Ga,O and NHj gases evaporate and travel
to the substrate, where the catalytic reaction takes place. Very
miscible Tb-Ga-N alloy liquid droplets could be formed first
during the heating process of the reaction. Secondly, Ga,O
and NH; gases go on solving into Tb liquid droplets, the
supersaturated state of Tb-Ga-N alloy appears and GaN
begins to diffuse through the liquid phase to the bottom of
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droplet, where GaN crystalline nuclei are formed. Finally,
with the gases dissolving continuously into Tb liquid drop-
lets, GaN nanowires grow up gradually from the nucleation
sites (Ref 11, 20, 21). Consequently, GaN nanowires are pro-
duced by the catalytic action of Tb and the growth follows
VLS process. However, we think that further detailed investi-
gation is necessary to clarify the growth mechanism of GaN
nanowires.

4, Conclusions

In summary, high-quality GaN nanowires have been syn-
thesized successfully on Si(111) substrates by ammoniating
Ga,03/Tb films at 950 °C for 5 min. The structure, morphol-
ogy, and composition of the samples are studied by SEM,
XRD, HRTEM, and FTIR. The results show that the nanowires
are hexagonal wurtzite single-crystal GaN with length for
several tens of microns and diameter for 50-100 nm. The
catalytic growth mechanism of GaN nanowires is dominated
probably by conventional VLS mechanism.
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