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Abstract

The bulk-quantity synthesis of single-crystal GaN nanowires has been achieved through a simple method of hot filament
chemical vapor deposition without using a nanometer-sized catalyst. The microstructures and optical properties of GaN

Ž .nanowires have been studied by electron microscopy and photoluminescence PL measurements at room temperature. The
GaN nanowires had diameters of 5–12 nm and lengths of a few micrometers, and were highly pure. They possessed a

� 4hexagonal wurtzite structure and had a growth direction perpendicular to the 1101 plane. The PL spectra showed a broad
emission peak centered at 420 nm. q 2000 Published by Elsevier Science B.V.

1. Introduction

One-dimensional nanometer-sized materials, such
w xas carbon nanotubes 1 and semiconductor nanowires

w x2–9 , have attracted much attention because of their
interesting properties. GaN is one of the most
promising semiconductors suitable for designing and
fabricating optoelectronic devices in the violet and

w xblue region 10 , where Si and most conventional
III–V semiconductors are not applicable. Zero-di-

w xmensional quantum dots 11–13 and two-dimen-
w xsional quantum well structures 14,15 of GaN nano-

materials have been studied extensively over the past
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decade because they can be readily fabricated using
established methods. However, synthesis of one-di-
mensional GaN nanowires seems to be more diffi-
cult. Thus far, only the following three methods have

Ž .been reported. 1 Using carbon nanotubes as the
template to confine the reaction, which results in the
growth of gallium nitride nanorods with a diameter
Ž .4;50 nm similar to that of the original template

w x Ž .nanotubes 16 . 2 Using the specially prepared
alumina membranes as the substrate, on which the

Žregularly arranged pores 15 nm in diameter, 50 mm
.deep, with pore spacing of 35 nm were made. It has

been suggested that the capillary effect of these
anodic pores was responsible for the formation of the

Ž . w x Ž .GaN nanowires ;14 nm in diameter 17 . 3
Using laser ablation of a composite target of GaN
and metallic catalyst, which generated liquid nan-
oclusters that served as the reactive sites for confin-
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ing and directing the growth of crystalline GaN
Ž .nanowires ;10 nm in diameter . In this Letter, we

report a simple new method based on hot-filament
Ž .chemical vapor deposition CVD that is capable of

growing bulk-quantity GaN nanowires. In contrast to
previous syntheses, the method requires neither a
metal catalyst nor the effect of nanometer-sized con-
finement; the nanowires thus fabricated are highly
pure.

2. Experimental

The experimental set-up is schematically shown
in Fig. 1. Three straight tungsten wires of 0.75 mm
diameter were used as the hot filaments in the CVD
chamber. The solid source mounted above the hot

filaments was a mixture of Ga O and C powders2 3
Ž .molecular ration 1:1 and was made under a hy-

Ž 8 .draulic press 3.2=10 pa at room temperature for
48 h. The substrate placed below the filament was a
graphite plate, which was ultrasonically cleaned in
acetone, ethanol and deionized water for 10 min each
before loading into the chamber. Ultra-high-purity

Ž .NH flow rate: 100 sccm was introduced into the3

CVD chamber at a total pressure of 200 Torr. The
temperature of the substrate was 9008C. The reaction
time was about 1 h. The sample was examined by

Žusing a scanning electron microscope SEM, Philips
.XL 30 FEG and a transmission electron microscope

Ž .TEM, Philips CM 200 FEG operated at 200 kV.
Ž .The photoluminescence PL measurement was car-

Žried out by using a Perkin–Elmer Buckinghamshire,
.UK LS50B fluorescence spectrophotometer.

Fig. 1. Schematic of the experimental setup.
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3. Results and discussion

The typical morphology of the bulk-quantity
nanowire product grown on the graphite substrate is
shown in the SEM image in Fig. 2. The nanowires
appear quite straight and have lengths over 2 mm.

Ž .Electron energy-dispersive X-ray EDX microanaly-
sis shows that the nanowires contain only Ga, N,
and C. Carbon apparently comes from the graphite
substrate. No metal impurities have been detected.

The TEM image shown in Fig. 3a reveals that the
nanowires have quite uniform diameters ranging from
5 to 12 nm. No nanoparticles were found, indicating
the high purity of these nanowires. It is important to
note the features exhibited at the tip of each nanowire.
As indicated by the arrows in Fig. 3a, the tips and
the wires show a similar contrast, revealing that no
metal catalyst or other impurities exist at the tips.
The result suggests that the well-known metal-cata-

Ž .lyzed vapor–liquid–solid VLS growth mechanism
w xmay not be operative in the present growth 19 . This

conclusion is reasonable as we did not purposely add
a metal catalyst to the reaction target or the graphite
substrate.

Fig. 3b gives the corresponding electron diffrac-
tion pattern taken from the nanowires. Since a large
quantity of nanowires contributes to the diffraction,
the pattern thus appears similar to continuous diffrac-
tion rings. These diffraction rings can be best in-

dexed by using a hexagonal wurtzite GaN structure
with lattice constants of as0.318 nm and cs0.518

Ž . Ž .nm. The first six diffraction rings are 100 , 002 ,
Ž . Ž . Ž . Ž .101 , 102 , 110 and 103 , respectively. No cubic
GaN structure has been found, implying the high
phase purity of the products.

High-resolution TEM image of a typical nanowire
is shown in Fig. 4a, while the corresponding electron
diffraction pattern taken from this individual
nanowire is shown in Fig. 4b. The TEM images
clearly identify that the nanowire is single crystalline
GaN. Fig. 4a shows that the nanowire is 7 nm
diameter and has a near perfect crystalline structure.
This kind of defect-free microstructure is very rare
among the one-dimensional nanowires. For example,
twinning, high-order grain boundaries, and stacking

w xfaults are frequently observed in Si nanowires 3 . In
the case of GaN nanowires previously grown from
carbon nanotubes, many small GaN crystal were
found to co-exist with their single crystalline core
w x20 . Moreover, the high-density defects are believed
to play an important role in the unidirectional growth

w xand formation of the GaN nanowires 17 and Si
w xnanowires 3 . However, in the present growth of

GaN nanowires, this theory does not seem applica-
ble.

It should be noted in Fig. 4a that no amorphous
oxide outer-layer was observed in the crystalline
GaN nanowire, although Ga oxide was used. Thus,

Fig. 2. SEM image of the GaN nanowires on the substrate.
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Ž . Ž .Fig. 3. a Typical TEM morphology of GaN nanowires; b The electron diffraction pattern taken from GaN nanowires.
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Ž . Ž .Fig. 4. a High-resolution TEM image of a GaN nanowire; b the corresponding electron diffraction pattern.
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we propose the reaction path leading to the growth
of GaN nanowires should proceed in the following
two steps. The first step is

Ga O qC™Ga O gas qCOŽ .2 3 2 2

and the second step is

Ga O gas qNH ™GaNqH OqH .Ž .2 3 2 2

In this process, H would be generated as a by-prod-2

uct from the reaction of Ga O and NH . This means2 3

that GaN nanowires were grown under a reductive
atmosphere. Since the cooling of the nanowires was
also protected by the presence of ammonia flow, the

absence of the oxide outer layer is thus understand-
able. The absence of an oxide shell in GaN nanowires
can be potentially very useful. For example, in elec-
trical measurement, electrical contact can be directly
made to the nanowire, as there is no need to remove
the outside oxide layer.

The growth direction of the nanowires is of much
interest because the orientation of the nanowires is
related closely to their properties. The growth mech-
anism and experimental conditions are known to
affect growth direction. It has been reported that the
² :100 oriented Si nanowires exhibited a significantly

² :higher exciton energy than the 110 oriented Si

Fig. 5. Photoluminescence spectra of GaN nanowires.
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w xnanowires 21 , as predicted by Yorikawa and co-
w xworkers 22 . Therefore, controlling the growth di-

rection of the nanowires is important for exploiting
their potential applications. From Fig. 4a,b, we can
see that the axis of the GaN nanowire is perpendicu-

� 4lar to the 1011 plane of the hexagonal structure.
The equivalent direction can be indexed to be

2 2² Ž . Ž .: Ž .1,1, 3a r 2c calculated . Here, parameters a
and c represent the lattice constants of the hexagonal
GaN. Furthermore, TEM observations revealed that
almost all nanowires are oriented exclusively along
this unique lattice orientation. In contrast, for GaN
nanowires produced by the metal-catalyzed VLS
method, the growth direction was reported to be
² : Ž � 4 . w x1010 perpendicular to the 1010 plane 18 .

How and why GaN can grow as one-dimensional
nanowires even without the assistance of any catalyst
or the effect of nanometer-sized confinement are
important questions. Considering the ratio of the

Ž . Žlength of the nanowire )2 mm to its width ;10
. � 4nm , we see that the growth rate of the 1011 plan is

nearly 200 times faster than that of all other planes.
� 4The two planes, i.e., 1010 in the metal-catalyzed

w x � 4VLS growth 18 and 1011 in the present growth,
are both close packed planes in hexagonal GaN. The
� 41011 plane has mixed gallium and nitrogen atoms

� 4in one plane, while the 1011 plane consists of
either pure gallium or nitrogen atoms in one layer. In
the latter case, GaN can be constructed with alternate
layers of gallium and nitrogen. Under the experimen-

Ž .tal pressure 200 Torr , the reaction gas of Ga O and2

NH is supersaturated and has a rather small average3

mean free path. Whenever the small crystalline nu-
cleus of GaN nanowires is formed, the Ga O and2

� 4NH molecules prefer to decompose on the 10113

plane alternately, resulting in the very fast self-as-
� 4sembly growth of the 1011 plane. This kind of

preferred one-dimensional growth suggests that the
growth pattern corresponds to the fastest way of
reducing the system free energy under present non-
equilibrium reaction conditions.

Ž .The photoluminescence PL spectra, as shown in
Fig. 5, of the GaN nanowires were measured at room
temperature. Three excitation wavelengths at 200,
210 and 220 nm were used, with the filter wave-
length kept at 290 nm. Fig. 5 shows a broad PL
emission peak ranging from 300 to 550 nm, with its
maximum intensity centered at 420 nm. Since all

three curves exhibit the same profile, the PL spectra
shown in Fig. 5 must originate reliably from the
sample, and the possible existence of ghost peaks
can be ruled out. Bulk GaN gives a strong blue PL

Ž .peak around 360 nm 3.4 eV and a rather weak
Ž .yellow PL peak around 540;560 nm 2.2–2.3 eV

w x23 . As the published values of the excitonic-Bohr
radius, a , of GaN range between 2 and 10 nm0
w x24,25 , it is expected that the majority of the
nanowires studied in this work should exhibit quan-
tum confinement behavior. Thus, the observed broad
PL peak around 420 nm may possibly arise from the
large blue shift of the yellow luminescence in bulk
GaN.

4. Conclusions

High-purity GaN nanowires in bulk-quantity have
been synthesized by using a hot-filament CVD. The
method does not require the assistance of a catalyst
or the effect of nanometer-sized confinement. The
nanowires have quite uniform diameters ranging from
5 to 12 nm and lengths larger than 2 mm. No GaN
nanoparticles have been found. Electron diffraction
patterns revealed that they were perfect single crys-
talline hexagonal wurtzite GaN. The growth direc-
tion of the nanowires was found to be perpendicular

� 4to the 1011 plane of the hexagonal GaN. The
photoluminescence measured at room temperature
indicated a broad emission peak centered at 420 nm,
which may arise from the blue shift of the yellow
luminescence in bulk GaN.
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