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Gallium nitride (GaN), an important semiconductor having a
wide direct band gap (3.39 eV at room temperature), is
potentially useful in a blue and ultraviolet light emitter, and in
high temperature/high power electronic devices.[1] The future
of full-colored, flat panel displays, blue lasers, and optical
communication is likely to be based on GaN.[2] Nanotubular
structures have brought enormous breakthroughs in modern
science and technology, including electronics, mechanics,
physics, and chemistry.[3] There have been many studies that
have focused on compounds characterized by layered struc-
tures, for example, graphite,[4] boron nitride,[5] and metal
disulfides (MoS2, WS2, TiS2, ZrS2, and HfS2).

[6] Recent reports
indicated that under appropriate experimental conditions,
geometrically closed, concentric tubes could be constructed
from nonlayered structural materials. Thus far, there has been
great progress in the development of new nanotubes; nano-
tubes of metal oxides (TiO2,

[6] Ga2O3, In2O3,
[8] ZnO,[9] and

Al2O3
[10]), sulfides (CdS and CdSe),[11] and elemental metallic

Te,[12] and others [13] were reported.
Along with the development of nanotechnology, 1D

structural GaN may find wider applications in many fields.
Thus, considerable efforts have been made to fabricate GaN
nanowires or nanorods by several routes, such as template-
induced growth,[14] metal-catalyzed assisted laser ablation,[15]

hot filament vapor–liquid–solid growth,[16] and gallium oxide
reacted with ammonia.[17] Although GaN nanotubes were
observed in the preparation of GaN nanowires,[18] the syn-
thesis of GaN nanotubes in bulk have not been realized
experimentally. Herein we report the growth of GaN nano-
tubes in bulk by a two-stage process based on a well-
controllable conversion of amorphous gallium oxide (Ga2O)
nanotubes.

A dark (or black) material was collected from the C fiber
thermo-insulting layer of the induction furnace, in which the
deposition temperature was measured to be � 700–800 8C.
The yield of the product was estimated to be � 4–5.0%, based
on the amount of the Ga2O3 starting material. The phase
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composition and structure of the as-synthesized product were
examined by powder XRD (Figure 1a). All of the strong
reflection peaks of the XRD pattern can be readily indexed to
hexagonal Wurtzite-structured GaN with lattice constants a=
3.185 @ and c= 5.177 @ (the standard values from JCPDS

(02–1078): a= 3.186 @ and c= 5.177 @), comparable to the
literature values for hexagonal GaN.[19] No peaks associated
with the other crystalline forms of the gallium oxides can be
detected in the pattern. These results suggest that the as-
synthesized product contains virtually only one crystalline
phase of GaN and the other crystalline phases are below the
detection limit (� 5%). The components of Ga and N and the
impurities for the sample were further determined by
elemental analyses. The amounts (wt %) of Ga and N are
76.80 and 13.40, respectively (calcd for GaN1.00 :Ga 83.27,
N 16.73). This result gives the overall ratio of gallium to
nitrogen of 1:0.87 (i.e., not 1:1), which suggests either a
gallium-enrichment or nitrogen-deficiency in the synthesized
sample. The impurities were (wt %) C 2.1, O 5.0, and the
overall metallic elements (such as In, Cu, Zn, Al, Si), 2.7. The
black of the synthesized GaN samples is attributed to carbon
impurities (from the furnace) and from gallium enrichment
(pure h-GaN is pale yellow; the effect of gallium enrichment
on the color of the GaN nanocrystals has been demon-
strated).[20] The morphology of as-synthesized GaN product
was analyzed by transmission electron microscope (TEM;
Figure 1b). The clear contrast observed along the lengths of
the GaN wirelike product suggests the a tubular structure (the
outer part is darker than the inner part). Most of the

synthesized GaN nanotubes are straight, although a small
quantity are twisted or curved. Typically, the lengths of the
GaN nanotubes can reach � 10 mm. Each tube has a uniform
outer diameter and wall thickness (typically � 80 nm and
� 20 nm, respectively) along its entire length. The TEM
images in Figure 1c reveal that some ends of the GaN
nanotubes are open and some are closed.

Figure 2a shows a high-magnification TEM image of a
segment of a single straight GaN nanotube. A high-resolution
TEM image (Figure 2b) of the GaN nanotube wall reveals

that the tube is characteristic of a single-crystal. Detailed
analysis on the lattice fringes gives an inter-planar spacing of
0.28 nm, which matches well the (101) plane separation of the
standard bulk GaN. The lower right inset in Figure 2b depicts
the corresponding selected area electron diffraction (ED)
pattern; this shows that the brightest diffraction spots can be
precisely indexed as the [101̄] zone axis of hexagonal GaN
crystal, whereas the weak diffraction rings may originate from
GaN nanocrystallites attached to the tube surface. The phase
composition of an individual nanotube was further confirmed
by X-ray energy dispersion spectrometry (EDS). The spec-
trum shown in Figure 2c was recorded from the single GaN
tube as in Figure 2a. It reveals the presence of only Ga and N
in the nanotubes (Cu signals originate from the TEM grid)
with an approximate atomic ratio of 1.00:0.94. A relatively
weak oxygen peak in the spectrum probably originates from

Figure 1. a) An XRD pattern recorded from as-grown GaN nanotubes.
b) A typical TEM image of synthesized GaN nanotubes. TEM images
showing: c) an open and d) a closed end of GaN nanotubes.

Figure 2. a) A high-magnification TEM image showing a segment of a
single straight GaN nanotube. b) A high-resolution TEM image of the
GaN nanotube wall as in Figure 2a (lower right inset depicts a corre-
sponding ED pattern). c) An EDS spectrum taken from a single GaN
tube.
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unavoidable surface-oxidation and/or surface-adsorption of
oxygen on to the tubes arising from exposure to air during
sample processing.

Figure 3 shows a room temperature cathodoluminescence
spectrum from the synthesized GaN nanotubes. It is clear that
one broad emission peak around 505 nm, which is known as
the green band, is detected. Compared with the cathodolu-

minescence behavior (often a yellow band at 550 nm is
observed) of the bulk GaN,[21] the peak position of the grown
GaN nanotubes displays a blueshift of � 40 nm, which may be
attributed to some intrinsic point defects,[22] such as Ga
vacancies, to impurities, such as oxygen or carbon,[23] or to
complexes of intrinsic defects and impurities.[24] In addition,
one weak peak at � 370 nm also is detected in this spectrum,
which originates from the near band-edge emission.

The reaction of Ga2O3 with C (coming from the C
crucible) at a synthesis temperature of � 1250 8C and with
pure N2 as the carrier gas was carried out. The product was
examined by using TEM (equipped with a Gatan holder and a
twin heating system; Figure 4a and 4b), ED (Figure 4c), and
EDS (Figure 4d). These results reveal that the reaction
produced amorphous Ga2O nanotubes (EDS analysis reveals
the presence of Ga and O in the tube with an approximate
atomic ratio of 2.20:1.00), which were either completely
hollow throughout their lengths, or partially filled with Ga.

The expansion behavior of a nanoscale liquid Ga column
inside an amorphous Ga2O nanotube has been investigated by
TEM, and was demonstrated in carbon nanotubes.[25] . Gas-
eous Ga2O forms from the reaction of Ga2O3 with C at this
reaction temperature: [Eq.(1)][14,16,26]

Ga2O3 þ 2C ! Ga2O þ 2CO ð1Þ

The formed Ga2O vapor can be readily transported to the
deposition zone by the carrier gas (N2), and Ga2O nanotubes
forms by a vapor–solid growth mechanism.[27] Meanwhile, the
Ga2O vapor will also react with CO at a desired temperature:
[Eq.(2)][25b]

2Ga2O þ 4CO ! 4Ga þ C þ 3CO2 ð2Þ

which will result in liquid Ga filling the Ga2O nanotubes.
Considering the formation of amorphous Ga2O nanotubes,
we speculate that these nanotubes might be converted (or act
as a template, thus spatially confining the reaction) into GaN
nanotubes through the reaction of Ga2O with NH3 at the
desired reaction temperature. The reaction can be expressed
as: [Eq.(3)]

Ga2O ðnanotubesÞ þ 2NH3 ! 2GaN ðnanotubesÞ þ H2O þ 2H2 ð3Þ

For the synthesis of crystalline GaN nanotubes by the
above conversion reaction, a two-stage process was applied by
controlling the processing temperature and the carrier gas. In
the first stage, a pure N2 flow was introduced through the
quartz tube at a flow rate of 80 sccm (standard cubic
centimeter per minute) and at the ambient pressure of the
furnace tube. The reactant, Ga2O3, was heated to 1250 8C and
maintained at this temperature for 1.5 h. The amorphous
Ga2O nanotubes grew at a low temperature, estimated to be
around 700 8C. In the second stage, the pure N2 flow was
switched to a pure NH3 flow with the same flow rate and at
ambient pressure in the tube. The furnace was further heated
to 1400 8C and kept at this temperature for 1 hour. We
speculate that during this stage a significant part of the liquid
Ga evaporates out of the Ga2O nanotube because of the
higher reaction temperature. These formed Ga2O nanotubes
serve as energetically favorable sites and enhance NH3

adsorption on their outer and inner walls (due to the high
surface area of these tubes). The reaction shown in Equa-
tion (3) may start from the surfaces of the Ga2O nanotubes,
which are thus converted in situ into GaN nanotubes. There-
fore, we believe that during the conversion process the
formed Ga2O nanotubes not only are used as a precursor (or
an intermediate) but also as a template for confining the
reaction in a local space around the nanotubes, which is
similar to the synthesis of carbide nanorods with confining
reactions by converting carbon nanotubes,[28] except that in
present case the Ga2O nanotubes and GaN nanotubes are
both produced from the powdered Ga2O3 starting material.
The detailed growth mechanisms of Ga2O nanotubes and
GaN nanotubes, however, are not fully understood, and
require more systematic investigations.

In summary, GaN nanotubes can be prepared in bulk by a
controllable two-stage process that involves the conversion of

Figure 3. A room temperature cathodoluminescence spectrum of the
grown GaN nanotubes.

Figure 4. Either hollow a) or partially Ga-filled b) amorphous Ga2O
nanotubes from the reaction of Ga2O3 with C at high temperature.
c) An ED pattern and (d) an EDS spectrum of the amorphous Ga2O
nanotube as in (a), respectively.
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Ga2O nanotubes. An investigation of the properties of the
GaN nanotubes synthesized by this route is in progress.

Experimental Section
The amorphous Ga2O and crystalline GaN nanotubes were synthe-
sized in a vertical induction furnace, as described in detail else-
where.[29] Briefly, the furnace consists of a fused-quartz tube (50 cm in
length, 12 cm in outer diameter, and 0.25 cm in wall thickness) and an
induction-heated cylinder (25 cm in length, 4.5 cm in outer diameter,
and 3.5 cm in inner diameter) made of a high purity graphite coated
with a C fiber thermo-insulating layer. The inductively heated
cylinder has one inlet C pipe and outlet C pipe on its top and base,
respectively. A graphite crucible containing Ga2O3 powder (2.0 g,
99.9%, Sigma-Aldrich) was placed at the center cylinder zone. After
evacuation of the quartz tube to � 1–2 Torr, a two-stage process by
controlling the processing temperature and carrier gas was performed
as follows: First, a pure N2 flow was kept introducing through the
quartz tube at a flow rate of 80 sccm and the ambient pressure in the
tube, and the starting material Ga2O3 was heated to and maintained at
1250 8C for 1.5 h. Next, the pure N2 flow was switched to a pure NH3

flow with the same flow rate and at the ambient pressure in the tube.
The furnace was further heated to and kept at 1400 8C for 1 hour.
During the reaction process, an optical pyrometer with an estimated
accuracy of � 10 8C was used to monitor the synthesis temperature or
deposition temperature. After the reaction was terminated and the
furnace cooled to the room temperature, the black resulting product
was collected from C fiber thermal insulating layer for character-
ization using X-ray powder diffractometer (XRD; RINT 2200) with
CuKa radiation and high-resolution transmission electron microscopy
(HRTEM; JEM-3000F) with an X-ray energy dispersive spectrom-
eter (EDS). Elemental analyses were performed on a TC-436 (LECO
Co., USA) and a CS-444 LS (LECO Co. USA) element simultaneous
analytical determinator and an IRIS Advantage ICAP (Nippon
Jarrell Ash Co., Ltd., Japan) spectrophotometer. The cathodolumi-
nescence spectra were measured at room temperature in a spectral
range of 300–800 nm by using a He–Cd laser with a wavelength of
325 nm as the excitation source.
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