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bstract

exagonal aluminum nitride (AlN) nanowires were fabricated by direct sublimation method without a catalyst layer. The obtained nanowires have
iameters of about 30–100 nm and length up to tens of micrometers. TEM observation indicates that these nanowires are single-crystalline and grow
long [0 0 0 1] direction. It is thought that vapor–solid (VS) mechanism should be responsible for the growth of AlN nanowires. In addition, room

emperature Raman scattering and photoluminescence spectra from AlN nanowires were studied. Photoluminence spectrum of the AlN nanowires
hows a wide emission band centered of 517 and 590 nm, which is related to N vacancies and the transition from the level of VN

+ to ground state
f the deep level of [VAl

3− + 3ON
+] defects, respectively.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Research on the growth and properties of low-dimensional
anomaterials has attracted increasing attention due to their
mportance in both scientific research and technological
pplications.1–4 Aluminum nitride (AlN), one of wide band-
ap semiconductors, is high attractive materials because of its
igh thermal stability, high dielectric breakdown strength, good
echanical strength, excellent chemical stability, nontoxicity,

tc.5,6 Recently, low-dimensional AlN nanostructures such as
anowire, nanobelt and nanotube were found to possess promis-
ng applications in electronics and photonics devices.7–9 So
ar, various low-dimensional AlN materials such as nanowire,
anobelt, nanotube, nanoring, nanospring, etc. have been suc-
essfully synthesized by some methods including expanded
LS growth process,9–12 catalyst-assisted growth,13–16 direct
itridation,17–19 dc-arc plasma process20 and carbothermal
eduction.21 However, the direct sublimation method for syn-
hesis of AlN nanowires has not been reported up to date. In

his paper, by a direct sublimation process, large-scale AlN
anowires with hexagonal single-crystalline structure were syn-
hesized at 1500 ◦C. The structural property, Raman scattering
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E-mail address: whtang@zstu.edu.cn (W.H. Tang).

t
t
c
s
f

a

955-2219/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2008.06.002
nd photoluminescence spectra of the AlN nanowires were char-
cterized and investigated in detail.

. Experimental

The synthesis of AlN nanowires was carried out in a horizon-
al tubular furnace with straight alumina tube, and AlN powders
ere used for synthesizing AlN nanowires under this study. The

tarting AlN powders were firstly ground for 30 h in a mechani-
al ball mill system. Then, 2 g ball-milled AlN powder (average
ize of 200 nm) was placed in an alumina boat. Another short
lumina tube was eroded by NaOH at 500 ◦C for 5 min. First,
he alumina boat was put into the eroded alumina tube. Then,
oth the alumina tube and the alumina boat were put in the cen-
er of the furnace. After flushed with Ar three times to remove
he remaining air before each growth, the furnace temperature
as first brought up to 800 ◦C under Ar flow rate of 80 sccm, and

hen Ar flow was placed by nitrogen flow at 30 sccm. The furnace
emperature was continuously ramped up to 1500 ◦C and held at
he temperature for 120 min. After the furnace temperature was
ooled to the room temperature in the flow of nitrogen atmo-

phere, a large amount of gray white products were obtained
rom the inner surface of the eroded alumina tube.

Powder X-ray diffraction (XRD) data used for structural
nalysis was collected on PaNalytical X’Pert Pro MPD X-ray

mailto:whtang@zstu.edu.cn
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iffractometer with Cu K� radiation. The morphology of the
roduct was examined by field-emission scanning electron
icroscope (FEI XL30 S-FEG) equipped with energy-

ispersive X-ray spectroscopy (EDS). The X-ray photoelectron
pectra (XPS) were recorded on a VGESCALAB MKII X-
ay Photoelectron Spectrometer, using non-monochromatized

g K� X-ray as the excitation source. The chemical com-
osition, TEM image, electron diffraction (ED) patterns and
igh-resolution lattice fringe (HRTEM) of samples were col-
ected on the JEOL 2010 transmission electron microscope
quipped with EDS. Raman measurement was performed on
multichannel modular tripe Raman system (JY-T64000) using
514 laser as excitation source. Photoluminescence (PL) spec-

ra of the nanowires were carried out at RT using the 325 nm
ine of a He–Cd laser with an output power of about 2 mW as
he excitation source.

. Results and discussion

Fig. 1a is the XRD pattern of the as-prepared sample.

he diffraction peaks with miller indices marked above can
e indexed to the hexagonal AlN, with lattice constants of
= 3.112 Å, c = 4.982 Å, agreeing well with the calculated
iffraction pattern (ICDD-PDF No. 25-1133). No other impure

ig. 1. (a) XRD pattern of the obtained AlN nanowires and (b) energy-dispersive
-ray analysis (EDX) of the AlN nanowires.
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eaks are detected, indicating that the sample is predominantly
exagonal AlN. The composition of the as-prepared sample can
e determined by the EDS analysis. The EDS (Fig. 1b) results
ndicate that the sample mainly consists of Al and N element.
race amount of O element probably maybe comes from the O2
nd H2O adsorbed on the sample surface and/or acts as impu-
ity in interior structure of the sample. The average Al/N ratio is
.08:1, indicating a little nitrogen-deficient condition or oxygen
mpurity of the sample. The composition of the sample can be
lso determined by XPS (Fig. 2). Fig. 2a shows a typical survey
pectrum of the sample, indicating the presence of Al and N
lement. The appearance of O peaks is due to the O impurity of
he sample. The binding energies, centered at 74.6 eV for Al 2p
Fig. 2b) and 397.8 eV for N 1s (Fig. 2c), are in good agreement
ith the values of the bulk and film AlN from the literature.22

uantification of the Al 2p and N 1s peaks gives an average
l/N atomic ratio of 1.09:1, which is consistent with the EDS

nalysis, further confirms the nitrogen-deficient condition of the
ample.

Typical SEM images of the sample are shown in Fig. 3.
learly, Fig. 3a gives an overall view of the sample, reveal-

ng that there are large-scale AlN nanowires with high density.
EM image with higher magnification (Fig. 3b) reveals that

he sample mainly consists of nanowires having diameters of
round 30–100 nm and up to tens of microns in length with
mooth surface and good toughness. Typical TEM images of
he hexagonal AlN sample are shown in Fig. 4. Fig. 4a shows
he low magnified TEM image of a single nanowire with diam-
ter of approximately 30 nm. The EDS analysis of the nanowire
Fig. 4a) shows that the chemical composition mainly consists
f Al and N element. O element is not detected maybe due to
he limit of the instrumental resolution. The small amount of C
nd Cu elements come from the carbon-coated copper grid. The
elected area electron diffraction (SAED) pattern taken from
he nanowire (Fig. 4c) can be indexed based on the hexago-
al AlN cell (ICDD-PDF No. 25-1133). The SAED pattern of
he nanowire indicates the single-crystalline nature with [0 1 1̄ 0]
one axis and growth direction along [0 0 0 1]. HRTEM image of
he nanowire shows spacings of 0.246 nm between two neighbor-
ng fringes, which corresponds to the d0 0 2 spacings of hexagonal
lN (Fig. 4d). In this direct sublimation route, catalyst is not
sed and the TEM analysis shows that no catalyst on the tip
f the nanowires, indicating that the growth mechanism of the
anowires was not governed by vapor–liquid–solid (VLS) pro-
ess. The trace of Na element on the surface can be detected due
o the NaOH-etched process.23 The trace of Na cannot play an
mportant role in the Growth of AlN nanowires because we did
ot observed Na element in the AlN nanowires and the data about
a induced nanowire growth. Alkali halide instead of alkali

an induce the growth of nanowires. The mechanism is alkali
alide flux which can be applied to the growth of many kinds
f nanowires such as metal oxides, metal carbides and other
etal compounds.24–26 However, the experimental process and
tarting materials in the alkali halide flux is completely different
rom the process mentioned in this work. So, the growth of AlN
anowires is more likely to be controlled by the vapor–solid (VS)
rocess. Since AlN is rather stable, AlN would not be decom-
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Fig. 2. XPS spectra of the obtained AlN n

osed into Al vapor and N2 at 1500 ◦C. We deduce that AlN
owders firstly sublimate into gas-phase AlN at high temper-
tures. Subsequently, if the concentration of AlN is controlled
o be low enough, in terms of the knowledge of crystallogra-
hy, nanowires are expected to grow on the substrate at relative
ower-temperature region. In this process, the surface defects
f alumina tube play an important role in the formation of AlN

anowires. There are large amount of defects lying in the NaOH-
tched alumina surface. These defects provide many nucleation
ites for the growth of the AlN nanowires. If the surface of alu-
ina surface is smooth, the experimental results show that only

g
o
t
A

Fig. 3. (a) Low-magnification SEM image of the AlN nanowires an
ires: (a) N 1s region and (b) Al 2p region.

olycrystalline AlN microparticles can be found. So, we deduce
hat the surface defects of alumina play an important role in the
ormation mechanism of AlN nanowires. However, the exact
rowth mechanism of AlN nanowires is not clear and needs to
e further investigated.

The Raman spectrum of the hexagonal AlN nanowires
as shown in Fig. 5. It is well known that the space

roup of hexagonal AlN is C4

6v(P63mc) with all atoms
ccupying the C3V sites. Considering the Raman selec-
ion rules, six Raman-active modes may be present, i.e.
1(TO) + A1(LO) + E1(TO) + E1(LO) + E2(high) + E2(low) can

d (b) high-magnification SEM image of the AlN nanowires.
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ig. 4. (a) Typical TEM image of a single AlN nanowire; (b) EDS analysis of
mages of the AlN nanowire.

e observed in the hexagonal AlN. In this study, five first-
rder Raman active phonons A1(TO), E2(high), E1(TO), A1(LO)
nd E1(LO) at 607.8, 652.7, 665.2, 889.5 and 906.2 nm were
bserved, respectively. It is observed that these four modes
re red-shift compared with the peaks from the AlN bulk and

lm data.27 These red-shift phenomena can be also observed

n other AlN nanostructures such as nanobelts, nanorings and
anoparticles.16–18,28 It is thought that the red-shift of these
odes results from the size confinement effects and internal

ig. 5. Room-temperature Raman scattering spectrum of the AlN nanowires.

f
(
w
i
t

ingle AlN nanowire; (c) SAED pattern of the AlN nanowire and (d) HRTEM

tress.29 E2(low) mode is not observed here, which is permitted
y P63mc space group in the first-order Raman measurement at
he zone center.

Fig. 6 shows the photoluminescence spectrum of the AlN
anowires excited at 325 nm. A wide emission band ranging
rom 1.55 eV (800 nm) to 3.59 eV (345 nm) centered at 2.4 eV

517 nm) and 2.1 eV (590 nm) is observed. The PL mechanism of
ide emission band of AlN nanostructures had been extensively

nvestigated. It is difficult to fabricate stoichiometric composi-
ion of AlN nanostructures. Up to now, pure band-edge emission

Fig. 6. Room-temperature PL spectrum of AlN nanowires.
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6.2 eV) of AlN nanostructured materials with stoichiometric
omposition has not been achieved and the mechanism of PL
pectrum on the AlN nanostructures is rather complicated. The
eported PL spectrum is completely different from each other.
e et al.30 reported the 2.39 eV band from AlN nanorods, which

s similar to the 2.4 eV band emission in this work. It is thought
deficiency and the radiative recombination of a photon- (or

lectron-) generated hole with an electron occupying the N defi-
iency should be responsible for the emission band centered
t 2.39 eV. Chen et al.31 observed three prominent lumines-
ence bands at 2.1, 3.4 and the near band-edge 6.2 eV. They
educed that the low energy emission centered at 2.1 eV prob-
bly is the oxygen related luminescence centers. In addition,
ome literatures have reported other emission band centered
t different energy such as 3.26, 2.75, 2.59, 2.02, 2.83 and
eV.32–38 It is generally believed that these low-energy emis-

ion is related to crystal defects or defect levels associated with
itrogen vacancy, oxygen-related centers (ON

+), or aluminium
nterstitials that have formed during the growth, but without fur-
her giving exact explanations. The present results are closer
o that of the literatures.30,31 It is thought that emission band
t 2.4 eV is related to N vacancies and oxygen point defects
hould be responsible for the emission band at 2.1 eV. N vacan-
ies as native defects confirmed by EDS and XPS analysis,
re very common in the AlN nanomaterials. N vacancies and
ecombination of the generated holes with an electron occu-
ying the N vacancies are main reason for the emission band
entered at 2.4 eV. This phenomenon can be also observed in N-
eficiency AlN thin films and nanoparticle structures.39,40 On
he other hand, theoretically, the plane-wave pseudo-potential

ethod was employed to calculate the oxygen point defects in
lN.41 The calculated results indicated that oxygen point defects

n AlN could easily take the place of N to form deep level, and
Al

3− and ON
+ are the most favorable charged defects in AlN

aterials, and demonstrated the formation of [VAl
3− + 3ON

+]
efect complexes as deep level. In this work, oxygen impurity
f AlN nanowires is confirmed by the EDS and XPS analysis,
nd the O in AlN can easily take the place of N form ON

+.
e deduce that emission at 2.1 eV is attributed to the transi-

ion from the level of VN
+ to ground state of the deep level of

VAl
3− + 3ON

+] defect complexes, and it is in agreement with
esults reported by He et al.31

. Conclusions

In conclusion, AlN nanowires with hexagonal crystal struc-
ure were successfully synthesized by direct sublimation method
t 1500 ◦C. The experimental results indicate that these single-
rystalline AlN nanowires have diameters of around 30–100 nm
nd up to tens of micron in length. These nanowires show the
mooth surface and good toughness, and grow along [0 0 0 1]
irection. Photoluminence spectrum of the AlN nanowires
hows a wide emission band centered at 2.4 and 2.1 eV, respec-

ively. It is found that emission band at 2.4 eV is related to N
acancies and emission band at 2.1 eV should be attributed to
he transition from the level of VN

+ to ground state of the deep
evel of [VAl

3− + 3ON
+] defects.
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