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Abstract: Aluminum nitride nanostructures are attractive for many promising applications in semiconductor
nanotechnology. Herein we report on vapor-solid growth of quasi-aligned aluminum nitride nanocones on
catalyst-coated wafers via the reactions between AlCl3 vapor and NH3 gas under moderate temperatures
around 700 °C, and the growth mechanism is briefly discussed. The as-prepared wurtzite aluminum nitride
nanocones grow preferentially along the c-axis with adjustable dimensions of the sharp tips in the range
of 20-60 nm. The photoluminescence spectrum reveals a broad blue emission band with a fine photon
structure while the field emission study shows a notable emission current with a moderate turn-on field as
expected, suggesting their potential applications in light and electron emission nanodevices.

Introduction

Since the discovery of carbon nanotubes (CNTs),1 the
nanotubular family has been rapidly extended to different
layered compounds including nitrides,2 chalcogenides,3 halo-
genides,4 etc., and recently to nonlayered compounds such as
AlN5 and GaN.6 These nanotubes exhibit great prospects in the
fundamental physical sciences as well as modern nanotechnol-
ogy due to the unique nanotubular structures and quantum
confinement effects.7,8 Stimulated by the novel properties of
the nanotubes, other one-dimensional geometries have also
become the focus of scientific research, with major progress in
nanowires and nanobelts. Thanks to the advancement in the
synthetic methods, various nanowires have been obtained

ranging from elementary substances9 to complex compounds10

and even to superlattices,11 while nanobelts are mainly composed
of oxides,12 carbides,13 and nitrides.14 Accordingly, some
prototypes of advanced nanodevices such as field effect transis-
tors, polarization-sensitive nanoscale photodetectors, and ultra-
violet nanowire nanolasers have been developed.15 In recent few
years, nanocones have emerged as a new kind of one-
dimensional nanostructure which is superior to nanotubes,
nanowires, and nanobelts in some aspects.16 For example, it is
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found that nanocones are more potential candidates for scanning
probes and field emitters due to their radial rigidity, which
eliminates the poor signals and noise caused by mechanical or
thermal vibration.16a However, to date the obtained nanocones
are still restricted to a very few members such as carbon,16 boron
nitride,17 silicon carbide,18 and zinc oxide19 due to the difficulty
in preparation. In this paper, we report on the successful
synthesis of quasi-aligned wurtzite AlN nanocones by a chemical
vapor deposition technique, and the growth mechanism is briefly
discussed.

As an important member of the promising semiconductors
of group III nitrides, AlN is characterized by its direct band
gap of 6.2 eV, small or even negative electron affinity as well
as its high thermal conductivity, excellent chemical stability,
and superior mechanical strength. Its nanostructures have been
promised a good future in, e.g., flexible pulse-wave sensors,
nanomechanical resonators, and light-emitting diodes.20 In
addition, conical structures have been long known for their
suitability in field emission due to the strong local electric field
at the tips and the unique direction of electron emission.
Actually, the invention of Spindt types of Mo and Si cones is
the trademark in the history of vacuum microelectronics.21

Hence, the AlN nanocones reported here not only provide a
new member of conical nanostructures, but also serve as a
promising candidate for the field electron emitter due to the
combination of the small electron affinity and the sharp-tip
geometry. The subsequent characterizations of photolumines-
cence and field emission reveal that these AlN nanocones own
a broad blue emission band and a rather good field emission
property as expected, suggesting potential applications in light
and field emission nanodevices.

Experimental Section

In a typical run, AlCl3 and NH3/N2 (NH3, 4 vol %) were used as
aluminum and nitrogen sources, respectively. An n-type Si(111) wafer
was deposited with a 10 nm Ni film via a magnetic sputtering process,
and then it was placed in the center of an alumina tube located in a
horizontal tubular furnace. The system was evacuated and flushed with
Ar several times to remove oxygen and moisture. After the temperature
of the furnace was raised to 700°C, AlCl3 was vaporized in the front
of the tube at 140°C and subsequently transported by Ar flow (200
sccm) to the reaction zone, where it reacted with NH3/N2 flow (150
sccm) to deposit AlN nanocones on the Ni-coated Si wafer. The reaction
lasted for 4 h, and then the system was cooled to ambient temperature
under Ar flow. Gaseous AlCl3 in the exhaust gas was adsorbed by
passing through a flask containing alkaline solution to prevent its
leakage to the ambient.

The product was characterized by various methods including X-ray
diffraction (XRD; Philips X’pert Pro diffractometer), scanning electron
microscopy (SEM; JEOL JSM-6300), transmission electron microscopy
(TEM; JEOL-JEM-1005), and high-resolution transmission electron
microscopy (HRTEM; JEM-40001X). The optical properties of the
product were investigated by micro-Raman spectroscopy (T64000 laser

Raman spectrometer, excited with an Ar+ line at 488 nm) and
photoluminescence spectroscopy (PL; Amino.Bowman Series-2 spec-
trometer, excited with a Xe+ line at 294 nm). The field electron emission
measurements were performed by using a parallel-plate configuration
in a vacuum chamber at a pressure of 1× 10-7 Torr.

Results and Discussion

A typical XRD curve of the product obtained on a Ni-coated
Si wafer under 700°C is shown in Figure 1. All the diffraction
peaks can be indexed as the wurtzite AlN phase with lattice
parametersa ) 3.14 Å andc ) 4.97 Å. The strong intensity of
the (002) peak indicates that the AlN crystals grew preferentially
along the c-axis; meanwhile the absence of other peaks
demonstrates the high purity of our products.

The general morphology of the AlN product was characterized
using SEM. From the tilted and cross-sectional views in Figure
2, it is observed that a high density of AlN nanocones grew
perpendicularly or slantingly from the wafer to form the quasi-
arrays. These AlN nanocones are several micrometers long with
linearly decreasing diameters along the growth direction. Further
morphological characterization using TEM shows that a typical
AlN nanocone has a sharp tip of 20 nm with a smooth surface
(Figure 3a). The ripple-like contrast implies the existence of
strains along the nanocone. The corresponding HRTEM image
(Figure 3b) indicates that the nanocone is a single crystal with
a space of 0.266 nm between the neighboring lattice planes, in
agreement withd100 space of hexagonal AlN (h-AlN). This
confirms that the AlN nanocones grew along thec-axis as
derived from the XRD curve, which is also corroborated by
selected area electron diffraction (SAED; Figure 3b, inset). A
thin amorphous layer surrounding the outer surface of the AlN
nanocone was also observed (Figure 3) as the case for faceted
AlN nanotubes, which comes from the surface oxidation in air
or the hydrolysis during preparation of the TEM grid.5

On the basis of the above analyses, it is seen that the novel
quasi-aligned AlN nanocones have been successfully obtained
by a moderate chemical reaction. The reaction between AlCl3

(its vapor pressure is about 50 Torr at 140°C) and NH3

catalyzed by a Ni film first resulted in the formation of an AlN
film on the wafer.22 When the film reached a certain critical
thickness, AlN nanocrystals were formed because of the inherent
strain induced by the lattice mismatch between the AlN and Ni
films.23 The formation of the AlN nanocones could be under-
stood by a vapor-solid epitaxial growth mechanism due to the
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Figure 1. XRD curve of the AlN product obtained on a Ni-coated silicon
wafer under 700°C.
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effective steady-state AlCl3 vapor pressure.10e The inherent
asymmetry of the hexagonal crystal structure along thec-axis
of AlN favored the subsequent preferential growth of one-
dimensional nanostructures along the [001] direction.5,24 The
morphology of the final product should be dominated by the
migration of the newly formed AlN species to the favorable
sites on the surface of the preformed AlN nanostructures, where
the AlN species might be incorporated into the crystal lattice.10j

During the growth process, the Ni catalyst stayed on the Si wafer
surface and catalyzed the reaction of AlCl3 and NH3 to
continuously produce the AlN species. It seems reasonable to
consider that, along the [001] direction of the growing nano-
structures, there is a progressive decrease in the amount of the
AlN species, leading to the formation of nanocones.

When Ni catalyst was replaced by Fe or Co, quasi-aligned
AlN nanocones were still obtained, and even the silicon wafer
could be substituted by a quartz wafer, as typically shown in
Figure 4a,b. In addition, it is also found that, without catalyst
(i.e., using the Si or quartz wafer alone), AlN product in the
form of nanoparticles could be formed only at a reaction
temperature higher than 850°C. In contrast, AlN nanocones
were easily formed on the catalyst-coated wafers at a reaction
temperature as low as 700°C. Hence, the indispensable function
of the catalyst for the formation of AlN nanocones under the
present reaction conditions is obvious. Interestingly, raising the
reaction temperature leads to the evolution of nanocones to
nanocolumns. As can be learned by comparing Figure 3a with
Figure 4c, when the reaction temperature was raised from 700

to 750 °C, the tips’ dimensions of the AlN nanocones on the
Ni-coated Si wafer increased from 20 to 60 nm while the
apparent angle between the two edges decreased from 7.5° to
4.0° approximately. AlN nanocolumns were formed (Figure 4d)
when the reaction temperature was further raised to 800°C.
These observations are consistent with the above discussions
on the formation of the conical shape nanostructures, since a
higher temperature could increase the migration rate of the AlN
species, promoting a uniform distribution of the AlN species
on the surface of the growing nanostructures.

The optical and electronic properties of the AlN nanocones
are further examined to explore their promising applications.
Since h-AlN belongs to the space groupP63mc, six Raman-
active modes may be present, i.e., 1A1(TO) + 1A1(LO) + 1E1-
(TO) + 1E1(LO) + 2E2.14a In the Raman spectrum in Figure 5,
two signals at 656 and 614 cm-1 are indexed to the E2(high)
and A1(TO) phonon modes, while a broad small peak at 902
cm-1 is assigned to the overlap of the E1(LO) and A1(LO)
modes.14a The peak at 522 cm-1 is originated from the silicon
wafer.25 The weakness and absences of longitudinal optical
phonons (A1(LO), E1(LO)) and another transverse optical
phonon (E1(TO)) probably resulted from the special angle
between the wave vector of the phonons and thec-axis of the
quasi-aligned AlN nanocones in the near backscattering
geometry.26aThe high-wavenumber shift of A1(TO) (614 cm-1)
compared with that of crystal AlN (610 cm-1)14a might result
from the interaction of the polar phonons of the A1 mode with
the long-range electrostatic field, while no wavenumber shift
was observed for E2(high) due to its nonpolarity.26b The
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Figure 2. SEM images of quasi-aligned AlN nanocones obtained on a Ni-coated silicon wafer under 700°C: (a) tilted view, (b) cross-sectional view.

Figure 3. TEM and HRTEM images of a typical AlN nanocone: (a) TEM image of an AlN nanocone with a sharp tip of 20 nm, (b) HRTEM image
corresponding to the rectangular region in (a). The space of 0.266 nm between the arrows corresponds to thed100 space. The growth direction is along the
c-axis perpendicularly to the (100) plane. The inset is the SAED pattern of the nanocone.
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broadening and asymmetry of these peaks are due to the
nanosized effects and internal strains.14a,26a

Figure 6 presents the photoluminescence spectrum of the AlN
nanocones, which has a broad blue emission band centered at
481 nm (2.58 eV) with a fine photon structure. Clearly, this
band is not the direct band gap emission, but is referred to as
a deep-level or trap-level state. In detail, the blue emission
originates from the singly ionized nitrogen vacancy in AlN and
the radiative recombination of a photogenerated hole with an
electron occupying the nitrogen vacancy.27 In addition, the
transitions from shallow donor levels to the excited states of
the deep level lead to the fine photon structure.27b This indicates
that these nanocones have potential applications in blue-light-
emitting devices.

The field emission measurements of the quasi-aligned AlN
nanocones on a Si wafer were performed by using a parallel-
plate configuration with a spacing of 0.3 mm in a vacuum
chamber at a pressure of 1× 10-7 Torr. A rather good current-
voltage curve with a two-sectional Fowler-Nordheim (F-N)
plot was obtained as shown in Figure 7. It is found that the
apparent turn-on electric field (defined as the applied field for
10 µA/cm2) was 12 V/µm, comparable with that of GaN
nanowires deposited on a Si wafer (12 V/µm),10a and the
apparent threshold field (defined as the applied field for 1 mA/
cm2) is estimated to be 32 V/µm from the linear fitting in the
high electrical field (Figure 7). This is significant for an undoped
wide-band-gap material since the field emission properties might
be further enhanced with proper doping.10aMoreover, a silicon
oxide film on the Si wafer surface was unavoidably formed in
routine experimental conditions due to the oxygen impurity.
Therefore, the intrinsic values of the turn-on and threshold fields
of the AlN nanocones should be much lower than the above
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Figure 4. SEM and TEM images of quasi-aligned one-dimensional AlN nanostructures synthesized under different reaction conditions: (a) SEM image of
AlN nanocones synthesized at 750°C with a Co-coated Si wafer, (b) SEM image of AlN nanocones synthesized at 750°C with an Fe-coated quartz wafer,
(c) TEM image of a typical AlN nanocone synthesized at 750°C with a Ni-coated Si wafer, (d) SEM image of quasi-aligned AlN nanocolumns synthesized
at 800°C with a Ni-coated Si wafer.

Figure 5. Raman spectrum of the quasi-aligned AlN nanocones obtained
on a Ni-coated Si wafer under 700°C.

Figure 6. Photoluminescence spectrum of the quasi-aligned AlN nanocones
obtained on a Ni-coated Si wafer under 700°C.
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apparent values correspondingly, since the silicon oxide film
with large resistance on gigaohm order consumed a large portion
of the applied voltage. This could be best illustrated by the
comparison of the field emission properties of GaN nanorods
deposited on a Si wafer and a platinum-coated sapphire
wafer.10a,28It is seen that the turn-on electric field was greatly
reduced from 12 to 0.5 V/µm. These analyses indicate that the
obtained quasi-aligned AlN nanocones are indeed a good
candidate for the field emitter as expected. The two-sectional
feature in the F-N plot (Figure 7, inset) may result from the
space charge effect.29

Conclusion

Quasi-aligned wurtzite AlN nanocones on catalyst-coated
wafers with the preferential growth direction along thec-axis
have been successfully synthesized via the reaction between
AlCl3 vapor and NH3 gas around 700°C. Effects of reaction
conditions such as catalysts, wafers, and reaction temperatures
on the morphologies of AlN nanostructures are examined,
revealing the possibility of the controllable synthesis of the AlN
nanostructures to a certain extent. A vapor-solid epitaxial
growth mechanism has been briefly discussed. The unique
photoluminescence and field emission properties of these novel
AlN nanocones ensure their potential applications in light- and
electron-emitting nanodevices.
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Figure 7. Current-voltage curves of the quasi-aligned AlN nanocones
obtained on a Ni-coated Si wafer under 700°C. The inset is the
corresponding F-N plots.
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