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Large-scale single-crystalline AlN nanotip arrays have been fabricated via a facile catalysis-free
approach using AlCl3 powder and NH3 as starting materials. These nanotips exhibit an intense broad
ultraviolet emission centered at 3.28 eV. The field emission features a notable electron current with
a low turn-on field. The turn-on and threshold electric field are found to decrease substantially from
7.7 to 3.9 V / m and 7.9 to 4.1 V / m, respectively, while the estimated field enhancement factor
increases from 483 to 1884 with increasing the ambient-temperature from room temperature to
573 K. The dependence of the photoluminescence and electron field emission with temperature and
the possible mechanism involved has systematically been investigated and thus discussed. © 2009
American Institute of Physics. 关DOI: 10.1063/1.3126055兴
The recent demonstration of advanced nanodevice prototypes including field effect transistors, polarizationsensitive nanoscale photodetectors, and ultraviolet 共UV兲
nanowire nanolasers has been considered as an exciting scenario toward the development of modern nanoscience and
nanotechnology.1–3 It is indeed great and quite inspiring advancement of the modern nanotechnology, various onedimensional 共1D兲 nanomaterials have therefore been fabricated ranging from elementary substances2 to complex
compounds4 and even to superlattices.5 As an important
member of the promising semiconductors group-III nitrides,
aluminum nitride 共AlN兲 is characterized by its direct band
gap of 6.1 eV, small or even negative electron affinity as well
as its attractive thermal conductivity, chemical stability, and
mechanical strength.6 Nanostructured AlNs have long been
viewed as promising materials for photonics and electronic
applications, e.g., compact high-efficiency UV light-emitting
diodes and laser diodes, flexible pulse-wave sensors, and nanomechanical resonators.7 To date a variety of 1D AlN nanostructures have been developed, for instance, nanowires,
nanocones, nanobelts, nanoneedles, nanorods, and
nanotips.8–15 Among others, electron emitters with high aspect ratio tips, predicted by the modified Fowler–Nordheim
共FN兲 equation,16,17 can greatly facilitate field emission 共FE兲
at low turn-on voltages. Thus AlN nanotips have been regarded as favorable candidates for scanning probes and field
emitters. Moreover their excellent radial rigidity largely
eliminates the noise and poor signals caused by the otherwise
unwanted mechanical or thermal vibration.9,10
Herein, the main objective of this letter is to carry out a
study on structural and temperature-dependent photoluminescence 共PL兲 and FE properties of aligned large-scale
single-crystalline AlN nanotip arrays, to examine their suitability as potential light and electron emission nanodevices.
The temperature dependence of the PL and FE properties and
also the possible mechanisms involved have been investia兲
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gated and discussed. Acquisition knowledge of aligned largescale 1D AlN nanotip arrays and their temperature-dependent
physical properties are of important steps in realizing their
applications in electronic/photonic nanodevices.
The AlN nanotips were prepared through a combined
vapor transport and condensation process.17,18 Aluminum
chloride 共AlCl3兲 powder and ammonium 共NH3兲 were used as
starting materials. A clean Si共100兲 substrate was placed in a
quartz tube at 4–5 cm away from the source materials. The
AlCl3 was loaded into a ceramic boat and placed into the
center of the quartz tube. After the furnace was pumped
down to ⬃10−3 Torr, NH3 at 50 共SCCM兲 共SCCM denotes
standard cubic centimeters per minute at STP兲 was introduced into the tube. When the temperature of the furnace
reached 1000 ° C, the quartz tube was pushed into the hot
zone of the furnace where the source material was located at
the center of the furnace. The growth was maintained for 2 h
at 1000 ° C.
Shown in the inset of Fig. 1共a兲 is the typical x-ray diffraction 共XRD兲 pattern of the obtained AlN nanostructures.
The XRD pattern agrees well with the standard wurtzite
AlN,19 revealing a wurtzite AlN structure with the lattice
parameters of a = 0.3114 nm and c = 0.4979 nm. The strong
intensity of the 共002兲 peak indicates that the AlN nanocrystals grew preferentially along the c-axis. Figures 1共a兲 and
1共b兲 show the plain- and tilted-view scanning electron microscopy 共SEM兲 images of AlN nanotips, from which one
can see that the morphology of the nanotips are uniform with
diameter around 10 nm at the tip and length more than a few
hundred nanometers. The aspect ratio of each AlN nanotip is
about 200, which is adequate for a FE application. To determine the detailed crystalline structure, transmission electron
microscopy 共TEM兲 was employed to investigate the nanotips. Hexagonal cross sections and layer-stacked structure
along the growth direction are clearly observed from the
typical low-magnification TEM images of the AlN nanotips,
as shown in Figs. 1共c兲 and 1共d兲. The high-resolution TEM
共HRTEM兲 of the 1D AlN nanotips are shown in the Figs.
1共e兲–1共i兲. The hexagonal cross sections and layer-stacked
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FIG. 2. 共Color online兲 共a兲 Temperature-dependent PL spectra of the AlN
nanotips in the range of 2.5–6.2 eV measured at 10 and 300 K. 共b兲 An
enlarged view of the temperature-dependent PL and the ln共i兲 − 1 / T plot of
the 5.83 eV emission.

FIG. 1. 共Color online兲 关共a兲 and 共b兲兴 The typical plain- and tilted-view lowmagnification SEM images of the large-scale AlN nanotips, inset in Fig. 1共a兲
shows XRD pattern of AlN nanotips. 关共c兲 and 共d兲兴 Typical low-magnification
TEM image of the AlN nanotips, inset in 共c兲 shows a SAED pattern of the
single-crystalline AlN nanotips. 关共e兲–共i兲兴 High-resolution lattice images of
the AlN nanotips. 关共e兲 and 共f兲兴 An enlarged view of the bottom of a typical
AlN nanotip. 关共g兲–共i兲兴 An enlarged view of the top-tip of a typical AlN
nanotip, reveal that the nanotip is single-crystalline and has grown in the
关001兴 direction, the lattice spacing in 共002兲 is 0.25 nm.

structure have also been observed from the HRTEM image,
as shown in Fig. 1共e兲. The distance between the neighboring
lattice fringes of the hexagon cross section is about 0.27 nm,
as shown in Fig. 1共f兲. Figure 1共g兲 presents a typical TEM
image of a single AlN nanotip. The lattice spacing has been
found to be 0.25 nm 关Fig. 1共h兲兴, corresponding to that of
共002兲 plains of wurtzite AlN. Combining TEM with the defocus of the selected area electron diffraction 共SAED兲 technique, the nanotip is single-crystalline and has been grown in
the 关002兴 direction.
Deep UV PL spectroscopy under a 197 nm laser excitation was employed to study the optical properties of the nanotips from 10 to 300 K. Figure 2共a兲 presents the temperaturedependent of PL spectra of the AlN nanotips in the range of
2.5–6.2 eV measured at 10 and 300 K, respectively. The AlN
nanotips exhibit an intense PL band centered at 3.28 eV,
along with a weak shoulder located at 4.32 eV and an even
weaker near band-edge emission at 5.83 eV at 300 K. The
intense emission in the UV range indicates that these nanotips have potential applications in development of UV-light
emitting devices. It can be observed that the UV emission
becomes much stronger and exhibits a small blueshift with a
decrease in the temperature from 300 to 10 K. Oxygen is one
of the critical native defects for AlN, forming the
ON defects substituting for the nitrogen. ON in the AlN
lattice leads to the formation of VAl due to the charge
compensation.20 ON ions together with the Al vacancy 共VAl兲

could be forming with oxygen-related point defects, which
are responsible for the observation of luminescence at 3.28
and 4.32 eV.21 An enlarged view of the temperaturedependent PL of the 5.83 eV emission has been shown in
Fig. 2共b兲. It is found that the peak position of the 5.83 eV
emission exhibits no shift with the decrease in the temperature. Due to the absence of redshift of the defect emission
with increasing temperature, it is likely that the observed
emissions are not due to the direct transition between the
electron in the conduction band and the deep level.
To assess the performance of the 1D AlN nanotips as a
field emitter, FE properties were measured with a high
vacuum level around 10−7 torr at different controlled temperatures. The measurement was conducted on a standard
parallel-plate-electrode configuration where the indium-tinoxide glass substrate was used as the anode as shown in the
inset of Fig. 3共a兲. The anode was separated from the nanotips
surface by a 120 m gap using a Teflon film as spacer. Both
the anode and the cathode were connected to a computercontrolled Keithley 248 source meter. The diameter of the
current emission area was 5 mm. Figure 3共a兲 shows the dependence of FE current density J on the applied electric field
strength E of the 1D AlN nanotip arrays for different temperatures. The turn-on electric field 共Eturn-on兲 and threshold
electric field 共Eth兲 of the AlN nanotips based on the
10 A / cm and 1 mA/ cm2 current density criterion are 7.7
and 7.9 V / m at RT, respectively. The exponential dependence between the emission current and the applied field for
different temperatures, plotted in ln共J / E2兲 − 1 / E relationship
are presented in Fig. 3共b兲. It is noted that the emission current density J is exponentially raised with the increase in
applied field E. It is interesting to note that the turn-on and
threshold electric fields decrease substantially from 7.7 to
3.9 V / m and 7.9 to 4.1 V / m with an increase in temperature from RT to 573 K. Meanwhile the emission current
density increases significantly with the temperature change,
as shown in Fig. 3共a兲. For example, to get emission current
density J = 1 A / cm2, 8.4 V / m field is needed for the AlN
nanotips at RT but only 4.8 V / m field is needed for the
same current density at 573 K. The work function of mate-
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plains very well the increase in emission current density with
measuring temperature. The variation of the emission current
density of the AlN nanotip arrays has also been measured at
RT. No obvious degradation of current density has been observed and the emission current fluctuation has been found to
be less than 8% at 8.0 V / m in 1000 min. The observed
stable FE behavior could be suggested to be related to the
large-scale and uniform AlN nanotip arrays, which guarantees a uniform field distribution across the device under test.
In summary, we conclude that a facile catalysis-free vapor phase approach has been developed to produce largescale and uniform 1D single crystalline AlN nanotips using
AlCl3 and NH3 as starting materials. Nanostructural characterization shows that the nanotips are in the diameter of 10
nm with 关001兴 growth direction and length extending a few
hundred nanometers. The PL and FE characterizations reveal
that these AlN nanotip arrays have exhibited broad UV-blue
emissions and with a good FE property, thus suggesting a
strong potential for their applications in light and FE nanodevices.
1

FIG. 3. 共Color online兲 The dependence of the FE current density J on the
applied electric field strength E of the AlN nanotips for different temperatures. 共a兲 J-E plot, inset shows configuration of the AlN nanotips for FE and
共b兲 FN relationship of ln共J / E2兲 − 1 / E plot.

rials is strongly temperature dependent. Thus the decrease of
turn-on field and the increase in emission current density
with the increase in the temperature might be due to the
decrease in the effective work function of the AlN nanotips.
To test whether the electron emission is originated from
electron tunneling, the FN equation is commonly used to
examine the tunneling phenomena.22 Whenever the ln共J / E2兲
versus 1 / E plot yields a straight line, then the electrons are
considered to be emitted through tunneling of the energy
barrier. For temperature-dependent FE, total current density,
J 共in A / cm−2兲, is given by a simplified FN equation and
Richardson–Dushman equation as23
J = JE + JT ,

共1兲

where JE and JT are the field current and thermoionic current
density, respectively. For AlN with a work function of 3.7 eV
and temperature below 1000 K, the highest contribution of
thermionic emission is much smaller than the FE current
density, that is, the measured emission property is predominated by FE current because below 1000 K, the thermoionic
emission effect is less significant than the FE effect.23,24
From the slope of the ln共J / E2兲 − 1 / E plot, the estimated
field enhancement factor ␤ is found to lie in the range of
483–1884 with an increase in the temperature from RT to
573 K. The effective work function, c, is relative with the
true work function through the relation c =  / ␤2/3,24 and is
found to lie in the range of 0.060–0.024 eV for the AlN
nanotips with different ambient temperatures. The field enhancement factor increases while the effective work function
decreases monotonously with the temperature, which ex-
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