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T
he family of group III nitrides includ-
ing AlN, GaN, InN, and their alloys
have been recognized as the most

important wide band gap semiconductor
materials due to their successful applica-
tions in (opto)electronic devices in the past
few years.1-6 Their superior properties are
demonstrated in the light emission cover-
ing continuously from the near-infrared to
the ultraviolet region, excellent thermal
conductivity and hardness, high resistance
to chemicals, and high melting point. With
the development of nanotechnology, their
one-dimensional (1D) nanostructures, espe-
cially the aligned arrays, have attracted in-
creasing interests for the potential appli-
cations in nanodevices such as nanoscale
light-emitting diodes,7 field effect transi-
stors,8 and nanogenerators,9 as well as for
understanding fundamental concepts un-
derlying the observed electronic, optical,
and mechanical properties of materials.7-11

To date, various 1D nanostructures such as
nanotubes, nanowires, and nanocones have
been synthesized for the binary AlN,12-14

GaN,15-17 and InN.18 Very recently, ternary
InxGa1-xN nanowires across the entire com-
position range were obtained, which could
adjust the band gap in the range of 1.1-
3.4 eV, showing the tunable emission from
the near-UV to the near-infrared region.19 For
the important ternary AlGaN system with
the tunable band gap at 3.4-6.2 eV,3 how-
ever, the growth of the 1D nanostructures
and composition regulation remains a chal-
lenging topic, though great efforts have
been devoted to it.11,20-27 Scientists tried
to fabricate AlGaN nanowires with different
methods including chemical vapor deposi-
tion (CVD), metal-organic chemical vapor
deposition (MOCVD), and even molecular
beamepitaxy (MBE). In the attempt to prepare

homogeneously alloyed AlGaN nanowires
using a CVD process, Choi et al. discovered a
spontaneous phase separation within the
AlGaN alloy nanowire system and hence
obtained the GaN/AlGaN core-sheath het-
erostructured nanowires eventually.21 Simi-
larly, spontaneous formation of GaN/AlGaN
coaxial nanowires is also observed by Su
et al. in their preparation with MOCVD due
to the phase separation.22 AlGaN alloy nano-
wires were also attempted by CVD and
plasma-assisted MBE method using metal
Ga and Al sources,24,25 but the phase se-
paration still cannot be excluded since con-
vincing experimental evidence of XRD with
the characteristic singlet of (002) diffraction
around 30-40� was not provided. In addi-
tion, the proposed AlGaN 1D nanostruc-
tures prepared by MBE and low-pressure
MOCVD need further characterization.20,23

In a word, the preparation, especially the
composition regulation of 1D nanostruc-
tures for the ternary AlGaN system, has been
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ABSTRACT AlGaN ternary alloys have unique properties suitable for numerous applications due

to their tunable direct band gap from 3.4 to 6.2 eV by changing the composition. Herein we report a

convenient chemical vapor deposition growth of the quasi-aligned AlxGa1-xN alloy nanocones over

the entire composition range. The nanocones were grown on Si substrates in large area by the

reactions between GaCl3, AlCl3 vapors, and NH3 gas under moderate temperature around 700 �C. The
as-prepared wurtzite AlxGa1-xN nanocones have single-crystalline structure preferentially growing

along the c-axis, with homogeneous composition distribution, as revealed by the characterizations of

electron microscopy, X-ray diffraction, energy-dispersive X-ray spectroscopy, and selected area

electron diffraction. The continuous composition tunability is also demonstrated by the progressive

evolutions of the band edge emission in cathodoluminescence and the turn-on and threshold fields

in field emission measurements. The successful preparation of AlxGa1-xN nanocones provides the

new possibility for the further development of advanced nano- and opto-electronic devices.

KEYWORDS: ternary AlGaN alloy . one-dimensional nanostructures . single phase .
composition regulation . chemical vapor deposition
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a rather tough issue to date, which may be due to the
difficulty getting the matchable partial pressures of Al-
and Ga-containing sources during synthesis to restrain
the spontaneous tendency of the phase separation in
the product.
In the past few years, we have developed a simple

CVD growth of AlN nanocone arrays via the reaction
between AlCl3 vapor and NH3 gas at moderate tem-
perature.13 By designing a three-temperature-zone
tubular furnace which could separately adjust the
partial pressures of GaCl3 and AlCl3 vapors for the
convenient optimization of the matchable ratio, in this
study, we have extended this route to the growth of
ternary AlxGa1-xN nanocone arrays across the entire
composition range from x = 0 to 1. The continuous
composition tunability is also demonstrated by the
progressive evolution of the cathodoluminescence
(CL) and field emission (FE). The successful preparation
of AlxGa1-xN nanocones provides the new possibility
for the further development of advanced nano- and
opto-electronic devices.

RESULTS AND DISCUSSION

Figure 1 shows the scanning electron microscopy
(SEM), X-ray diffraction (XRD), and energy-dispersive
X-ray spectroscopy (EDS) examinations on a sequence
of samples (nos. 1-11) obtained by systematic regula-
tion of the partial pressures of GaCl3 and AlCl3 vapors.
The samples are ordered by increasing the partial
pressure of AlCl3, with no. 1 and no. 11 for the single
GaCl3 and AlCl3 vapor, respectively. All of the products
are composed of the quasi-aligned nanocones except
for no. 1, which consists of quasi-aligned nanowires
(Figure 1a) (Supporting Information, Figure S1). From
Figure 1b, it is learned that the XRD patterns for no. 1
and no. 11 match well with hexagonal GaN and AlN (h-
GaN, h-AlN) as expected,13,15 which is also supported
by the corresponding EDS spectrum with Ga and N or
Al and N signals (Figure 1c). From no. 1 to no. 11, the
three characteristic peaks of (100), (002), and (101) pro-
gressively shift toward the higher angle side (Figure 1b)
accompanied by the decreasing Ga and increasing Al
contents (Figure 1c) (Supporting Information, Figure S2).
This indicates the successful growth of the ternary
AlxGa1-xN alloy nanocones across the entire composi-
tion range. The up-shifting of the characteristic peaks
results from the decreasing lattice parameters c and a

with increasing Al/Ga ratio due to the smaller atomic
radius of Al than Ga, similar to the case for the thin-film
technology.28 The singlet of (002) diffraction without
splitting for the ternary sample (no. 2-10) indicates the
single-phase feature; otherwise, phase separation would
be observed (Supporting Information, Figure S3).29 The
slight broadening of the (002) peak (nos. 2-10) com-
pared to that of the binary GaNor AlN (nos. 1, 11)might
arise from the intrinsic broadening for a random
AlxGa1-xNalloy30 and the slight compositionalfluctuation

across the large area on the Si substrate. The plots of
lattice parameters c and a deduced from XRD
(Figure 1b) versus Al concentration determined by
SEM-EDS (Figure 1c) show a near-linear correlation
between the lattice spacing and the alloy composition,
in good match with the corresponding Vegard's law
approximation as seen in Figure 1d (Supporting Infor-
mation, Table S1).31 This result further supports the
continuous composition regulation for AlxGa1-xN alloy
nanocones.
To get a deeper insight into the microstructures of

the AlxGa1-xN nanocones, high-resolution transmis-
sion electron microscopy (HRTEM) and corresponding
selected area electron diffraction (SAED) were exam-
ined, as shown in Figure 2. HRTEM images show that
each nanocone is single crystalline with the growth
direction along [001], as confirmed by the correspond-
ing SAED pattern (Supporting Information, Figure S4).
Lack of large variations in contrast indicates the com-
positional homogeneity or no phase segregation in the
nanocones, which is also supported by the respective

Figure 1. SEM, XRD, and EDS characterizations on a se-
quence of AlxGa1-xN products with increasing Al content
from no. 1 to no. 11. (a) SEM images. (b) XRD patterns with
the characteristic peaks of (100), (002), and (101). (c) SEM-
EDS spectra with marked elemental signals. (d) Lattice
parameters c and a calculated from the corresponding (002)
and (100) diffractions in (b) versusAl content determined by
SEM-EDS in (c), and Vegard's law approximations for c and a
as a function of Al content (red and blue lines) taking c =
5.176 and 4.991 Å and a = 3.181 and 3.113 Å for GaN and
AlN, respectively. It is seen that the diffraction peaks in (b)
progressively shift to the higher angle side with increasing
Al content in (c). The direct correlation between the struc-
tural and compositional evolutions indicates the successful
preparation of the ternary AlxGa1-xN alloy nanocones
across the entire composition range.

A
RTIC

LE



HE ET AL. VOL. 5 ’ NO. 2 ’ 1291–1296 ’ 2011 1293

www.acsnano.org

set of sharp diffraction spots, rather than diffused or
separated ones. It is noted that the distances between
the diffraction spots of (00l) (l= 1, 2, 3, 4) and the center
spot slightly increase with increasing x, indicating the
corresponding reduction of the interplanar spaces of
(00l). Similar change is also observed for the distances
between the diffraction spots of (h00) (h = 1, 2) and the

center spot (Supporting Information, Figure S5). Such
evolutions are in good agreement with the XRD results
(Supporting Information, Table S1). The preceding
results indicate that the obtained AlxGa1-xN nano-
cones are single crystalline with tunable composition
inmicroscale. The compositional homogeneities of the
AlxGa1-xN nanocones are further supported by TEM-
EDS multiple-spot analysis along the individual nano-
cone, as shown in Figure 3, for three typical nanocones
with different compositions (Supporting Information,
Figure S6). The small fluctuation of the contents for Ga
and Al elements along the nanocone indicates the
homogeneous composition distribution over the whole
nanocone for each sample. The average x values for the
three AlxGa1-xN samples are 0.20, 0.67, and 0.87
(Figure 3), in agreement with the corresponding
ones obtained by SEM-EDS (Supporting Information,
Table S1) within experimental errors.
The formation of the tapering morphology of the

products could be understood from the different
growth rates of the wurtzite crystal in different direc-
tions. As known, there is no center of inversion in the
wurtzite crystal structure, and therefore, an inherent
asymmetry along the c-axis is present which allows the
anisotropic growth of the crystal along the [0001]
direction.32 The idealized growth habit should be the
hexagonally prismatic crystal with two types of sur-
faces: the {0001} and {10-10} prism faces.33 However,
the morphology of a real crystal often deviates from
the form of a perfectly hexagonal prism, and many
crystals exhibit some tapering along their c-axes.33 The
growth rates of the crystal in different directions are
the main reason to influence the crystal morphology.

Figure 2. HRTEM images and the corresponding SAED
patterns of the AlxGa1-xN nanocones with increasing Al
content (x) determined by TEM-EDS. The dashed horizontal
lines are drawn over the electron diffraction images as a
reference for comparison of the distances between the
diffraction spots and the center spot.

Figure 3. Multiple-spot composition analysis by using TEM-EDS for three typical nanoconeswith corresponding TEM images.
Seven pointswere taken along the individual nanocone. The spot diameter of the electron beam is about 10 nm. Samples a, b,
and c correspond to nos. 3, 9, and 10 in Figure 1, respectively.
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Generally, the growth rate (r) in the [0001] direction is
faster than those in other directions, for example, in the
order of r[0001] > r[10-1-1] > r[10-10] > r[10-11] > r[000-1]

for ZnO.34,35 Hence, for the anisotropic growth of the
wurtzite crystal, in addition to the preferential growth
along c-axis, the lateral growth along Æ10-10æ is
unavoidable. It could be expected that the root part
experiences longer time for the lateral growth and has
the larger diameter, leading to the tapering along the
c-axis. Thus, if the axial growth rate is too much faster
than the lateral growth rate, the tapering caused by the

different time of the lateral growth is negligible. In this
case, thefinalproduct ismore like ahexagonal prism than
a cone. On the basis of the above analysis, it is speculated
that, under our experimental condition, the axial growth
rate is too much faster than the lateral growth rate for
GaN, hence the nanowires are like the hexagonal prism
formed.36 For AlGaN or AlN, the ratio of the axial growth
rate to the lateral growth rate is not as large as that for
GaN, hence the tapering nanocones formed.
On the basis of the aforementioned characterization

results, it is seen that the ternary AlxGa1-xN alloy nano-
cones across the entire composition range were suc-
cessfully synthesized. The continuous composition
tunability for AlxGa1-xN nanocones is also demon-
strated by the progressive evolution of their optical
and electrical properties in the following CL and FE
measurements, as shown in Figure 4.
As expected, room-temperature-normalizedCL spectra

of the AlxGa1-xN nanocones indicate a band
gap widening with increasing x, that is, Al content
(Figure 4a).37 The wavelength of the band edge emis-
sion for GaN, Al0.16Ga0.84N, andAl0.51Ga0.49N is 366, 348,
and 308 nm, corresponding to the optical band gap
(Eg) of 3.40, 3.57, and 4.03 eV, respectively. It should be
noted that the defect-related low-energy emission
increases with Al content. For the GaN and Al0.16Ga0.84N
samples, only the band edge emissions are present,
while the additional defect-related emissions appear
for the Al-rich Al0.51Ga0.49N sample, and only the defect-
related emissions could be observed for the AlN sample.
Incidentally, only very limited data on the optical
properties are available for pure AlN due to the un-
avoidable oxidation and high oxygen solubility in
AlN;12,38 hence, the optical properties of AlN are much
influenced by oxygen-related defects especially for AlN
nanomaterials with high surface areas. FE curves of the
current density versus the applied field (J-E) clearly
show that the turn-on field, Eto, and threshold field, Ethr
(defined as the electric fields to generate emission
current densities of 10 μA/cm2 and 1 mA/cm2,

Figure 4. Progressive evolution of the optical and electrical
properties for the AlxGa1-xN nanocones with different
compositions. (a) Normalized cathodoluminescence spectra
at room temperature for GaN, Al0.16Ga0.84N, Al0.51Ga0.49N,
and AlN nanocones. (b) Curves of current density versus
the applied field (J-E curves) for GaN, Al0.34Ga0.66N,
Al0.61Ga0.39N, andAlNnanoconeswith an electrodedistance
of 100 μm.

Figure 5. Experimental setup. The tubular furnace consists of three zones with independent heating apparatus. Water
cooling and fan cooling are set between the connective parts tominimize themutual interference. AnhydrousGaCl3 andAlCl3
powders were placed into two crucibles and put into the low-temperature zones I and II, respectively. A Si substrate (1 cm�
1 cm) was loaded in the deposition zone. The partial pressures of GaCl3 and AlCl3 vapors could be regulated by adjusting the
corresponding evaporation temperatures. Flowing Arwas introduced at the left end as protection and carrying gas. The inlet
of NH3 is settled at the front part of the deposition zone, where NH3 reacted with the mixture of GaCl3 and AlCl3 vapors to
deposit AlGaN nanocone arrays on the Si substrate.
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respectively), for AlxGa1-xN nanocones increase with
increasing Al content, that is, on the order of GaN <
Al0.34Ga0.66N <Al0.61Ga0.39N <AlN (Figure 4b) (Support-
ing Information, Figure S7 and Table S2). Taking into
account the fact that the work functions of the four
samples are close to each other (Supporting Informa-
tion, Table S3), we could infer that the reduced FE with
increasing Al contents is mainly attributed to the
decreasing of carrier density due to the widening of
the band gap.39 In other words, with Eg of 6.2 eV, AlN is
a dielectric with poor conductivity and unfavorable for
supplying electrons to the emitting tip, hence present-
ing the highest Eto and Ethr. Decreasing Al content in
the AlxGa1-xN emitters leads to the decreasing band
gap, thereof the increasing conductivity, which would
result in the better FE performance.40 The progressive
evolution of the CL and FE properties further demon-
strates the continuous composition tunability for the
obtained AlxGa1-xN nanocones.

CONCLUSIONS

In summary, the quasi-alignedAlxGa1-xNalloy nano-
cones over the entire composition range have been
prepared for the first time. The nanocones were grown
on Si substrates in large area by a convenient CVD
growth through the reactions between GaCl3, AlCl3
vapors, and NH3 gas under moderate temperature
around 700 �C. The as-prepared wurtzite AlxGa1-xN
nanocones have single-crystalline structure preferen-
tially growing along the c-axis, with homogeneous
composition distribution. For 1D nanostructures of
the important ternary AlGaN system, the complete
composition tunability provides the possibility to tailor
their properties, as demonstrated by the progressive
evolutions of the band edge emission and the turn-on/
threshold fields in the respective CL and FE measure-
ments in this study, which is of great importance for the
further development of advanced nano- and opto-
electronic devices.

EXPERIMENTAL SECTION
The growth of AlGaN nanocones was conducted in a hor-

izontal three-temperature-zone tubular furnace with GaCl3,
AlCl3, and NH3 as Ga, Al, and N sources, respectively (Figure 5).
Typically, about 0.4 g of anhydrous GaCl3 andAlCl3 powderswas
separately placed at the low-temperature zones I and II and a
n-type Si substrate (1 cm� 1 cm) in the high-temperature zone
III (i.e., the deposition zone). The system was evacuated and
flushed with Ar gas several times to remove oxygen and
moisture. After the deposition zone was heated to ∼700 �C
under the protection of Ar flow, the low-temperature zones I
and II were quickly (∼10min) heated to the desired evaporation
temperature of 80 �C for GaCl3 and 140 �C for AlCl3. Flowing Ar
of 300 sccmwas used to transport the GaCl3 and AlCl3 vapors to
the deposition zone. Meanwhile, flowing NH3 of 20 sccm was
conveyed to the deposition zone by an inner quartz tube and
reacted with the mixture of GaCl3 and AlCl3 vapors there for 4 h
to produce the AlGaN nanocone arrays on the Si substrate. The
system was then cooled to ambient temperature under
the protection of Ar. To get a single phase AlxGa1-xN nanocone,
the matchable evaporation temperatures were optimized to
be 70-90 �C for GaCl3 and 130-150 �C for AlCl3. By adjust-
ing the evaporation temperatures of GaCl3 and AlCl3 precursors,
the partial pressures of GaCl3 and AlCl3 vapors could be
modulated, and the AlxGa1-xN nanocones across the entire
composition range were synthesized (Supporting Information,
Figure S3).
The products were examined by SEM (Hitachi S-4800)

equipped with an EDS detector. The microstructures of the
products were characterized by XRD (Philips X'pert Pro X-ray
diffractometer) with Cu KR radiation of 0.15406 nm, HRTEM
(JEM-2010, 200 kV) equipped with EDS, and SAED. Room-
temperature CL experiments were carried out using a Gatan
Mono CL3 spectrometer with an acceleration voltage of 10 kV.
FE measurements were performed by using a parallel-plate
configuration in a vacuum chamber at a pressure of∼7 � 10-5

Pa with a cathode-anode spacing of 100 μm.
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