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Synthesis of aluminum nitride nanostructures via chemical vapor
deposition method with nickel as catalyst
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The authors successfully synthesized aluminum nitride (AIN) nanowires by chemical vapor deposition (CVD) using aluminum (Al) powder
and ammonia (Nk)) as starting materials with nickel (Ni) as catalyst. The morphologies, the composition and structure information of
samples were characterized by scanning electron microscopies (SEM), transmission electron microscopies (TEM), X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS). Nanostructures with manifold morphologies were obtained by tuning the growth temperature
and the growth time. The AIN nanowires are proved to have the wurtzite structure as demonstrated by XRD. The growth mechanism of AIN
nanowires assisted with Ni catalyst is proposed to explain the nucleation and growth of nanowires.
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1. Introduction molecular beam epitaxy is difficult to synthesize nanowires
in quantity. Here, we demonstrate a direct growth of AIN
In the past decade, nanostructures have drawn great attep@nowires via the reaction between Al and NH3 with Ni as
tion due to their importance in fundamental research. Sciencatalyst. We obtain different morphologies of AIN nanostruc-
tific researchers all over the world have developed numerougires by tuning the growth temperature and growth time.
semiconductor devices based on one-dimensional nanostruc-
tures _such as nanowire [1-4] and _nanotube [5,6]. Becgusgl Experimental
of their large surface-to-volume ratios, the quantum confine-
ment size regime and surface states, nanowires and nanotulbige AIN nanowires were synthesized by chemical vapor de-
have been proved to be excellent building blocks of nanoscalgosition on Si (100) substrate. The Si substrate was cleaned
electronic, optoelectronic, electrochemical and electromeby acetone, ethanol and de-ionized water sequentially with
chanical devices [7-9]. Additionally, one-dimensional nanos-ultrasonic bath to remove residual contaminations on the sur-
tructure tends to be free of dislocation and single-crystallingace. Ni film was deposited on the Si substrate by RF mag-
while growing [10]. netron sputtering. The Ni-coated Si substrate was located
Aluminum nitride, an important material for electronic about 3 cm downstream to the Al powder (99.95%) in an alu-
and optoelectronic devices, exhibits the largest band gap dfina boat and both were placed in a tube within a furnace.
6.2 eV among llI-nitride compounds [11], small electron The tube was flushed withJNor 20 minutes to remove oxy-
affinity ranging from negative to 0.6 eV [12], high piezoelec-

tric response [13] and excellent thermal conductivity [14]. © -Alatom
Due to these properties, aluminum nitride is a promising can- o
didate for applications such as deep-ultraviolet light-emitting HT zone @ -Niparticle

diodes (LEDs), high-power/high-frequency electronic de-
vices, field emitters and piezoelectric devices. However, the
development of this material has been limited by its insulat-
ing property and the difficulties in growing high crystalline
AIN [15].

To date, although, some 1D AIN nanostructures have
been synthesized by a few routes, there must be much ef:
fort to develop new techniques for synthesizing AIN nanos-
tructures in simple way and at lower temperature. Among
now available routes, physical vapor transport requires an ex-
tremely high growing temperature because of the refractory
character and low vapor pressure of AIN [16,17]. Moreover,FIGURE 1. Schematic diagram of the reaction chamber.




RENJIE JIANG AND XIANQUAN MENG

FIGURE 3. SEM images of the AIN nanostructures grown for 15 min under various temperatures (C1qdp 975C, (c) 950C,
(d) 925°C, (e) 900C, (f) 875°C, respectively.
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gen and moisture. Then, the furnace was heated to°10&0 900
a rate of 28C/min and kept for 10 min under the flowing;N 800 |
of 80 sccm. This process aimed to transform Ni film to nan-
odots. After that, the temperature was changed to a desirec
growth temperature, Nflow was replaced by Nglwith the
flow rate of 60 sccm. The desired growth temperature was
maintained for 15 or 30 minutes. Finally, the system was nat-
urally cooled down to room temperature. AIN products were I
obtained on the Si substrate. The reaction chamber is showr — 300 -
in Fig. 1. g6 L
The products were characterized by scanning electron
microscopy (SEM; JSM-6700), transmission electron mi-
croscopy (TEM), X-ray diffraction (D8X) and X-ray photo- e p” ” p po 3
electron spectroscopy (XPS). (a)
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3. Results and discussion
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At the beginning of growth, the nickel thin film must be an-
nealed. The ideal situation is to keep the nickel catalyst as = e [
droplet in nanoscale. The Ni film was annealed at 2050 :
for 10 min in nitrogen in order to avoid introducing impu-
rities into the samples. Figure 2 show the SEM images of
unannealed and annealed substrate. It can be clearly see
that nickel has been transformed to catalyst islands. The size
of nanopatrticles varied in the range from 20 to 80 nm.
Typical SEM images of the as-prepared AIN nanostruc- 3%
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T
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tures are shown in Fig. 3. These nanostructures were growr S 6 Bog 008 oD 400 W0H 08 W wm WiE
for 15 minutes with the flowing NH3 of 60 sccm under (b) Binding Energy (eV)

1000°C, 975C, 950C, 925C, 900C and 875C, which .

are corresponding to Fig. 3(a)-(f), respectively. Fig. 3(a)-(c) N Al2p

show the morphologies of the long nanowires. The particles Gauss fit of Data_Al2p|
visible at the top of the nanowires indicate that the growth of
the nanowires is based on VLS mechanism. The nanowires -
are about 4-5 micrometers in length. By measuring, the di-
ameter ranges of nanowires in Fig. 3 (a)-(c) are 30-92, 20-60
and 14-60 nm and the average diameters are 52, 36, 28 nm
respectively. Fig. 3(d) shows the image of short nanorods.
The diameter of these structures is about 30 nm and the lengtt
is only several hundred nanometers which due to the slower ~ 200[°
axial growth. There are particles on the tips of nanorods as |
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well. The nanorods may be the early stage of the nanowires. 0 ) ; ; . ,

In Fig. 3(e), only AIN clusters exist on the substrate and, in 65 0 75 =0 85 0
Fig. 3(f), there are Ni particles with a few nanorods. It indi- (C) Binding Energy (eV)

cates that temperature lower than 900s unfit for large-area

. . FIGURE 4. (a) XRD pattern of nanowires grown under 9% XPS
fabrlc_at|0n of AIN nanowire. ) patterns of nanowires grown under 975 (b) the binding energy
It is found that as the growth temperature increases, thef N1s, (c) the binding energy of Al2p, respectively.

structures change from nano-clusters to nanowires. As for

nanowires, at higher temperature, the average diameter is To identify the component and structure of the product.
slightly larger. It can be explained as follow. When the tem-XRD and XPS was employed. Fig. 4(a) shows the XRD
perature is too low, the reaction between Al and ammonia ipattern of nanowires grown for 15 min under 95 Four

too slow to form nanowire in the initial growth stage. While peaks of wurtzite AIN corresponding to (101), (102), (110),
temperature increasing, once the nanowires generate, depd03) plane with one peak corresponding to §d®1) and
sitions on sidewall become easier to occur. However, at thene peak corresponding to AD5(400) can be observed. In
temperature in our experiment, most atoms can diffuse alon¥PS measurement, the C1ls binding energy of adventitious
nanowire to catalyst. The lateral growth accelerates slightly.carbon (284.8 eV) was used to calibrate the energy scale. The
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FIGURE 6. SEM images of the AIN nanostructures grown under
950°C for 30 min.

In Wu and Peng’s paper [18] published in 2015, they have
synthesized high-quality, large-scale wurtzite AIN nanowires
on c-Al, O3 substrates using a catalyst-assisted chemical va-
por deposition method. Compared with their work, we syn-
thesized AIN nanowires on Si (100) substrates and stud-
ied how the temperature and growth time affect the growth
of AIN nanowires. While their work shows that the VLS
mechanism is dominant in the nucleation and growth of AIN
nanowires via the catalyst-assisted CVD process, our work
demonstrates that the growth of the nanowires is based on
both VLS and VS mechanism. The morphology evolution of
nanowires in our samples demonstrates that the initial growth
pattern in Fig. 4(b) reveals that the binding energy of N1s infS based on VLS growth and the VS growth progressively
prepared nanowires is about 397.0 eV which can be consiglominates.
tent with the value of AIN. The binding energy of Al2p shown ~ The growth mechanism for AIN nanowires in our exper-
in Fig. 4(c) is identified at 74.5 eV which is close to the valueiment can be proposed. The schematic diagram was pro-
of Al,O3. We think the product is wurtzite AIN with slightly Vided in Fig. 7. For AIN nanowires, the annealed nickel
surface oxidization. Due to the aluminum powder left on theislands act as catalyst to dissolute the precursors and pro-
surface of product and substrate, while the furnace was cookide the nucleation and growth site for nanowires [19]. Al
ing down, it's easy to yield AlO;. atoms introduced by the carrier gas from the evaporation

The morphology of the nanowires has been further anasource start to diffuse on the surface of the catalyst islands
lyzed by TEM. Fig. 5(a) shows a hanowire grown at 1600 shown in Fig. 7(a). When the NH3 flow is supplied and the
In the inset, a particle shows on the tip of the nanowire whicHHemperature is suitable, the supersaturation at the L-S inter-
exhibits a different contrast and can be morphologically idenface led a thin AIN layer form in the initial growth stage as
tified. Considering the materials participating in our experi-Fig. 7(b). With the precursors supplied continuously, in this
ments and our previous works, the particle is probably thétage, most reaction species are directly absorbed by catalyst
residuary catalyst. The diameter of the nanowire is about 3garticle or diffuse along the nanowire to the L-S interface
nm. The diameter of the particle is 20 nm which is muchwhere deposition occurs. It means that axial growth dom-
smaller than the nanowire’s. Fig. 5(b) shows a nanowirdnates. When the nanowires grow longer than the average
grown at 975C. The diameter of the nanowire is about 100 diffusion distance [20] of precursor atoms or the nickel is-
nm. These two typical morphologies have been found in allands become too small to act as catalyst, more atoms cannot
samples where nanowires are observed. reach to the L-S surface and rough surfaces on which depo-

To investigate how the growth time affects the morphol-sition of atoms is relatively easy start to generate at the side-
ogy of nanowires, we obtain the SEM image of sample growrvall of nanowire. When growth continues, the lateral growth
under 950C for 30 min in Fig. 6. Compared with the sam- rate which is based on VS mechanism will be greater than
ple grown for 15 min, the lateral growth of the nanowiresthe axial growth rate. So, when the growth time increases,
accelerates. What's more, the surface of the nanowire béanowires are larger in diameter with rough surface. There-
come rougher which may indicate that the lateral growth offore, preparing large catalyst islands is the key to synthesize
nanowires is strongly influenced by VS growth. high quality AIN nanowires.

FIGURE 5. TEM images of prepared nanowires.
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FIGURE 7. Schematic diagram for the growth mechanism of the NWs.

4. Conclusion is based on VLS mechanism while the VS mechanism pro-
. ) gressively dominates the growth as the growth time increases
In summary, the AIN nanowires were synthesized by CVDyq form a rough surface. The work is helpful to achieve the

through the direction reaction of Al and ammonia with Ni asfaprication of AIN nanostructures with Ni catalyst and to un-
catalyst. With different growth temperature between @0  §erstand the growth process of nanomaterials.

to 875C, the different morphologies of AIN nanostructures

were obtained. In our works, the AIN nanowires could hardly

growth under the temperature lower than 900XRD pat- Acknowledgments
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