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The worm-like AIN nanowires are fabricated by the plasma-enhanced chemical vapor deposition (PECVD) on Si
substrates through using Al powder and N as precursors, CaF, as fluxing medium, Au as catalyst, respectively. The as-
grown worm-like AIN nanowires each have a polycrystalline and hexagonal wurtzite structure. Their diameters are about
300 nm, and the lengths are over 10 um. The growth mechanism of worm-like AIN nanowires is discussed. Hydrogen
plasma plays a very important role in forming the polycrystalline structure and rough surfaces of worm-like AIN nanowires.
The worm-like AIN nanowires exhibit an excellent field-emission (FE) property with a low turn-on field of 4.5 V/um at a
current density of 0.01 mA/cm? and low threshold field of 9.9 V/um at 1 mA/cm?. The emission current densities of worm-
like AIN nanowires each have a good stability. The enhanced FE properties of worm-like AIN nanowires may be due to
their polycrystalline and rough structure with nanosize and high aspect ratio. The excellent FE properties of worm-like AIN
nanowires can be explained by a grain boundary conduction mechanism. The results demonstrate that the worm-like AIN
nanowires prepared by the proposed simple and the PECVD method possesses the potential applications in photoelectric
and field-emission devices.

Keywords: worm-like aluminum nitride nanowires, growth mechanism, plasma enhanced chemical vapor de-

position, field-emission property
PACS: 73.61.Ey, 73.90.+f, 81.05.—t, 81.07.Gf

1. Introduction

Aluminum nitride (AIN), a direct wide band gap
(6.2 eV) semiconductor, is a potential semiconductor mate-
rial with a wide range of applications in ultraviolet (UV)
photodetectors,[!3] deep ultraviolet light emitting diode
(LED),[*%1 field-emission (FE) devices,”! surface acoustic
wave devices!®?! due to wide band gap, excellent thermal con-
ductivity, small negative electron affinity (< 0.6 eV), and low
work function (3.7 eV).1%111 Tn addition, AIN can be used in
high-power/high- frequency devices because of good reliabil-
ity and chemical stability.['?] In recent years, AIN has aroused
widely research interest out of applications in optoelectronics
and electronic fields.

One-dimensional (1D) AIN nanomaterials are one of
significant and promising materials due to their nanosizes,
large aspect ratios and quantum confinement effects.!!?!
The AIN nanowires are most widely employed in nano-
electronic and nano-optoelectronic devices. In recent years,
the AIN nanowires have been successfully fabricated by
many methods, including simple chemical vapor deposition
(CVD),[1L14161 physical vapor reaction (PVT),['?! metal—
organic chemical vapor deposition (MOCVD),!!” halide
vapor-phase epitaxy (HVPE),['®! molecular beam epitaxy
(MBE),[%19291 and solid phase reaction method.”!! For in-
stance, Cimalla ef al.!'7! obtained AIN nanowires by MOCVD
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method through using Ni and Au as catalyst. Zhao et al.[%!
reported that AIN nanowire grown by MBE has excellent
optical property. However, the equipment is employed in
these researches is complex and expensive, which restricts the
widespread application of AIN nanowires.

In order to conquer this disadvantage, some researchers
have made extensive efforts to fabricate AIN nanowires by
simple method, such as CVD. For example, Chen et al.!'!] re-
ported the AIN nanowires grown on graphite substrate by sim-
ple CVD method through using AICI; and NH3 as aluminum
source and nitrogen sources, respectively. Teker!!*! reported
that AIN nanowires grown on Si substrate by simple CVD
method using Al powder and NH3; as aluminum source and
nitrogen sources, respectively. Similarly, Wu and Peng!"! fab-
ricated single-crystalline AIN nanowires by the CVD method
through using Al powder and NH3 as an aluminum source and
a nitrogen source, respectively. In addition, Yu et al.['6! ob-
tained AIN nanowires by the CVD method through using CaF,
as a fluxing medium and NH3 as a nitrogen source. However,
NH3, as a nitrogen source, is unsafe, toxic or corrosive in the
CVD method.

Thus, Wang et al. reported single crystalline GaN
nanowires fabricated by plasma-enhanced chemical vapor de-
position (PECVD) through using GaN powder as precursor!>?!
single crystalline GaN nanowires have also been prepared
on a Si substrate by the PECVD through using Au as cat-
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alyst, Ga and N, as precursors.>’] Furthermore, we inves-
tigate the effect of H, gas on the microstructure of GaN
nanowires obtained by using Au as catalyst, GapO3; and N
as precursors.!? In addition, we have been grown polycrys-
talline GaN nanowires on graphite by the PECVD without
catalyst through using Ga and N as precursors.!>>! More-
over, single GaN nanowires have been prepared on Al,O3 sub-
strate by the PECVD without catalyst through using Ga and
N, as precursors. 2! However, worm-like AIN nanowires with
polycrystalline structure are prepared by the PECVD method
through using Al and N, as precursors, which have rarely been
reported in previous researches.

In this work, we fabricated worm-like AIN nanowires
with polycrystalline structure on Si substrate by the PECVD
method through using non-toxic raw materials. The N, and
Al powder are employed as precursors. The reaction tempera-
ture is controlled at 1100 °C. The effect of H, on morphology
of AIN nanowires is studied. The AIN nanorods are obtained
without using the H, flow. Meanwhile, the growth mechanism
of polycrystalline worm-like AIN nanowires is also discussed
in detail. Furthermore, the FE properties of polycrystalline
worm-like AIN nanowires are studied.

2. Experiments

The worm-like AIN nanowires were fabricated on Si sub-
strates by the PECVD method in a tube furnace through using
Al (Alfa, purity 99.999%) and N, gas (purity 99.999 %) as
precursors. A silicon substrate was placed on the top of the
source. The heating rate was 20 °C/min and the flow of Ar
gas (purity 99.999%) was 50 sccm. Then, N, gas was intro-
duced into the tube furnace for the growth of worm-like AIN
nanowires at 1100 °C. During the growth, the N, flow rate was
maintained at 40 sccm, and the radio frequency (RF) generator
worked at 100 W for 2 h. After that, RF generator was shut off
and the tube furnace cooled down to room temperature in Ar
flow. Finally, a gray product was observed on the Si substrate.

Phases of the as-prepared samples were identified by an-
alyzing the x-ray diffraction (XRD, D8 Advance) through us-
ing Cu Ka radiation (A = 0.154178 nm). The morphologies
of samples were observed by field emission scanning elec-
tron microscopy (FESEM; GeminiSEM 300, 5-kV accelera-
tion voltage). The microstructures of samples were studied by
high resolution transmission electron microscopy (HRTEM;
JEM-2100F, 200-kV acceleration voltage). The binding ener-
gies of AIN samples were investigated by x-ray photoelectron
spectroscopy (XPS; ESCALAB 250Xi).
tra of the samples were characterized by Raman spectroscopy

The Raman spec-

(Raman, Renishaw) with 532-nm laser used as an excitation
source. Photoluminescence (PL) properties of samples were
measured at room temperature by using photoluminescence
spectroscopy (Hitachi F-7000).

The FE properties of worm-like AIN nanowires were in-
vestigated in a high-vacuum (about 1 x 10~® Pa) chamber at
room temperature. The metal tip was used as an anode, and the
worm-like AIN nanowires on the Si substrate were used as a
cathode. The distance between the anode and the cathode was
25 um. High voltage was supplied by a power source (Keith-
ley 248) and current was collected by an electrometer system
(Keithley 6514).

3. Results and discussion
3.1. Microstructure analysis

Figure 1 shows the x-ray diffraction pattern of the prod-
uct fabricated at 1100 °C without and with H,. Accord-
ing to the standard PDF card, the diffraction peaks at (100),
(002), (101), (102), (110), (103), (112), and (201) are iden-
tified as those of the wurtzite-type hexagonal AIN (JCPDS
card No. 25-1133) with lattice constants of ¢ = 3.111 A and
¢ =4.979 A. The multi-peak characteristics of XRD patterns
indicate that wurtzite-type hexagonal AIN sample has a poly-
crystalline structure. The diffraction peaks at (111), (220),
(311), (400), and (331) are identified as those of Si substrate.
No other diffraction peaks from other impurities are found in
these samples. The sharp AIN diffraction peaks are observed,
which indicate good crystal quality. In addition, we can ob-
serve that the the AIN fabricated with H, has higher diffrac-
tion intensity than AIN fabricated without H,. It indicates that
the AIN fabricated with H; has higher crystal quality.

s ——without Hy
= Q ——with H,
o ® e Si

Intensity (arb. units)

20 (°)

Fig. 1. XRD pattern of products fabricated at 1100 °C without and with H,.

Figure 2 shows that the TEM images of the products fab-
ricated at 1100 °C. Figures 2(a) and 2(b) show the TEM im-
ages of the products fabricated at 1100 °C without Hy. As
shown in Fig. 2(b), the HRTEM image reveals hexagonal
wurtzite structure of AIN nanomaterials, which is in agree-
ment with the result of XRD. The adjacent spacing of the lat-
tice fringes is measured to be 0.272 nm, which corresponds
to the (100) plane of the wurtzite AIN. It indicates that the
growth direction of AIN nanomaterials is along the [100] ori-
entation and perpendicular to the (100) crystal plane.[!! Fig-
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ures 2(c) and 2(d) show the TEM images of the products fab-
ricated at 1100 °C with Hy. As can be seen from Fig. 2(d),
the HRTEM image reveals the hexagonal wurtzite structure
of AIN nanowires. The spacing between the adjacent lattice
fringes is 0.249 nm. It corresponds to the (002) plane of the
wurtzite AIN, which indicates that nanowires are the wurtzite
AIN nanowires.['8] The AIN nanowire is 300 nm in diame-
ter and the surface of the AIN nanowire is rough as shown in
Fig. 2(c).

5 nm

Fig. 2. TEM images of products fabricated at 1100 °C without ((a), (b)) and
with ((¢), (d)) Ha.

Figure 3 displays the FESEM images of the products fab-
ricated at 1100 °C. The FESEM image of the product fabri-
cated at 1100 °C without Hj is shown in Fig. 3(a). The AIN
nanorods are obtained. The AIN nanorods are 4 pum-8 pm
in length and 300 nm—700 nm in diameter. When H; is in-
troduced into the reaction (Fig. 3(b)), the products of sample
are worm-like AIN nanowires. The worm-like AIN nanowires
have diameters in a range of 300 nm-500 nm and lengths of
10 pm. The surfaces of worm-like AIN nanowires are rough,
which are consistent with the result of TEM. Figure 3 shows
the uniform distribution of products over the area under obser-
vation. The results of Figs. 2 and 3 indicate that introduction
of H has a significant effect on the morphologies and growths
of AIN nanomaterials.

Figure 4 shows Raman spectra of AIN nanomaterials fab-
ricated at 1100 °C with and without H,. Raman active modes
are observed at 661 cm™! and 658 cm™! for the two samples
respectively, which can be assigned to the E, (high) phonon
modes of wurtzite AIN. Comparing the position of E; (high)
phonon peak for bulk AIN (657.4 cm~!),[>” the minor shift
of 0.6 cm~! is revealed in Raman spectra of worm-like AIN
nanowires fabricated at 1100 °C with H,. It indicates that a

negligible compressive stress exists in the lattice of worm-like
AIN nanowires.?8! The Raman peak at 524 cm™' originates

from the silicon substrate. In our study, the Raman peak with
[15]

minor shift implies the good crystal quality.

Fig. 3. FESEM images of products fabricated at 1100 ° without (a) and with

— without Ho
——with H2 Eg (hlgh)

661 cm—1!

silicon

Intensity (arb. units)

500 550 600 650 700 750 800
Raman shift (cm~1)

Fig. 4. Raman spectra of AIN nanomaterials fabricated at 1100 °C.

Figure 5 shows the XPS spectra of worm-like AIN
nanowires fabricated at 1100 °C with H;. Figure 5(a) shows
a survey spectrum of worm-like AIN nanowires from 0 eV to
700 eV and the XPS peaks are assigned to the main compo-
nents of Al, C, N, and O, indicating the presence of elemental
Al and N. As shown in Figs. 5(b) and 5(c), the binding energies
of Al2p and N Is are centered at 73.5 eV and 396.7 eV respec-
tively, which are consistent with the reported values of bulk
AIN from the literature.'®] Quantification of the Al 2p peak
and N 1s peak gives an average Al/N atomic ratio of 1.334:1.
It indicates a little nitrogen-deficient or oxygen impurity exist-
ing in worm-like AIN nanowires.!*”! The Ca and F elements
originate from extrinsic contaminations of CaF source.

Figure 6 displays the room temperature PL spectrum of
worm-like GaN nanowires fabricated at 1100 °C with Hy. A
wide emission band ranging from 350 nm to 520 nm centered
at 438 nm corresponding to the blue region is observed. Obvi-
ously, this emission does not originate from the direct bandgap
emission. The PL mechanism of bule emission band of AIN
nanomaterials has been studied in some literature.[’-13-30-331
The results reveal that the broad bule band originates from the
vacancy of N, Al or O impurity, but without giving detailed
explanation. For example, Wu et al. demonstrated the blue
emission centered at 452 nm originates from the oxygen deep
level and the radiative recombination of a photogenerated hole
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with an electron occupying the nitrogen vacancy.!*’! Shen et
al. reported that the blue emission band centered at 446 nm
can be attributed to a donor—acceptor pair transition, involv-
ing Oy, VN (nitrogen vacancy), and On—V ) complex defect

to nitrogen-deficient condition or oxygen impurity of worm-
like AIN nanowires, which is confirmed by XPS analysis. We
infer that some oxygen atoms occupy the sites of N as deep
level, and a majority of O atoms adsorb on the surfaces of AIN

centers.!”! In our work, the broad blue band can be assigned  nanowires as surface impurities.>!

=z = |(b) =z |(©

bS] = 73.5 ]

E = Al2p £l Ns 396.7
= = =]

5 2 e

5 & g

7 7] 7]

=]
8 g E
E E E
0 200 400 600 800 70 72 74 76 78 392 3£I)4 3{;6 3£I)8 4(I)O 402

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 5. XPS spectra of worm-like AIN nanowires fabricated at 1100 °C with Hj: (a) general scan spectrum, (b) Al 2p band, and (c) N 1s band.

438 nm

Intensity (arb. units)

360 390 420 450 480 510
Wavelength (nm)

Fig. 6. PL spectrum of worm-like GaN nanowires fabricated at 1100 °C
with Hj.

3.2. Growth mechanism

For the growth of worm-like AIN nanowires, firstly, H»
and N, are ionized by coupling with radio frequency (RF),
then N and H plasmas are formed. Secondly, Al powders
are transformed into Al gas (i.e. gasified Al) at high temper-
ature. Thirdly, the reaction of gaseous Al with ionized nitro-
gen plasma results in the formation of crystalline AIN. Mean-
while, H plasma enters into the crystalline AIN lattice to tailor
AIN microstructure and morphology. Finally, worm-like AIN
nanowires formed. Thus, the reaction can be expressed as fol-

lows:
Ny — N*, (1)
H, — H*, ()
N* + Al — AIN. 3)

In our work, the growth of worm-like AIN nanowires fol-
lows the vapor-liquid—solid (VLS) mechanism. In the growth
process, the Au layer on the Si substrate transforms into Au
droplets under high temperature firstly. Then, H, N plasma,
and gaseous Al are dissolved into Au droplets. The N plasma
reacts with Al atoms to form crystalline AIN and nucleates.

With the formation of AIN at interface between AIN nu-
cleus and Au droplets, AIN nanowires form by the growth of
AIN nucleus. The H plasma enters into the crystalline AIN
nanowires’ lattices to restrict the bonding between Ga and N
because H plasma bonds with N more easily.>*33! Thus, there
are atomic dislocation and defects in the lattices. At high tem-
perature, the grain boundaries are formed by the rearrange-
ment of the atoms in the AIN nanowires. However, the AIN
nanowires still are surrounded by H plasma atmosphere. Fi-
nally, worm-like AIN polycrystalline nanowires with rough
surface are formed due to the etch of H plasma at the surface
of AIN nanowires.*®! Figure 7 shows the growth mechanism
diagram of worm-like AIN nanowire, i.e. the growing process
for worm-like AIN nanowire from step (a) to step (f).

« H*
e Al
o N* AIN
(a) (b) (c)
i ..:
— =
(d) (f)

Fig. 7. (a)—(f) Growing processes for worm-like AIN nanowire.

4. Field-emission property

The FE curve of current density (J) versus applied electric
field (E) of worm-like AIN nanowires is presented in Fig. 8(a).
By definition, the turn-on field (Ey,) and the threshold field
(Ewr) are the electric fields required to produce a current den-
sity of 10 pA/cm? and 1 mA/cm?, respectively, which can
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satisfy the primary requirement for applications in the con-
ventional flat panel displays.!'!! The (Ey,) and the (Ey,) of
4.5 V/um and 9.9 V/um, respectively, are obtained for worm-

like AIN nanowries. The E, of worm-like AIN nanowires

is comparable to the reported values of AIN nanowires!*”]
and nanotip array.*®/ The reason for the low turn-on electric
field and high FE current density are probably due to poly-
crystalline and rough structure and the nanosize of the emit-

(33491 Tn order to better understanding the field-

ter materials.
emission behavior, the relationship between current density J
and applied electric field E can be analyzed by using a simpli-

fied Fowler-Nordheim (FN) equation 4!

2 3/2
In J =1In xAp —%, 4)
E? ) BE
where A = 1.54 x 107° (AeV-V72), B = 6.83 x

103 (eV—3/2.V.um ™), E is the applied electric field, ¢ is the
work function of the emitting materials, f3 is the field enhance-
ment factor, and « is the effective emission area. Figure 8(b)
shows the corresponding FN plot. Given the slope and inter-
cept of the In(J/E?) versus 1/E plot, the field enhancement
factor B and the effective emission area o can be calculated
if work function of the emitting material is known. The FN
plot of worm-like AIN nanowires is linear in high-field region,
which indicates the tunneling behavior of AIN semiconduc-
tor and the field emission caused by vacuum tunneling. If
effective emission area ¢ is 1, the field enhancement factor
B is the geometric field enhancement factor. The geometric
field enhancement factor is proportional to the curvature of
emitting material. According to the estimate of the curvature
of worm-like AIN nanowires, the geometric field enhance-
ment factor is 40-200. Based on the reported value of work
function of AIN (3.7 eV), the calculated 3 value of worm-like
AIN nanowires is 1442. However, the calculated 3 value of
worm-like AIN nanowires is greater than the geometric field
enhancement factor. Because the intrinsic § of nanowires is
not only dependent on their density, uniformity, and the ge-
ometrical feature, including the radius of curvature and the

aspect ratio of //r, where [ and r are the length and radius of
nanowire, respectively,!' 181 but also related closely to the ef-
fective emission area ¢¢. The result indicates that the effective
emission area ¢ is greater than 1. In our work, efficient field
emission from worm-like AIN nanowires is attributed mainly
to high aspect ratio, the uniformity and effective emission area
of worm-like AIN nanowires. The effective emission area is
related to the microstructure of worm-like AIN nanowires.
As seen from Fig. 1 the AIN polycrystalline structure is very
important for the electron transport of worm-like nanowires.
The electron transport can be mainly influenced by the
microstructure of material. However, the electron supply
can be dependent on the electron transport. Thus, such a
low Ei, value for worm-like polycrystalline AIN nanowires
is explained by a nanocrystalline electron transport and grain
boundary conduction mechanism.[*!! We suggest that the con-
ducting channels can depend on the polycrystalline structure.
The grain boundaries of AIN nanocrystals in worm-like AIN
The elec-

tron can traverse across the worm-like AIN nanowires from

nanowires act as effective conduction channels.

the conduction channels. The electron emission occurs from
the region of the grain boundary defects, which is responsi-
ble for the increasing of effective emission area, resulting in
high emission performance.**#! Figure 8(c) shows the filed-
emission (FE) stability of worm-like AIN nanowires. The av-
erage current density is estimated to be 100 uA/cm?. The
emission current density tends to be stable approximately with
the fluctuation of about 50% for 60 min. The fluctuation of the
current density can be explained by the absorption and des-
orption of molecules at the rough surfaces of polycrystalline
worm-like AIN nanowires in vacuum chamber during electron

111 In addition, the fluctuation of the current density

emission.
can be influenced by the mechanical vibration which results in
the distance fluctuations between the anode and the cathode.
At the testing time of 60 min, no significant degradation is ob-
served, which demonstrates high stability of field emission of

polycrystalline AIN nanowires.

3000 [—=-Si substrate (a) r b i c

[ —— worm-like AIN 2F (b) 300F ()
f | nanowires . [ o o
= 2000} % ol E 200f
< N ~ i L 3
< S, < T

= 1000 5 —ar &

~ — r . = N 100 U
74 [ . - L] .
of i - of

L 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 L 1 L 1 1 1 1 1 1

0 3 6 9 12 15 18 0 0.50 1.00 1.50 0 10 20 30 40 50 60
E (V/pum) 1/E (pm/V) Time (min)

Fig. 8. (a) Field-emission current density (J) versus applied electric field (E) for worm-like AIN nanowires and substrate. (b) Flowler—Nordheim plot
of the In(J/E?) versus 1/E. (c) Field-emission stability of worm-like AIN nanowires.

5. Conclusions

In summary, the worm-like AIN nanowires have been pre-
pared by a simple and green PECVD method through using

non-toxic precursors. The worm-like AIN nanowires exhibit
rough surfaces and uniformity. The worm-like AIN nanowires

are polycrystalline and belong to hexagonal wurtzite structure.
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The worm-like AIN nanowires is grown by the VLS mecha-
nism. Hydrogen plasma plays an important role in the form-
ing of polycrystalline structure and rough surface of worm-like
AIN nanowires. Hydrogen plasma enters into the crystalline
AIN nanowires’ lattices to restrict the bonding brtween Ga
and N. The PL result indicates that a blue emission band cen-
tered at 438 nm is observed, which corresponds to the deep-
level or trap-level emission. The worm-like AIN nanowires
show a good field emission property with a low turn-on field
of 4.5 V/um and low threshold field of 9.9 V/um. The excel-
lent FE property is due to the polycrystalline and rough struc-
tures of worm-like AIN nanowires with nanosize and high as-
pect ratio. In addition, the emission current density of worm-
like AIN nanowires exhibits high stability. Thus, the proposed
method shows a simple and green technical way of fabricating
the polycrystalline AIN nanowires with potential applications
in optoelectronic and field-emission devices.
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