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The controllable growth of three different morphologies of AIN nanostructures (nanorod, nanotip and nanocrater)

arrays are successfully realized by using chemical vapour deposition (CVD) technology. All three nanostructures are
of single crystal h-AIN with a growth orientation of [001]. Their growth is attributed to the vapour-liquid-solid (VLS)
mechanism. To investigate the factors affecting field emission (FE) properties of AIN nanostructures, we compare their

FE behaviours in several aspects. Experimental results show that AIN nanocrater arrays possess the best FE properties,

such as a threshold field of 7.2 V/um and an emission current fluctuation lower than 4%. Moreover, the three AIN

nanostructures all have good field emission properties compared with a number of other excellent cathode nanomaterials,

which suggests that they are future promising FE nanomaterials.
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1. Introduction

Nanomaterials have aroused the interest of many
researchers since the carbon nanotube was first found
by Iijima.l") There have now emerged many nanostruc-
tures that were considered as potential field emission
(FE) materials because of their larger aspect ratios
than bulk materials, such as carbon nanotubes,??!
boron nanomaterials!*~% and CuO nanomaterials. "]
But when the excellent field emission behaviours of
diamond film were first demonstrated by Geis,”) wide
bandgap conductors were expected to have a more
promising prospect in the FE area than most other
materials because they possess negative or a little posi-
tive electron affinity,['%*1] which can make electrons in
the conduction band escape into the vacuum more eas-
ily. As one of the most important wide bandgap nano-

materials, aluminium nitride has been investigated ex-

tensively due to its high melting point (> 2300°C),
320 W/(m-k)),

large exciton binding energy and strong endurance to
[12-15
s.

high thermal conductivity (K =
harsh environment I Although various methods
have been developed to prepare AIN nanostructures

with different morphologies, such as nanotips,[16—18]

[19,20] [21,22] [23]

nanorods, nanowires, and nanobelts,
only a little attention!'6=1821 has been paid to re-
search on their field emission properties. In addition,
to our knowledge, what determines the field emission
behaviours of AIN nanostructures is still unknown un-
til now, which has restricted their practical applica-

tions in the field emission area.

We report on the controlled growth of single-
crystal AIN nanorod, nanotip and nanocrater verti-
cal arrays on a large scale by using chemical vapour
deposition (CVD) technology. In addition, they are
characterized by using a scanning electron microscope
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(SEM) and transmission electron microscope (TEM)
in order to analyse their morphological and structural
features. Moreover, their field emission properties are
compared with each other to understand what effects
both the morphologies and the growth densities of the
AIN nanostructures will have on their field emission
behaviours. The possible growth mechanisms and the
field emission mechanisms of three different morpholo-
gies of AIN nanostructures are also discussed here.

2. Experiment

2.1. Synthesis of AIN nanostructures
with different morphologies

In this experiment, the CVD method was used
to synthesize AIN nanostructures, and the scheme of
the tube furnace system is shown in Fig.1. Al pow-
ders (chemical purity 99.99%) were used as source

materials and loaded in an alumina boat. FezOy4

mass flow controller

vacuum gauge

750-1000°C

nanoparticles with diameters less than 10 nm were
synthesized through high temperature solution phase
reaction!?*2%! and spread over the silicon substrate as
catalysts. A two-step increasing temperature method
was used to synthesize AIN nanostructures. The first
step was that when the temperature of the central re-
gion of the furnace reached 400 °C, the reaction vessel
was maintained for 20-30 min. The base pressure of
the chamber was better than 5 Pa and the flow rate
of Ny was kept at 200 sccm. The second step was
that when the temperature of the reaction region was
raised to 750-1000°C, the carrier gas of mixed N and
NH3 was fed into the chamber rapidly. The flow rate
ratio of Ny to NH3 was kept at 200:5-200:20 sccm and
the reaction pressure was maintained at 1x10* Pa.
The reaction lasted 1-2 h, and the alumina boat was
placed in the central region through the process. By
controlling the experimental conditions, single-crystal
AIN nanostructures with different morphologies were
successfully fabricated. Their detailed growth condi-
tions are listed in Table 1.

furnace (water-cooled)

gas valve

hY 1

pump

Si substrate

alumina boat with Al powders

Fig.1. Scheme of the chemical vapour deposition system in this experiment.

Table 1. Growth conditions for different morphologies of AIN nanostructures.

growth conditions
morphology source the gas ratio of reaction growth synthesis time/h
materials N2 to NH3/sccm pressure/Pa temperature/°C
Nanocone Al powders 200 : 10 5x10% 800
Nanorod Al powders 200 : 10 5x10% 1000
Nanocrater Al powders 200 : 10 5x10% 900 2

2.2. Characterization of AIN nanostructures with different morphologies

A field-emission type scanning electron microscope (XL-SFEG SEM, FEI Corp.) was used to investigate the
morphological features of AIN nanostructures. A TEM (Tecnai-20 TEM, PHILIPS) and selected area electron
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diffraction (SAED) were employed to characterize their crystalline structures. The field emission properties of
AIN nanostructures with different morphologies were investigated on the field emission analysis system.

3. Results and discussion

Three morphologies of AIN nanostructure (nanocone, nanorod and nanocrater) arrays were obtained on
silicon substrates by changing reaction conditions. Figure 2 shows their corresponding SEM images, revealing
their detailed morphological features. From Fig.2(a), the AIN nanocones are observed to have sharp tips and

Fig.2. SEM images of AIN nanostructures, where panels (a) and (b) show low-resolution and high-resolution SEM images
of the AIN nanocones, panels (c) and (d) indicate typical SEM images of the AIN nanorods in low magnification and high
magnification, and panels (e) and (f) refer to the low magnification and high magnification images of the AIN nanocraters,
respectively.
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stand vertically on the substrate surface. The high
resolution SEM image of AIN nanocones is shown in
Fig.2(b). It is seen that these nanocones have a length
of about 2 um and a mean radius of 40 nm as well as
they have a smooth surface and high growth density.
Figure 2(c) shows the SEM image of AIN nanorod
It is observed that these
nanorods are perpendicular to the substrate surface

arrays on a large scale.

and well-aligned. From the high magnification SEM
image in Fig.2(d), these nanorods are found to have
well-faceted hexagonal shapes and the same diame-
ters throughout the nanostructure. These nanorods
are about 2 pm in length and about 150 nm in diam-

eter. The SEM image of large area AIN nanocrater
arrays is shown in Fig.2(e). One can see that these
AIN nanostructures grow in the direction perpendic-
ular to the silicon substrate surface and have uniform
shapes. The nanostructures are composed of many
surrounding AIN nanocones with similar aspect ratios
and have crater-like shapes, which is the reason why
they are referred to as nanocraters. Their outer di-
ameters range from 400 to 500 nm and their average
length is 2 pm. The aspect ratios of these three AIN
nanostructures are 50, 23 and 10, respectively as listed

in Table 2.

Table 2. Morphological and field emission parameters for as-prepared AIN nanostructures.

FE properties
. turn on field threshold field nanostructure emission
morphology aspect ratio B
at 10 pA/(V/pm) at 1 mA/(V/pm) density/cm ™2 instability in 2 hours
nanocone 50 4.2 11.3 2.2x10% 1740 9 %
nanorod 23 4.9 12.4 1.5x10° 1250 7%
nanocrater 10 3.9 7.2 3x108 2140 4%

In order to confirm the detailed crystalline struc-
tures of these three AIN nanostructures, their corre-
sponding individual nanostructure was investigated by
using the TEM technique. A typical TEM image of
an AIN nanocone is shown in Fig.3(a), from which one
can see that the diameters of the nanocones gradually
decrease from the bottom to the top. The correspond-
ing selected area electron diffraction (SAED) pat-
terns are given in Fig.3(b). By identifying their clear
diffraction spots, it is suggested that these nanocones
each have a perfect single crystalline h-AIN struc-
Also,
the AIN nanorods have a uniform diameter over the
whole length as shown Fig.3(c). Further SAED char-
acterization shown in Fig.3(d) indicates that the AIN
nanorods are also of h-AIN single crystalline struc-

ture and have a growth direction of [001].

ture and grow along the [001] direction, which is the
same as the nanocones. Figure 3(e) shows the gen-
eral TEM image of AIN nanocraters. It is seen that
the nanocrater is composed of several surrounding
nanocones, which is consistent with what the SEM im-
age of Fig.2(f) shows. The SAED technique was used
to investigate each nanocone in the nanocrater, and a
typical SAED pattern of a nanocone (white ellipse) is
indicated in Fig.3(f).
pear to have the same diffraction spots, which proves

It is noted that nanocones ap-

that their growth axes are all along the [001] direc-

tion. So a conclusion can be drawn that no matter

what morphology these AIN nanostructures belong to,
they are all single crystals with a growth orientation
of [001].

According to the observations reported above, we
prefer to use the vapour-liquid-solid (VLS) mechanism
to explain the formation of AIN nanostructures. From
these TEM images, we do not find any catalyst exist-
ing at the top of these three nanostructures though the
Fe304 nanoparticles are used as catalyst. So it is pro-
posed that the growth model of these nanostructures
is the bottom growth model because the tight bonding
force may exist between the catalyst and the substrate
at the beginning of the growth as explained in Ref.[26].
The mechanism of forming different morphologies of
AIN nanostructures may be the diffusion mediated
growth mechanism.!??) According to this mechanism,
AIN precursors have different diffuse lengths for dif-
ferent growth planes, and these growth planes should
have different growth rates at different temperatures
at the same time. The anisotropy of the growth plane
at different temperatures will induce the formation of
nanorod or nanocone, i.e. high temperature is more
beneficial to the synthesis of AIN nanorods. When the
growth temperature is slightly increased (still lower
than the temperature of the nanorod) at the molecu-
lar ratio of the reaction gas (NH3z/N3) of the nanocone,
AIN nanocraters can be synthesized. Under this con-
dition, more AIN vapours can dissolve in the catalyst
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Fig.3. Typical TEM images and SAED patterns of three kinds of AIN nanostructures: AIN nanocones ((a)
and (b)), AIN nanorods ((c¢) and (d)), and AIN nanocraters ((e) and (f)) with the SAED pattern in Fig.3(f)

corresponding to the white ellipse region in Fig.3(e).

solution in the growth stage than in the formation
stage of AIN nanocones. Subsequently more AIN seeds
can be separated from oversaturated solutions because
of the overmuch supplement of the vapours in the fol-
lowing stage. Because the concentration of the cata-
lyst is too large, the density of the catalyst becomes
very high and the distance between the catalysts turns

short accordingly. Driven by high temperature, the
neighbour catalysts migrate to gather together, thus
forming larger precursors for the new seeds in synthe-
sizing new nanostructures, which should be the most
stable structures from the viewpoint of energy. Fi-
nally, the nanocraters are fabricated from these gath-
ered precursors as the progress of the reaction goes on.
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gl?"=29 is thought of as the possi-

Steric overcrowdin
ble aligned mechanism of AIN nanostructure arrays.
It is suggested that the temperature is a key factor
in determining the morphologies of AIN nanostruc-
tures. There also exist some other growth parameters
affecting the growth of the AIN nanostructures. The
AIN nanostructures can be obtained only if the flow
rate ratio of Ny to NHgis in some range. When the
flow rate ratio of No to NHj3 is adjusted to be lower
than 200:5, no AIN nanostructure can be synthesized.
When the ratio is adjusted to higher than 200:40, only
AIN nanoparticle thin film can be fabricated. The
growth pressure also has some influence on their mor-
phology. If the growth pressure is lower than 10® Pa,
only AIN nanoparticles can be found on the substrate.
Meanwhile, the reaction pressure and the flow ratio of
the mixed gas can also affect the growth density of the
AIN nanostructures, and their optimal growth condi-
tions for AIN nanostructures are found to be 5x10%
Pa and 200:10 in our experiments, respectively. More
detailed growth parameters are provided in Table 1.

To investigate the possibility for the AIN nanos-
tructures to be used as cold cathode nanomaterials,
their field emission measurement is carried out in the
field emission analysis system, whose base pressure
is lower than 3x10~7 Pa. The field current density
(J)-electric field (E) curves, i.e.
Fowler-Nordheim (FN) plots of the nanocones, the

J-FE curves, and

nanorods and the nanocraters are shown in Fig.4(a)
and 4(b), respectively. By comparing their FE be-
haviours, it is clear that the AIN nanocraters have the
best FE performance with a turn-on field (10 gA/cm?)
of 3.9 V/um and a threshold field (1 mA/cm?) of
7.2 V/pm. Tt is also seen that the FE properties of
the AIN nanocones are better, and those of the AIN
nanorods are the worst among them as summarized
in Table 2. But for the AIN nanorods with the worst
FE performance, their FE behaviours are still better
than those of most of FE nanomaterials, such as ZnO,
WO3 and CuO, which suggests that AIN nanostruc-
tures are one of the most promising FE materials in
the future. In addition, their FN plots are observed to
be almost linear, which conforms to the classical FN
theory well.[3% The values of enhancement factor 3
for the AIN nanostructures are also listed in Table 2,
which reflect the amplification ability of macroscopic
field. Their values are easily obtained by calculating
the slopes of the FN curves. Obviously, of these three
nanostructures the nanocrater arrays have the largest
value of 8 (2140) while the nanorod arrays have the

smallest value of 8 (1250).
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Fig.4. Field current density—electric field (J-FE) curves
for AIN nanostructures with different morphologies (a)
and their corresponding FN plots (b).

How the morphologies of AIN nanostructures have
an effect on their FE properties is an important point,
which is related to their application in the field emis-
sion area. We propose the following interpretations
to analyse the possible FE mechanism, which leads
to their different FE performances. According to the
metal-insulator-vacuum (MIV) theory,*!l the micro-
scopic field Ey; acting on the tip of nanoscale protru-
sion is proportional to enhancement factor G, which is

given by
%4
where V' is the applied voltage across the anode and
the cathode, and E is the applied macroscopic field.
The enhancement factor 5 can be expressed as3?
( \2_ 1)1.5

- G
6 Aln{)‘_'—()‘Q_l)l/Q}—(/\2—1)1/2 ( )

where A = [/r is the aspect ratio i.e. the ratio between
the length of the nanostructure and its top radius. As
discussed in the above theory, the higher § value of
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the nanocones ensures that they have stronger ability
to amplify macroscopic field than the nanorods under
the same applied field, which makes tunnel emission
easier. As a result, the nanocones should possess bet-
ter field emission behaviours than nanorods, for they
have an aspect ratio of about 50 larger than that of
nanorods (23) as well as a similar growth density to
that of nanorods (about 2x10°/cm?), which accords
with our FE measurement results well in Table 2.

As for the AIN nanocraters having the best FE
behaviours among them, the field screen effect!33:34
must be considered in their field emission process. It
is known that if the growth density of the nanostruc-
ture is very high, the surface of the nanostructured
film will be very close to a plane, which will prevent
the macroscopic electrical field from penetrating into
the nanostructures film,[3? thereby reducing the local
field amplification existing among the nanostructures
and increasing the difficulty in operating the electron
emission. Nanocone array and nanocrater array both
consist of many nanocones with similar aspect ratios,
and their only difference is that their growth densities
are different. It is obvious that the field enhancement
function of nanocraters is more prominent because
their growth density (3x10%/cm?) is more suitable
than that of nanocones (2.2x10%/cm?) for emission

[33.34] Because

based on the field screen effect theory.
the good alignment of the nanostructures is favourable
for their FE properties, the effect of the alignment
of AIN nanostructures on their FE properties should
also be considered here. As is well known, the aligned
nanostructures can ensure less mutual influence exist-
ing among the microscopic field of the nanostructures
than the random-arranged nanostructures, thus weak-
ening the effect of the screen effect from the nanos-
tructures and increasing the possibility of emission
operation. Considering that the nanocraters have a
better alignment than nanocones or nanorods as well
as possessing the most suitable growth density, they
should have the most excellent FE performance, which
accords with our observations. Moreover, it is pro-
posed that the morphology, the growth density and
the alignment of the AIN nanostructures determine
their FE behaviours to a great extent.

The emission stability is another important point
for AIN nanostructures, which should attract our at-
tention. The stability curves of these three AIN nanos-
tructures are given in Fig.5. Because the appear-
ance of instability at high working currents is more

important than at low currents in the sense of ap-

plication, the emission current was kept at 1080 pA
no matter whether they are nanocones or nanorods
or nanocraters during our measurement. The whole
measurement lasted 2 h. Through the comparison
among three morphologies of AIN nanostructures, the
nanocraters are found to possess the stablest emis-
sion performance with a current fluctuation lower than
4% as indicated in Table 2. Both AIN nanorods
and nanocones also exhibit stable field emission be-
haviours, and their current fluctuations are lower than
7% and 9%, which is good enough for the poten-
tial application in field emission area. Considering
all the field emission behaviours of these three AIN
nanostructures, we can draw a conclusion that the
AIN nanocrater arrays have the best FE performance,
which should have the most promising prospect in FE

applications.
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Fig.5. Stability curves for AIN nanostructures with dif-
ferent morphologies in the field emission process.

4. Conclusions

Aligned AIN nanostructure (nanocones, nanorods
and nanocraters) arrays are fabricated in a large area
under control. Their structures are all single crys-
tal wurtzite structures with a length of several mi-
crometres. A detailed comparison among the FE be-
haviours of these AIN nanostructures shows that the
AIN nanocrater arrays exhibit the best FE behaviours
among them in the sense of emission operation and
stability, and that the morphology, the growth den-
sity and the alignment of the nanostructures play a
very important role in determining their FE proper-
ties. Moreover, the three morphologies of AIN nanos-
tructures all have good field emission behaviours, such
as stable emission and lower threshold field, which sug-
gests that they possibly will be ideal cathode nanoma-
terials in the future.
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