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People’s Republic of China 

1. Introduction 

Wide bandgap semiconductor nanostructures have been the research focus in recent years 
because of their unique physical and chemical properties and low electron affinity, which 
benefits for tunnel emission (Geis et al., 1991; Zhirnov et al., 1997; Kang et al., 2001; Liu et al., 
2009). Among them, AlN nanostructures should deserve paid much attention due to their 
high melting-point (> 2300 oC), high thermal conductivity (K ~ 320 W/m·k), large exciton 
binding energy and strong endurance to harsh environment (Davis, 1991; Nicolaescu et al., 
1994; Sheppard et al., 1990; Ponthieu et al., 1991). There have emerged many synthesis 
methods to fabricate different morphology of AlN nanostructures, such as nanocone, 
nanorod, and nanorods (Liu et al., 2009; Zhao et al., 2004; Liu et al., 2004; Tang et al., 2005; 
Shi et al., 2005, 2006; Wu et al., 2003; Paul et al., 2008). But for actual device applications of 
AlN nanostructures, there still exist many technique questions, which need to be solved as 
soon as possible. Firstly, the controlled growth of large area AlN nanostructures with 
uniform morphology is very difficult because of which cares about the uniformity of their 
physical properties in devices. Secondly, systemic investigation on the field emission (FE) 
properties of AlN nanostructures is not enough, which has fallen behind the development of 
the preparing method. Thirdly, it is unknown to us all that what factors take effect on their 
FE behaviors and how to find optimal growth conditions for their device applications. So 
developing a suitable way to controllably prepare AlN nanostructures and investigate on 
their FE properties in detail is essential for promoting their progress in FE area. 

Chemical vapor deposition (CVD) technique is an effective way to fabricate high density 
nanostructures with uniform morphology. Moreover, it has some merits in comparison with 
other ways, for example low-cost and easy to realize the controlled growth. By CVD 
technique, it is reported that different morphologies of AlN nanostructures (nanocones, 
nanorods, nanocraters and ultra-long nanorods) have been successfully fabricated on the 
substrate. Their formation mechanisms are respectively proposed for different morphology 
of nanostructures. In addition, their FE properties are investigated in detail. 
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2. Experimental 

Different mass ratios of Al powders (99.99 %) to Fe2O3 powders (99.99 %) were used as 
source materials. Fe3O4 nanoparticles were synthesized as the catalysts of the AlN 
nanocones, nanorods and nanocraters by high temperature solution phase reaction (Yang et 
al., 2003; He et al., 2001), which were spread over the substrate. The CVD system has been 
described in our recent works (Liu et al., 2004, 2005, 2008; Cao et al., 2003), as shown in Fig.1.  

 
 

Fig. 1. A scheme of the chemical vapor deposition system in this experiment. 

The reaction boat was put in the central region and the substrate was placed above the boat. 
A two-step increasing temperature method was used to synthesize AlN nanostructures. 
When the temperature arrived at 400 ℃, the reaction vessel was maintained here for 20 ~ 30 
min in the carrier gas. In this step, the only difference between the growth of the nanorods 
and those of other nanostructures is that the carrier gas is H2 instead of N2. The base 
pressure of the chamber was better than 5 Pa, and the flow rate of N2 or H2 was kept at 200 
sccm. When the temperature of central region was raised to the reaction temperature, and 
the mixed gas consisted of N2 and NH3 was introduced into the chamber. The flow rate ratio 
of N2 to NH3 was fixed at 200: 5 sccm ~ 200: 20 sccm and the reaction pressure was kept at 
10 Torr in this procedure. The reaction temperature was ranging from 700 oC to 1200 oC and 
kept 1-8 hours for the synthesis of different morphologies of AlN nanostructures. When the 
chamber was cooled to room temperature, a grey white film was found on the substrate.  

A field-emission type scanning electron microscope (XL-SFEG, FEI Corp.) was used to 
observe the morphologies of AlN nanostructures. Transmission electron microscopy 
(Tecnai-20, PHILIPS) and high-resolution transmission electron microscopy (Tecnai F20, FEI 
Corp.) were used to obtain the crystalline structure of the nanostructures, respectively. Field 
emission (FE) properties and work function of AlN nanostructures were performed on the 
Field emission analysis system and Omicron VT-AFM system equipped with ultraviolet 
photoelectron spectroscope (UPS), respectively.  

3. Results and discussion 

By adjusting the synthesis conditions, controlled growth of different morphologies of single-
crystal AlN nanostructures has been successfully realized. XRD (X-ray diffraction) technique 

www.intechopen.com



The Controlled Growth of Long AlN 
Nanorods and In Situ Investigation on Their Field Emission Properties 

 

181 

was applied on four kinds of samples to confirm their chemical compositions. Typical XRD 
patterns of these four samples are provided in Fig. 2. It is found that there are four AlN 
characteristic peaks existing in these patterns, which correspond to the data of the Joint 
Committee for Powder Diffraction Standards (JCPDS) card No. 25-1133. Moreover, these 
four kinds of AlN nanostructures are found to be well-crystallized. It is also observed that Si 
(220) peak presenting in these patterns, which should come from the substrate. From these 
patterns, we can conclude that the alignment of all four samples is not very good because 
there still have other peaks than the growth direction of [001] existing in the patterns. Based 
on these patterns, it comes to a conclusion that all of the nanostructures in different 
morphology are AlN phase with a wurtzite structure. 
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Fig. 2. Typical XRD patterns of AlN nanostructures with different morphologies. 

The morphologies of four kinds of samples (nanocone, nanorod, nanocrater and ultra-long 
nanorod) are shown in Fig. 3. It is seen in Fig. 3a that the AlN nanocones have sharp tips 
and stand vertically to the substrate. From their high resolution SEM (scanning electron 
microscope) image (Fig. 3b), the nanocones are observed to have a length of about 2 μm and 
a mean radius at the top of 40 nm as well as they have smooth surface and high growth 
density. Fig. 3c shows the SEM image of AlN nanorod arrays in large area. These nanorods 
are perpendicular to the substrate and well-aligned. It is observed in Fig. 3d that the top of 
the nanorods seem to be well-facet hexagon and have uniform diameter. The length of the 
nanorods is about 2 micrometers and their averaged diameter is about 150 nanometers. The 
perspective view of AlN nanocrater arrays is provided in Fig. 3e. One can see that these AlN 
nanostructures grow perpendicularly to the silicon substrate and have uniform shapes. They 
are composed of many surrounded AlN nanocones with the same morphology and have 
crater-like shapes, so we denote them as nanocraters. In Fig. 3f they are seen have an outer 
diameter of 400 nm and a length of 2 μm. The top-view and side-view images of ultra-long 
AlN nanorod are respectively provided in Figs. 3g and 3h. The ultra-long nanorods are seen 
to have a mean diameter of 100 nm and an averaged length of 50 μm. Their diameter 
gradually decreases along their growth direction and lie to the substrate with an angle of 
70o. Among these four samples, it is obviously that the ultra-long AlN nanorod array has the 
highest aspect ratio (500) and the lowest growth density (3 x108/cm2). Moreover, it is also 
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found that the AlN nanostructures are nearly in vertical arrays whether they are in what 
morphology, which will benefit for their FE applications. 

 
 

Fig. 3. (a, b) Low-resolution and high-resolution SEM images of the AlN nanocones, 

respectively. (c, d) Typical SEM images of the AlN nanorods in low magnification and high 

magnification, respectively. (e, f) The low magnification and high magnification images of 

the AlN nanocraters, respectively. (g, h) Top-view and side-view images of the ultra-long of 

nanorods.  
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To confirm the crystalline characteristics of AlN nanostructures in different morphology, 

TEM (transmission electron microscopy) technique was performed on these samples. 

Typical TEM image of AlN nanocone is shown in Fig. 4a. It is seen that the diameter of the 

nanocone is gradually decreasing from the bottom to the top, which is in agreement with 

our SEM results in Fig. 3a. The corresponding selected area electron diffraction (SAED) 

pattern is in the inset, in which one can see that the diffraction spots are clear and sharp. 

By identifying their clear diffraction spots, these nanocones are proved to have a perfect 

single crystalline AlN structure and have a growth direction of [001]. And the AlN 

nanorods have a uniform diameter through the whole length, as shown Fig. 4c. Further 

SAED (the inset) and HRTEM (Fig. 4d) characterizations indicate that they are also AlN 

single crystalline structures and grow along [001] direction, which is similar with the 

nanocones. Figs. 4e and 4f provide the general TEM image of AlN nanocraters, 

respectively. It is seen that the nanocrater is composed of several surrounded nanocones, 

as shown in Fig. 4e. Typical SAED pattern (the inset) and HRTEM image (Fig. 4f) of a 

nanocone (white ellipse) are provided to investigate their crystalline structures. It is noted 

that every nanocone appears the same diffraction spots and HRTEM (high resolution 

transmission electron microscopy) images, which proves that they all grow along the 

[001]. The ultra-long AlN nanorods also exhibit the same crystalline structure and growth 

direction, as indicated in Fig. 4g and 4h. So it comes to a conclusion no matter what 

morphology these AlN nanostructures belong to, all of them are perfect single crystals 

with a growth orientation of [001]. 

Energy dispersive x-ray (EDX) characterization is performed on different morphologies of 

AlN nanostructures. These nanostructures have resembled EDX spectrum, so only a typical 

spectrum is given here. It is clear that the Al L1, L2 and L3-edge peaks (corresponding to its 

inner energy levels) are existed in Fig. 5a. From the inset, the characteristic peak of N k-edge 

can be also found in the spectrum. Moreover, Gatan EELS analysis also shows that the total 

content of element Al and N is over 98 %, thus it can be confirmed that these nanostructures 

are pure AlN single crystals whether they are in any morphology.  

To further comprehend the effect of the experimental parameters to the morphology of AlN 

nanostructures and understand the growth mechanism for different nanostructures, the 

detailed synthesis conditions are provided in Table 1. As for the growth of AlN nanocone, 

nanorod and nanocrater, Fe3O4 nanoparticles are used as the catalyst. So we preferred the 

vapor-liquid-solid (VLS) mechanism to illustrate the formation of AlN nanostructures. 

Because not any catalysts are found to exist at the top of these three nanostructures, it is 

proposed that the growth model of these nanostructures is the bottom growth model. As 

explained in the reference, the tight bonding force may exist between the catalyst and the 

substrate at the beginning of the growth (Fan et al., 1999). The formation mechanism of three 

morphologies of AlN nanostructures may be attributed to the diffusion mediated growth 

mechanism (Shi et al., 2005). Based on this model (Shi et al., 2005), AlN precursors have 

different diffuse length for different growth planes, and these growth planes should have 

different growth rate at different temperature at the same time. The anisotropy of the 

growth plane at different temperature will lead to the formation of nanorod or nanocone, 

i.e., high temperature (>900 oC) benefits for the synthesis of AlN nanorods, as shown in 

Table 1. 
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Fig. 4. Typical TEM and HRTEM images of four kinds of AlN nanostructures (a, b) AlN 
nanocones; (c, d) AlN nanorods; (e, f) AlN nanocraters. (g, h) ultra-long AlN nanorods. The 
inset is their corresponding SAED pattern and the white circle in Fig. 4e and 4g respectively 
corresponds to the region in the HRTEM image of Fig. 4f and 4h. 
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       Experimental conditions
 

Sample 

Source 
material 

ratio 
(Al : Fe2O3) 

Carrier gas
Growth 

temperature 
(oC) 

Length 
(μm) 

Outer 
diameter (nm) 

Growth 
density 
(/cm2) 

Nanocone 0.2 g: 0 g N2, NH3 700-800 2 40 2.2x109 

Nanorod 0.2 g: 0 g N2, NH3 900-1000 2 150 1.5 x109 

Nanocrater 0.2 g: 0 g N2, NH3 800-900 2 400 3 x108 

Ultra-long nanorod 0.6 g : 0.2 g N2, NH3, H2 1000-1200 50 100 3.2x107 

Table 1. The list of morphological characteristics and experimental conditions for different 
morphologies of AlN nanostructures. 

When slightly increasing the growth temperature (still lower than the temperature of the 
nanorod) at the same molecular ratio of the reaction gas (NH3/N2) of the nanocone, the AlN 
nanocraters can be synthesized. More AlN vapors can dissolve in the catalyst solutions at 
the growth stage of nanocrater than the formation of AlN nanocones at this situation. 
Subsequently more AlN seeds can separate from oversaturated solutions because of the 
overmuch supplement of the vapors in the following stage. Because the concentration of the 
catalyst is too high, the density of the catalyst becomes too high and the distance between 
the catalysts turns short accordingly. At the driving of high temperature, the neighbor 
catalysts migrate to gather together to form larger precursors for the new seeds in 
synthesizing new nanostructures, which should be the most energy favorable structures. 
Finally, the nanocraters are fabricated from these gathered precursors with the progress of 
the reaction.  

Although the VLS mechanism may be used to illustrate the formation of the nanocone, 
nanorod and nanocrater, it is not suitable for the ultra-long nanorods because no catalyst is 
used in their synthesis process. So the self-catalyzing Vapor-Liquid-Solid (VLS) mechanism 
(Liu et al., 2004; Z. L. Wang et al., 2003) is proposed to explain the growth of ultra-long AlN 
nanorod. At the initial stage, the Al powders were evaporated to Al atoms at melting point 
of about 650 oC and transferred to the region of the substrate by the carrier gas. 
Subsequently, the transportation Al atoms deposited on the substrate with lower 
temperature and formed a continuous Al film. At the function of H2 gas, the continuous film 
gradually separated into Al nanoparticle film, as described in Ref. (Yao et al., 2008; Jung et 
al., 2001.) When the temperature was increased to 1000 oC, NH3 gas was introduced into the 
vacuum chamber and decomposed into N atoms. At high temperature (>1000 oC), Al 
nanoparticle precursors turned liquid droplets on the substrate. So the foreign N atoms 
reacted with the Al liquid droplets and formed the AlN precursors as the seeds of the ultra-
long nanorod in the solutions. AlN seeds can continuously separate from oversaturated 
solutions because of the overmuch supplement of AlN precursors. Finally, with the progress 
of the reaction, high density of ultra-long AlN nanorod arrays was synthesized on the 
substrate. And the steric overcrowding (Liu et al., 2004, 2005, 2008; Cao et al., 2003) for these 
nanostructures is considered as the possible aligned mechanism of AlN nanostructure 
arrays.  

As summarized in Table 1, the growth conditions will influence their density. Through a 
series of designed experiments, it is found that the growth temperature is the determinate 
factor for the formation of different morphology of AlN nanostructures. Moreover, the total 
mass of the source materials has effect on the growth density of the nanostructures. It is 
observed that the lower mass of raw materials will induce lower density of nanostructure. It 
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is also seen that the ultra-long Al nanorod is hard to be synthesized when the mass ratio of 
Al powders to Fe2O3 powders is lower than 8:1. In addition, the pressure of the carrier gas 
also takes effects on the synthesis of these nanostructures. If the growth pressure is adjusted 
to be lower than 100 Pa, only AlN thin film can be found on the substrate. 

The surface electron affinity is one of important parameters determining the field emission 
property of cathode nanomaterials. It is known that AlN nanostructures may have a little 
positive or negative affinity on (001) crystalline plane, which make them as one of the 
promising cathode materials in future. The Ultraviolet Photoemission Spectroscopy (UPS) 
technique is applied to measure the electron affinity of the AlN nanostructures before the 
beginning of FE measurements. Because these nanostructures have similar UPS spectrum, 
only a representative spectrum of the sample is given in Fig. 5b. To confirm that the detector 
can collect all emission electrons from the valence band, a negative 5 voltage was applied to 
the sample. The whole spectral width (Wspectra) of the sample can be calculated by linearly 
extrapolating the emission onset edges to zero intensity at both the low kinetic energy cutoff 
and the high kinetic end, which are equal to the energy difference between the deepest level 
in the valence band and the edge of the valence band for semiconductor. According to this 

method, its width is determined to be about 14.3 eV. The surface electron affinity χ of a 
sample may be obtained using the equation given below (Benjamin et al., 1996): 

 g spectrah E Wχ ν= − −   (1) 

where Eg is the energy band gap, and hν=21.2 eV, which is the radiation energy of He I line. 

The energy band gap of AlN nanostructures can be assumed to be the same as that of bulk 

AlN, i.e., 6.28 eV (Edgar et al., 1999). Then the χ values are deduced to be 0.62 eV, which 

suggests the electron affinity of the as-prepared AlN nanostructures is low enough for 

electron emission at low voltage operations in FE area. 

 

Fig. 5. (a) Representative EELS spectrum of the AlN nanostructures. (b) Their UPS spectrum. 

Whether these synthesized AlN nanostructures are promising cold cathode nanomaterials 
needs to be further valued by their FE properties. Their field emission measurements are 
carried out in the field emission analysis system, whose base pressure is lower than 3x10-7 
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Pa. Transparent anode method was used in the measurements to obtain the FE behaviors of 
the total film in different morphology. These three samples were applied as the cathodes 
and the indium-tin-oxide (ITO) glass was used as anode. The area of the samples was 
around 1x1 cm2 and the measurement distance between the anode and the cathode is about 
400 μm. The J-E curves and FN plots of the nanocones, the nanorods, the nanocraters and 
the ultra-long nanorods are shown in Fig. 6a and 6b, respectively. By comparing their FE  

 

Fig. 6. (a) The field current density-electric field (J-E) curves of the AlN nanostructures in 
different morphology; (b) Their corresponding FN plots. (c) The stability curves of the AlN 
nanostructures in different morphology in field emission process. 
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behaviors, it is clear that the AlN nanocraters have the best FE performance with a turn-on 

field (defined as the field at 10 μA/cm2) of 3.9 V/μm and a threshold field (defined as the 

field at 1 mA/cm2) of 7.2 V/μm. It is also found that the FE properties of the AlN nanorods 

are better, those of the nanocone are worse, and those of the ultra-long AlN nanorods are 

the worst among them, as provided in Table 2. But even for the AlN ultra-long nanorods 

with the worst FE performance, their FE behaviors are comparable with many cathode 

nanomaterials, such as ZnO, WO3 and CuO. In addition, all of their FN plot exhibits a 

nonlinearity relationship within the range.  

What leads to their different FE performance for different nanostructures is an important 

question, which is intensively related with their applications. We proposed the following 

interpretations to analyze the possible mechanism. According to the Metal-Insulator-

Vacuum (MIV) theory (Latham & Xu, 1995), the microscopic field ELocal acting at the tip of 

microtrusion is proportional to the enhancement factor β, which is given by 

 Local
V

E E
d

β β= =  (2) 

In this expression, V is the applied voltage, d is the distance between the anode and the 

cathode, and E is the applied macroscopic field. And the enhancement factor β can be 

expressed as (Fursey & Vorontsov-vel’yaminov, 1967) 

 
( )

( ) ( )

1.5
2

1 1
2 22 2

1

ln 1 1

λ
β

λ λ λ λ

−
=

 
 + − − −
  

  (3) 

where /l rλ =  is the aspect ratio, i.e., the length of the nanostructure versus its top radius. 

As discussed in the above theory, the nanostructure with the large aspect ratio should have 

high β value because they have more strong ability of amplification macroscopic field than 

other nanostructures at the same applied field. So the nanorod, the nanocones and the 

nanocraters should have better FE behaviors than the ultra-long nanorods according to this 

theory. But as observed in Table 2, the FE properties of the ultra-long nanorod with the 

highest aspect ratio (500) are worse than those of the nanocrater with lower aspect ratio (50), 

which suggests that this theory can’t be directly used to explain the phenomena.  

Then at this situation, another discrepancy existed in these nanostructures must be 

considered due to the screen effects (Bonard et al., 2001; Wang & Tong, 1996), which is their 

growth density. According to this theory, the surface of the nanostructured film will be very 

close to a plane when the growth density of the nanostructure is very high. So when the 

field is applied between the anode and the cathode, it will prevent the macroscopic electrical 

field from penetrating into the nanostructures film (Bonard et al., 2001), which in versus 

lowers the local field amplification existing among the nanostructures and make electron 

emission hard to occur. Based on the classical Fowler-Nordheim (FN) theory (Fowler & 

Nordheim, 1928), the relationship between current density J and applied field E should be 

described as follows: 
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η

ϕ β

 
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=          
 

  (4) 

Where a=1.54x10-6 (AV-2eV), B=6.83x109 (Vm-1eV-3/2), and φ is the work function of the 
cathode emitters, which adopts 3.7 eV for AlN (Edgar et al., 1999). So the enhancement  

 

FE Properties
 

Morphology 

Aspect 
ratio

Turn-on 
field 

at 10 μA 
(V/μm) 

Threshold 
field 

at 1 mA 
(V/μm) 

β 
s 

(field screen 
parameter) 

Emission 
Instability 

(2 h) 

Nanocone 50 4.2 11.3 1740 0.087 9 % 

Nanorod 23 4.9 12.4 1250 0.234 7 % 

Nanocrater 50 3.9 7.2 2140 0.2675 4 % 

Ultra-long Nanorod 500 4.5 10.4 1997 0.250 6 % 

Table 2 The list of comparisons on the field emission parameters of the as-prepared AlN 
nanostructures in different morphology. 

factor β values of the AlN nanostructures can be calculated from the slopes of their FN plots, 
which reflect the amplification ability of macroscopic field. From Table 2, it is observed that the 
obtained β values are ranging from 1250 to 2140, which suggests that AlN nanostructures are 
one of the most promising FE materials in future. It can be observed in Table 2 that the 
nanorod and the nanocrater with lower density have higher field enhancement factor β than 
the nanocones with higher density. Combined the nonlinearly (low and high electric 
field)exhibited in their FN plots with the screen effect, Filip model was more appropriate for 
these samples (Filip et al., 2001), which can be expressed as follows: 

 ( )1 ,local
V V

E s s
r d

= + −  (5) 

Where Elocal is the local field nearby the emitters when considering the screen effect, r is the 
radium of the tip of the emitter, s is the screen effect parameter, V is the applied voltage and 
d is the distance between the anode and cathode, which is 400 μm in our measurements. 
Combined equation (2) with (5) and considered the d/r value is far higher than 1 in our 
experiment, the field enhancement factor can be derived as: 

 
( )1

1 ,
rd

s s
r d

β
β

−
≈ +  =   (6)  

Substitute typical d value, r value and β value obtained for four samples, their 
corresponding field effect parameter s can be obtained, which is indicated in Table 2. It is 
clear that the smaller the s value, and the greater the role that screening effect plays in the 
actual field emission process. So it is concluded that the field screen effect of the nanocone is 
the most distinguished among these four nanostructures because of its smallest s value 
(0.087). Therefore, the nanocraters should have the best FE behaviors and the nanorods 
should have better FE behaviors among these four nanostructures based on this rule, which 
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is in well agreement with our observed results in Fig. 6. Moreover, the nonlinearity of the 
FN plots of four samples can also be explained by Filip model (Filip et al., 2001). It is also 
proposed that the morphology and the growth density of the AlN nanostructures determine 
their FE behaviors to a great extent. 

The emission stability of nanostructures is another question need to be paid much attention 
for their actual application in FE area, and Fig. 6c shows the stability curves of the AlN 
nanostructures in different morphology. Because the stability appearance at high working 
current is more important than at low current for application, the emission current was kept 
at 500 μA at the beginning of the measurement whether they are in what morphology. The 
whole measurement lasted for 2 hours. It is seen in Fig. 6c that the nanocraters are found to 
possess the most stable emission performance with a current fluctuation lower than 4 % and 
the nanocones are the worst (9 %), as indicated in Table 2. Other nanostructures also exhibit 
excellent field emission stability, which is good enough for the potential application in field 
emission area. In combined with all the field emission behaviors of these four AlN 
nanostructures, we can draw a conclusion that the AlN nanocrater arrays have the best FE 
performance whether from the turn-on field or the stability, which should have the most 
promising future in FE applications. 

Then, what to do for further inproving their field emission properties? We should firstly 

find the important factor, which strongly affects their emission performance. In order to 

confirm this, measurement on individual AlN ultra-long nanorod is very essential because 

many physical information of AlN nanostructure is concealed by the continuous film due to 

some effects. Few reports so far are concerned with the characterization of individual single 

AlN ultra-long nanorods because the AlN nanostructures are often fabricated in high 

density, which is hard to carry out the in-situ measurement on the physical properties of 

individual nanostructures. Since we have mastered the controlled growth tecnique of the 

AlN ultra-long nanorod in growth density, measurement on the physical properties of 

individual nanostructure becomes feasible. The measurement was carried out in a modified 

SEM system, which has been depicted in detail in our previous papers (Liu et al., 2008, 

2010a, 2010b; She et al., 2007). Figs. 7a and 7b provides the SEM image of the measurement 

during the electric conductivity process and during field emission process, respectively. It is 

seen from Fig. 7a that the W probe tightly contacts to individual ultra-long AlN nanorod on 

its end. Individual ultra-long nanorod has a length of about 50 μm and a diameter of about 

100 nm, which is consistent with the observed images in Fig. 2. One can see in Fig. 7b that 

the distance between the W probe and individual nanorod was kept at about 2 μm through 

field emission measurement.  

Representative curve of the electrical transportation property of individual ultra-long AlN 
nanorod is shown in Fig. 8a. Here only a typical I-V curve of a single nanostructure is given 
because their electrical conductivity is similar, having the same order (in the range from 2 x 
10-4 – 7 x 10-4 Ω-1cm-1). From the shape of the I-V curve of Fig. 8a, it can be concluded that the 
electric contact in conductivity measurement should be Schottky barrier rather than the 
ohmic contact because it is nonlinear and asymmetrical. We use the following descriptions 
to illutrate this phenomena. The contact resistance RContact in measurements can be divided 
into two types, in which one is the contact resistance R1 between the nanorod and the 
substrate and another is the contact resistance R2 between the nanorod and the W probe, 
which can be written as: 
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 1 2ContactR R R= +  (7) 

So the total resistance RTotal consists of the contact resistance RContact and the intrinsic 
resistance RAlN of AlN nanorod, which is as follows: 

 . 1 2Total AlN Contact AlNR R R R R R= + = + +   (8)  

 

Fig. 7. The SEM images of individual AlN nanorod and the tungsten probe (a) during the 
conductivity measurement, and (b) during the field emission measurement. 

 

Fig. 8. (a) Representative electrical transport curve of single AlN nanorod. (b) The lnI versus 
V curve in conductivity measurment. (c) The field emission I-E curves of single nanorod. (d) 
Its corresponding FN plots. 
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The work function of W, AlN and n-doped Si is usually 4.5 eV, 3.8 eV and 4.2 eV, 
respectively. At high growth-temperature over 1100 oC, the AlN clusters and n-doped Si will 
be alloyed together, which suggests that their contact resistance R1 is very low close to 
ohmic contact after the growth. But for R2, high contact resistance will occur because their 
large discrepancy of the work function between W probe and individual AlN nanorod, 
which results in the formation of Schottky barrier. In this situation, R2 determines the 
contact resistance RContact. Based on the thermionic emission theory (Heo et al., 2004; Sze et 
al., 1971), the reverse current of an ideal Schottky barrier should be at a very low level 
because the barrier is often elevated to a very high value at reverse voltage, so the reverse 
current can be neligible in contrast to their positive current. The positive current will 
exponentially increase with the positive voltage applied on the Schottky diode, followed by 
the equation (Sze et al., 1971)  

 * 2( , ) exp exp 1 expb
b

qV qV
J V A T

kT nkT kT

ϕ
ϕ

     
= − × − −      

      
 (9) 

, where A*=4πm*qk2/h3 is the Richardson constant of the semiconductor, φb is the effective 
height of Schottky barrier, k is the Boltzmann constant, q is the magnitude of electron 
charge, n is usually adopted to be 1 for ideal Schottky diode, T is the absolute temperature. 
According to this equation, the linear behavior of lnI versus V should be observed at 
positive voltage. It is clearly seen in Fig. 8b that lnI has a linear relation with V, which is in 
well agreement with the proposed theoretical results. It suggests that the electron 
transportation process of measurement on individual nanorod should obey the thermionic 
emission model, which proves our explaination on Schottky barrier is reasonable. Moreover, 
the electrical conductivity can be obtained by approximately calculating the slope of I-V 
curve at high voltage. It can be understood that the intrinsic resistance RAlN dominates the 
total resistance RTotal because the Schottky barrier at positive voltage will rapidly decreased 
to a very low value with the the increasing of the applied voltage, which is far lower than 
RAlN. So based on this way, the intrinsic conductivity of AlN nanorod is deduced to be 
2.7x10-4 Ω-1cm-1, which is almost 102 times larger than with that (8x10-6 Ω-1cm-1) of other 
researcher group (Zheng et al., 2008). The relatively higher conductivity should be 
originated from the doping of element Si and Fe, which incorporated into the engergy gap 
of AlN to be a shallow impuries energy level. Element Si may come from the Si substrate or 
quartz tube, and element Fe may come from Fe2O3 in source powders, which possibly 
diffused into AlN nanorods during the high-temperature growth process. Therefore, the 
intrinsic electric conductivity of ultra-long AlN nanorod is overestimated in this 
measurement.  

Fig. 8c gives typical field emission current versus applied field (J-E) curve of a single ultra-
long AlN nanorod, and its corresponding Fowler-Nordheim (FN) plot is indicated in Fig. 8d. 
From Fig. 8d, individual AlN nanorod is observed to have a mean 1 nA field (defined as the 
electric field when the emission current is 1 nA) of 440 V/μm and 1 μA field (defined as the 
electric field when the emission current is 1 μA) of 480 V/μm. The FE performance of the as-
synthesized ultra-long AlN nanorod is better than that of AlN nanocones (500 nA at 1000 
V//μm) in recent report (Bonald et al., 2001), which should come from the conductivity of 
individual nanorod on our synthesis process is higher than that in other researher groups 
due to the doping of element Fe and Si. It is also found that the field emission current 
exhibits a increase tendency with the applied field and doesn’t reach the saturation until the 
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applied field arrives at 800 V/μm, which proposes AlN nanorod has a high endurance 
ability to large emission current due to its high thermal conductivity. The FN plots of 
individual AlN nanorod is seen to be nonlinear. We attributed the nonlinear behavior of the 
FN plots to be the drecrease of the contact resistance R2 with the increase of the temperature 
followed by high applied field, because of which induces higher effective field appearing 
between cathode and anode. Even though it is found from Fig. 8c that the FE property of 
individual AlN nanorod is not very good, in comparison with the others such as boron 
nanotubes and nanowires (Liu et al., 2008, 2010a, 2010b), W18O49 (Li et al., 2009) etc, as we 
reported early, and that this finding is in consistent with the findings reported above for the 
FE performance of AlN nanorod films. The relatively worse FE performance of a single AlN 
nanorod is strongly related to its low intrinsic electrical conductivity, as may be explained in 
the following. It is obvious that the intrinsic conductivity of individual AlN nanorod in our 
experiment is lower than that of many nanomaterials with excellent FE properties, such as 
CNTs (1 - 2 x 103 Ω-1cm-1) (Dai et al., 1996), W18O49 nanorod (10-1 - 10-2 Ω-1cm-1) (Li et al., 
2009), ZnO (2 - 4 x 10-2 Ω-1cm-1) (She et al., 2008) and boron nanotube (10 - 20 Ω-1cm-1) (Liu et 
al., 2010). So when an equal voltage is applied, more voltage drops on the nanorod’s 
intrinsic reistance rather than falls across the vacuum gap between nanorod and anode 
probe, which leads to a lower effective field at the tip of the nanorod. Thus, relatively higher 
turn-on and threshold field is needed for the AlN nanorod in order to realize the tunnel 
effects, which results in their not very good FE performance. The relatively worse FE 
properties of individual nanorod must naturally take effect on the emission performance of 
their corresponding film. It is known that the element-doping can effectively improve the 
electric conductivity of individual nanostructures by forming a impurities energy level in 
their energy gap, which can provide enough electrons for tunnel current at low applied 
field. Once the electric conductivity of AlN nanostructures can be enhanced to a high level, 
they should have a more promising future in FE devices.  

4. Conclusions 

Different morphology of AlN nanostructure arrays have been successfully synthesized by 

CVD technique. They are confirmed to have perfect single crystalline AlN structures with a 

growth direction of [001]. The VLS and Self-catalyzing VLS mechanism is respectively used 

to explain the formation mechanism for these four nanostructures. And the AlN nanocrater 

arrays are found to have the best FE properties among four kinds of nanostructures, which 

have a turn-on field of 3.9 V/μm and a threshold field of 7.2 V/μm. Moreover, 

measurements on individual ultra-long nanorods show that they have a lower electric 

conductivity (2.7 x 10-4 Ω-1cm-1) and relative worse FE performance (1 nA field of 440 V/μm 

and 1 μA field of 480 V/μm) than CNTs. The former leads to their FE performance. All of 

the synthesized AlN nanostructure arrays exhibit good FE performance, which suggests that 

they should be one of the most promising cold cathode nanomaterials in future. 
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