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We have successfully synthesized large-scale crystalline boron nanowire bundles (BNBs) by chemical

vapor deposition method. Fe3O4 nanoparticles were used as catalysts spreading on ceramic substrate

during the reaction process. The bundles consisted of many thin boron nanowires with a mean diameter

of about 25 nm and a length of several micrometers. In addition, boron nanowires are single crystals

with an a-tetragonal structure and grow along [0 0 1] orientation. These nanowires have a surface

electron affinity of 3.76 eV and a work function of 4.54 eV. A turn-on field of 5.1 V/mm and a threshold

field of 10.5 V/mm were found in the nanowire bundles, and stable field emission was recorded at

the same time.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Boron is very special in the periodical table because it has a
low density (2.364 g/cm3) and a high melting point over 2300 1C,
as well as its unique chemical and physical properties [1–7].
Hence study on the boron materials has become more and more
attractive during the past ten years. In field emission (FE) area,
boron quasi one-dimentional nanostructures are considered as a
good cold cathode nanomaterial because they have high con-
ductivity, high aspect ratios and excellent performance in harsh
conditions. Although there exist several methods investigating on
the synthesis of amorphous or crystalline boron nanowires in
recent years [8–13], no reports on the boron nanowire bundles
(BNBs) have been found until now. Moreover, little attention
[14–16] has been paid to the research on their FE properties and
work function though it is especially important for the practical
application of field emission display (FED).

In this paper, we report on the synthesis of large-scale
crystalline boron nanowire bundles with a mean diameter of
about 25 nm by chemical vapor deposition method for the first
time. The morphology, structure and the composition of the BNBs
were investigated by means of scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and electron
energy loss spectroscopy (EELS). Their FE performance and work
function are investigated in detail. The possible growth mechan-
ism is also proposed here.
ll rights reserved.

mail.sysu.edu.cn (N.S. Xu).
2. Experimental

Large-scale BNBs were grown using chemical vapor deposition
method in a single-stage furnace developed in our group [17].
B2O3 powders (99.99%), boron powder (99.99%) and iron powder
(99.99%) were grounded together, and their mass ratio was 1:2:1.
Then these powders were loaded to an alumina boat as source
materials. Fe3O4 nanoparticles with diameter less than 10 nm
were synthesized by high-temperature solution phase reaction
method and spread over the ceramic substrate (95% Al2O3) as
the catalysts.

To fabricate crystalline BNBs, firstly, the temperature of the
middle reaction region was increased to 400 1C and kept for
30 min. Secondly, when the temperature of reaction region was
increased to 1000–1100 1C, the alumina boat loaded with source
materials was transferred to the high-temperature zone immedi-
ately. The growth lasted for 2–4 h under a constant flow of argon
(�25–30 sccm). The reaction pressure was 1�105 Pa through the
process. When the reaction was finished, dark brown or black thin
film was found on the surface of the substrate.

A field emission scanning electron microscope (XL-SFEG, FEI
Corp.) was used to observe the morphologies of BNBs. Transmis-
sion electron microscopy (Tecnai-20, PHILIPS) and high-resolution
transmission electron microscopy (HRTEM) (Tecnai F20, FEI Corp.)
were used to obtain low-resolution and high-resolution images of
the samples, respectively. Measurements on the field emission
properties and the work function of BNBs were performed on the
home-made field emission analysis and measurement facility
and the commercial Omicron VT-AFM system equipped with
ultraviolet photoelectron spectroscopy (UPS), respectively.
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3. Results and discussion

Fig. 1 shows large-area BNBs lying on a polycrystalline ceramic
substrate after a growth time of 2–4 h. Typical SEM image of BNBs
is shown in Fig. 1A. The length of the BNBs is about 5–6mm
and their outer diameter is about 1–2mm. The magnified
SEM image of BNBs is given in Fig. 1B, in which one can observe
that all the nanowire bundles consisted of many thin boron
nanowires. It is also observed that the nanowires are aligned and
parallel to each other in the bundles. In addition, these nanowires
are joined tightly together in the bundles. When we carefully
moved the BNBs with the tweezers, more detailed morphology
may be shown as in Fig. 1C. These thin boron nanowires have a
uniform morphology, and their mean diameter is about 25 nm.
The aspect ratio of boron nanowire is over 200, which is useful to
field emission.

In our previous work, we reported the growth of aligned boron
nanowire arrays on silicon (0 0 1) substrates where the aligned
mechanism is attributed to the steric overcrowding [18]. The
growth mechanism of BNBs may be a little different from the
aligned boron nanowire arrays, which is proposed as follows.
Firstly, parallel boron nanowires are obtained on a ceramic
substrate at the beginning of the growth, which results from the
steric overcrowding as described in Ref. [18]. Secondly, with the
processing of the growth, many discrete areas of boron nanowire
arrays gradually formed because there are many rough grain
boundaries existing on the ceramic substrate [19]. These aligned
boron nanowires in these discrete areas cannot form the
continuous film because of the restriction of the boundaries and
have no way to stand vertically on the substrate as they do on the
silicon substrate during the subsequent process. Finally, these
parallel nanowires are pushed to lie on the substrate due to the
function of gravity according to the theory in Ref. [19], and the
BNBs are produced.

High-resolution TEM technique was applied to investigate
the crystalline structure of the BNBs. A typical TEM image of the
boron nanowires is shown in Fig. 2A. It is found that the
morphology of nanowires is rather uniform and they almost have
similar diameters and lengths, which is in agreement with the
Fig. 1. SEM images of BNBs: (A) Typical SEM image of large-area BNBs
SEM results in Fig. 1C. Fig. 2B shows the HRTEM image of a boron
nanowire in the bundles. From the HRTEM image, it is found that
the boron nanowire has clear lattice fringes and the spacing d
between the adjacent (0 0 2) growth planes is 5.06 Å. In the inset,
sharp diffraction spots are found in the selected area electron
diffraction (SAED) pattern, which proves that the boron nanowires
are well crystalline. The growth orientation of these boron
nanowires is [0 0 1], which conforms to the data of the Joint
Committee for Powder Diffraction Standards (JCPDS) card no.
73–0511. Combined with the SAED and TEM data, it is concluded
that the BNBs consisted of single-crystal boron nanowires with
the a-tetragonal structure. To determine the composition of the
nanowires, the EELS technique was used, and the typical spectrum
is given in Fig. 2C. Only boron element is monitored in the EELS
spectrum, which confirms that the as-grown nanowires are pure
boron nanowires. We also determined the diameter distribution of
400 boron nanowires in the bundles, and the corresponding
histogram is provided in Fig. 2D. One can see that the diameter of
the boron nanowire ranges from 10 to 60 nm, and their mean
diameter is 25 nm. In addition, it is also seen that the proportion
of nanowires with a diameter between 20 and 40 nm is over 60%.
The good uniformity in morphology and well-crystalline structure
of the BNBs is important for a cold cathode material considering
the requirement of the uniformity of the field emission.

Since work function is an importance factor affecting the
emission properties of the as-prepared BNBs film according to the
classical FN theory [20], its measurement was carried out before
field emission. Ultraviolet photoemission spectroscopy is an
effective way to measure the work function of thin film. The
typical UPS spectrum of the BNBs is shown in Fig. 3. In order to
obtain more accurate values, the low kinetic energy cutoff is
magnified by 10 times. In the measurement, the as-prepared
sample was biased with 0.5 V to overcome the influence of the
analyzer’s work function and ensure that all the electrons from
the valence band can be collected. By linearly extrapolating the
emission onset edges to zero intensity at both the low kinetic
energy cutoff and the high kinetic end, we can obtain the spectral
widths (Wspectra) of the BNBs film. Following this method,
the width of the whole spectrum is calculated to be about
, (B) The side view of BNBs and (C) Magnified image of the BNBs.
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Fig. 2. TEM and HRTEM images taken from BNBs. (A) Typical TEM image of BNBs. (B) HRTEM image of a boron nanowire in the bundle. The inset is the corresponding SAED

pattern. (C) The EELS spectrum of a typical boron nanowire. (D) The diameter distribution histogram of the boron nanowire in the bundles.
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Fig. 3. The repensentative UPS spectrum of BNBs.
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Fig. 4. J–E curve from large-area BNBs film. The inset is the FN plots of the sample.
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15.9 eV. The surface electron affinity of the sample can be
calculated by the relation given below [21]

w ¼ hg� Eg �Wspectra

where w and Eg are the surface electron affinity and the energy
band gap of the BNBs film, respectively. And hg ¼ 21.2 eV, which is
the radiation energy of He I line used in this measurement. For
simplicity, we adopt the same energy gap of the sample as that of
bulk boron, which is 1.56 eV [1,22]. Then the corresponding w
value is calculated to be 3.76 eV for the sample. If the as-prepared
BNBs are assumed to be pure and no contamination energy level
exists in the energy gap, the work function of the sample should
be calculated according to the equation: f ¼ w+Eg/2. Through this
way, the work function of the sample is determined to be 4.54 eV.
The surface electron affinity of the BNBs is low and good for
field emission nanomaterials. Moreover, in our recent studies,
it is found that the work function value of the BNBs can be
adjusted to be lower by doping some elements such as carbon,
phosphor and magnesium into the nanowires, which will benefit
the FE application.

Field emission measurements were performed on the BNBs to
explore the possibility of the bundles in FE applications. A typical
curve of the emission current density versus applied electrical
field is given in Fig. 4. It is indicated that the turn-on field
(defined as the electric field for J ¼ 10mA/cm2) of the sample is
5.1 V/mm and the threshold field (defined as the electric field for
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Fig. 5. Typical emission stability curve of BNBs film at high current density.
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J ¼ 1 mA/cm2) is found to be 10.5 V/mm. When the electrical field
was increased to 19 V/mm, the emission current density reached
14 mA/cm2. Moreover, the saturation tendency of the emission
current was not observed in the whole measurement. The
measured results suggest that the FE behaviors of the BNBs can
be comparable to the best results from other nanowires with
excellent FE properties [23–26].

The Fowler–Nordheim (FN) equation is used to calculate the
F–N plot of the FE properties of our samples and is shown in the
inset of Fig. 4. According to the FN theory, the relationship
between current density J and applied electric field E can be
described as follows [20]:

J ¼ A
b2E2

f

 !
exp

�Bf3=2

bE

 !

where A ¼ 1.57�10�10 (AV�2 eV), B ¼ 6.83�109 (Vm�1 eV�3/2)
and f is the work function of the sample, which adopts the
value of 4.54 eV obtained in our UPS measurement. The enhance-
ment factor b is calculated to be about 1300, which is high enough
for emission applications. The linearity of the FN plots suggests
that the emission mechanism of the BNBs agrees with the FN
theory well.

Finally, we investigate the emission stability behaviors of BNBs
at high emission current because of which is another crucial
parameter for the practical application of cold cathode nanoma-
terials. The representative emission stability curve is given in
Fig. 5. The electrical field was fixed at about 17 V/mm and the
whole measurement lasted for 2.5 h. It is found that BNBs exhibit
a stable field emission at a high current of 10 mA and the
fluctuation of emission current is less than 9.5% through the
continuous emission operation. Combining the low threshold field
behaviors of BNBs with their good stability performance in high
current, it is suggested that they can be a kind of good candidate
as field emitters.
4. Conclusions

In summary, the BNBs have been successfully prepared on
ceramic substrate by way of chemical vapor deposition for the
first time. These bundles consisted of many single crystalline
boron nanowires growing along [0 0 1] direction, whose diameters
almost range from 20 to 40 nm. The as-prepared BNBs have a
surface electron affinity of 3.76 eV and a high field enhancement
factor over 1300. Their threshold electrical field is 10.5 V/mm, and
they can keep stable emission at a high current density of about
14 mA/cm2. Moreover, the fluctuation of emission at 10 mA is
less than 9.5% in 2.5 h continuous operation measurement. All
these experimental results suggest that the BNBs could have a
promising future in FE fields.
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