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Elemental boron arouses great interest from both scientific

and technological areas of research because it has unique

chemical and physical properties and its theoretical tubular

structures may have higher electrical conductivity than carbon

nanotubes.[1–7] High conductivity and chemical stability of

boron or boride nanostructures have made it an attractive

candidate for future applications in ideal cold-cathode

materials, high-temperature semiconductor devices, or field-

effect transistors.[8–14] In particular, for the application of

field emission (FE), it is especially useful to synthesize large,

vertical arrays of boron nanowires (BNWs) with the desired

surface work function and FE behavior. So far, to our

knowledge, while both amorphous[15–20] and crystalline boron

nanowires[21,22] have been fabricated by magnetron sputtering,

laser ablation, or chemical vapor methods, vertical arrays of

single-crystal boron nanowires over a large area have not been

synthesized in a one-step process. In addition, little atten-

tion[23–25] has been paid to the measurements of the physical

properties of an individual boron nanowire.

In this Communication, we report the successful synthesis of

high-density, vertically aligned single-crystal boron nanowire

arrays with a nanowire diameter of approximately 20–40 nm by

a thermal carbon-reduction method. Moreover, we have

measured the FE behavior and surface work function of a
[*] Prof. N. S. Xu, Dr. F. Liu, X. Y. Lai, Z. M. Xiao, W. G. Xie, S. Z. Deng
J. Chen, J. C. She
State Key Laboratory of Optoelectronic Materials and Technologies
Guangdong Province Key Laboratory of Display Material and
Technology, and
School of Physics and Engineering, Sun Yat-sen University
Guangzhou 510275 (P.R. China)
E-mail: stsxns@mail.sysu.edu.cn

Prof. H.-J. Gao, Dr. J. F. Tian, L. H. Bao, T. Z. Yang, C. M. Shen
Beijing National Laboratory for Condensed Matter Physics
Institute of Physics, Chinese Academy of Sciences
Beijing 100080 (P.R. China)
E-mail: hjgao@aphy.iphy.ac.cn

[**] This work is supported by the National Basic Research Program of
China (973 Program, Grant No. 2007CB935500, 863 Program,
Grant No. 2007AA03Z305), the National Joint Science Fund with
Guangdong Province (Grant No. U0634002, U0734003), the
Doctoral Foundation of Education Ministry of China (Grant No.
20070558063), the Science and Technology Department of
Guangdong Province, the Education Department of Guangdong
Province, and the Science and Technology Department of
Guangzhou City.

Adv. Mater. 2008, 20, 2609–2615 � 2008 WILEY-VCH Verlag G
single boron nanowire, which is critical to evaluate the

possibility of using boron nanowires as field-emission materi-

als. For the purpose of better understanding the field-emission

mechanism of a boron nanowire, the field-emission properties

of a BNW film are also measured to compare with those of an

individual nanowire.

Figure 1 shows large-scale boron nanowire arrays on a

Si(001) substrate after approximately 2–4 h of growth. As

shown in Figure 1A, the high-density arrays are aligned

vertically on the silicon substrate. Figure 1B is the high-

resolution scanning electron microscopy (SEM) image of the

aligned BNWs, in which one can see that the length of the

BNW is about 5mm and the morphology of the nanowires is

uniform. The aspect ratio of each boron nanowire is about 200,

which is high enough for a field-emission application. The side

and top views of the boron nanowire are shown in Figure 1C

and D, respectively, which reveals the detailed morphology of

the BNWs. The boron nanowires have a diameter of about

20–40 nm and no catalyst is found at their tip. The catalysts,

however, were found to lie on the substrate arbitrarily when we

peeled off some nanowire film from the substrate, as shown in

Figure 1C. Thus, we believe that the growth is through a

vapor–liquid–solid (VLS) mechanism and the binding force

between the Fe3O4 catalyst and the silicon substrate is strong.

This strong binding leads to good conductivity between the

boron nanowires and the substrate, which may contribute to

their good field-emission properties. The alignment of BNWs

can be attributed to steric overcrowding.[26,27]

To determine the detailed crystalline structure, transmission

electron microscopy (TEM) and high-resolution TEM

(HRTEM) were employed to investigate the sample. A typical

TEM image of the boron nanowires is shown in Figure 2A. The

diameter of all the nanowires is rather uniform. Figure 2B

shows the corresponding HRTEM image of the boron

nanowire indicated by the white arrow in Figure 2A. By

analyzing the HRTEM image, we found that the boron

nanowire has clear lattice fringes and the d spacing between the

adjacent (002) planes is 5.06 Å. In addition, an amorphous

sheath of about 1.5 Å appears in this HRTEM image, which

most likely originates from boron oxide. The boron nanowire

has a single-crystalline structure as indicated by the sharp

diffraction spots in the inset (acquired from the same

nanowire). The growth of these boron nanowires is along
mbH & Co. KGaA, Weinheim 2609
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Figure 1. Scanning electron microscopy (SEM) images of vertically
aligned boron nanowire arrays. A) Low-magnification image of large-area
arrays. B) High-resolution image of boron nanowires. C,D) Top and side
view, respectively, of the boron nanowires.

2610
the [001] direction, which is in agreement with the data of the

Joint Committee for Powder Diffraction Standards (JCPDS)

card No. 73-0511. Combining the HRTEM result with the

selected-area electron diffraction pattern, we conclude that the

boron nanowires are perfect single crystals with an

a-tetragonal structure.

Because boron and boron oxide powders are used as the

source materials, we use the elemental maps of boron and

oxygen to identify the elemental distribution in an individual

boron nanowire. Figure 2C and D offers the elemental

distribution images of boron and oxygen, respectively, in the

same nanowire. It is noted that the bright region corresponds to

the distribution of themeasured element. The insets exhibit the

elemental profiles of boron and oxygen across the nanowire,

which clearly shows that boron is uniformly distributed

through the whole nanowire, while oxygen only exists at the
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
sheath of the nanowire. The formation of boron oxide is likely

caused by the exposition of the as-grown boron nanowire to the

air after the reaction. The possible explanation of oxidation is

given as follows. Firstly, boron nanowires have a large surface

area, which suggests they possess many active surface states

and, thus, their oxidation in air is easier than bulk boron

materials in air. Secondly, the physical property measurements

were carried out about two months after the BNWs were

fabricated; thus, slow oxidation might have occurred in the

interim period. However, the oxidation will be terminated after

about 2–3 Å of oxide layer are formed on the BNWs because

the layer is too compact to keep oxidation of the BNW going.

From the HRTEM results, we conclude that the oxidation

speed is approximately 1–1.5 Å/month. Further quantitative

elemental analysis was performed on the boron nanowire by

using EELS (electron energy loss spectroscopy). Gatan EELS

analysis software demonstrates that the total content of boron

in the boron nanowire is over 95% and traces of oxygen can

only be found in the highly magnified EELS spectrum. Only a

small amount of elemental carbon (less than 4%) can be

detected with EELS, which may come from the circumstancial

C adsorption or the carbon film in the copper grid used in

HRTEM. So the samples are single-crystal boron nanowires

with an oxide sheath, which is consistent with the previous

HRTEM results in Figure 2B.

The as-prepared boron nanowires have potential for

applications in the field-emission area because they are perfect

single crystals in a vertical array and have high aspect ratios.

Among the field-emission parameters, the work function value

is very important. Although bulk boron materials have a mean

work function of 4.6 eV and bandgap of 1.56 eV,[1,28] the surface

work function of an individual boron nanowire is unknown.

Because Kelvin probe force microscopy (KPFM)[29,30] tech-

nology is a powerful technique formeasuring the work function

of a material at the nanoscale, we applied this technique in the

Omicron VT-AFM system to characterize the work function of

an individual boron nanowire. Figure 3 provides the topo-

graphy and contact potential difference (CPD) images of a

single BNW. As seen in Figure 3A, a typical boron nanowire

has a mean radius of about 30 nm. Figure 3B shows a

high-resolution image with clear contrast. The bright region,

which has a higher conductivity, possesses a high contact

potential and, therefore, a low work function. Using the work

function of a standard highly oriented pyrolytic graphite

(HOPG) as reference, we obtain the work function value of the

atomic force microscopy (AFM) probe to be 4.0 eV. From the

CPD image, the mean value of VCPD between the probe and

the nanowire is deduced to be about �0.4V. So the surface

work function of a single boron nanowire is about 4.4 eV, which

is slightly lower than that of bulk boron. The work function is

found to be uniform through the nanowire with the exception

of the end of the nanowire, which shows a lower work function

because of the presence of the Fe3O4 catalyst that is known to

have a work function of 3.7 eV. Other regions of magnetite

catalyst nanoparticles also exhibit a similar lower work

function than boron nanowires in the KPFM images, which
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2609–2615
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Figure 2. A) A typical TEM image of the BNWs. B) A HRTEM image of the BNW (indicated by the
white arrow in (A)). The inset is the corresponding selected-area electron diffraction pattern. C,D)
The elemental maps of boron and oxygen, respectively, of the same nanowire. The insets
correspond to the B and O elemental profiles across this nanowire.
agrees with theAFM image in Figure 3A. If the oxide sheath of

the BNW is taken into account, the actual work function value

of a single-crystal boron nanowire should be slightly lower than

4.4 eV. According to the Fowler–Nordheim (FN) theory, the

nanowire will have better field-emission performance if its

work function is lower. Although the surface work function

value of a pure boron nanowiremay not be low enough to serve

as an ideal cold cathode material, doping some elements (for

example C, N, and Fe) into the nanowire should efficiently

decrease the surface work function value; such efforts are

under way.

To further evaluate the feasibility of applying BNWs in the

vacuum microelectronic and nanoelectronic fields, we have

measured the field-emission properties of an individual boron

nanowire in a modified high-vacuum SEM system.[31] To our

knowledge, this is the first report on the FE properties of a

single boron nanowire. Figure 4A and 4B shows the SEM

images of the tungsten probe and a single boron nanowire,

which were used in the measurement. The detailed measure-

ment procedure is described as follows: First, the tungsten

probe is moved to contact an individual BNW, and the

resistance between them is recorded by a pico-amperemeter

(Keithley 6487). The detected voltage on the probe is �5V.

This step is adopted to ensure the alignment as well as the

ohmic contact between the probe and the boron nanowire

during themeasurements. Second, theWprobe is retracted to a

distance of 1.507mm from the individual boron nanowire by a
Adv. Mater. 2008, 20, 2609–2615 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
stepped motor. As soon as the probe leaves

the individual nanowire, the reading data

of the pico-amperemeter returns to zero.

Last, the field-emission current data are

auto-recorded by the Keithley 6487 RS232

instrument software as a function of the

applied voltage up to 200V in steps of about

0.5–1V. We measured many individual

BNWs, and they display three representa-

tive curves of current versus electric field

(I–E), as shown in Figure 5, where A, B, and

C refer to three different boron nanowires.

When an electric field of approximately

59–74Vmm�1 is applied, a stable FE current

of 1mA is reached. Considering the average

curvature radius of an individual nanowire is

15 nm, we calculate the maximum emission

current density to be about 2�105–4�105 A

cm�2. Such a high current density indicates

that a BNW may be an excellent candidate

for a high-brightness point electron source.

Further investigation shows that a FE

current of 0.1 nA for an individual boron

nanowire is obtained at an average electric

field of 10–14Vmm�1. The current density is

around 20–28 A cm�2, corresponding to the

emission current of 0.1 nA.

These three boron nanowires exhibit

slight differences in their FE behavior, as
shown in Figure 5A, in which nanowire A has the best and

nanowire C has the worst field-emission behavior, but we can

not find any distinguishable difference in their morphologies

from their corresponding SEM images. For further under-

standing of the FE mechanism of an individual BNW, we

measured the conductance of these three nanowires at the

same time (Fig. 5B). Through detailed measurements, we

find that these three nanowires (A–C) possess different

electrical conductivity of nanowire A is the highest (ca.

8�10�3V�1 cm�1) and that of nanowire C is the lowest

(ca. 3.2�10�3V�1 cm�1), which possibly induces their different

FE properties. It is suggested that an individual boron

nanowire will have a better field-emission performance if it

has a lower resistance. There are other factors that influence

the FE properties of individual BNWs, and they are illustrated

as follows. Firstly, the boron nanowires have different aspect

ratios, which may lead to their different conductance values.

Secondly, the thickness of the surface oxide layer on different

BNWs is not the same. Thirdly, there are some different

crystalline defects existing in boron nanowires as revealed by

magnified HRTEM investigations although they appear to be

single crystals in TEM images. A more detailed explanation of

the influence of these factors will be discussed in our

forthcoming paper.[32] All of the measured BNWs have similar

FE characteristics without breaking down, up to 4mA, during

our FE measurements, which suggests they can operate at high

temperature. These results are comparable to the best results
www.advmat.de 2611
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Figure 4. SEM images of the single boron nanowire during FE measure-
ments. SEM images of the W probe and the single nanowire A) before and
B) during the measurement.

Figure 3. KPFM (Kelvin probe force microscopy) and simultaneous
measurement of topography on a single boron nanowire. A) Atomic force
microscopy (AFM) image of a single boron nanowire. B) The correspond-
ing CPD (contact potential difference) image of the same boron nanowire.
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from other nanowires that are considered to have excellent FE

properties.[31,33–35]

The Fowler–Nordheim (FN) equation is used to describe the

metal–vacuum field-emission model, in which good linearity of

the FN plots means the cathodematerial agrees with this model

and is close to the behavior of metal. The typical FN plot, ln(I/

E2) versus 1/E, is shown in Figure 5C. According to the FN

theory, the relationship between current density (J) and

applied electric field (E) can be described as follows:[36]
J ¼ A

www.a
b2E2

f

� �
exp

�Bf
3
2

bE

 !
(1)
where A¼1.57�10�10 AV�2 eV, B¼6.83�109 Vm�1 eV�3/2,

and f is the work function of a single boron nanowire, which
dvmat.de � 2008 WILEY-VCH Verlag GmbH
is 4.4 eV, as obtained in our KPFM measurement. The

enhancement factor b is calculated to be about 2000–2500 at

low electric fields, and 50–800 at high electric fields. The

wide range of b implies the versatility for various FE

applications. As for the nonlinear behavior of the FN plot and

the better field emission at high current, we propose two

possible mechanisms: 1) Field electron emission is enhanced

by the emission of thermal electrons at high temperature

caused by the high current; 2) The conductivity of the BNW

is enhanced because of the thermal vaporization of boron

oxide from its surface at high temperature, which improves

the field electron emission properties at high current. The

detailed physical mechanism is still under investigation.
We have also measured the FE behavior of a large-area

BNW film to compare with that of an individual boron

nanowire. Figure 6 shows the field-emission curve of current

density versus electric field (J–E) from a large-scale boron

nanowire film. The turn-on electric field (Eon) and the threshold

electric field (Ethres) of the BNW film are 5.1Vmm�1

(J¼10mAcm�2) and 11.5Vmm�1 (J¼1mAcm�2), respec-

tively. When increasing the electric field to 17.8Vmm�1, a

higher current density of 8.1mAcm�2 can be obtained with no

saturation tendency in this experiment. The Ethres value of the

BNW film is higher than that of carbon nanotubes

(1.6Vmm�1)[37] and tungsten oxide nanowires (6.2Vmm�1)[38]

but is close to that of aligned In2O3 nanowires

(10.8Vmm�1).[39] As a very high density of one-dimensional

nanowires is often harmful to field electron emission because of

the screen effects,[40,41] we have attempted the following

experiments to control the density of the vertically aligned

boron nanowires at the optimized theoretical values[42,43] to
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2609–2615
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Figure 6. A) The J–E field-emission curve of a large-area film of vertically
aligned boron nanowires. B) FN plot of this sample.

Figure 5. A) The current–electric field (I–E ) curves of individual boron
nanowires: A, B, C refer to the three different boron nanowires. B) The
corresponding current–voltage (I–V) curves of these three individual boron
nanowires (A–C) in FE measurements. C) The corresponding FN plots of
these three BNWs.

Figure 7. The representative emission stability curve of the individual
boron nanowire at high current.
decrease the Eon and Ethres values. The inset of Figure 6 is the

FN plot of the film of aligned BNWs. The FN plots is almost

linear, agreeing well with the FN theory. The field-emission

behavior of the aligned BNW film at high current density,

however, is different from that of an individual boron

nanowire. A possible interpretation is that for the film, the

proportion of the thermal electron current in the measured

field-emission current at high current density is too small to

show its contribution to the tendency of the FN plot. The real

FE properties and the detailed FE mechanism of boron
Adv. Mater. 2008, 20, 2609–2615 � 2008 WILEY-VCH Verlag GmbH &
nanowires are difficult to understand because they are

concealed by the field-emission behavior of the nanostructured

thin film, and further investigation is still needed.

Finally, we have measured the emission stability of an

individual boron nanowire at high working current, which is

critical for a cold-cathode material. Figure 7 shows the
Co. KGaA, Weinheim www.advmat.de 2613
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representative emission stability curve of in individual BNW at

high current. The DC voltage is fixed at 200V and the whole

measurement lasted for 1 h. It is evident that the boron

nanowire exhibits a stable field emission at a high current of

1.05mA with a fluctuation of less than 22% through the

continuous high-current operation. This 22% instability at high

current is acceptable for the following reasons: 1) Part of the

fluctuation comes from vacuum pump vibrations, which give

rise to a slight change of the distance between the probe and

the sample during the FE measurements; 2) At more

commonly used lower working currents, the stability should

be considerably improved, as reported in our recent work.[23,32]

Our recent results show that an individual boron nanowire has

a higher conductivity of 1.4�10�3–8.0�10�3V�1�cm�1 than

that of bulk boron materials (10�5–10�6V�1�cm�1).[1,2,5] Good

conductivity means low turn-on fields and high endurable

ability at high current, which are favorable to its practical

application in FE displays. The effect of the morphology,

crystallinity, and contact conductance of the individual boron

nanowires on their FE properties is under investigation

because these measurements could provide more decisive

interpretations on the field-emission mechanism.

In summary, arrays of vertically aligned single-crystal boron

nanowires, which have a diameter of about 30 nm, have been

successfully fabricated over a large area by a thermal

carbon-reduction method. The BNWs are perfect single

crystals with a tetragonal structure and have a growth direction

along [001]. The work function and field-emission behavior

from an individual boron nanowire are measured for the first

time and compared with those from films of high-density

aligned boron nanowires. FE properties and KPFM measure-

ments on a single boron nanowire show that its emission

current density should reach 2�105–4�105 A cm�2 at the

electric field of 5–74Vmm�1 and it has a work function of

about 4.4 eV. In addition, the as-prepared BNWs are proved to

have a high enhancement factor, good emission stability, and

can endure high current. These experimental results suggest

that a boron nanowire can be an excellent FE material

candidate and has a promising future in field-emission

applications.
Experimental

Large-scale, aligned BNW arrays in these experiments were grown by
a thermal carbon-reductionmethod in a single-stage furnace developed
in our group [26,27]. The only difference in our description of themethod
is that, in the present work, site A and B refer to upstream of the mixed
gases’ flow and the center of the furnace, respectively. Fe3O4

nanoparticles with a diameter of less than 10 nm were synthesized
by a high-temperature, solution-phase reaction method [44,45].

B2O3 powder (99.99%), B powder (99.99%), and graphite powder
(99.99%) were ground together in a mass ratio of 2:4:1 and loaded onto
an alumina boat. An Fe3O4-coated Si(001) wafer was placed above the
vessel as the substrate and remained at site A out of the reaction region
before the boron nanowire arrays grew. The temperature, gas flow rate,
and evaporation rate of region B could be controlled. When the
temperature of the reaction region (Site B) reached 400 8C, the vessel
was transferred from site A to site B rapidly and kept there for
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
20–30min to eliminate the remaining oleic acid and oleylamine in the
first procedure. The flow rate of Ar gas was maintained at 300 sccm
throughout this procedure. In the second procedure, when the
temperature of region B was increased to 1000–1100 8C at a rate of
20 8Cmin�1, the growth of the boron nanowire arrays started. The
reaction lasted for about 2–4 h in this procedure under a constant flow
of argon (ca. 25–30 sccm). The Ar gas in the quartz reaction tube was
kept at atmospheric pressure. After the furnace was cooled to room
temperature, a 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 the boron nanowires.
Transmission electron microscopy (Tecnai-20, FEI Corp.) and high-
resolution transmission electron microscopy (Tecnai F20, FEI Corp.)
were used to obtain low-resolution and high-resolution images of
BNWs, respectively. FE properties and work functions of single BNWs
were performed on the modified SEM system (JEOL-6380)[28] and
Omicron VT-AFM system equipped with Kelvin probe force
microscopy (KPFM) capability, respectively.
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