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ABSTRACT

Large-area patterned boron carbide nanowires (B;C NWs) have been synthesized using chemical vapor deposition
(CVD). The average diameter of B,C NWs is about 50 nm, with a mean length of 20 pm. The B,C NWs have a
single-crystal structure and conductivities around 5.1 x 102 Q"-cm™. Field emission measurements of patterned
B,C NWs films show that their turn-on electric field is 2.7 V/um, lower than that of continuous B,C NWs films.
A single nanowire also exhibits excellent flexibility under high-strain bending cycles without deformation or
failure. All together, this suggests that B,C NWs are a promising candidate for flexible cold cathode materials.
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1. Introduction

Boron carbide (B,C) is an important non-metallic
material because of its unique structure and exceptional
physicochemical properties: high melting point, low
density, extreme hardness, high strength, high Young’s
modulus and large Seebeck coefficient [1-4]. Because
of these features, B,C exhibits excellent mechanical
and thermoelectric properties. Therefore, B,C materials
have a great many applications in high-temperature
thermoelectric energy conversion and field emission
(FE) flat-panel displays. On the other hand, B,C also has
the ability to capture neutrons [3], and can therefore
be used as a neutron absorber in the nuclear industry
[5]. Previous studies have indicated that B,C one
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dimensional (1D) nanostructures exhibit some novel
properties differing from their bulk materials [6, 7].
In the past decade, boron carbide 1D nanostructures
have attracted much attention [8]. B,C nanomaterials
with different morphologies such as nanowires [9],
nanobelts [10] and nanosprings [11] have been pre-
pared using diverse methods. These B,C nanostructures
exhibit special electrical, optical, and mechanical
properties [6,9, 12]. Tao et al. reported that B,C
nanowire/carbon-microfiber hybrid structures have a
high elastic modulus of 428.1 GPa + 9.3 GPa and can
block 99.8% UV radiation [6]. Tian et al. investigated
field emission properties of B,C NWs and indicated
that B,C NWs are a potential candidate for nanoscale
cold cathode materials [12]. Despite these advances,
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there have been few investigations of the electrical,
mechanical and field emission properties of B,C 1D
nanostructures. In particular, the preparation of patter-
ned B,C 1D nanostructures has yet to be reported.
The growth of aligned 1D nanostructure arrays is a
crucial factor for FE flat-panel displays because it can
reduce screen effects among 1D nanostructures and
improve their field emission properties. As such, this
calls for a simple method to prepare well-controlled,
high-yield, and pure 1D boron carbide nanostructures.

In the research described in this paper, we used
a comparatively simple method to make a pattern
of Fe;O, catalyst nanoparticles on Si (111) substrate,
using a Mo grid template as a mask [13]. High density
and large-area B,C NW patterns were synthesized on
the substrate. High-resolution transmission electron
microscopy (HRTEM) and electron energy loss
spectroscopy (EELS) analysis indicate that B,C NW
has a single-crystal structure. The field emission
properties of patterned B,C NWs and continuous
B,C NWs were compared. The physical properties of
individual B,C NW were also investigated in order to
test their potential for applications in flexible cathode
nanomaterials.

2. Experimental
21 Materials

Boron powder (99.99%), B,O; (99.99%), carbon powder
(99.9%), and iron powder (99.99%) with a weight ratio
of 2:1:1:1 were used as source materials. Hydrophilic
Fe;O, nanoparticles, to serve as catalysts, with an
average diameter of 20 nm, were prepared by a
straightforward alkaline deposition method we have
reported before [14].

2.2 Preparation of patterned B,C nanowires

The patterned B,C NWs were fabricated following a
simple method, using a special Mo mask as a tem-
plate [13]. The process for the synthesis of patterned
nanowires comprises four steps illustrated in Fig. 1.
In the first step, a square Mo grid mask with a length
of 25 mm was fixed on the surface of the Si (111)
substrate. Then, the Fe;O, catalyst solution mixed with

boron powder was dropped onto the Mo mask coating
Si (111) substrate. The Mo mask was removed from
Si(111) substrate leaving a pattern of catalyst nano-
particles after the solution was evaporated completely.
Finally, large-area patterned B,C NWs were prepared
by CVD.

A horizontal tube furnace with an accurate controller
of both the temperature and the gas flow rate was
used for growth of the B,C NWs. Boron powder, B,O;,
C and Fe powder with a mass ratio of 2:1:1:1 were
milled together as reaction precursors and loaded into
a ceramic boat. The Si (111) substrate catalyst coating
pattern was placed behind the precursors, after which
the furnace temperature was raised to 400 “C in 15 min
and maintained for 30 min under an argon flow (300
(standard cubic centimeters per minute (sccm)) to
remove organic ligands capped on the surface of
catalyst nanoparticles. Then the temperature of the
reaction region was increased to 1100 °C in 1h, and
the flow rate of argon gas was adjusted to 50 sccm.
The reaction was allowed to continue for 2 hours at
this temperature. Finally, the tube furnace was cooled

down to room temperature, and it was observed that
patterned B,C NWs had been obtained on the Si (111)
substrate.

(c) (d)

Figure 1 The fabrication process of patterned B4C NWs: (a)
schematic image of a Mo grid flake and Si (111) substrate; (b) and
(c) dropping and drying the catalyst solution on the Si (111) using
Mo grid as mask; (d) patterned nanowires grown by chemical vapor
deposition
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2.3 Characterization of B,C NWs

The morphology and crystalline structure of the nano-
wires were characterized by field emission scanning
electron microscopy (FE-SEM: SFEG, FEI Corp),
transmission electron microscopy (TEM: Tecnai-20,
Philips Corp.) and HRTEM (Tecnai F20, FEI Corp.).
Electron energy loss spectroscopy was employed to
obtain the chemical composition. Measurements of the
FE properties of patterned B,C NWs were performed
on a high vacuum FE analysis system. The flexibility
properties of individual B,C NW were observed in a
focused ion beam etching and depositing system (FIB:
DB235, FEI Corp.).

3. Result and discussion

Large area patterned B,C NWs were grown on the
surface of the Si (111) substrate using a Mo mask as
template (Fig.2). Figure 2(a) shows the SEM image
of a large area of the patterned B,C NWs. It can be
clearly seen that high density and large area patterned
B,C NWs with uniform cell size were obtained. From a
high magnification SEM image (Fig. 2(b)), the diameter
of the patterned unit is found to be about 100 pm
and the distance between two neighboring patterned
units is 80 um, close to the size of the Mo mask. No
B.C NWs can be observed in the bottom of channels

2@
Figure 2 SEM image of B,C NWs: (a), (b) and (c) are the top
views of patterned B,C NWs; (d) a typical side view of B4C NWs

between two patterned units. Figures 2(c) and 2(d)
show B,C NWs standing vertically on the Si (111)
substrate. This orientation will improve their field
emission properties. The as-prepared B,C NWs have
an average diameter of 50 nm and length of 20 pm.
The bright particles on the tips of nanowires should
be the Fe;O, catalyst, which implies that the growth
mechanism may follow a vapor-liquid-solid (VLS)
process.

Details of the crystalline structure of B,C NWs were
obtained by TEM and HRTEM. Figure 3(a) shows a
low magnification TEM image of individual B,C NWs.
It can be seen that the surface of the nanowire is very
smooth and its diameter is about 50 nm. The selected
area electron diffraction (SAED) pattern of the nanowire
was measured in the middle of the B,C NW (lower
left corner in Fig. 3(a)). Clear diffraction spots are
obviously seen in the SAED pattern, which suggests
that B,C NW has a single-crystal structure. From the
HRTEM image (top right corner in Fig. 3(a)), it can be
seen that the B,C NW has perfect crystalline lattice
fringes without observable defects. The B,C NW grew
along the [101] direction, in accordance with earlier
reports [10, 15]. The chemical composition of this
nanowire was analyzed by EELS. Figure 3(b) shows a
typical EELS spectrum obtained from a single nanowire.
Ionization edges around 190 and 284 eV are observed in
the spectrum, which respectively correspond to the
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Figure 3  Structural and component analysis of B,C NW. (a) TEM
image of a single boron carbide nanowire; the top right-hand corner
inset shows the HRTEM image of the boron carbide nanowires,
the growth orientation is along [101]; the lower left-hand corner
inset shows the SAED pattern of the B,C NW. (b) Typical EELS
spectrum of the nanowire
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K-edges of B and C. The atomic ratio of B to C is about
4.06, which is consistent with the stoichiometry of B,C.
No oxygen, iron or other elements can be detected
in the spectrum, which indicates B,C NWs are pure
single crystals.

The electrical properties of bulk B,C materials
have been explored by other research groups [1, 16].
However, the electrical transport properties of a one-
dimensional nanostructure such as these patterned
B,C NWs have not been reported in detail, although
this is crucial for their future applications. The
measurements were carried out in a modified high-
vacuum SEM system. Two individual B,C NWs on the
Si (111) substrate were chosen for the measurements.
The electrical transport properties of a single B,C
NW are given in Figs. 4(a) and 4(b) and the insets of
Figs. 4(a) and 4(b) respectively give the SEM images
of the measurement process of two B,C NWs. In
Fig. 4(a), the I-V curves of the nanowire were found
to be divided into two sections, which can be illustrated
by the thermal electron field emission model [17]. We
conclude that the total resistance R, mainly consists
of two parts, namely, the intrinsic resistance R; of the
B,C NW and the contact resistance R.. At low voltages,
the current is almost without change. After the voltage
exceeds a transitional voltage Vuiica (about 6 V in
this experiment), the current increases dramatically.
According to the thermal electron field-emission model
[17], the intrinsic resistance of these two nanowires
can be derived from the slope of the of the [-V curves
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Figure 4 Electrical transport measurements of B,C NWs: (a) the
-V curves of two individual B4,C NWs during conductivity measure-
ment under room temperature; (b) the corresponding In -V curves
of these two nanowires. The SEM images of the two nanowires
contacted by a W probe are given in the insets (a) and (b)

in the high voltage (V > Vi) region, and the Ve
is related to the Schottky barrier. In the low voltage
region, the total resistance is dominated by contact
resistance. The intrinsic resistance of a B,C NW R; may
be expressed as

So we can easily write
o=—" (1)

where p is the intrinsic resistivity and ¢ is the con-
ductivity of B,C NW, and ! and s are the length and
cross area of individual nanowire. The conductivities
of the two nanowires were calculated to be 5.85 x 1072
and 4.36 x 10 Q"-cm™, thus the average conductivity
is about 5.1 x 102 Q"-cm™, which is higher than the
conductivity of boron NWs [18] and close to that of a
BN nanotube [19]. Based on thermionic-field emission
theory, the relationship between Inl and V (V > Visica)
can be written as

lnlz(i—lij+Ianr @)
KT E ‘

where [ is the total current in the high-voltage regime,
E is the field at the cathode-vacuum interface, and I,
is the current under the Schottky barrier at reverse
bias voltage. According to Eq. (2), the plot of Inl vs. V
should be linear, which fits well with our experimental
results in Fig. 4(b); further details can be seen in the
Electronic Supplementary Material (ESM).

In the past few years, our group have reported
FE properties of boron NWs [18, 20, 21] and boron
nanocones [13, 22]. These results collectively showed
that one-dimensional boron nanostructures are a
candidate nanoscale cold cathode material [20].
Although bulk B,C materials have both physical and
chemical properties similar to those of bulk boron
materials, reports on the FE properties of B,C nano-
structure are few. Tian et al. [12] reported a two-step
field emission of high density B,C NWs film, which
derived from physical breakage in the B,C NWs.

We compared the FE properties of our patterned
B.C NWs and continuous B,C NW films to determine
their field emission properties. Figure 5 shows typical
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Figure 5 FE properties of B,C NWs. (a) and (b) are the J-F
curves and corresponding FN plots of patterned and continuous
B4C NWs, respectively. The spatial distribution of emission sites
on the substrate are shown at the right side of (a) and (b), and the
bright spots correspond to the electron emission sites

curves of their emission current density versus electrical
field (J-E). The turn-on field (defined as the electric
field for J=10 pA/cm?) of the randomly grown B,C
NWs is 4.1 V/um. For our patterned B,C NWs, the
turn-on field decreased to 2.7 V/um, which indicates
that the patterned growth efficiently improves their
field emission properties. Their promising field emission
performance arises from the decreased screening
effect and quasi-aligned distributions of the nanowires
(see Figs. S-1 and S-2 in the ESM). Moreover, the field
emission properties of our B,C NW patterns are
better than those of boron films of either nanowires
or nanocones [20, 21], and very close to those of ZnO
nanoneedle arrays (2.4 V/um) [23]. The size of the
sample was 2cm x2 cm, and a transparent anode
was used to measure its field emission properties. It
can be seen in Fig. 5(a) that most of the groups of
nanowires are involved in the emission process,
which suggests that B,C NWs have good emission
uniformity.

The Fowler-Nordheim (FN) equation can be used to
illustrate their FE mechanism [24]. The current density

can be written as

~ ﬁ2E2 ‘ —,B(D;
]—A[ p jexp SE (3a)

So, the FN plots are generally derived as
3
2 2
1n(i2j:—3@ Lim[ 2 (3b)
E p E A®

where E is the applied electric field, and @ is the

work function of the sample, which for boron NWs
is 4eV. In Eq. (3), A =157 x107"" A-V*eV, B = 6.83 x
10° V-m™-eV™2, The field enhancement factors $ for the
patterned and un-patterned samples were calculated
to be 3070 and 1000, respectively. The field enhancement
factor of the patterned substrate is three times that of
the continuous film, which suggests that patterned
growth raises the enhancement factor significantly. In
addition, this high enhancement factor is helpful for
their future FE applications.

It is well known that boron carbide is hard and
brittle in nature [25]. But recent studies in our group
reveal that boron NWs have excellent flexibility [26].
In the present study we also investigated the flexibility
of a single B,C NW in a focused ion beam etching and
depositing system (FIB). A B,C NW tip was prepared
on the Au-probe in advance. The detailed fabrication
procedure is as follows. First, the gold probe was
gradually moved into contact with an individual B,C
NW, and a DC voltage was applied between the B,C
NW and the Au probe. This process may be dominated
by a thermal effect. After gradually applying a DC
voltage, the current will induce a dramatic increase in
temperature seen at 23 V. At the critical temperature,
the nanowire will fragment, leaving a part of the
nanowire welded onto the probe (Figs. 6(a) and 6(b)).
From high-resolution SEM images (Fig. 6(d)), we can
clearly see that the B,C NW tip may be formed in a
“U” shape. This indicates that a nanoscale tip is easily
prepared by this method.

The B,C NW tip on the Au-probe was placed in
contact with a single straight B,C NW. After that,
we manipulated this B,C NW tip on the Au-probe
to gradually press another individual B,C NW. The
stressing process of the nanowire is shown in Figs. 7(a)-
7(d) and the corresponding releasing process is given
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Figure 6 (a) Image of the gold-probe contact with an individual
nanowire. (b) SEM image of broken nanowire welded on the side
of gold probe during high voltage. (c) Corresponding measured
I-V curve of the nanowire (1). (d) SEM image of the gold probe
with attached nanowire bent in a needle’s eye-like structure
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Figure 7 SEM images of the bending process: (a)-(d) the stressing
process, and (e)—(h) the release process recorded by SEM images.
After the release process, the NW once on the tip of the Au-probe
was hung over the tested NW

in Figs. 7(e)-7(h). The B,C NW was bent to a sharp
angle of 20° without any fracture, and the deformation
ratio was nearly 89%. It is proposed that the mechanical
properties of B,C NW are better than other one-
dimensional nanomaterials, such as B NWs and ZnO
NWs. The flexibility of B,C NWs obviously surpasses
that of bulk boron carbide. This can be accounted for
by the many defects that exist in bulk boron carbide
materials, possibly limiting flexibility and making the

boron carbide brittle under high stress. However, B,C
NWs are perfect single crystals without defects. One
can also point to the fact that B,C NWs have a higher
aspect ratio, which ensures that they can sustain larger
deformation.

Tao et al. conducted similar experiments in a TEM
instrument [6], one difference being that the nanowire
used in our experiment was straight, while Tao used a
bent nanowire. They used an STM probe to manipulate
an individual B,C NW, which is more difficult to
control. Thus, compared with their experiment, our
method is simpler and easily accomplished. The
deformation ratio in their experiment was about 45%,
which is about half the ratio found in our experiment.
These results indicate that Bs/C NW is an excellent
flexible material.

4. Conclusions

High density and patterned B,C NWs have been
fabricated by chemical vapor deposition. These nano-
wires have mean lengths of 20 pm and diameters of
50 nm. HRTEM and EELS results show that they
are good crystals. The average conductivity is about
5.1x 107 Q"-cm™. The field emission properties were
enhanced by the patterning technique of fabrication.
Moreover, the nanowires exhibit more excellent
flexibility than bulk boron carbide material and can
survive deformation of nearly 160°. This ultimately
suggests that boron carbide nanowires are promising
candidates for electronic applications requiring a

flexible material.
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