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High-performance cold cathodes pos-
sessing a low turn-on field and a high
emission current are strongly desired

for theapplications infieldemission (FE) based
devices such as field-emission displays and
vacuum microelectronic devices.1 With the
advent of carbon nanotubes and various ani-
sotropic nanostructured materials, there has
been an upsurge in the interest in designing
new FE based devices, because their tips with
small curvature radius and large number of
emitting centers per unit area could enhance
the density of electron emission.1 However,
most of these researches were focused on
carbon-based materials in simple substance
or covalent-bond semiconductors materials,
because they might possess a negative elec-
tron affinity (NEA) if the minimum energy of
electrons in the conduction band is above the
minimum energy of electrons in vacuum.2

Investigations on the FE of other nanoscale
materials are relatively lack. In particular, elec-
tron field emission from ionic carbides com-
posed of highly electropositive elements
(such as the alkali metals and aluminum)
and carbon has not been reported before.
As an important ceramic material, Al4C3

(ionic carbide) is now known as the only
intermediate compound in C-Al system,
commonly applied as structure material
such as reinforcement in aluminum-matrix
composite materials, is mainly fabricated by
mechanical alloying.3-6 Usually, the Al4C3
phase is an undesired degradation product
that is well-known to be not only brittle, but
also highly sensitive to moisture contact
and, thus, promote accelerated fatigue
crack growth rates.7 AlthoughAl4C3 appears
only to have passive functions only useful
for structural material purposes, it in fact
might have huge potential for exhibiting
active functionality on FE devices if its un-
ique crystal structure is fully utilized.

Now, let us consider what is unique about
Al4C3. We think there are two characteristic
features in Al4C3 structure: One is that the
carbon atoms are present in the lattice as
discrete carbon anions, C4-, which is a very
strong base and could hydrolyze to give
methane gas.8 This indicates that C4- easily
gives up an electron, which exhibits behavior
comparable to the alkali metals. Another char-
acteristic feature is that Al4C3 has a rhombo-
hedral structure (spacegroupR3m), which can
be described as a layered structure formed by
alternated Al2C and Al2C2 layers or as the
stacking of Al4C3 segments in the c-direction,
which is shown in Figure 1a.9 This determines
that the aluminumatomshave the tetrahedral
carbon coordinationwhich is advantageous in
reducing localization behavior of 3p electrons
on Al atoms, because there is no nonbonding
level on an Al atom in the coordination
structure.10 Based on these characteristic fea-
tures, we think that it is possible to extract
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ABSTRACT As a kind of ionic (or salt-like) carbide, for Al4C3, hardly any active functions have

been found except for structure material purposes. However, considering the unique characteristic

features of its crystal structure, we think Al4C3 in fact might have huge potential for exhibiting active

functionality on field-emission applications. Herein, we report the feasibility to approach such

emitters by creating Al4C3-based nanowire superstructures. The conductive amorphous carbon (a-C)

nanolayers are embedded quasi-periodically in Al4C3 nanowire and generate essential electrical

contact to the insulating Al4C3. The superstructures acting as cold electron emitters display excellent

field emission performance with the turn-on field as low as 0.65-1.3 V/μm and the threshold field

down to 2.1-2.6 V/μm. We speculate that the emission characteristics, which are ever better than

carbon nanotubes, are attributed to the unique crystal structure of Al4C3 and the enhanced electrons

transport in the nanowires due to the existence of a-C nanolayers. Such emitters are technologically

useful, because they can be easily fabricated on large substrates, and the synthesis process is simple

and broadly applicable. The findings conceptually provide new opportunities for the application of

Al4C3 ceramic material in vacuum microelectronic devices.

KEYWORDS: carbon-in-Al4C3 • nanowire superstructures • emitters • ceramic
material • vacuum microelectronic devices
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electrons from Al4C3 surface by applying a very low
electric field and subsequently realize Al4C3 active
functionality on FE devices. On the basis of this belief,
the fabrication and FE applied research of Al4C3 nano-
structures are exploring in our group.
However, to achieve the above goal, we have to

solve two critical problems of practical application,
namely, to enhance the electrons transport from bot-
tom to top along the nanostructures (Al4C3 is an
insulator at room temperature) and to prevent Al4C3
from hydrolyzing. Here we describe an efficient strat-
egy for overcoming the bottlenecks mentioned above
via the synthesis of amorphous carbon-in-Al4C3 nano-
wires sheathed with Al2O3 thin layers during vapor-
solid (VS) growth. The finding in the excellent field-
emission behavior, which is comparable to carbon
nanotubes demonstrates that these promising nano-
wire superstructures can be used in a FE device. The
present synthetic approach is direct and simple, pro-
vides a solution for the fabrication of functional 1-D
hybrid nanowire FE devices, and opens new prospects
in vacuummicroelectronic devices application of Al4C3
ceramic material.

RESULTS AND DISCUSSION

The morphologies of the as-prepared products are
characterized by SEM, as shown in Figure 2a,b.
Figure 2a shows the typical low-magnification SEM

image of the large area nanowires grown on the
stackedmicroballs, which do not cover theW substrate
completely. The magnified images clearly reveal that
the products grow radiately from the microballs and
display uniform wire-shaped morphologies with a
diameter of about 60 nm and a length of several
micrometers, as shown in Figure 2b and the inset.
Under the nanowires, microballs with diameter 1-2 μm
always exist, as noted later, which indicates the
microballs might have a critical induced effect on the
nanowires growth. The structural analysis of as-grown
product was further carried out using X-ray diffraction
(XRD, Bruker D8 Advance)method. Figure 2c shows the
diffraction peaks marked in red lines can be readily
indexed to rhombohedral structure Al4C3 (JCPDS No.
35-0799) and other phases such as W2C, W, and Al2O3

were also detected and designated out employing
colored lines as shown. The W and W2C phase come
from the substrate and compound formed by the
reaction of W and C at high temperature, respectively.
In addition, the typical broad band in low angle area up
to 30 degrees is the characteristic of amorphous
carbon.11

Besides, the sample was investigated employing the
Raman method. The experimental measurement of
Raman spectra was performed on Laser Raman Spec-
trometer (Renishaw inVia). Moreover, ab initio calcula-
tions were carried out using the plane-wave pseudo-
potential method within the linear response density
functional theory through the Quantum-ESPRESSO
package.12 According to our calculations and analysis,
six Raman-active modes (3Eg þ3A1g) were confirmed.
Figure 3 exhibits our results of experimental measure-
ment and ab initio calculation. A comparison of the two
curves indicates that experiment spectra and theoretical
results correspond very well. Shift of several cm-1 be-
tween the two curves maybe origins from crystal defects
and the optimizing process of Al4C3 lattice constant.
Moreover, the inset in Figure 3 shows D and E peaks of
carbon, which are located at 1352 and 1593 cm-1.
The as-prepared products were sonicated and dis-

persed in ethanol solution for 20 min and then col-
lected by copper mesh for STEM, TEM, and EDS line
scan and mapping analysis. Figure 4a shows a Z-
contrast STEM image of a single nanowire in the same
sample of Figure 2a. One can see that the image
displays a clear difference in the optical contrast. If
there are no large changes in thickness at very short
length scales, which is usually true for small areas in
TEM samples, the intensity difference in an image such
as Figure 4a comes from differences in chemical
composition of local sample.13 To clarify the composi-
tion of the nanowire, the line scan EDX analyses of the
nanowire along the longitudinal and radial axis have
been carried out (in parts b-d of Figure 3). Figure 3b
shows a corresponding line scan spectrum of a nano-
wire along longitudinal axis and displays a periodic

Figure 1. (a) Structure of Al4C3; the structure is formed by
alternating Al2C and Al2C2 layers, and the aluminum atoms
have the tetrahedral carbon coordination. (b) The schematic
diagram of the setup for the nanowire superstructures
production.
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fluctuation of Al andO elemental content with the light
and dark regions alteration, while the C signal nearly is
uniform across the nanowire. Figure 4c and d show the
line scan spectrum of a nanowire cross the radial dark
gray and light domains, respectively. One can see that
Al has a low and high intensity in the dark gray and
light areas, respectively. The O and C elements have an
obvious high content at the shell and core part,
respectively. Based on the above analysis, we can see
that the bright domain is significantly Al and C rich,
suggesting itmight be aluminum carbide, and the dark
gray area is C rich, indicating it might be carbon in
simple substance. As is seen, oxygen has a minimum
around the central position, illustrating that the oxy-
genmight bemainly incorporated into Al and form the
alumina shell. It is well-known that the line scan EDX of

the O and especially the C has detector-limited sensi-
tivity, so elemental maps were acquired for a single
nanowire, as shown in Figure 5.
Figure 5a is a typical STEM image of nanowireswhich

displays similar contrast alteration morphology men-
tioned above and Figure 5b-d are elemental mapping
images corresponding to Al, O, and C, respectively.
From Figure 5b, one can see that Al signal is quasi-
periodic across thewhole nanowire. Figure 5c indicates
that O elemental distribution is mainly concentrated in
the shell part of the nanowire and D reveals that C
element spread all over the nanowire. According to the
above evidence, it is rational to speculate that the
nanowire superstructures sheathed with a thin layer
of alumina are composed of carbon and aluminum
carbide.

Figure 2. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis of the sample. (a) Typical electron
micrograph of Al4C3 microball-nanowire structure. (b) High-magnification SEM image of this novel microball-nanowire
morphology. Inset showing a group of quasi-oriented nanowires grown on a single ball. (c) XRD pattern of the as-prepared
sample. The colorful lines at the bottomcorrespond to the standardXRDpattern of R-Al4C3 (JCPDSNo. 35-0799), Al2O3 (JCPDS
No. 46-1212), W (JCPDS No. 04-0806), and W2C (JCPDS No. 35-0776).
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Further structural characterization using TEM and
selected area diffraction (SAD) is depicted in Figure 6.
In detail, one can see that the dark and bright areas are
single-crystalline structures and amorphous forms,
respectively, which are shown in parts b, d, and e of
Figure 6. According to the EDS mapping information
(Figure 5) and SADpattern (Figure 6c) ofmarked area in
Figure 6b, it could be concluded that crystal Al4C3 and

amorphous carbon make up of the superstructure
nanowires. Electron diffraction reveals the growth
direction of the crystal Al4C3 is along (0003), which
has a d-spacing of 0.83 nm (Figure 6c). In addition, it is
commonly discovered that the quasi-periodic nano-
wire superstructures are capped with Al4C3 nanolayers
on the end (Figure 5a), which means that the Al4C3 cap
would play an important role on electronic field emis-
sion. To obtain more detailed information of the novel
structures, Al2O3 nanoshell is analyzed using HRTEM
and EDS, as shown in Figure 7. Marked area in the
HRTEM image exhibits trenchant lattice stripe phase
which indicates the interplanar spacing of 0.45 nm
based on Fourier transformation (inset of Figure 7b).
EDS on area marked by circle in Figure 7b exhibits that
only Al and O elements were detected. According to
above analysis, we could conclude that crystal Al2O3

shell wraps the nanowires. The wrapping shell of
crystal Al2O3 can significantly stop Al4C3 lattice from
hydrolyzing, which do good to improve the stability of
the sample.
It is confirmed by Figure 8 that composition of the

microballs is Al4C3. Typical low-magnification TEM
images are shown in part (a) of Figure 8. Figure 8a
shows that a microball combining with nanowires
exhibits spiny ball morphology, which is consistent
with the initial structure shown in SEM images of
Figure 2. Compared to Figure 2, there are relative
lacking nanowires on a microball, and this might be

Figure 3. Raman investigationwithmethodsof ab initio and
experimental measurement. Red line illustrates the result
from theoretical calculation and black line is the practical
testing spectra of the as-grown sample. Two curves have a
good coincidence. Inset shows theD andGpeaks for carbon
signal from practical measurement.

Figure 4. Elemental analysis on an Al4C3 nanowire. (a) STEM image of a single nanowire used to analyze the elemental
distribution. (b) ED line scanning spectroscopy of a length of crystal Al4C3-amorphous carbon alternatively stacked nanowire.
Al and O elements exhibit an obvious periodic fluctuation. Amorphous area owns a low intensity of the Al and O elements,
whereas C has a relatively constant intensity. (c) ED line scanning spectroscopy about the segment of amorphous carbon
highlighted as a red line in the inset. Al and O exhibit a high content on the fringe and C owns a high intensity on the middle
part. (d) Image showing the ED line scanning spectroscopy about the crystal Al4C3 section. Curves of Al and O elements
obviously have peaks at the outskirt of the nanowire corresponding to the existence of Al2O3.
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because most of nanowires have been broken down
during the TEM sample preparation. Figure 8b and c
show the SAD pattern and high-resolution TEM image,
respectively. The SAD pattern is from the marked area
in Figure 8a, which is mainly composed of two sets of
fundamental patterns distinguished by solid and
dotted red lines, indicating the twin-crystal structure.
It implies that the microball has a polycrstal structure
which composed of relatively large crystal grains. One
set of the SAD patterns can be readily indexed as
shown, exhibiting the hexagonal Al4C3 structure. More-
over, other discrete diffraction spots might result from

the Al cluster inlaying randomly in the ball. Similar to
Al4C3 nanowires, the HRTEM of the Al4C3 microball
indicates the (0003) base plane. Figure 8d exhibits the
line scan spectrum of the ball across a whole diameter,
in which we can see the O element keeps a constant
intensity, illustrating that the oxygen might be mainly
incorporated into Al and form the Al2O3 shell, and the
Al elemental content depends on the vertical thickness
of the ball. However, the C element appears as a
nonuniform content shown in the image, which can
be attributed to the excessive carbon on the ball
surface that might be the upper surface (exposure to

Figure 5. (a) Typical STEM image of a single Al4C3 nanowire, which reveals a quasi-periodic alteration of image contrast in the
lengthwise direction. (b-d) EDS elemental mapping images for the nanowire. Colored areas from B to D indicate Al element,
O element, and C element enriched areas of the nanowire, respectively. Area with bright intensity represents a higher
elemental concentration than an area with dark intensity.

Figure 6. Structure characterization of Al4C3 nanowires. (a, b) TEM images of a same nanowire in different magnification,
which shows a lattice-amorphous alteration structures. (c) SAED (selected area electron diffraction) pattern from the marked
area in (b). (d) High-resolution TEM (HRTEM) image of lattice segment of the nanowire, indicating a C-axial growth direction of
Al4C3. (e) HRTEM image of the amorphous section.
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Figure 7. TEM analysis for the shell of nanowires. (a) A typical TEM image for a highlight nanowire. (b) HRTEM image for themarked
area in A, in which shell lattice andAl4C3 lattice can be distinguished clearly. The inset is the Fourier Transformpattern for part of the
shell. (c) EDS analysis for shell segment, in which only Al, O, and Celements are included and theO element exhibits a high intensity.

Figure 8. TEM characterization of Al4C3 microballs. (a) TEM image of a typical Al4C3 microball with a diameter of about 1 μm. (b)
Selected area electron diffraction pattern shows a set of single-crystal diffraction points. (c) HRTEM image of the fringe section of
the ball that shows the (0003) base plane reveals an Al2O3 surface layer several nanometers thick. (d) ED line scanning spectrum
through a whole diameter of the ball. Al exhibits a highest intensity at the center and O keeps the same level.
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the growth atmosphere) of the microball, because
more carbon would deposit on this surface part of
the ball during the growth process. Based on the above
analysis, one can conclude that the nanowire super-
structure grown on the Al4C3 microball is composed of
amorphous carbon quasi-periodic embedding in a
single crystalline Al4C3 nanowire sheathed with a thin
Al2O3 shell.
Based on these results, we suggest that the carbon-

in-Al4C3 growth possibly follows a self-assembly me-
chanism as illustrated schematically in Figure 9. As
mentioned in the Methods, we used C60 as a solid
carbon source. Compared with other carbon materials,
C60 possesses higher activity and lower sublimation
temperature.14 When the system is heated up to 350 �C,
plenty of C60 molecules will sublimate and deposit
onto the Al microballs covered onW foil to form a high
quality textured C60 thin film, accompanying with the
emergence of many nanoholes.15 With the tempera-
ture increasing, the textured C60 thin film will be prone
to amorphization due to the existence of residual
oxygen in the systems and subsequently react with
Al to produce Al4C3 textured thin film, which covers the
surface of the Al microball. After the temperature
increases to above the melting point of Al, molten
Al will be extruded quasi-ordered arrays via the

nanoholes, which rapidly react with carbon vapor
and form Al4C3 nanocylinders. As the temperature
increase further, the gaseous carbon and gaseous Al
are produced by the decomposition of C60 and vapor-
izing of Al sheets, respectively. At high temperatures,
the gaseous C and Al are transported to the Al4C3
nanocylinders mentioned above and form the hybrid
of Al4C3(s) and amorphous carbon clusters due to the
excess gaseous carbon. According to the classical
theory of nucleation, the Al4C3 clusters are more
inclined to nucleate at the boundaries of the nano-
cylinders and then grow up along them via Ostwald
ripening to form carbon-in-Al4C3 nanowire superstruc-
tures. In the meantime, the gaseous carbon diffuses
through the Al4C3 films already grown on Al microball
substrates and reacts with molten Al and then forms
Al4C3 microballs. During the nanostructures growth,
when the carbon gets less and less, the C gaseous
concentration will decrease to below the supersaturat-
ing in the substrate regions, which results in the
nanowire superstructures stopping growth. On the
other hand, in our experiment, a quantity of oxygen
remains in the furnace due to the low vacuum condi-
tion. So, due to the relative low quantity of C atoms, the
O2 will have a chance to take part in the reaction with
Al4C3 and yield the Al2O3 shell.

Figure 9. Growth process proposed for the formation of carbon-in-Al4C3 nanowire superstructures (seemain text for details).
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The field emission I-V characteristics of the as-
synthesized sample was measured in a vacuum cham-
ber at a pressure of 10-7 Torr at room temperature.
Column-shaped stainless-steel probeswith radii of 0.87
and 0.2 mmwere used, respectively, as the anode. The
fresh sample used as the cathode was stuck to a Cu
plate by double-sided conductive carbon tape. In this
condition, electrons can be transported to the Al4C3
structures through conductive W substrate and the
carbon tape easily. In the measuring circuit, emission
current was directly determined using Kethley 2400.
The distance between the tip and the cathode was
controlled by a digital micrometer controller and an
optical microscope.
To investigate field emission uniformity, three sepa-

rated regions of the same samplewere tested using the
anodes of different radii. For the first measuring point,
three cyclic curves of emission current density versus

electric field (J-E) for a typical carbon-in-Al4C3 struc-
ture are obtained using the anode with diameter of
1.74 mm, as shown in Figure 10a. The measured
distance between anode and emitting surface was
fixed at 250 μm. As expected from the Al4C3-based
complex nanowires, excellent field emission properties
have been observed in the three cycles, which exhibit
very good repeatability. The electron emission turn-on

field (Eto) and threshold field (Ethr), which are defined to
be themacroscopic electric field required to generate a
current density of 10μA/cm2 and 10mA/cm2, are at the
range of 0.65-1.3 V/μm (top left corner of Figure 10a,
inset) and 2.3-2.6 V/μm, respectively. The current
density reaches as high as 20 mA/cm2 at an electric
field of 3.0 V/μm. The other two areaswere tested using
the anode with diameter of 0.4 mm. Parts (b) and (c) of
Figure 10 show the current density as a function of the
applied voltage for the second and third regions of the
specimen, respectively. Figure 10b exhibits that the Eto
and Ethr are 1.09 V/μm (see the top left corner of
Figure 10b) and 2.2 V/μm under the distance of 225
μm. However, Figure 10c shows the J-E plot obtained
from the third point with the distance of 250 μm,which
indicates the Eto and Ethr are 1.1 V/μm (top left corner of
Figure 10c) and 2.1 V/μm, respectively. All the areas
show an excellent field emission property of this
material. As far as we know, such low turn-on emission
has not been reported before for emitters of any types
(see Table 1). The very low electron emission fields for
the sample imply that if it was used as the cathode in
vacuum microelectrnic devices, high current density
would be provided at a low voltage. Moreover, the
wrapping shells of Al2O3 with several nanometers
outside the nanowires can improve its stability toward

Figure 10. Field emission characteristic of Al4C3microball-nanowire emitter. (a) The dependence of field emission density J vs
applied electric field strength E of the sample with a distance of 250 μm (emitting area 2.4mm2), in which the threshold fields
are 2.29, 2.35, and 2.61 V/μm. Inset on upper left corner shows turn-on fields are 0.63, 0.82, and 1.25 V/μm. Inset on right
bottom exhibits Fowler-Nordheim plots. (b, c) J-E curves from the sample with an emitting area of 0.1256mm2 on the other
two emitting areas (with a distance of 225 and 250 μm, respectively). F-N plots and turn-on field are shown as corresponding
insets. (d) Time dependence of emission current of the electron emitter at a central emission current density of about 1.3mA/
cm2, and data are recorded once a minute.
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hydrolysis enormously. Therefore, it may be great used
in flat panel display applications.
So, attracted field emission behavior can be attrib-

uted to the fantastic electron property of Al4C3 and the
novel superstructure, as characterized above. As men-
tioned, similar to the alkali metals, Al4C3 is easy to give
out electrons as the discrete C4-. Furthermore, the
alternative distribution of the crystal Al4C3 layer and
amorphous carbon layer supply a fluent transport for
electrons. In detail, first, as shown in TEM analysis, the
c-axial distance of two adjacent carbon layers ranges
from several nanometers to tens of nanometers, which
is comparable to and even smaller than the mean free
path of an electron in semiconductor, that is to say, free
electrons can easily move in Al4C3 layer under high
electronic field. Second, due to its alkali metals-like
property, the Al4C3 layer is convenient to supply tunnel-
ing electrons through heterogeneous interface for the
carbon layer which is electron lacking part. Additionally,
conductive carbon layer can transfer electrons almost
without resistance between Al4C3 layers. That is to say,
the intervals of Al4C3 layers filledwith amorphous carbon
quasi-periodically form an excellent electron transport
path which overcomes the disadvantages of Al4C3 as a

nonconductivematerial at room temperature. After elec-
trons emitted from the top of a nanowire, other electron
can be supplied bottom up through the carbon-in-Al4C3
nanowire superstructures.
The field-emission data was analyzed using the

Fowler-Nordheim (FN) model.31 According to typical
FN theory, the field emission current J can be ex-
pressed in the following form:

J ¼ A(β2E2=Φ) exp(- BΦ3=2=βE)

where A= 1.54� 10-10 in units of A (eV) V-2, B= 6.83�
107 in units of (eV) -3/2 V cm-1, β is the field enhance-
ment factor, E is the applied field (E = V/d), andΦ is the
effect work function of the emission tip. By plotting
ln(J/E2) versus 1/E, traditional FN plots can be obtained.
Insets in the lower right corner of Figure 10a-c display
FN plots of the corresponding J-E curve. The linearity
of FN curves implies that the field emission from the
sample follows FN theory well.
Finally, we have measured the emission stability of

the sample, which is critical for a cold-cathodematerial.
Figure 10d is the emission current density vs time at
constant applied field of 1.8 V/μm (the applied voltage
was 450 V and the cathode-anode distance was
250 μm) for the carbon-in-Al4C3 nanowire superstruc-
tures on W foil. It is evident that the sample exhibits
good emission current stability with a fluctuation less
than 15% during a 9 h emission.

CONCLUSIONS

In summary, we demonstrate that the strategy illu-
strated here provides a route to prepare Al4C3-based
nanowire superstructures with excellent FE perfor-
mance that are composed of Al4C3 nanowires embed-
ding discrete a-C nanolayers with a thin shell layer of
Al2O3. The carbon nanolayers, which act as an electron-
ic conduction channel to the end of the nanowires
that favor emission via electron tunneling from Al4C3
nanolayers, are vital to displaying the FE characteristic
features of insulating Al4C3 for not providing enough
electrons. The shell of crystal Al2O3 can significantly
prevent Al4C3 lattice from hydrolyzing, which do good
to improve the stability of the sample. In the techno-
logical field, finding such a composite material may
open the way to new applications of Al4C3 ceramic in
FE displays and vacuum microelectronic devices. Fu-
ture work might focus on the patterned growth of
carbon-in-Al4C3 nanowire arrays to further improve
their field-emission performance.

METHODS
The Al4C3 nanowire superstructures were synthesized in a

conventional horizontal tube furnace, which is similar to that
formerly used for synthesizing other 1D nanomaterials and

nanostructures.32-34 In detail, 12 mg commercially available
C60 powders (Peking University, China, 98%) and two Al sheets
(10 � 10 � 1 mm3, Shanghai Jingchui Reagent Co. China,
99.95%) were used as carbon and Al sources, respectively. A

TABLE 1. Comparison of Typical Fe between Carbon-in-

Al4C3 Nanowire Superstructures and Othersa

materials

turn-on

field (V/μm)

threshold

field (V/μm)

well-aligned carbon nanotubes16 1.6 5
diamond nanorods17 1.3 2.9
ZnS nanobelts18 3.47 >5.5
B nanowires19 5.1 11.5
TaSi2 nanowires

20 4-4.5 6.5
W18O49 nanowires

21 2.6 ( 0.1 6.2
oriented SiC nanowires22 0.9 2.5-3.5
Mo nanowires23 2.2 6.24
MoO2 nanowires

23 2.4 5.6
MoO3 nanowires

23 3.5 7.65
Cu2S nanowires

24 6.0 ∼12
tungsten whiskers25 4.0
ZnO nanoneedles26 2.5 4.0
Co5Ge7 nanobelts and nanowires

27 1.6
AlN nanowires28 6.0 ∼9
Si3N4 nanowires decorated with BN nanosheeets

29 4.2 4.4
single-layer graphene films30 2.3 5.2
carbon-in-Al4C3 nanowire superstructures 0.65-1.3 2.1-2.6
a Note: The turn-on field is defined as the electric field needed to obtain a current
density of 10μA/cm2, while threshold field is defined as the electric field needed to
generate a current density of 10 mA/cm2.
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tungsten (W) foil (5 � 5 � 0.1 mm3, Alfa Aesar, 99.9%) covered
with well-dispersed Al microballs (typical diameters of 1-2 μm)
was used as substrate. The C60 powders, Al sheets, and tungsten
foil were loaded on an alumina slice with the uniform interval.
The alumina slice was then positioned at the center of a half-
sealed alumina tube. The whole assembly was finally pushed
into a ceramic tube of a tube furnace pumped by a rotary pump,
as shown in Figure 1b. Before the heating process, the whole
system was purged by high-purity Ar (99.99%) three times, and
then the system was heated to 1310 �C at the rate of 5 �C per
minute and held for an hour. When heated to 350 �C, high-
purity Ar with a constant flow of 50 sccm (standard cubic
centimeters per minute) and a pressure of 50 KPa was intro-
duced into the system. The temperature where the nanostruc-
tures were grown was controlled to be about 1290-1310 �C
due to the temperature gradient in the ceramic tube.
Detailedmorphological and structural characterizations were

carried out by field emission scanning electron microscopy
(FESEM), X-ray diffraction (XRD), high-resolution transmission
electron microscopy (HR-TEM, JEOL2010, operated at 200 kV
accelerating voltage at room temperature), scanning TEM
(STEM), and STEM X-ray energy dispersive spectroscopy (EDS).
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