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Multi-walled carbon nanotubes (CNTs) were grown on a silicon nanoporous pillar array (Si-NPA) by thermal
chemical vapor deposition. Surface morphologies and microstructure of the resultant were studied by a
field emission scanning electron microscope, Raman spectrum, transmission electron microscope, and highresolution transmission electron microscopy. The composition of samples was determined by energy dispersive
X-ray spectroscopy (EDS). The results showed that a great deal of CNTs, with diameter in the range
of 20-70 nm, incorporated with Si-NPA and a large scale nest array of CNTs/Si-NPA (NACNT/Si-NPA)
was formed. EDS analysis showed that the composition of carbon nanotubes was carbon. Field emission
measurements showed that a current density of 5 mA/cm2 was obtained at an electric field of 4.26 V/µm, with
a turn-on field of 1.3 V/µm. The enhancement factor calculated according to the Fowler-Nordheim theory
was ∼11,000. This excellent field emission performance is attributed to the unique structure and morphology
of NACNT/Si-NPA, especially the formation of a nest-shaped carbon nanotube array. A schematic drawing
that illustrates the experimental configuration is given. These results indicate that NACNT/Si-NPA might
be an ideal candidate cathode for potential applications in flat panel displays.
Key words: Electron field emission, Carbon nanotube, Silicon nanoporous pillar array, Chemical vapor
deposition

tal results; some randomly-oriented CNT films, especially the suitably-patterned ones, could also show high
emission current density with a rather low turn-on field
[2,18,19]. We reported that we have prepared a novel
superstructure on silicon wafers, the silicon nanoporous
pillar array (Si-NPA) [20,21]. Si-NPA was proved to be
of a triple hierarchical structure [21] and might be an
ideal template for fabricating silicon-based composite
field emission cathodes. In this paper, we report that
a large scale, regular nest array of multi-walled CNTs
(NACNT) was grown on Si-NPA by thermal chemical vapor deposition (CVD) process. The field emission properties of NACNT/Si-NPA were investigated
and the field enhancement factor was calculated according to the Fowler-Nordheim (F-N) theory. The factors leading to the excellent field emission performance
of NACNT/Si-NPA were analyzed with respect to its
unique structural and morphological characteristics.

I. INTRODUCTION

Great interest has been attracted to the development
of field emission electron sources based on carbon nanotube (CNT) due to its peculiar properties [1-6]. Although the turn-on field, the emission current density of
CNT-based films are better than traditional field emission arrays [7-10], the comprehensive properties are far
from satisfactory. For example, although high emission
current density over 1 mA/cm2 has been reported in
the CNT films prepared by various techniques [5,11-13],
all these results were realized with an actual emission
areas below several square millimeters and a turn-on
field of several volts per micron. When the actual emission area reached the magnitude of square centimeters,
the emission current density drastically reduced to a
scale of several tens to several hundreds of microamperes [3,6,14,15]. Very recently, much effort has been
made to fabricate highly aligned CNT films [16,17], as
it is believed that CNT films with such geometrical
configurations would be more helpful to the emission
of electrons than the entangled ones. But this inference is not unanimously supported by the experimen-

II. EXPERIMENTS

An Si-NPA template was prepared by hydrothermally etching heavily boron-doped, (111) oriented, single crystal silicon (sc-Si) wafers in the solution of hydrofluoric acid containing ferric nitrate, as has been
described in detail previously [20,21]. The geometry
of the Si-NPA, including the pattern, period, and the
shape, height and planar density of the silicon pillar, can be partly controlled through properly varying
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the concentrations of hydrofluoric acid and iron ions,
choosing an appropriate electrical resistivity for the initial sc-Si wafers, or appropriately setting the temperature and time of the hydrothermal process. In the
present experiments, the initial silicon wafers were heavily boron-doped sc-Si wafers with an electrical resistivity of 0.015 Ωcm. The corrosion solution was 13 mol/L
hydrofluoric acid containing 0.04 mol/L ferric nitrate.
The container was filled up to about 88% and the treatment was performed at 140 ◦ C for 40 min. Then the
samples were washed with deionized water for 20 min
and dried in air at room temperature. An as-prepared
Si-NPA sample was dipped in a ferrocene/alcohol solution for 10 h, then placed in a quartz tube furnace
for growing CNT by thermal CVD method. Prior to
the feeding of the precursor, the furnace was firstly
heated up to 780 ◦ C under the protection of a pure
N2 flow. Then, while maintaining the temperature, the
flow gas was changed to a mixture of hydrogen and nitrogen (H2 :N2 =3:5, volume ratio), with a feed solution
of ethylenediamine. The flow rate of the feed solution
was 0.2 mL/min. This process lasted for 15 min. Then,
the flow gas was changed to pure N2 and the furnace
temperature was naturally cooled down to room temperature. The obtained NACNT/Si-NPA sample was
ready for the related measurements.
The products were characterized by field emission
scanning electron microscopy (FE-SEM) on a JEOLJSM 6700 F instrument operating at 20 kV, and the
composition was determined by energy dispersive Xray spectrometer (EDS). The Raman spectrum was acquired on a Renishaw Raman System 1000 equipped
with an Olympus microscope (BTH2) containing an
20× objective to focus the laser beam on the sample.
The 632.8 nm line from an air-cooled He-Ne laser was
used as the excitation radiation, and the laser output
power was 5 mW. The experiments were performed under ambient conditions using a backscattering geometry. High-resolution transmission electron microscopy
(HRTEM), used to analyze the microstructure and crystallinity of the deposits, was performed on a JEOL-JEM
2010 instrument at 200 kV; the preparation of the samples involved sonicating NACNT/Si-NPA in alcohol for
at least 10 min in order to separate CNTs from the
substrate and then placing a small drop of the resulting
suspension onto a carbon coated copper grid (45 µm).

III. RESULTS AND DISCUSSION

Si-NPA has been proved to possess a triple hierarchical structure [21], that is, a regular array of micronsized silicon pillars, high-density nanopores distributed
all over the pillars, and silicon nanocrystallites composing the pore walls. The typical surface morphology of Si-NPA obtained by FE-SEM is presented in
Fig.1(a). Here it can be seen that large quantities of
silicon pillars, which are well-separated and perpendicDOI:10.1088/1674-0068/20/06/701-705
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FIG. 1 The surface morphologies of Si-NPA and NACNT
/Si-NPA obtained by FE-SEM. (a) The pillar array of SiNPA titled at an angle of 45◦ , (b) The CNT nest array of
NACNT/Si-NPA titled at an angle of 30◦ , (c) the plane-view
image of an individual CNT nest.

ular to the sample surface, have been constructed into
highly-aligned pillar array. These pillars are of a height
of about 2.5 µm and the distance between the centres of
pillars is statistically evaluated to be about 3.5 µm. Figure 1 (b) and (c) are the FE-SEM images of the sample
surface after CVD process, where numerous entangled,
line-shape CNTs are observed. Directly deduced from
Fig.1, it can be found that the main structure of the
substrate, the array structure, has been inherited. Every silicon pillar is covered with a nest-like structure of
CNTs and as a whole a regular patterned NACNT are
formed on Si-NPA. The EDS analysis of NACNT/SiNPA showed that C, O, Si, and Fe peaks were observed (C, 55.4%; O, 24.2%; Si, 18%; Fe, 2%). Here,
Si comes from the substrate and Fe comes from the catalyst. In the process of floating catalyst, Fe nanoparticles resulted from the pyrolysis of ethylenediamine. O
comes from the oxidation of the substrate. Therefore,
as-prepared carbon nanotubes are only composed by
carbon.
The structures of the CNTs grown on Si-NPA were
also verified by Raman spectrum, as shown in Fig.2.
The Raman spectrum has two strong peaks at 1341 and
1587 cm−1 , which refer to the D band and the G band,
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FIG. 3 TEM images of (a) a cluster of CNTs and (b)
HRTEM image of a CNT with clearly observed multi-walls.
FIG. 2 Experimental micro-Raman spectrum of as-prepared
NACNT/Si-NPA.

respectively. The G band corresponds to the Raman allowed optical mode E2g of two-dimensional graphite, i.e.
Raman active in-plane vibrational mode for an infinite
or finite hexagonal network. The D band is mainly derived from disordered carbon defects of the CNTs, and
is one of the in-plane vibrational modes. The relative
intensity ratio of the D band to G band (i.e., ID /IG )
can be used as a rough measure of sample quality, because it is the relative response of graphitic carbon to
defective carbon which can originate from intrinsic defects in the CNTs or amorphous carbon located on the
CNTs and substrate [22]. Here the ratio value is 1.4
and indicates that the CNTs have some defects.
Figure 3(a) shows a TEM image of a cluster of CNTs.
It is easy to see that there are many compartments in
the carbon nanotubes, with a catalyst particle encapsulated every several blocks. The CNTs have typical
length of several microns with diameter in the range
of 20-70 nm. The HRTEM image (Fig.3(b)) reveals
that the compartment layer is from the wall, and the
wall thickness increases and decreases regularly along
with the compartments, but the outer diameter remains
about the same for the entire tube.
Field emission measurements of NACNT/Si-NPA
were performed with a diode structure in a vacuum
chamber at a pressure of 6 µPa. The distance between the NACNT/Si-NPA (as cathode) and ITO glass
was 270 µm, and the electric field mentioned in the
following descriptions referred to the value of the applied voltage divided by the electrode distance. The actual emission area in this experiment was 1 cm×1 cm.
The measured turn-on field to extract a current density of 0.5 µA/cm2 was 1.3 V/µm. Figure 4 depicts
the experimental curve of the emission current density
versus the applied electric field, and the corresponding F-N curve is depicted in the inset of Fig.4. It was
easy to find that almost all the dots on the F-N curve
could be well fitted by a single straight line, and according to the F-N law [23], the emission of electrons
from NACNT/Si-NPA should be cold field emission.
DOI:10.1088/1674-0068/20/06/701-705

FIG. 4 The experimental curve of the field emission current
density versus the applied electric field of NACNT/Si-NPA.
Inset: the corresponding F-N curve and its fitting line.

Obviously, the emission current density of NACNT/SiNPA increased monotonically with the applied field,
and the curve shape of Fig.4 is rather smooth. This
result indicates that the emitters of NACNT/Si-NPA
were kept in a normal emission state during the whole
field emission test process, and the increment of the
current density was brought solely by the strengthening of the emission capability of each emitter with the
field enhancement. A current density of 5 mA/cm2
was achieved at an electric field of 4.26 V/µm. Considering the fact that the emission area of NACNT/SiNPA was 1.0 cm2 , this should be a rather strong field
emission performance in carbon-related cathodes. Actually, the growth of CNTs on silicon protrusions, with
the substrates being developed by gas etching method
[24] and photolithography technique [25], has been researched aimed mainly at lowering the turn-on field
and increasing the electron emission density. With the
emission areas being ∼0.14 cm2 and 0.05 cm2 , turnon fields as low as ∼1.67, 1.8 V/µm and emission current densities as high as 0.36 mA/cm2 (at ∼3.3 V/µm)
and 1 mA/cm2 (at 3.3 V/µm) have been achieved,
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respectively [24,25]. These results indicated that for
a CNT/Si field emission system, the emission performance might be effectively improved through introducing silicon protrusions on the substrate. On the other
hand, CNT films grown on various suitably treated or
constructed planar substrates with an emission current
density higher than 1 mA/cm2 were also reported, although with an actual emission area of only several
square millimeters. For example, emission current densities of ∼6 A/cm2 (at 7.4 V/µm) and ∼25 mA/cm2 (at
4 V/µm) were demonstrated by the CNT films grown on
Fe/Al/TiN/Si and Ti substrates, respectively, with the
emission areas being 10−4 and 0.04 cm2 , respectively
[5,12]. However, when the actual emission area reaches
the magnitude of square centimeter, the emission current density would drastically drop down to the scale of
several tens to several hundreds microamperes. For example, for the CNT films grown on SiO2 /Si (0.8 cm2 ),
ITO-coated soda lime glass (64 cm2 ) and glass modified
by organic functional groups (1 cm2 ), the corresponding emission current densities were only 42 µA/cm2 (at
6 V/µm), 62 µA/cm2 (at 2 V/µm) and 160 µA/cm2
(at 4.8 V/µm), respectively [3,13,14]. Based on these
comparisons, it can be concluded that the field electron emission from NACNT/Si-NPA has been greatly
enhanced, and the technical parameters such as turn-on
field and emission current density has almost satisfied
the typical technical requirements for flat panel display
operation [26].
The field enhancement factor β is one of the most important technical parameters to judge the performance
of a cold field emitter, and usually it is calculated from
the work function of cathode material and the slope
coefficient of the fit line of the F-N curve. According to the F-N theory, the slope of the F-N plot is
b=–6.83×109 φ3/2 d/β, where φ is the work function of
CNTs and d is the interelectrode distance. In the case
of NACNT/Si-NPA, if we choose the work function as
5.0 eV, which is the most commonly adopted value of
CNTs [16], the β of NACNT/Si-NPA is calculated to
be ∼11,000. Such a β value is much higher than the
reported typical values of CNT cathodes, such as 4001200 of CNTs on silicon and glass substrates, and 26003500 of highly ordered CNT arrays on porous aluminum
oxide [2,16]. As shown in Fig.5, the experimental configuration for field emission measurement is a two-stage
system [27]. According to the analysis of Huang, the enhancement factor is identical to the enhancement produced by a single nanotube with the combined length
of two stages, which can be expressed as:
β=

L+H
r

(1)

where L is the length of some tubes sticking up above
the average CNT film, H is the height of the Si-NPA,
and r is the tip apex radius of the tubes. Compared
with the CNT films grown on flat substrate, the SiNPA can afford structural advantages in favor of field
DOI:10.1088/1674-0068/20/06/701-705
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FIG. 5 Schematic drawing that illustrates the experimental
configuration for field emission measurement.

emission. Therefore, judged from the actual emission
area, the obtained turn-on field, current density, and the
calculated field enhancement factor, NACNT/Si-NPA is
an ideal candidate cathode.
Combined with the morphological and structural
analysis of NACNT/Si-NPA, the reasons leading to the
excellent field emission performances might be concisely
summarized as follows. (i) The geometrical predominance of CNT. As has been demonstrated both theoretically and experimentally [28,29], both the small tip
radius of curvature and the high aspect ratio of CNT
are helpful for the emission of electrons from the emitter bulk. (ii) The formation of the regular nest array
of CNTs. The array of the silicon pillars pre-formed in
the Si-NPA template brought the regular surface undulation. Such a geometrical configuration of NACNT/SiNPA will greatly decrease the electrostatic shield among
the emitters and bring the great increment of the field
enhancement factor β.

IV. CONCLUSION

In conclusion, we prepared a novel, large scale siliconbased CNT cathode with high field emission performance. With a turn-on field of 1.3 V/µm, an emission current density of 5 mA/cm2 is obtained at an
applied field of 4.26 V/µm. The calculated field enhancement factor is much bigger than those of the reported CNT films. The field emission enhancement of
NACNT/Si-NPA is attributed to its unique structure
and morphology, especially the formation of NACNT,
which might effectively reduce the electrostatic shielding among the emitters and significantly increase the
field enhancement factor β. Our results indicate that
NACNT/Si-NPA might be an ideal candidate cathode
for cold field emissions and might find potential applications in vacuum microelectronics and field-emission
displays.
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