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Enhanced field emission stability and density produced
by conical bundles of catalyst-free carbon nanotubes
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free, opened tip, VA-MWCNTs offered better emission stability than the as grown samples.
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Both the emission stability and density were further enhanced as the opened-tip MWCNTs
self-assembled into arrays of conical bundles. Theoretical simulation suggests that higher
emission density was due to the reduced screening effects. The simulated local fields at the
tips of the bundles suggest for a two-order of magnitude lower electric field loading on
MWCNTs and contribute to prolong emission stability needed for practical applications.
 2009 Elsevier Ltd. All rights reserved.

1.

Introduction

Carbon nanotubes (CNTs) are promising materials for electron field emission due to their small tip radius, high aspect
ratio, and robust mechanical and chemical properties [1–4].
Although field emission from CNTs was known for more than
a decade [5], reliable commercial products are yet to be realized. Obviously, the basic science for stable field emission
with high emission density is still not clear. Most reported
work focus on demonstrating low emission threshold fields
(Eth) of various types of CNTs [5–9] and their device configuration [10]. Recently, we started to investigate factors that determine the emission stability of CNTs and found that the
graphitic order of CNTs is one of the key factors for stable
emission [11]. In this paper, we found that both screening effects and catalyst removal are important for improving the
emission stability and density of vertically-aligned multiwalled carbon nanotubes (VA-MWCNTs). Although screening
effect was known to determine the emission density, its contribution to emission stability is not clear [8]. On the other
hand, there is an ongoing controversy whether opening the
tips of CNTs will enhance their field emission. In some cases,
opened-tip CNTs contribute to lower emission threshold

fields (Eth) [12]. However, other reported on emission degradation for opened-tip MWCNTs [13–15]. Here we report our
experimental and theoretical finding related to these topics.

2.

Experimental procedure

Our samples were prepared by dual RF-plasma-enhanced
chemical vapor deposition [16]. In brief, Ni films (10 nm thick)
were first deposited on p-type Si substrates (1–10 X cm) by RF
magnetron sputtering. These substrates were then used for
the growth of VA-MWCNTs at 450 C by using pure methane
gas. Our VA-MWCNTs were grown within a circular area
(7 mm in diameter). Three identical samples can be prepared
in each growth process. The residual Ni catalytic nanoparticles in our samples can be removed from the tips of VAMWCNTs by etching in HNO3 acid (70 vol.%, for 5 min).
The etched samples were then rinsed with de-ionized water
and toluene. These processes lead to catalyst-free MWCNTs.

3.

Results and discussion

All of our samples were characterized by field emission scanning electron microscopy (FESEM) and Raman spectroscopy

* Corresponding author: Fax: +1 906 487 2933.
E-mail address: ykyap@mtu.edu (Y.K. Yap).
0008-6223/$ - see front matter  2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbon.2009.09.031

288

CARBON

4 8 ( 2 0 1 0 ) 2 8 7 –2 9 2

Fig. 1 – Typical appearance of opened-tip VA-MWCNTs (a and b) and arrays of opened tip, conical bundles and low (c) and high
(d) magnification.

(laser wavelength 632 nm, laser spot size 1 lm in diameter). The field emission measurements were conducted in a
planar diode configuration at a base vacuum pressure of
10 7 mbar [17]. The spacing between the anode (Indium Tin
Oxide/ITO film on glass) and the tips of the VA-MWCNTs
was maintained at 1000 ± 10 lm without using dielectric
spacer. All measurements were re-confirmed by repeating
measurement on the same sample as well as another set of
sample prepared in the same growth process and treatment.
As shown in Fig. 1a and b, we found that rinsing of toluene
after acid etching can maintain the vertical alignment of the
opened-tips MWCNTs. Tentatively we think that this is due
to the lower surface tension of toluene than water (0.0287
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versus 0.0735). Lower surface tension will reduce the van
der Waals forces between CNTs and toluene that will pull
CNTs to each other during the drying process. However, toluene alone is insufficient to maintain the vertical alignment of
VA-MWCNTs that are smaller in diameters. As shown in
Fig. 1c and d, VA-MWCNTs with diameters <60 nm will selfassembled into conical bundles after etching. Obviously, the
function of toluene (versus water) on maintaining the vertical
alignment of these VA-MWCNTs would be an interesting topic for future investigation.
We have first compared as grown MWCNTs with the
opened-tip, catalyst-free VA-MWCNTs. The appearance of
the as grown sample (left inset) and their Raman spectra
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Fig. 2 – (a) Raman spectra for the first set of samples. The as grown and the etched VA-MWCNTs are shown in the insets. (b)
Raman spectra for the second set of samples. The as grow and the etched and bundled samples shown in the insets.

are shown in Fig. 2a. These VA-MWCNTs were 4 lm in
length and 80 nm in diameter. The graphitic order of these
MWCNTs was examined by comparing the intensity of the
graphitic (G) and defective (D) Raman bands. The G and D
bands represent the zone center phonons of E2g symmetry
and the K-point phonons of A1g symmetry, respectively [18].
The intensity ratio (IG/ID) for the as grown and the etched
VA-MWCNTs are 0.88 and 0.78, respectively as shown in
Fig. 2a. The difference is within the measurement deviation
within a sample. For the second set of samples, the IG/ID ratios
for the as grown and the etched and bundled samples remain
at 0.75 as shown in Fig. 2b. From these results, we conclude
that etching will not change the graphitic order of MWCNTs
since carbon are inert to acids.
Fig. 3a shows the current density (J) versus electric field (E)
characteristics for as grown VA-MWCNTs sample. The Fowler–Nordheim (FN) equation [19], J = Ab2E2 exp( BU3/2/bE) is
often use to describe field emission, where A, B are constants,
E is the applied electric field in V cm 1, and U is the work
function in eV, b is the field enhancement factor. A linear
FN plot (inset of Fig. 3a) verified that the detected currents
are due to quantum tunneling. The threshold electric field,
Eth (applied electric field for generating a current density of
1 lA/cm2) is 3.10 V/lm for the as grown sample. The J–E and

corresponding FN plots for the etched VA-MWCNTs are also
shown in Fig. 3a. This etched sample has identical Eth and
showing linear FN relation. The emission stability of these
two samples was then compared. As shown in Fig. 3b, the
etched VA-MWCNTs seem to have smaller degradation in current density after 1200 min of emission test. Apparently, the
removal of residual catalyst particles from the tips of VAMWCNTs does not reduce Eth but can improve the long-term
emission stability. We think that residual metallic catalytic
particles that have lower melting point than CNTs (1452 C
for bulk nickel versus >3650 C for graphite) may create some
unknown effects on the emission stability when significant
Joule heating was introduced during the prolong emission
stability test. The actual mechanism is not clear at present
and is subjected for future investigation.
We have tested the second set of samples (tube diameter
60 nm) to understand the effect of bundling. As shown in
Fig. 3c, Eth  2.60 V/lm are detected from both the as grown
and the etched and bundled samples. The linear FN relations
(inset of Fig. 3c) were also revealed. Current saturation at high
applied fields is detected in these samples. We think that
electron supply is limited by the impedance (mostly resistance, but may include some capacitance and inductance)
present especially along the CNTs and at the contacts
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Fig. 3 – (a) The field emission characteristic curves for the as grown and the etched VA-MWCNTs shown in the insets of Fig. 2a.
The related Fowler–Nordheim (FN) plots are shown in the insets. (b) The related emission current stability curves. (c) The field
emission characteristic curves for the as grown and the etched and bundled MWCNTs shown in the insets of Fig. 2b. The
related Fowler–Nordheim (FN) plots are shown in the insets. (d) The related emission current stability curves. Insets in (d)
show the florescence on the ITO electrode as induced by the emitted electrons from the as grown (Inset 1) and the etched and
bundled (Inset 2) CNTs.
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between the CNTs and the substrate. These limiting factors
become obvious at high current density probably due to Joule
heating and/or current-induced dislocation [11]. As shown in
Fig. 2a, the distances between the as grown VA-MWCNTs are
small (50–300 nm) and will initiate screening effect that reduced the b factors. This means not all the as grown VAMWCNTs will contribute to the collected current except those
are longer in lengths or located at the edges of the larger spacing. For the etched and bundled sample shown in Fig. 2b, the
distances between bundles are more than one micrometer.
Thus, each bundle can be considered as a larger emission pyramid. We have compared these samples for their emission
stability. As shown in Fig. 3d, the etched and bundled sample
is stabilized at a current density >800 lA/cm2 after continu-

ous 20-h operation, while the as grown sample has reduced
its current density to <400 lA/cm2. As shown in the insets
of Fig. 3d, the emission density for the etched and bundled
sample (inset 2) is higher than that of the as grown sample
(inset 1). Apparently, lower screening effects on the bundled
sample offers more emission sites. Since the emission loads
(heat and mechanical stress from Joule heating) is now shared
by more CNTs, the emission stability is thus improved. Theoretical simulation (to be discussed hereafter) suggests that
lower local electric field is applied on these bundles. As indicated by the FN equation, a lower local field on each emitter
will lead to the emission of lower current density per emitter.
This will reduced Joule heating and stresses on these emitters
and thus produce stable emission.

Fig. 4 – Schematic of the simulated potential maps for (a) an array of VA-MWCNTs, (b) two arrays of VA-MWCNTs with a
120 nm spacing in between, (c) two arrays of VA-MWCNTs with a 280 nm spacing in between, (d) a conical bundle, and (e)
three conical bundles.
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It is interesting to see that both the as grown and bundled
samples are by chance having identical Eth. This is explained
as follows. The measured emission current from a sample is
actually depends on both the current emitted from each emitters and the emitter density. Thus Eth is also depends on these
factors. As our bundled sample has an Eth identical to that of
the as grown sample, its higher emitter density suggests that
the current emitted from each emitter in the bundled sample
should be lower than that in the as grown sample. This interpretation is consistent to the results generated from our simulation to be described hereafter.
To further support our discussion, we have performed simulation by using the COMSOL MULTIPHYSICS software (Parameters: diameter of CNTs, DCNTs = 40 nm; Length of CNTs,
LCNTs = 4 lm; edge to edge spacing between CNTs, S = 40 nm;
applied electric field between top and bottom boundaries,
Eappl = 5 V/lm). Simulation for an array of VA-MWCNTs
(Fig. 4a) shows that CNT at the center has lowest local electric
field due to the screening effects from the surrounding CNTs
(6.713 · 106 V/m at point 2 versus 1.035 · 107 V/m and
1.038 · 107 V/m at points 1 and 3, respectively). We further
simulate the effect of the gap (S) between two small arrays
of VA-MWCNTs. Fig. 4b shows two arrays of VA-MWCNTs
with S = 120 nm. We observe that the local fields at both sides
of the gap (point 3: 9.15 · 106 V/m, and point 4: 8.91 · 106 V/
m) are higher than those at the centers of the two arrays
(points 2: 5.55 · 106 V/m, and point 5: 5.48 · 106 V/m). Highest field is still observed at points 1 and 6 (1.037 · 107 V/m
and 1.027 · 107 V/m), i.e., edges close to the boundaries
where no CNTs (and no screening effect) is found at one side.
We have compared this to the case with S = 360 nm. We observe that the local fields at points 3 and 4 (1.041 · 107 V/m
and 1.064 · 107 V/m) is higher than those at points 2 and 5
(6.30 · 106 V/m and 7.65 · 106 V/m) and comparable to
those at points 1 and 6 (1.022 · 107 V/m and 1.068 · 107
V/m). We thus conclude that screening effect has reduced
as the gap between CNT arrays increased to 360 nm.
We have simulated the local electric field for one conical
bundle of CNTs as shown in Fig. 4d. The local field at point
2 (5.9743 · 104 V/m) is more than those at points 1 and 3
(4.058 · 104 V/m and 3.712 · 104 V/m). This means, emission is more likely from CNTs located near the center of
the bundles. Also, these values are two-order of magnitude
lower than those discussed earlier for CNT arrays. As suggested by the FN equation, lower local fields on the bundles
means lower current density will be emitted from each
bundle, as consistent to our earlier interpretation. This
means, heat and mechanical stresses introduced on CNTs
due to Joule heating are lower for the case of nanotube
bundles. Finally, we have simulated electric field applied
on an array of CNT bundles. As shown in Fig. 4e, electric
5.2582 · 104 V/m,
and
fields are 6.2182 · 104 V/m,
4
6.789 · 10 V/m at bundle 1, 2 and 3, respectively. Since
the local field at bundle 2 is approaching that simulated
in Fig. 4d (which has minimum screening effect), this
means, the investigated gap (S = 2 lm) between bundles is
sufficient to reduce the screening effects and enabled emission from most bundles. This is consistent to the higher
emission density shown in Fig. 3d. As the collected current
is contributed by more emission sites, the current loading
TM
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on individual bundles is lower as compared to the loading
on individual CNTs in the case of CNT arrays.

4.

Summary

In summary, we found that opened-tip VA-MWCNTs can produce more stable emission. Bundling of these VA-MWCNTs
can further reduce the screening effects, increase the emission density, and improve the emission stability. These results are confirmed by theoretical simulation, which further
suggests that a two-order of magnitude lower electric field
loading are applied on these bundles that reduce current
loading, thermal and mechanical stresses and thus enhance
the emission stability.
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