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Abstract
A series of emission current measurements were taken from various types of multiwalled carbon nanotube (MWCNT) films in order to
examine their stability for electron field emission. We found that the MWCNTs films grown by the catalytic thermal chemical vapor deposition
(CVD) method exhibited much improved emission stability as compared to MWCNT films grown by the plasma-enhanced CVD (PECVD)
method. We explain this difference of performance by referring to the graphitic order of these MWCNTs as detected by transmission electron
microscopy and Raman spectroscopy. Results indicate that MWCNTs with high-order tubular structures demonstrate stable electron field
emission. The best performing sample exhibits a constant current degradation of ¨3% per hour at an emission current density of ¨1 mJ/cm2.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Carbon nanotubes (CNTs) are well known for their
exceptional field emission properties [1,2]. The multitude of
applications for CNT field emitters, including electron microscopy [3], display devices [4,5], vacuum electronics [6],
luminescent tubes [7], gas discharge tubes [8], and X-ray
tubes [9], have caused this to become an exciting and
promising area of research. Before this novel material can be
made ready for commercial use, stability of the devices must be
considered [10,11]. We have studied the degradation of the
emission current from multiwalled carbon nanotubes
(MWCNTs) grown over a range of conditions and by the
techniques of plasma-enhanced chemical vapor deposition
(PECVD) and catalytic thermal chemical vapor deposition.
Our PECVD system is a dual-RF plasma system [12,13].
The nanotubes created by this system have potential for field
emission because of the natural vertical alignment caused by
the electric field. According to FESEM, these nanotubes tend
to be shorter (a few microns) and thick in diameter (¨50 –200
nm). The structural order of these MWCNTs is inferior to
those grown by arc discharge. Sometimes, they are referred to
as carbon nanofibers. On the other hand, random and aligned
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MWCNTs can be grown by our catalytic thermal CVD with
and without the use of ammonia gas [14]. These nanotubes
have a higher field enhancement factor caused by their slender
diameter (¨5 to 10 nm) and significant length (¨tens of
micrometers). These MWCNTs have higher graphitic order
that those grown by PECVD as indicated by both transmission
electron microscopy and Raman spectroscopy [14,15]. We
found that the catalytic thermal CVD system can produce
nanotubes capable of excellent emission currents at lower
voltages.
2. Experiments
The system we have used to make our electron field emission
measurements contains several features to optimize the accuracy of the measurements. We have created a ‘‘hanging’’
electrode design to maintain a precise spacing without the use
of dielectric spacers in close proximity to the sample as shown
in Fig. 1. This minimizes dielectric current leak. The distance
between the bottom electrode (cathode) and the hanging top
electrode (anode) was precisely adjusted to 1000 T 10 Am. The
MWCNTs films were all coated on low resistivity (1 V cm 1)
Si substrates. The substrates were placed on top of the bottom
electrodes and held by silver paste. The substrate thickness of
all MWCNTs films was measured precisely by a mechanical
micrometer, typically ¨425 Am. By knowing the substrate
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ratios (tubular length to tubular radius) and spacing between
the MWCNTs. Thus we have characterized three types of
MWCNTs films grown by PECVD: short and thick MWCNTs,
long and thin MWCNTs, and long, thin, and sparse MWCNTs.
The growth mode of these MWCNTs was controlled by the
thickness of the Ni catalyst films and the plasma configurations
as described elsewhere [13].

Anode

Dielectric

3.1.1. Field emission from short and thick MWCNTs
We have tested a sample with diameters of ¨70 – 200 nm
and ¨1.5 Am long as shown in Fig. 2(a). We found that stable
emission current density measurement (J – E) cannot be
obtained even at high vacuum condition. We then conducted
a conditioning process on the sample by extended duration
application of an electric field across the sample producing an
initial current density of ¨300 AA/cm2. As shown in Fig. 2(b),
the emitted current dropped off rapidly in the first 200 min
and gained stable emission after ¨400 min at a level of ¨50
AA/cm2. As shown, some current spikes are still detected after
conditioning for more than 400 min. After the conditioning,
stable J– E curve can be obtained as shown in Fig. 2(c) with
an emission threshold of ¨4.3 V/Am. The threshold electric
field, E th is defined as the electric field needed for emitting
electron at a level of 1 AA/cm2. The corresponding F –N plot
for this sample is shown in Fig. 2(d), which indicates that
electrons are released to the vacuum by quantum tunneling
[1,2].

Sample

Ground
Fig. 1. Setup for the measurement of electron field emission.

thickness, the actual distance between the growth surface and
the top electrode can be calculated. Then these measurement
stages were installed inside a stainless steel high-vacuum
chamber. The chamber was always evacuated to ¨2.0  10 7
mbar before the experiments and maintained during the field
emission measurements.
3. Results and discussions

3.1.2. Field emission from long and thin MWCNTs
Similar behaviors were detected from a sample that has
longer and thinner MWCNTs. As shown in Fig. 3(a), these
MWCNTs are as long as 3 Am and have nominal diameters of

3.1. Field emission from PECVD grown MWCNTs
According to the Fowler – Nordheim (F – N) equation,
electron field emission from nanotubes depends on the aspect
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Fig. 2. (a) Images of the short and thick MWCNTs, their related (b) conditioning curve, (c) J – E curve, and (d) F – N plot.
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Fig. 3. (a) Images of the long and thin MWCNTs, their related (b) conditioning curve, (c) J – E curve, and (d) F – N plot.

¨100 nm. Again, stable emission cannot be obtained without
the conditioning process. As shown in Fig. 3(b), the emission
becomes relatively stable after ¨400 min at a level of ¨50 AA/
cm2. The J –E curve in Fig. 3(c) indicates that E th ¨3.7 V/Am,
probably due to the higher aspect ratio of the MWCNTs.
Again, a straight F –N plot is obtained as shown in Fig. 3(d)
and indicating an electron tunneling process from MWCNTs to
the vacuum.
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3.1.3. Field emission from long, thin, and sparse MWCNTs
We then tested a sample with sparse density as shown in
Fig. 4(a). These MWCNTs are as long as 3 Am and having
nominal diameters of ¨50 nm at their tips. We are
particularly interested on this sample since their morphologies are quite ideal for good electron field emission: long,
sharp tips and sparse in distribution, which can have high
electric field enhancement factor at their tips with re400
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Fig. 4. (a) Images of the long, sharp, and sparse MWCNTs, their related (b) conditioning curves, (c) J – E curves, and (d) F – N plots.
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Fig. 5. (a) Images of the thermal CVD grown MWCNTs, their related (b) conditioning curve, (c) J – E curve, and (d) F – N plot.

3.2. Field emission from thermal CVD grown MWCNTs
We repeated the experiment on samples grown by thermal
CVD by C2H2/Ar mixed gas and Fe catalyst [14,15]. As
shown in Fig. 5(a), these samples have randomly grown
MWCNTs. One of the representing conditioning behaviors of
these samples is shown in Fig. 5(b). As shown, the emitting
current increases from ¨300 to ¨450 AA/cm2 in the first
one hour. The emitted current starts to drop off to about one
third of its peak value after 1200 min. This degradation is

significantly smaller than those detected from PECVD grown
samples. Furthermore, some thermal CVD grown samples
did not indicate serious current degradation during the
conditioning process after 1200 min. These samples usually
indicate cleaner J –E curves as compared to the PECVD
grown MWCNTs discussed earlier and with lower E th (¨1.7
V/Am) as shown in Fig. 5(c). As indicated by the F –N plot
in Fig. 5(d), the collected data originated from electron
tunneling.
We found that MWCNTs grown by thermal CVD has
much better emission stability. One of the best data is shown
in Fig. 6. As shown, the field emission current degraded at a
constant rate of ¨3% per hour. Since both the PECVD and
thermal CVD grown samples are tested in the same system
and high vacuum condition, the different performance
discussed so far should be related to their intrinsic structural
properties. Fig. 7 shows that MWCNTs grown by (a) thermal
1.2

Current Density (mA/cm2)

duced electric field screening effects from adjacent MWCNTs
[16].
As usual, we need to condition the sample. We observed
that this sample is quite noisy in emission during the first
conditioning process as shown in Fig. 4(b). A J –E curve can
be obtained after the first conditioning as shown in Fig. 4(c).
As expected, this sample has E th ¨2.1 V/Am, much lower
that the previously tested samples. After the J– E measurement, we conducted the second conditioning process. To our
surprise, the emission current dropped off rapidly from an
initial current density of ¨300 AA/cm2, despite the fact that
it has been conditioned once. However, we did observe a
less noisy signal. After the second conditioning, we repeated
the I –E measurement as shown in Fig. 4(c). We found that
the I –E curve is quite reproducible with a E th ¨2.4 V/Am.
We then tested the emission stability at a current density of
¨30 AA/cm2, approximately one tenth the initial value. This
is shown as the 3rd conditioning in Fig. 4(b). As shown, the
emitted current is stable for 1200 min although two current
spikes are detected at ¨400 min. In Fig. 4(d), F– N plots for
the two tested J– E curve indicate that electron tunneling was
responsible for the detected current.
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Fig. 6. Stability test of a thermal CVD grown sample.
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(a)

thermal CVD demonstrate low current degradation of 3% per
hour at current density of 1 mA/cm2. Higher stabilities are
expected at lower current density and vice versa. The excellent
emission stability of the thermal CVD grown MWCNTs are
due to their high-order tubular structures.
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Fig. 7. Typical structures of MWCNTs grown by (a) thermal CVD and (b)
PECVD. (c) Raman spectra for both types of MWCNTs are shown for
comparison.

CVD are having higher structural order than MWCNTs
grown by (b) PECVD. Raman spectroscopy also indicates a
higher graphitic order in MWCNTs grown by thermal CVD.
The relative intensity of the graphitic (G) band to the
disorder (D) band is higher for MWCNTs grown by thermal
CVD. We think that the high-order tubular structures of our
thermal CVD grown MWCNTs is responsible for their stable
field emission characters.
4. Conclusion
We have tested various types of MWCNTs grown by both
PECVD and catalytic thermal CVD. All samples required a
conditioning process for obtaining stable J– E measurement.
We found that PECVD grown MWCNTs have poor stability
when emitting at high current density (hundreds of AA/cm2)
but are very stable for 20 h when emitting at a level of several
tens of AA/cm2. On the other hand, MWCNTs grown by
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