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Electrical and field emission investigation of individual carbon nanotubes
from plasma enhanced chemical vapour deposition
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Abstract

Plasma enhanced chemical vapour deposition(PECVD) is a controlled technique for the production of vertically aligned
multiwall carbon nanotubes for field emission applications. In this paper, we investigate the electrical properties of individual
carbon nanotubes which is important for designing field emission devices. PECVD nanotubes exhibit a room temperature
resistance of 1–10 kVymm length(resistivity 10 to 10 V m) and have a maximum current carrying capability of 0.2–2 mAy6 y5

(current density 10 –10 Aycm ). The field emission characteristics show that the field enhancement of the structures is strongly7 8 2

related to the geometry(heightyradius) of the structures and maximum emission currents of;10 mA were obtained. The failure
of nanotubes under field emission is also discussed.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Carbon nanotubes are an unique form of carbon
filamentyfiber in which the graphene layers roll up to
form tubesw1x. There are several properties of carbon
nanotubes which make them extraordinary materials for
field emission. Firstly, with graphene layers parallel to
the filament axis, nanotubes(single wall metallic-type
or multiwall) exhibit high electrical conductivity at room
temperature. Secondly, nanotubes are high in aspect ratio
and whisker-like in shape. Utsumiw2x evaluated com-
monly used field emission tip shapes and concluded that
the best field emission tip should be whisker-like(i.e.
nanotube), followed by the sharpened pyramid, hemis-
pheroidal, and pyramidal shapes which are typically
seen in metal or silicon tips. Thirdly, nanotubes can be
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very stable emitters, even at high temperatures. Purcell
et al. w3x demonstrated that a multiwall nanotube emitter
could be heated up by its emission current up to 2000
K and remain stable, unlike metal emitters which suffer
from thermal runaway. For a multiwall nanotube, its
resistance decreases with temperature which limits ohm-
ic heat generation, and surface diffusion is less likely in
the strong C–C covalent bonds of the carbon nanotube.
These unique characteristics of carbon nanotubes make
them remarkable field emitters.
Carbon nanotubes have already been applied in vari-

ous field emission applications such as displaysw4x,
lamps w5x, arc arrestorsw6x and X-ray sourcesw7x.
Among these, we are interested in three applications,
namely displays, parallel electron beam lithography, and
microwave amplifiers, as shown schematically in Fig.
1. In most applications today, nanotubes are first mass-
produced by arc discharge as this is presently the most
cost-effective production techniquew8x. The arc dis-
charge nanotubes are purified and mixed with an epoxyy
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Fig. 1. Various applications using carbon nanotube emitters which we are currently investigating.
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Fig. 2. Various examples of PECVD carbon nanotube emitters:(a) in the form of an array of tips;(b) in a multiple nanotube microcathodew13x;
and(c) in a single nanotube microcathode.

Fig. 3. Transmission electron micrograph of PECVD nanotubes.

binder, and then screen printed or applied at emitter
locations, such as that used in Ref.w9x. Alternatively,
electrophoresis could be used to adhere the arc discharge
nanotubes in solution to specific electrodesw10x. Prac-
tically speaking, these strategies are useful only for
‘macroscopic’ field emission sources, because the carbon
nanotubes are ‘randomly’ distributed and mostly
unoriented.
The motivation behind this work is the controlled

production of micro-field emission sources based on
carbon nanotubes. Such electron sources could be used
as the microguns for parallel electron beam lithography
w11x, but would also equally be applicable in ‘macro-
scopic’ applications such as field emission displays and
microwave amplifiers. We have chosen to pursue the
production of nanotubes via the plasma enhanced chem-
ical vapour deposition(PECVD) technique, which was
first pioneered by Ren et al.w12x. Using this method, it
is possible to achieve highly controlled growth(in terms
of height, diameter, placement and alignment) of mul-
tiwalled carbon nanotubes and produce operational field
emission microcathodesw13x as shown in Fig. 2. These
examples show that PECVD is indeed a feasible solution
for carbon nanotube deposition for technological
purposes.
Having demonstrated the feasibility of the process to

successfully produce emission sources, it is now timely
to take one step back and measure the fundamental
properties, such as resistivity, maximum current density,
field emission characteristics, enhancement factor, of
individual nanotubes from the PECVD process. These
fundamental data would be invaluable for the design of
future devices based on individual nanotubes and are
thus the focus of the experimental work presented in
this paper.

2. Experimental details

The carbon nanotubes were produced using a d.c.-
PECVD system which is described in detail elsewhere
w14x. Briefly, the substrates are prepared by sputtering a
Ni catalyst thin film onto a diffusion barrier layer on Si
substrates. The diffusion barrier layer is used to prevent

Ni diffusionyreaction with the Si at high temperatures
to form NiSi which impedes the formation of nanotubesx

w15x. Typical diffusion barriers are insulating SiO or2

conductive TiN, and only a thin film(10–20 nm) of
this material is necessary to prevent the diffusiony
reaction of Ni with the Si substrate. The substrates were
then transferred to a PECVD chamber which was evac-
uated to 10 Torr by a rotary pump. The substratesy2

were heated to 7008C at which the Ni thin film formed
nanoclusters due to surface tension effectsw14x. These
nanoclusters seeded the growth of the carbon nanotubes
which was performed by PECVD of acetylene(C H )2 2

and ammonia(NH ) for 15 min. The C H provides the3 2 2

carbon for nanotube growth, whereas the NH etches3

the amorphous carbon(a-C) by-products from the pro-
cess to give truly a-C free deposition which is suitable
for electron device fabricationw16x. Transmission elec-
tron microscopy of the PECVD nanotubes reveal that
they are bamboo in structure, with 20–40 graphene
layers running parallel to the nanotube axis as shown in
Fig. 3.
The electrical characteristics of individual nanotubes

were determined by fabricating suspended nanotube
bridges and measuring theirI–V characteristicsw17x.
The field emission characteristics of individual nanotu-
bes were investigated using a scanning anode field
emission system on a vertical array such as that shown
in Fig. 2a. The spacing used in the array was 25mm
which allowed us to probe the characteristics of individ-
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Fig. 4.(a) The low voltageI–V characteristic of a suspended PECVD
carbon nanotube; and(b) the SEM of the nanotube under test.

ual emitters. Although the emission characteristics of
individual nanotubeyfiber emitters have been previously
performed by other groupsw18,19x, the methodology
presented here is distinctively different because there is
no need to know absolute distance between the anode
and the sample in order to measure the enhancement
factor of the structures.

3. Results and discussion

3.1. Electrical conductivity measurements

Conductivity measurements were performed on ten
suspended nanotubes, such as that shown in Fig. 4. All
nanotubes exhibitedI–V characteristics that were ohm-
icylinear at low positive and negative applied voltages.
A typical room temperatureI–V of a 55-nm diameter,
600-nm long section of nanotube is shown in Fig. 4.
The linearity of thisI–V curve indicates that there is no
contact barrier between the metal electrodes used(Nb
in this case) and the carbon nanotube. Note that as this
is a two contact measurement, the resistance measured
is the sum total of the contact resistance and the
nanotube resistance, and hence the resistances measured
here are slightly higher than the actual resistance of the
nanotube.
The resistance of the section of nanotube in Fig. 4

was 622V, which corresponds to 1.04 kVymm of
nanotube length. None of the ten nanotubes measured
showed a gating effect when an electric field was applied
using a third electrode, indicating that the nanotubes
were conductive(i.e. non-semiconducting) in nature.
The room temperature resistances of the nanotubes were
mostly in the range of 1–10 kVymm length. If conduc-
tion was assumed to be through the entire cylindrical
cross sectional area of the nanotube, the resistivity of
the nanotube in Fig. 4 is 2=10 V m. Indeed, they6

range of resistivities observed over several suspended
nanotube bridges were between 10 and 10V m.y6 y5

These values compare very well to arc discharge multi-
wall nanotubes in the literaturew20x, where the resistivity
is calculated to be 9=10 V m for a 350-nm longy6

section of a 20-nm diameter nanotube whose resistance

was 10 kV. In general, the resistivities of multiwall
nanotubes compare well with arc-grown graphite fibers
and ropes of single wall nanotubes whose resistivities
are;10 V m w21,22x.y6

Temperature dependent resistance measurements were
also performed on a couple of PECVD nanotubes. These
showed a small increase in resistance as the temperature
was lowered from 300 to 4.2 K as presented in Ref.
w17x. The increase in resistance at lower temperatures
indicates that the nanotubes have thermally activated
defects(activation energy extracted was 30 meV) which
do contribute to the conduction at room temperature
(since kTs26 meV) w23x. It is interesting that arc
discharge multiwall nanotubesw20x also exhibit a similar
increase in resistance at lower temperatures. However,
this behaviour is opposite to that of well crystallised arc
grown graphite fibers or single crystal graphite whose
resistances decrease at lower temperatures, characteristic
of ‘metallic’ behaviour where electron–phonon scatter-
ing is reduced at lower temperaturesw21x.

The nanotube of Fig. 4 was electrically stressed by
increasing the voltage until breakdown occurred at 2
mA. This corresponded to a maximum current density
of 8.4=10 Aycm if one were to assume that conduc-7 2

tion occurred through the entire cross sectional area of
the nanotube. All the nanotubes tested exhibited initial
breakdown at currents between 0.2 and 2 mA, which
corresponds to current densities of 10 –10 Aycm . This7 8 2

is one to two orders of magnitude higher than the
maximum current density(;10 Aycm w24x) that a6 2

metal wire would typically carry before electromigration
induced breakdown occurs, demonstrating that these
PECVD grown nanotubes are capable of carrying very
high current densities indeed.

3.2. Field emission measurements

The following procedure was employed to determine
the field enhancement factor(b) of the nanotube emit-
ters in an array from scanning anode field emission
measurements. A current conditioning process(in the
micro-ampere range) was applied to drive off the adsor-
bates on the emitter tips to yield reproducible Fowler–
Nordheim type emission, as is discussed in our previous
work w25x. The scanning anode used in these experi-
ments was tipyconical shaped with a 1-mm radius and
a 908 cone angle, and further information on the system
used can be found in Ref.w26x.

The position of each emitter was determined by
performing a constant voltage scan(i.e. current maxima
indicates emitter positions) or a constant current scan
(i.e. voltage minima indicates emitter positions). The
anode was then situated directly above a particular
emitter and anI–V ramp was performed, as shown in
Fig. 5. The Fowler–Nordheim parameters were then
extracted assuming a work function of 4.9 eVw27x for
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Fig. 5.(a) I–V andI–E characteristics for a typical nanotube emit-local

ter. The solid curve is the FN fit derived from the FN plot in the inset.
(b) DVyDz measurement to obtainE for a fixed current of 11 nA.apl

Fig. 6. Simulation of the anode 10mm above a nanotube(CNT). The
potential distribution is given in(a) with each band denoting 5 V
potential change. The voltage distribution in the gap is given in(b)
with the corresponding field distribution in the inset.

the nanotube emitter, and the measurement curve was
re-expressed in terms ofI–E . The scale forE islocal local

expressed in the top scale bar of Fig. 5.
As E sE b it was necessary to measure thelocal apl

applied electric field(E ) at a particular current inapl

order to obtain the field enhancement factor(b). The
method employed here is similar to that used by Kara-
butov et al.w28x and Andrienko et al.w29x who used a
scanning probe to investigate electron emission from
CVD diamond films. First, a fixed current of 11 nA was
extracted from the emitter using voltageV . Then, the1

anode was then raised vertically by a short distance
(Dz), and a new voltageV was determined in order to2

extract the same emission current of 11 nA; the voltage
differenceDV being V yV . The electric field applied2 1

by the anode(E ) to extract 11 nA was then calculatedapl

asDVyDz.
To physically understand this measurement ofE , aapl

simulation was performed using FlexPDE v2.22 to
derive the voltage distribution between a nanotube and
the tip-shape anode placed 10mm above it(later, it will
be shown that the actual height was;10 mm, and so
this simulation is valid). As can be seen in the potential
distribution of Fig. 6a, there is a region of ‘flat’ potential
lines from the middle of the gap to just above the
nanotube. The voltage in this region has a linear depend-
ence with distance(Fig. 6b), which indicates that this
is a region of constant field. Assuming the nanotube is
directly beneath the apex of the anode(i.e. within 1.5
mm in radius), the radial field variation in this constant
field region is 2% from the simulation. Thus, essentially
a uniform field, i.e.E , is being applied to the nanotubeapl

from the anode directly above it.
By moving the anode upwards by a short distanceDz

and applyingDV more voltage to maintain the same
emission current, this constant field region is simply
being extended in distance. This is because the same
field must be present there in order to induce the same
local field at the emitter to extract the same emission

current. Thus, the measurement ofDVyDz is a measure
of the field in the constant field region, which is
equivalent toE . This was quantitatively verified by aapl

second simulation at 11mm height (i.e. Dzs1 mm)
where a voltageDVsE more was required to maintainapl

the same field in the constant field region and at the
nanotube apex.
Returning now to the actual measurement, Fig. 5b

plots the voltage against relative anode height for the
nanotube under investigation, and indeed a linear slope
(E sDVyDzs19.5 Vymm) was found. From theI–Vapl

andI–E characteristic of Fig. 5a, the applied voltagelocal

and local field(E ) to extract 11 nA was 312 V andlocal

4050 Vymm, respectively. Thus,bsE yE s208.local apl

Incidentally, the ‘approximate’ height of the anode
could be obtained by extrapolating theDVyDz charac-
teristic of Fig. 5b to give thex-intercept(i.e. distance
to ‘0 V potential’). This gave the approximate anode
height to be;13mm. Note that this is an overestimation
of the height because the linear(DVyDz) region has a
relatively shallow slope between the anode and emitter
(Fig. 6b). It is not desirable to obtain the anode height
by crashing it into the sample because this could
potentially damage the anode(e.g. change the tip-shape)
or the sample itself(e.g. landing on a nanotube).
Altogether, theb of ten emitters were determined

using the above method. These ten emitters were then
observed by SEM and their heights(h) and radii (r)
were measured. The average height of the nanotubes
was 5.83mm and average radius was 24 nm. The field
enhancement factor, for a rounded-whisker conductive
emitter in a uniform field, is given by the approximation
hyr for h4r w2x. The b from SEM measurements
(b ) were compared withb from field emissionSEM

measurements(b ) in Fig. 7. It is evident thatb andFE FE

b for seven out of the ten emitters are in goodSEM

agreement with each other(within the "12% lines).
Moreover, the averageb of 249 corresponded wellSEM

to the averageb of 242. This good agreement hereFE

confirms that the emission mechanism from these nan-
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Fig. 7. (a) I–E characteristics of a typical nanotube. The maximumapl

currents reached were 10–20mA before failure.(b) Simulated up-
rooting electrostatic force on a 5-mm tall, 50-nm diameter nanotube
using the measurement geometry of(a).

Fig. 8.b from emission measurements compared withb whichFE SEM

was calculated from the heightyradius ratio, determined by SEM.

otubes was conventional geometrically enhanced field
electron emission.
Finally, the maximum emission currents extracted

from individual nanotubes were between 10 and 20mA
at applied electric fields(E ) of ;25 Vymm, aboveapl

which failure would occur with an abrupt drop in
emission current. Fig. 8a shows anI–E characteristic of
a typical nanotube emitter from 0.1 pA to 10mA in
emission current. The maximum currents reached during
emission was significantly lower than the maximum
currents(;1 mA) carried by a single nanotube during
direct contact d.c. measurements in the conductivity
measurements. Post examination of the sample after
emission measurements revealed that nanotubes which
have failed during emission stress measurements were
missing or left a crater. This suggested that the nanotubes
could be up-rooted due to electrostatic forces. The
simulation geometry of Fig. 5a was then used to calcu-
late the electrostatic force on a 5-mm tall, 50-nm
diameter nanotube under variousE from the anode asapl

shown in Fig. 8b. AtE s25 Vymm, the simulationapl

yielded an upward electrostatic force of 0.76mN on the
nanotube, which is equal to 390 MPa of tensile stress

at the interface between the nanotube and the diffusion
barrierysubstrate at failure. In comparable terms, this is
equivalent to 31 kg of weight pulling on a 1-mm
diameter joint between two materials, which represents
a substantial loading on the joint indeed! This significant
tensile stress probably caused the failure at the nanotube:
substrate interface.

4. Conclusions

We have presented electrical and field emission meas-
urements of individual carbon nanotubes produced by
the PECVD process. Electrical conductivity measure-
ments on individual carbon nanotubes reveal that they
exhibit a room temperature resistance of 1–10 kVymm
length (resistivity 10 to 10 V m) and have ay6 y5

maximum current carrying capability of 0.2–2 mA
(current density 10 –10 Aycm ). All the PECVD7 8 2

nanotubes examined were conductive in nature. From
our field emission measurements, it was found that the
field enhancement from individual nanotubes was due
to the aspect ratio of their whisker-like structure. This
means that it is possible to tailor the geometry(diameter
controlled by catalyst size, height controlled by deposi-
tion time) of the nanotube to obtain a desirableb for
certain applications. Individual nanotubes could emit
currents of;10 mA. It is proposed that the nanotubes
failed at these currents due to the large electrostatic
force exerted by the anode. Having characterised the
electrical properties of the nanotubes produced by
PECVD, it is now possible to design suitable emitter
structures for various applications.
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