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High-current field emission from a vertically aligned carbon nanotube field
emitter array
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Arrays of vertically aligned carbon nanotubes~CNTs! were grown on a patterned sputtered cobalt
film by chemical vapor deposition from ethylenediamine at 900 °C. Each square array comprises a
moderate density of nanotubes with an average height of 90mm covering a total area of 3.6
31023 cm2. Field emission measurements were carried out on individual arrays at pressures below
1028 mbar. The spacing between the anode and the top of the CNT array is 935mm and a total
current of 2 mA could be obtained at 2.5 kV. A Fowler–Nordheim plot of theI –V data shows an
unusually high field enhancement factor at lower fields. At an average field strength of 1.925 V/mm,
the corresponding emission current density is 130 mA/cm2. This emission current was found to be
very stable, with short-term fluctuations~5 Hz measurement bandwidth! of no more than61.5%,
while the current drifted less than 1.5% over a test period of 20 h. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1412590#
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Carbon nanotubes~CNTs! have attracted considerab
attention as cold field emission sources due to their slen
geometry and small tip radii. Rinzleret al.1 reported field
emission from a single nanotube, while de Heeret al.2 dem-
onstrated field emission from a film of aligned CNTs. Ar
emitters are of interest in flat-panel displays and in devi
requiring large total currents. In several studies of field em
sion from CNTs emission current densities ranging fro
typically 0.1 up to values as large as 4 A/cm2 have been
reported.2–9 However the experimental conditions und
which such results are obtained vary considerably, and h
reported current densities are often associated with sma
ray areas. The practical current density is known to fall
sharply with an increase in cathode area.10 Zhu et al.7 re-
ported current densities of 0.5 A/cm2 at .16 V/mm fields
from single-walled CNTs, while more recently Sohnet al.9

reported current densities of 80 mA/cm2 from an area of 4
31025 cm2, achieved at 3 V/mm from multiwalled CNTs. In
the present work, an emission current of 2 mA was obtai
from a 3.631023 cm2 array, corresponding to an averag
current density of greater than 0.5 A/cm2 achieved at a field
of only 2.67 V/mm.

Various synthesis techniques based on a chemical v
deposition~CVD!/metal catalyst process can be used to
tain vertically aligned CNTs, some of which involve prio
substrate preparation or patterning.2,6,9 A simpler technique
would be to use a thin metal catalyst film which transfor
into small metal particles as the result of substrate heatin
the CVD reactor. Such a technique has been used to fabr
field emission arrays,8 albeit with poorer uniformity than tha
achievable with porous substrates.6 In our work, CNT arrays
were grown by catalytic decomposition of ethylenediam
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(C2H8N2) using a cobalt catalyst. Patterns 600mm square of
5 nm thick cobalt were fabricated on a gold-coatedp-type
silicon substrate of 3–10V cm resistivity by sputtering and a
lift-off process. The intended purpose of the 20 nm sputte
gold coating on the silicon was to provide a metallic cont
on which to grow the CNTs. However it turned out that a
CVD temperature of 900 °C, the gold film formed into i
lands. Energy-dispersive x-ray analysis of the top of the C
array shows the presence of only carbon and cobalt bu
trace of gold, and it could be safely concluded that the g
was not incorporated into the CNT array. The silicon wa
was placed in the middle of a 50 mm diam CVD quartz tu
reactor of 1100 mm length. The tube was purged with nit
gen to prevent oxidation of the cobalt film. When the te
perature reached 900 °C, ethylenediamine was carried
the quartz tube by nitrogen bubbled through a bottle conta
ing ethylenediamine at a flow rate of 500 ml/min. After r
action for 30 min, the reactor was cooled down to roo
temperature in nitrogen ambient. The CNT array attaine
height of 90mm and is comprised of vertically aligned mu
tiwalled CNTs with diameters ranging between 80 and 2
nm that form the main structure of the array~Fig. 1!. How-
ever many smaller CNTs with diameters of 10–60 nm
found to interweave among the larger vertical CNTs. Tra
mission electron microscope images reveal multiwal
nanotubes with a bamboo-like structure~Fig. 2!. The major-
ity of the tips are closed, although some of the small
diameter nanotubes are open ended. Cobalt particles are
tributed along the length of the CNT and are sometim
present as small particles at the ends of much larger clo
and bulbous tips.

A planar diode configuration was adopted for the fie
emission measurements. A silicon die with the CNT arr
was attached to the cathode plate, while a similar silicon
attached to the anode plate presents a smooth anode su
1 © 2001 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Ceramic spacers define the anode to cathode spacing,
also provide a heat conduction path from the otherwise
lated anode to the mounted cathode plate. The spacing
tween the anode and the top of the CNT array is 9
610mm. The assembly was placed in an ultrahigh vacu
~UHV! chamber, baked and evacuated for over 24 h. M
surements were carried out at vacuum levels better t
1028 mbar.

A current–voltage (I –V) measurement was first carrie
out on the pristine CNT array with a maximum voltage of 2
kV, corresponding to an average ‘‘planar’’ field of 2.67 V/mm
~Fig. 3!. The emission current reached 1.38 mA at 2.20
before a sudden drop. The current increased again on a lo
curve segment, and a second current drop from 1.62
occurred at 2.42 kV, before rising again, apparently follo
ing the same lower curve segment. These two current sp
are associated with localized destruction of the CNT ar
which was readily apparent in a subsequent scanning e
tron microscope~SEM! examination of the array surface, a
discussed below. Repeated measurements of theI –V curve,
which were carried out only up to 2.20 kV to avoid th
possibility of further localized destruction, followed th
lower curve segment. For comparison with other repor

FIG. 1. Side view of a CNT array. The top inset shows an overview of
array, and the bottom inset shows details of the surface.

FIG. 2. Transmission electron micrograph of the CNT tip.
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works, the so-called ‘‘turn-on’’ field to produce a curre
density of 10mA/cm2 is around 1 V/mm, while the ‘‘thresh-
old field’’ to produce 10 mA/cm2 is 1.23 V/mm. Current of
2.0 mA at 2.5 kV corresponds to a current density of 5
mA/cm2 averaged over the area of the entire array. This re
tively high current density achieved at a low average field
due to the moderate sparseness of the emitting tips~spacing
of the order of a micron! which reduces the effect of shield
ing by neighboring tips.11

Following the conventional approach adopted in repo
ing field emission data from CNTs, the Fowler–Nordhe
equation, J5(AE2/f)exp(2Bf3/2 /E) where J is the
current density, A51.5431026 A eV V22, B56.83
3109 eV23/2V m21, andf55.0 eV, andE is the local field
at the emitting tip, is used to plot the emission data. The lo
field is expected to vary markedly over an ill-defined CN
array surface, but to first order approximation we will a
sume that an average value ofE is related to the ‘‘planar’’
anode to cathode spacing viaE5gE05g(V/d) whereg is
the field enhancement factor. A cautionary note by Zhirn
et al.10 in the interpretation of such data should be borne
mind. The Fowler–Nordheim plot shows a reduction in slo
at fields beyond 1.3 V/mm (J540 mA/cm2), yielding an un-
usually high field enhancement factor ofg517 300 forE0

,1.3 V/mm and g53000 for E0.1.3 V/mm. Such dual-
slope behavior has previously been observed.3,5 The origin of
the field emission is not clear without observing the emiss
pattern, but, at low fields, is likely to come from the wea
of smaller CNTs rather than the larger vertical CNTs sin
the latter have closed tips with diameters ranging from 1
to 250 nm. At higher fields, however, the larger tips may
expected to contribute to the total emission current.

Emission current stability tests were subsequently c
ried out on the same array at an anode voltage of 1.80
The current started off at 0.20 mA, increased over a period
around 30 min and finally stabilized at 0.46 mA~Fig. 4!. The
short-term current fluctuation is about61.5% based on a
measurement bandwidth of 5 Hz. The emission current
mained fairly constant over the following 20 h, dropping b
about 1.5% over this period of time. It is noted that curre
of 0.46 mA falls on a point that is higher than the value
0.38 mA at 1.80 kV recorded on the originalI –V sweep of
the pristine CNT array. On the other hand, the starting c
rent of 0.20 mA would be in line with the lower curve se

e
FIG. 3. EmissionI –V data. The inset shows the ln(J/E2) vs 1/E plot.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ment~Fig. 3! after the CNT array was damaged. FurtherI –V
sweeps at the end of the 20 h run show consistentI –V char-
acteristics that are in accordance with the higher emiss
current previously recorded. The good performance of
stability is attributed to the averaging effect of a large em
sion area and the UHV conditions under which the meas
ments were carried out. Other experiments carried ou
1025 mbar oxygen and argon pressures show consider
poorer performance.

SEM inspection of the CNT array after the stability te
showed no visible changes to the array except at two lo
tions where discharge damage is apparent. The damage
sustained during the initialI –V ramp to 2.5 kV, where two
glitches in the I –V curve were recorded. Each of the
glitches is associated with the damage craters observed.
craters have a diameter of around 20–30mm where the

FIG. 4. Emission current over 21 h~5 mHz bandwidth!. The inset shows the
short-term stability measured with the 5 Hz bandwidth.
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CNTs have apparently evaporated to a considerable dep
few CNTs remain within the crater but they have collaps
due to the loss of support by surrounding CNTs. A sm
bunch of melded nanotubes was found stuck on the ano

In summary, we have fabricated aligned CNT arrays t
are capable of providing large current densities over a r
tively large emitting surface at modest electric fields. T
anomalously high field enhancement factor at low fields c
not be attributed to the tip geometry of the larger vertica
aligned CNTs with closed tips of large curvature. It
thought that the weave of smaller nanotubes is respons
for the bulk of the emission at lower fields. Investigation
the emission pattern will be needed to elucidate the natur
field emission from such arrays.
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