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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 nanotub@NTs) 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 ofu®0covering a total area of 3.6

% 103 cn?. Field emission measurements were carried out on individual arrays at pressures below
10" mbar. The spacing between the anode and the top of the CNT array iar@3#nd a total
current of 2 mA could be obtained at 2.5 kV. A Fowler—Nordheim plot ofIlthy data shows an
unusually high field enhancement factor at lower fields. At an average field strength of 1,025 V/

the corresponding emission current density is 130 mA/drhis emission current was found to be
very stable, with short-term fluctuatioitS Hz measurement bandwidtbf no more than+1.5%,

while the current drifted less than 1.5% over a test period of 20 h2001 American Institute of
Physics. [DOI: 10.1063/1.1412590

Carbon nanotube$CNTs) have attracted considerable (C,HgN,) using a cobalt catalyst. Patterns 606 square of
attention as cold field emission sources due to their slendé&s nm thick cobalt were fabricated on a gold-coatetype
geometry and small tip radii. Rinzlest al® reported field silicon substrate of 3—10 cm resistivity by sputtering and a
emission from a single nanotube, while de Heerl? dem- lift-off process. The intended purpose of the 20 nm sputtered
onstrated field emission from a film of aligned CNTs. Areagold coating on the silicon was to provide a metallic contact
emitters are of interest in flat-panel displays and in device®n which to grow the CNTs. However it turned out that at a
requiring large total currents. In several studies of field emisCVD temperature of 900 °C, the gold film formed into is-
sion from CNTs emission current densities ranging fromlands. Energy-dispersive x-ray analysis of the top of the CNT
typically 0.1 up to values as large as 4 Afcimave been array shows the presence of only carbon and cobalt but no
reported®® However the experimental conditions under trace of gold, and it could be safely concluded that the gold
which such results are obtained vary considerably, and high/as not incorporated into the CNT array. The silicon wafer
reported current densities are often associated with small a¥@s placed in the middle of a 50 mm diam CVD quartz tube
ray areas. The practical current density is known to fall offréactor of 1100 mm length. The tube was purged with nitro-
sharply with an increase in cathode até&hu etal’ re-  9en to prevent oxidation of the cobalt film. When the tem-
ported current densities of 0.5 A/énat >16 V/um fields  Perature reached 900 °C, ethylenediamine was carried into
from single-walled CNTs, while more recently Soknal®  the quartz tube by nitrogen bubbled through a bottle contain-
reported current densities of 80 mA/2rfiom an area of 4 ing ethylenediamine at a flow rate of 500 ml/min. After re-
X105 cn?, achieved at 3 \iim from multiwalled CNTs. In action for 30 min, the reactor was cooled down to room

the present work, an emission current of 2 mA was obtainedMPerature in nitrogen ambient. The CNT array attained a
from a 3.6<10~3cm? array, corresponding to an average height of 90um and is comprised of vertically aligned mul-

current density of greater than 0.5 A/&mchieved at a field tiwalled CNTs with d'iameters ranging betwgen 80 and 250
of only 2.67 Vjum. nm that form the main structure of the arrésig. 1). How-

Various synthesis techniques based on a chemical vap el many smaller CNTs with diameters of 10-60 nm are

L ound to interweave among the larger vertical CNTs. Trans-
de:\p05|t|c.>n(CVD)./metaI catalyst process can b.e used tO.Ob-mission electron microsc%pe imgges reveal multiwalled
tain vertically allgqed CNTs, Sof‘”egOf WhICh mvolvg PIIOr  anotubes with a bamboo-like structufég. 2). The major-
substrate preparatlor) or patterniiyf’ A ;lmple.r technique ity of the tips are closed, although some of the smaller-
WOUId be to use a tr_un metal catalyst film which tranS‘fo_rm‘f'diameter nanotubes are open ended. Cobalt particles are dis-
into small metal particles as the result of substrate heating Hibuted along the length of the CNT and are sometimes

field emissi JBalbeit with formity than th ab‘?‘esent as small particles at the ends of much larger closed
ield emission arraysalbeit with poorer uniformity than that 4 huibous tips.

achievable with porous substrafem our work, CNT arrays A planar diode configuration was adopted for the field
were grown by catalytic decomposition of Ezthylenem‘"‘m'neemission measurements. A silicon die with the CNT array
was attached to the cathode plate, while a similar silicon die
dElectronic mail: elettl@nus.edu.sg attached to the anode plate presents a smooth anode surface.
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FIG. 3. Emissionl -V data. The inset shows the ME?) vs 1E plot.

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

works, the so-called “turn-on” field to produce a current

Ceramic spacers define the anode to cathode spacing, aAgnSity of 10uA/cm? is around 1 V[im, while the “thresh-
also provide a heat conduction path from the otherwise iso?!d field” to produce 10 mA/crhis 1.23 Vjum. Current of
lated anode to the mounted cathode plate. The spacing bé-0 MA at 2.5 kV corresponds to a current density of 555
tween the anode and the top of the CNT array is 93gnA/cny averaged over the area of the entire array. This rela-
+10um. The assembly was placed in an ultrahigh vacuurdively high current density achieved at a low average field is
(UHV) chamber, baked and evacuated for over 24 h. Meadue to the moderate sparseness of the emitting(tpacing
surements were carried out at vacuum levels better thaff the order of a micronwhich reduces the effect of shield-
10~8 mbar. ing by neighboring tips?

A current—voltage (—V) measurement was first carried ~ Following the conventional approach adopted in report-
out on the pristine CNT array with a maximum voltage of 2.5ing field emission data from CNTs, the Fowler—Nordheim
KV, corresponding to an average “planar” field of 2.67  equation, J=(AE? ¢)exp(-B¢*?/E) where J is the
(Fig. 3. The emission current reached 1.38 mA at 2.20 kvcurrent — density, A=1.54<x10 °AevVV™?  B=6.83
before a sudden drop. The current increased again on a lowef10° eV-¥2Vm~% and¢=>5.0eV, andE is the local field
curve segment, and a second current drop from 1.62 mAt the emitting tip, is used to plot the emission data. The local
occurred at 2.42 kV, before rising again, apparently follow-field is expected to vary markedly over an ill-defined CNT
ing the same lower curve segment. These two current spikewray surface, but to first order approximation we will as-
are associated with localized destruction of the CNT arraysume that an average value Bfis related to the “planar”
which was readily apparent in a subsequent scanning eleanode to cathode spacing &= yEq= y(V/d) wherey is
tron microscopgSEM) examination of the array surface, as the field enhancement factor. A cautionary note by Zhirnov
discussed below. Repeated measurements of-thecurve, et all®in the interpretation of such data should be borne in
which were carried out only up to 2.20 kV to avoid the mind. The Fowler—Nordheim plot shows a reduction in slope
possibility of further localized destruction, followed the at fields beyond 1.3 \iim (J=40 mA/cnT), yielding an un-
lower curve segment. For comparison with other reportedusually high field enhancement factor ¢f=17 300 forE,
<1.3V/um and y=3000 for E;>1.3V/um. Such dual-
slope behavior has previously been obser&@ihe origin of
the field emission is not clear without observing the emission
pattern, but, at low fields, is likely to come from the weave
of smaller CNTs rather than the larger vertical CNTs since
the latter have closed tips with diameters ranging from 100
to 250 nm. At higher fields, however, the larger tips may be
expected to contribute to the total emission current.

Emission current stability tests were subsequently car-
ried out on the same array at an anode voltage of 1.80 kV.
The current started off at 0.20 mA, increased over a period of
around 30 min and finally stabilized at 0.46 nAg. 4). The
short-term current fluctuation is about1.5% based on a
measurement bandwidth of 5 Hz. The emission current re-
mained fairly constant over the following 20 h, dropping by
about 1.5% over this period of time. It is noted that current
of 0.46 mA falls on a point that is higher than the value of
0.38 mA at 1.80 kV recorded on the originatV sweep of
the pristine CNT array. On the other hand, the starting cur-

FIG. 2. Transmission electron micrograph of the CNT tip. rent of 0.20 mA would be in line with the lower curve seg-
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0.5 CNTs have apparently evaporated to a considerable depth. A
few CNTs remain within the crater but they have collapsed
0.41 due to the loss of support by surrounding CNTs. A small
0.49 bunch of melded nanotubes was found stuck on the anode.
g 031 = 048 In summary, we have fabricated aligned CNT arrays that
= < 047 are capable of providing large current densities over a rela-
2 §o4e tively large emitting surface at modest electric fields. The
392 3 anomalously high field enhancement factor at low fields can-
045 not be attributed to the tip geometry of the larger vertically
0.1 O o0 200 20 400 600 aligned CNTs with closed tips of large curvature. It is
Time (s) thought that the weave of smaller nanotubes is responsible
0 — T for the bulk of the emission at lower fields. Investigation of
0 4 8 o th) 16 20 the emission pattern will be needed to elucidate the nature of
Ime

field emission from such arrays.

FIG. 4. Emission current over 21(B mHz bandwidth The inset shows the

short-term stability measured with the 5 Hz bandwidth, The authors would like to thank L. Liu for sputtering the

catalyst films and Y. Wen for her help in growing the CNTSs.
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