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Large current density from carbon nanotube field emitters
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We observe that field emitters made from carbon nanotubes exhibit excellent macroscopic emission
properties; they can operate at a very large current density, as high as 4 Atoatectric fields as

low as 4—7 Vim, they emit technologically useful current densities of 10 mAlde show that

the emission originates from nanotube ends with a characteristic structured ring pattern. The
emission characteristics and durability of the carbon nanotube cold cathodes offer promising
applications for vacuum microelectronic devices. 1®99 American Institute of Physics.
[S0003-695(199)02332-3

Carbon nanotubes are a stable form of carbon and camot measured, and the localized emission hot spots are nei-
now be fabricated by several techniqde$They are typi- ther understood nor reproducible.
cally made as threads about 10—30 nm in diameter with a  Our emitters are SWNT films deposited on Si substrates.
high aspect rati¢>1000. In our experiments, each thread is They are grown in a laser ablation system, as described
a bundle of single-wall nanotub¢SWNT). These geometric Previously:® The as-deposited raw material contains about
properties, coupled with their high mechanical strength and0% in volume [by transmission electron microscopy
chemical stability, make carbon nanotubes attractive as eleéTEM), scanning electron microscofsEM), and Raman
tron field emitters. Several groups have recently reported oghéasurementf SWNTs with an average tube diameter of

servations of electron field emission from nanotubés. 1.3_Il.t§ nrtn n 1(.)_.30 nrln tiundleg. F|gur(a;1a)1|fstr? hSIQ\]/C-NT
However, studies of the emission mechanism are Iackind',esou lon transmission electron micrograph ot the S

and the reported current densities are rather low, typically,
0.1-100 mA/cr [reported emission at 400 mA/éniRef.
10) is hard to interpret, as the data are unexpectedly indepen-
dent of anode—cathode distafce

In this letter, we report the observation of emission from
individual nanotubes, with large macroscopically averaged
current densities emitted by a deposit of SWNTs on a sub-
strate. Individual nanotubes show one of two patterns of
emission. The first is emission along the axis of the tube, and
the other is a characteristic ring pattern where the electrons
are emitted with substantial perpendicular momentim) (
These two patterns presumably originate from structural dif-
ferences by way of their different Fermi surfac¢és? Col-
lectively, the nanotubes emit a large current density, which
routinely exceeds 1 A/cfnand can exceed 4 A/dmSuch
sustained, high-current field emission is necessary for many
technological applications: for example, flat-panel field-
emission displays require 10 mA/émwhile microwave
power amplifier tubes require at least 500 mA7cm

These high-curent density levels were previously obtain-
able only by thermionic emission above 1000-%or litho-
graphically fabricated tip¥ Field emission has been re-
ported from other forms of carbon, however, at lower current
densities[0.3 mA/cnt for graphite® 30 mA/cnt for dia-
mond (Refs. 16 and 17, and references thexgitwhile
higher current densities can be deduced if localized emission
is assumede.g., 100 A/crfi (Refs. 16], the actual areas are

FIG. 1. (a) TEM micrograph showing the bundled nature of the nanotubes,
dElectronic mail: wzhu@bell-labs.com and (b) SEM micrograph of emitters.
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FIG. 2. Emission —V data. The inset is a log(v2) vs 1V plot. FIG. 3. Voltage vs anode—cathode distance at various current densities. The

X axis is determined by capacitance measurements.

Emitters are made of purified SWNTs by ultrasonically dis- ] ) ] )
persing the nanotubes in a solvent, filtering, and redepositiny/«#m- The threshold field, which we define as the field re-
on a Si substrate. Figurgl) shows a scanning electron mi- guired to generate an emission current denglty _Of 10
crograph of such a SWNT emitter. The emitter contains AnAlent, is 6.5 Vjum for this sample, as shown in Fig. 3.
high density of nanotubes on the surface. Each of the curveft!S0 Shown are voltages required to produce larger current
lines in the micrograph represents a SWNT bundle. densities of 0.1 and 0.5 A/cmThe slight change in slope as

The field-emission measurements were carried out af'® anode—cathode distance is gradually reduced may be at-
room temperature in a vacuum chamber with a §@orr tributable to the initial conditioning or burn-in of the emitter.
base pressure. The experimental procedures for current deReproducibility tests from different locations of the same
sity measurements were described in detail elsewlfere,Sample and from other similar SWNT mats and films consis-
Briefly, a voltage up to 2 kV was applied to a hemisphericaltently yield threshold fields of 4-7 wm.
molybdenum anode proleadius of curvatur&R~ 250 um). In order to identify the origin of the emission sites, we
A translation stage in the vacuum chamber was used to corfflaced a phosphor screen 5@n above the emitter at a
trol the distance between the anode and the cathode, typpotential of 700 V. Surprisingly, the emission is structured as
cally varying in the range of 10—30@m. The emission shown in Fig. 4, in which well-defined rings of electron
current—voltage (V) characteristics were measured as aémission, rather than the speckled pattern one sees with other
function of the anode—cathode distanc®.( At each dis- emitters(e.g., diamony are seen. Individual rings appear
tance, the anode voltage was raised from zero until the cu@"d disappear as a unit, implying that they correspond to
rent density reached0.6 Alcnt and then decreased back to single microscopic emission sites. Because of the circular
zero. The effective emission aréA) used to calculate the Symmetry of the rings, they must be emission from the end
current density is the area within which>1/2J,,,,,, where of nanotubes, rather than the sides of loops of nanotube,
Jmax i the emission current density directly beneath the anWhich would yield a twofold symmetric pattern. The rings on
ode where the electric field is the highest. 2R, A the phosphor screen are large150 um), far larger than any
—27RZ(2¥—1), wheren=(V/1)(d1/dV). Typically, n  Structural features in the sample; therefore, they must be im-

~18 for J<50 mA/cnt, decreasing gradually as the current 29€s of the momentum distribution of electrons leaving indi-
density increases. vidual emission sites.

The anode was then moved one st8(8 um) closer to
the emitter surface, and the cycle was repeated. To determine
the anode—cathode distance, the capacitance between the an-
ode and the emitter was measured and fittedanotubes are
flexible enough to bend and align themselves with the ap-
plied field. In fact, the symmetry of the emission patterns, as
discussed below, implies that all loose ends are aligned with
the electric field.

Figure 2 shows the measured emission curieas a
function of applied voltage/. Smooth and consistett-V
curves were measured. In the inset, the data are also shown
as log(/V?) vs 1N: in those coordinates, data that follow
the Fowler—Nordheim equati6hwould fall on a straight
line. However, the Fowler—Nordheim equation was derived
for planar surfaces and is not strictly valid for SWNTS, since
the radius of the nanotubes is comparable to the tunneling
barrier?* The space-charge limit at our applied electric field
is an order of magnitude higher than our largest current ClerEIG. 4. Structured emission pattern from nanotube ends projected on a

: - : 23
sity, so we expect it to have little effett: phosphor screen. Rings and circles of emission may result from two differ-

The turn-on field, for an emission current of 1 nA, is 1.7 ent types of nanotubes.
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mained constant at 5.5 Min for a period of 75 h. At the

20 1 0.5 Alcm? current density of 0.5 A/ch (100 xA actual current aZ
/ ~100 um), the required field increased slowly, from about

16.5 to 20 Vum over 25 h. This gradual damage may be

attributable to ion bombardment from the background gas in

the vacuum chamber. Improved stability is likely if the nano-

tube emitters are operated at higher vacuum, e.g., above

16 1

Electric Field (V/um)
N

20 mA/cm? 108 Torr.
4 _"’"MW We note that the ultimate limits to the current density
——— : obtainable from nanotube emitters are far higher than ob-
0 10 20 30 40 50 60 70 80 served here. Since individual nanotubes can stably emit 30
Time (Hour) nA (our total phosphor screen current divided by the number
FIG. 5. Electric field required to maintain constant emission current density®f €Mission spots one could envision average current den-
over time. sities reaching as high as %010’ A/lcm?, from an array of

tubes on a 0.1-Lm lattice.
h o ite density | ) q b b In summary, we have established that electron emission
The emission site density Is estimated to be about,m nanotubes originates from the ends of the tubes. The

1000/cnt at the low field of 1.5 Vm applied between the nanotube emitters exhibit excellent macroscopic emission

phosphor g\nd the nanotgbe emltter. The emission site densi operties. The emission characteristics and durability of the
is seen to increase as higher fields are applied. However,

. ' ! _carbon nanotube cold cathodes offer promising applications
are unable to accurately determine the site density at h|gﬂ)r vacuum microelectronic devices
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