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Field emission from short and stubby vertically aligned carbon nanotubes
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Electron emission from vertically aligned carbon nanotubes grown by plasma enhanced chemical
vapor deposition has been measured using a parallel plate anode amoh duhgsten probe. The

field emission characteristics were measured as a function of the nanotube diameter, length, and
areal density. It was found that less densely populated “short and stubby” nanotubes with diameters
of 200 nm and heights of 0.Zm showed the best emission characteristics with a threshold voltage

of 2 V/um and saturation emission current density of 10 mAic triple junction between
nanotube, substrate, and vacuum is proposed to explain our resu90®American Institute of
Physics. [DOI: 10.1063/1.1406557

The excellent field emission characteristics of carbonuA. The results appear to indicate that the high aspect ratio
nanotubes have been attributed to their high aspect ratio. It imay not be the most important factor in obtaining the excel-
believed that the longest vertically aligned carbon nanotubekent electron emission characteristics.
with the smallest diameters, hence the largest electric field The VACNTSs were grown using dc-PECVD. The growth
enhancement factor, are the most ideally suited for electroand material characteristics of the nanotubes deposited using
emission. Plasma enhanced chemical vapor depositiothis method are reported in detail elsewh&r@riefly, the
(PECVD) is a controllable and deterministic method for VACNTSs are grown at 700 °C onto Ni coated highly polished
growing vertically aligned carbon nanotub@ACNTs).1=>  graphite substrates (1.5en1.5cmx 1 mm) by initiating a
The ability to control the location, orientation, and dimen-dc glow discharge plasma of ,8, and NH, (ratio
sion of the nanotubes is essential for their use in microelec= 75 sccm:200 sccm) at600 V using an AE 1 kW dc gen-
tronics. Indeed, triode structures with a single nanotube inerator. The nanotube diameter, length, and the areal density
side 1 um gates have been recently fabricated using direcére dependent on the initial Ni film thickness, as can be seen
current(dc)-PECVD® in Fig. 1. In the parallel plate field emission measurement,

Several reports in the literature have obtained emissioithe cathodes were 1.5¢01.5cmx1 mmVACNTs and an
current densities ranging from 50 mA/érto 100 A/cnf at  €vaporated Al film on a glass slide was used as the anode. By
electric fields of 2—8 \jkm for VACNTs using microscopic using a mask, anodes of several sizes could be evaporated
anodes® Such extraordinary emission characteristics along@nd individually biased. The cathode and anode plates were
with their chemical inertness and mechanical robustnes§éparated by 10m high quality optical fibers. All the mea-
have led to speculation for their use as cathodes for microsurements were taken using a LabView controlled Keithley
wave amplifiers and high power vacuum microelectronicSource/measure unit. The local field emission characteristics
switches. In these applications, patterning of the nanotubes l¥€ré measured using a tungsten tip having a radius of cur-
not necessary so long as high electron emission currents can
be achieved. Therefore, high electron emission from “for-
ests” of nanotubes is also of interest. ¢

In this letter, we investigate the electron emission from fi §§
VACNTSs of varying lengths, diameters, and areal densities| g
using a parallel plate configuration for macroscopic emissiong,
characteristics and a Am tungsten anode for microscopic

that dense forests of nanotubes exhibit relatively hlgh thresh
old voltages(8—10 V/um) for electron emission due to elec-

threshold field decreases down+@ V/um and the emission
current increases by almost an order of magnitude. Th
maximum saturation current density obtained using ma‘CroFlG 1. Nanotube growth on varying initial Ni thicknesses. Note that the
scopic anodes was 10 mA/éniThe emission currents ob- average diameter for the tubes grown on 0.5 nm Ni film-B0 nm which

tained using the um tungsten anode ranged from 1 to 100 increases te-400 nm for tubes grown on 9 nm Ni films. The average tube
height also decreases frornB to ~3 um with Ni thickness. Furthermore the
nanotube density decreases freml0° to 10°F cm~2 for Ni films thicknesses
¥Electronic mail: mc209@eng.cam.ac.uk ranging from 0.5 to 9 nm.
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FIG. 3. SEM image of the short and stubby nanotubes. Note that the diam-
FIG. 2. (a) |-V emission characteristics measured in parallel plate configueter and the areal density of these tubes are the same as those shown in Fig.
ration of the nanotubes shown in Fig. 1. The anode area was ¢-5Ttra 1. The overall deposition time was decreased by two thirds to reduce their
corresponding FN plots for each of theV curves are shown in the inset. overall height to 0.5um.
The line in the FN plots was used to determine the calculated field enhance-

ment factor(B). The curves labete S & S correspond to the short and . . .
stubby nanotubes shown in Fig. 3. eter and areal density as their longer counterparts shown in

Fig. 1) for one third of the usual deposition time. The field
vature of 1um observed in a scanning electron microscopeemission curve from these short and stubby nanotubes mea-
(SEM). The anode to nanotube distance was determined byured in parallel plate geometry is shown in Fig. 2, labeled
monitoring the current flow between the fipiased to+10 “S & S.” Surprisingly, it can be seen that these tubes show
V) and cathode while gradually lowering it using a computerthe best emission characteristics with the lowest threshold
controlled piezo-electric stage. Vacuum of better than Ifield of ~2 V/um and the highest saturation current density
% 1078 Torr was achieved prior to initiating any measure-of almost 10 mA/cri The corresponding FN plot is shown
ments. in Fig. 2(b) which gives aB of ~1200, assuming a work

The field emission characteristics measured using thé&nction of 5.0 eV, significantly larger than the geometrigal
parallel plate configuration of the nanotubes is shown in Fig(1-10.
1 are plotted in Fig. 2. It can be seen that the most uniform  The electron emission characteristics usinga tung-
and aligned nanotubes grown on 2 nm of Ni show the poorsten probe were measured for the nanotubes in Ffy.ahd
est emission characteristics in terms of having the higheghe short and stubby nanotubes. The field emission results are
turn on field(8—10 Vjum) as well as the lowest saturation shown in Fig. 4. Comparable to the parallel plate measure-
current densitf0.1 mA/cnf). This is attributed to the lack of ments, the nanotubes grown on the 9 nm of Ni show a higher
field enhancement due to the close proximity and unifornthreshold field than the short and stubby tubes. However, the
height of the nanotubes, leading to the screening of the ele@ctual turn on field is slightly highe®6—8 V/um) for the 1
tric field. The very thin, long nanotubes grown on 0.5 nm Nium probe measurements compared to parallel plate ones
film show slightly better emission results with a turn on field (~4 V/um), indicating that in the parallel plate configuration
of ~6 V/um and a saturation current density-ef mA/cnf.  where the electric field is present over a large area, some
These nanotubes are not entirely straight or as well orderegreferential emission occurs at low threshold voltages. In
as those grown on 2 nm of Ni which introduces some nanoeontrast, the short and stubby nanotubes show a lower
tubes protruding above the rest, increasing their field enthreshold voltage of 2—4 Yim, in agreement with the par-
hancement factor and/or local bends in the tubes which magllel plate measurements. The SEM observations of the short
act as preferential emission sites due to defétEnally, in  and stubby nanotubes show that they are fairly uniform, re-
Fig. 2 it can be seen that nanotubes grown on 6 and 9 nm afembling a nanostructured thin film rather than individual
Ni film exhibit the best emission characteristics with a
threshold field of~4 V/um and saturation current density of  1¢*
5 mA/cnt. The better emission from these nanotubes is .l
likely to be a consequence of the decrease in the nanotub__
density by almost an order of magnitude. The corresponding}w's'
Fowler—Nordheim(FN) plots are shown in the inset of Fig. 10°}
2. The field enhancement fact@y extracted from the linear 3’10-7,
region of the FN plots and assuming a work function of 5.0 e
eV for graphite, was found to be between 500 and 800. Note2 '°
that the geometricgB calculated fi/r) from the height(h) <10

and radius(r) of the nanotubes is an order of magnitude 107"} g8 a8 >
(~50) lower than the FNB. 0 2 46 810121416 2 4 6 8 10
The influence of the geometricglon the emission char- Electric Field (V/pm) Electric Field (V/pm)

acteristics was further mvestlgated by growmg §hort anc1:IG.4. Field emission using a/Am tungsten probe fai@) nanotubes grown
stubby nanotubes. These nanotubes, shown in Fig. 3, WEE g nm of Ni film as shown in Fig. 1 ar@) short and stubby nanotubes as

grown on 6 nm of Ni film(in order to keep the same diam- shown in Fig. 3.
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' ' these measurements were grown on graphite, our Auger and
secondary ion mass spectroscopy measurements show the
102k ° - presence of hydrogenated amorphous carlae€{H) on the
L surfacé! which is semiconducting and has an electron affin-
ity that is different from that of graphit& Therefore, a triple
junction with infinitely large field enhancement can form be-
10°F o E tweena-C:H, nanotubes, and vacuum. This process could
also occur in longer nanotubes, but in a dense forest of tall
nanotubes, the electron would most likely be trapped by a
10°F ° i nearby nanotube, forcing the electron to be emitted via the
nanotube tip. The exact emission process is presently being

107 1(')-2 16-1 10° investigated by measqring the electron energy distributions,

Anode Area (cm? the results of Wh|ch will be reported elsewhere.
In conclusion, we have found that forests of nanotubes

FIG. 5. Actual anode current vs the anode area. with uniform height and diameter do not emit well due to
screening effects. Field emission from short and stubby

bes. Theref . he distributi i heigh anotubegdiameter of~200 nm and height 0of-0.5 um)
hanotubes. Therefore, since the distributions in height and, iyt the lowest threshold field of 2 M and the highest
diameter amongst the short and stubby tubes are mu

o . . turation current density of 10 mA/émA triple junction
smaller, the emission characteristics from macroscopic anfo een the substrate. nanotube. and vacuum may be respon-
microscopic anodes are expected to be similar. ' '

L . ; ) ) ... __sible for the field emission from these nanotubes.
The emission uniformity was investigated by monitoring
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