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Carbon nanotube growth for field-emission cathodes from graphite paste
using Ar-ion bombardment
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Multiwall carbon nanotubesMW-CNT) have been synthesized from solid-phase graphite. The
graphite is deposited as a thick-film paste and irradiated with a 1.2 keV flood Ar-ion beam,
transforming the graphite surface to a composite of MW-CNT embedded in the graphite matrix.
Micro-Raman measurements have verified that the nanotubes are metallic in nature. The technique
was used to make printed field-emission cathodes. Emission from these cathodes demonstrates
Fowler—Nordheim tunneling characteristics. The irradiated film emits at an extraction field of
5.0 V/um, which is less than one-sixth of the minimum extraction field of the nonirradiated
graphite film, and exhibit lower noise and greater emission uniformit0@5 American Institute

of Physics[DOI: 10.1063/1.1899236

Recent interest in field-emission vacuum microelectronthickness of 25um resulting from the screening process.
ics has led to the use of carbon cathodes for applicationfhe samples were then baked -a#50 °C for 30 min to
where large areas of emission are required. These have tygxpel the water and solidify the graphite film. The result is
cally included cathodes made from diamdnalfrananocrys-  heavily textured, as seen in Fig. 1, with randomly oriented
talline diamond’, diamond-like carbofi,reticulated vitreous ~particles, combined with flakes and graphene sheets, and a
carbon? carbon fibers,and single or multiwall carbon nano- submicron average surface roughness. The screen process
tubes (MW-CNT).® Bulk and paste graphite has also beenresults in no more than 0,6m film thickness variation.
explored; but it is found that the extraction field from graph- ~ The graphite paste-coated samples were brought down to
ite is substantially greater than that required from all other@ high-vacuum base pressure below®lDorr and were then
carbon forms, often exceeding 30 ,Wﬂ-7 By comparison, bombarded with flood Ar-ion radiation from a 0.1 mTorr
field-emission from MW-CNT has been demonstrated athermomagneti¢Kaufmann-typg plasma source at 1.2 keV.
(parallel-platg extraction fields below 1.0 \iim. Typically,
MW-CNT field-emission cathodes are deposited on variou
substrates by catalyzed CVD at temperatures exceedin
800 °C. Alternatively, CNT formed by arc discharge have
been mixed into a paste and deposited by screen-printing
technique$. This technique has the advantage of low-cost
patterning; however, the paste is expensive and difficult to
produce in large quantities. We present here a method fogss
making MW-CNT field-emission cathodes from low-cost,
printed graphite paste using a flood Ar-ion beam. This tech-
nique eliminates the need for high-temperature CVD deposi
tion, or low-throughput arc-discharge CNT synthesis.

Square glass substrates were coated on one side wi
commercial vacuum-compatible silver paint to give uniform
conductivity. After drying, graphite paste from a commercial #
vendor was screen printed over the conductive layer, pati
terned in 1.0 crhsquares. The graphite paste consists of a|
distribution of pure, aspherical graphite particles, with mean
size of ~0.5 um, in a water-based suspensfofhe viscos-
ity of the paste was chosen to obtain an average graphite fi
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FIG. 1. Plan-view scanning electron microgragkcondary-electron moge
dElectronic mail: hunt@ucdavis.edu of the as-deposited graphite paste film.
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ted). The data were measured using 10 mW of laser power.

FIG. 2. Plan-view SEM of the graphite paste film after 25 min of Ar-ion

irradiation. The microscope beam energy and magnification are identical to

Fig. 1. . .
over 12um long. These larger whiskers have a nucleation

site and remain attached to the substrate at one end. There

No external heating or cooling was applied. At this energyappears to be no order to the whiskers, and they vary in
and pressure, the sputter yield of graphite is very lowthickness, sometimes precipitously, all along the length. This
(<0.12.1° The incentive for using this process was to emu-type of graphite structure has been observed by offiensd
late the change in surface which has been seen by irradiatirigwas found that they are solid and amorphous; but they can
reticulated vitreous carbdiRVC) with high-energy sourc have an ordered graphene surface monolayer in places.
such as lasers or electron beams. The samples presented here The irradiated samples were analyzed using micro-
were given a total 25-min ion-beam exposure. It should b&Raman spectroscopy to ascertain if the nanofibers are single-
noted that this process has numerous degrees of freedo@s multiwall carbon nanotubeéSW-CNT, MW—CNT).“ A
inClUding variation of the graphite partiCle size, variation of confocal System was used, Consisting of a Mitutoyo Micro-
the Ar pressure or plasma density, control of substrate temscope(filtered by a 514.5 nm notch filtgfiber-optic coupled
perature, and variation of the excitation energy or exposurgy 3 SPEX Triplemate spectrometer equipped with a CCD
Fime. This conside.rable matrix of process options is beingmager_ The 514.5 nm line of an Ar ion laser with power up
investigated and will be reported later. _ _ to 30 mW was the excitation source. A Z0Mbjective was

The Ar-ion irradiated samples resulted in substannallyused, yielding a lateral spatial resolution of Qi and a
altered surface morphology, as is clearly seen in Fig. 2. Th@gnth resolution of 15:m. The positions of Raman lines in a

topography is changed to predominantly spheroidal anglien spectrum were calibrated against the 546 nm line
rounded-cone structures. This basic morphology has londission from a fluorescent light source. This line was
been observed in other low-sputter-yield materials undebresent in all of the Raman data obtained

similar Ar-ion bombardment conditiof§ A major difference The sample was placed on a glass plate that is part of a

from these earlier observations, as seen here, is that many &f)mputer—controlled Prior stage having 4 in. travel with sub-

the macroscopic structures have nanofibers growing off their . . o .
L fmjcron resolution. In addition, the focus of the microscope
surfaces, caused by the stress of the ion impact, subsequen

S lectronicall ntrolled with a resolution of | han
carbon migration, and eventual closure of the resultangas electronically controlled with a resolution of less tha

graphene sheets. It is noted that some of the nanofibers r‘5 'f[‘hm' TP;S copr?lguratlonl allows tfor afccurzt(i s?hatlal gnd
whiskers are straight and some are helical or horn shape €pth profling. Thé sampie was transterred 1o the micro-
an system and the features of interest were located by

whereas some have a random shape. The nanofibers are s . I .
in the SEM to typically be~19 nm in diameter and extend- USINg the electronic stage and by viewing the wafer using a
ing up to 1um in length. More extensive high-resolution mounted digital camera. The Raman data were obtained as a

transmission electron microscogJEM) is necessary to as- function of laser power and lateral and depth position.
certain the fiber diameters and physical structure with greater ~ Figure 3 shows Raman spectrum from the central portion

precision. This study of the fiber detail is underway and will Of an irradiated region of the sample and from a neighboring
be reported later. unexposed portion. The data were obtained with a laser

A second structure, which is also quite comnias seen power of 12 mW and the 100 objective. The mode that is
across Fig. ® is a graphite whisker. These are always sub-observed at 1564 cthis characteristic of the G-band of car-
stantially thicker and longer than the above-mentionedbon nanotubes; consistent with MW-CNTs. The lack of a
nanofibers. The frequency of occurrence of this secondargecond feature at 1592 cfsuggests that there are no semi-
structure is, in these samples, substantially less than that ébnducting SW-CNTE? This feature is clearly seen only in
the nanofibers. The example seen in Fig. 2, which is typicalthe region of the sample that was irradiated. Thus, the Raman

varies in thickness from-30 to over 150 nm, and is slightly data, coupled with the SEM images showing large-diameter
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1x10°1 has been reportéfito reduce the onset of field emission
®» Distance=30pm from 5.5 down to 2.0 V4m. No burn-in or special treatment
1x107"°+ (such as H plasma conditioningof the cathode was per-
formed before measurement of these cathodes; therefore, it is
1x10-11; assumed that slight irregularities in the emission characteris-

tics, as seen in Fig. 4, are due to ordinary multistable fluc-
tuations in emission states on the surface, as commonly seen

S 2]
12 1x10 3 with untreated carbon field-emission cathodfs.

P ] In conclusion, we have demonstrated the growth of car-
= x10 3 bon nanotubes from simple screen-printed graphite films
] which have been irradiated with a flood Ar-ion beam. The
1X10’“’§ y resultant films demonstrate a substantial improvement in
] " field-emission characteristics as compared with untreated
10" ———r——— graphite films. The technique investigated represents a
35 40 45 50 55 60 65 70 75 simple, low-cost approach to making field-emission surfaces
1000/V (V') with potential application to large-area or high-current cath-
odes.
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