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Dense, well-separated, and aligned carbon nanotubes have been prepared via bias-enhanced microwave plasma chemical
vapor deposition. The turn-on fields defined at the emission current density.g§/¢h? are about 3.35\/m, 2.54 Vjum,
and 3.54 V[um, for the immersion times in PdEbf 1 min, 20 min, and 40 min, respectively. The corresponding emission
current densities are about 0.97 mAfmM.5 mA/cnt, and 0.44 mA/craat the electric field of 5\iim. The higher emission
current obtained from the aligned carbon nanotubes for the immersion time of 20 min is ascribed to the denser and sharper
nanotubes formed in this condition.
KEYWORDS: field-emission, aligned carbon nanotubes, bias-enhanced microwave plasma chemical vapor deposition

) procedure is briefly described as follows. The porous silicon

1. Introduction layers were first formed on p-type silicon substrates by an-

Recently, carbon nanotubes have attracted considerable @tization. A reductive deposition of nanoparticles of Pd on
tention because of their unique structural and electronic profire porous silicon surface was carried out by immersing the
erties-? that can be used in a broad range of potential applicgorous silicon specimen into an aqueous solution of RdCI
tions3-6) One potential application of carbon nanotubes is a@hen, carbon nanotubes were grown on Pd-catalyzed sub-
field emitters in vacuum microelectronics, owing to their higrstrates by MPCVD. The microwave input power was 1100 W
aspect ratios, high chemical stability, and small tip radii o&nd the substrate was heated directly by plasma without other
curvature that can easily emit electrons at a very low electrieeating sources. A mixture of methane and hydrogen gases
field.” Good field-emission properties from multiwalled nanwas introduced into the chamber. The total pressure was kept
otubes and single-walled nanotubes grown by arc discharge30 Torr and the flow rates were maintained at 0.5 sccm and
have been reportéd? For display applications, it is neces- 100 sccm for methane and hydrogen, respectively. In this
sary to produce high-density and vertically aligned nanotulexperiment, various times of immersion in Pd@icluding
arrays. However, carbon nanotubes produced by arc dismin, 20 min and 40 min were adopted to produce different
charge have disordered orientation and it is difficult to aligshapes of carbon nanotubes. The experimental conditions are
the nanotubes after growth. However, vertically aligned catisted in Table I.
bon nanotubes have recently been synthesized by thermal de-
compositiod® Y and plasma-enhanced chemical vapor depo™
sition of hydrocarbon ga¥:'% In this letter, a method us-  Scanning electron microscopy (SEM) was used to de-
ing microwave plasma chemical vapor deposition (MPCVD)ermine the morphology of aligned carbon nanotubes.
with a DC bias was performed to align the carbon nanotubeBigure 1(a) shows a SEM micrograph of aligned carbon nan-
Typically, catalytic metals used for the growth of carbon nanetubes for the immersion time of 1 min. It can be seen that
otubes are Fe, Co, and Ni. On the other hand, Pd has alsmst nanotubes are approximately perpendicular to the sub-
been found to have good catalytic ability and can be easiltrate and are well separated from each other. These aligned
deposited on a porous silicon substrate by electrodeless plearbon nanotubes are 100 nm to 151 nm in diameter and 3
ing.X® These aligned carbon nanotubes catalyzed by Pd shéw4 .m in length. Most of the aligned carbon nanotubes have
good field-emission properties and superior emission stabilifosed ends at the tips. Figure 1(b) shows a SEM micro-
compared to the nonaligned carbon nanotubes. graph of aligned carbon nanotubes for the immersion time of
20 min. From the SEM micrograph, it can be seen that more
densely aligned carbon nanotubes can be obtained by increas-

The aligned carbon nanotubes were synthesized usingrg the time of immersion in Pdel This is attributable to the
MPCVD system with a negative DC bias. The preparatiogreater number of catalytic nanoparticles of Pd deposited on

Results and Discussion

2. Experimental Procedures

Table |I. Experimental conditions for aligned carbon nanotubes.

Immersion times Microwave Deposition )
No. . CHa/H; Temperature Pressure . DC bias
in PdCb power time

Al 1min

- 0.5/100 1100W 600C-700C 30 Torr 11 min —-350V
A2 20 min

(sccm)

A3 40 min

*E-mail address: u8411503@cc.nctu.edu.tw
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the porous silicon surface. Figure 1(c) shows a SEM micranersion in PdGlfor 1 min, 20 min, and 40 min, respectively.
graph of aligned carbon nanotubes for the immersion time &br the immersion time of 1 min, catalytic nanoparticles of Pd
40 min. This SEM micrograph shows carbon nanotubes ofaan be dispersed with a low density. The immersion time of
different shape than the prior ones. Figures 2(a), 2(b), a2® min can achieve a higher density and more uniform distri-
2(c) show the SEM micrographs of Pd nanoparticles after inbution of Pd catalytic nanoparticles. However, the excessive
immersion time of 40 min causes the aggregation of the Pd

vy

r*

(c) (€)

Fig. 1. SEM micrographs of aligned carbon nanotubes for differentimmeFig. 2. SEM micrographs of Pd nanoparticles for different immersion
sion times in PAGL (a) 1 min, (b) 20 min, and (c) 40 min. times in PdC}: (a) 1 min, (b) 20 min, and (c) 40 min.



Jpn. J. Appl. Phys. Vol. 39 (2000) Pt. 2, No. 9A/B W.-KONG et al. L927

catalytic nanoparticles. This aggregation results in a cluster -26
of carbon nanotubes which causes the blunt morphology of
the carbon nanotubes formed in Fig. 1(c). -28+ \

The field-emission properties of these aligned carbon nan- .30 e,
otubes were characterized in a high vacuum environment with « A %0040
a base pressure of about110~’ Torr. The measurement <>( .32 y. '"‘vro—o\.
system is based on Keithley 237 high voltage source units =~ ..‘:‘A\
with a IEEE 488 interface. The anode was a graphite plate */ | -34- —s—Al "-\:.
and the spacing between the emitter and the anode was con-= .36 e A2 \A‘?\.
trolled at 22Qum. Prior to the electrical measurement, a £ W
high constant voltage of 1100V was applied to the emitters 384 —a— A3 i‘h‘,“
to exhaust the adsorbed molecules and impurities. Figure 3 .
shows the field-emission properties of the aligned carbon nan- -40 ‘ ‘ ‘ ‘ ‘
otubes for different immersion times in PdCl It can be 0.20 0.25 0.30 0.35 0.40
seen that the aligned carbon nanotubes exhibit high emis- 1E (V -1M m)

sion current at low electric field. The turn-on fields,
defined at the emission current density of/M&cm? are
about 3.35V/im, 2.54Vum, and 3.54Vim, for immer-
sion times in PdGI of 1 min, 20 min, and 40 min, respec-
tively. The corresponding emission current densities are about

Fig. 4. FN plots of aligned carbon nanotubes for different immersion times
in PdCb.

0.97 mA/cnt, 4.5mAlcnt, and 0.44 mA/cr at the electric 3 1.2

field of 5V/um. The aligned carbon nanotubes for the im- = 1.1 1

mersion time of 20 min show superior field-emission prop- -% (1)'8 m&

erties compared to others. This is due to the much more T 51" T

densely aligned carbon nanotubes formed under this condi-‘é 0.7] ¢

tion. On the other hand, the immersion time of 40minre- & (6]

sults in relatively poor emission properties. This may be as- € 0.5

cribed to the blunt tip of nanotube emitters obtained under % 044 | _. A2

this condition. According to Fowler-Nordheim (FN) theory, 2 0-31

the emission current density can be expressed as a func- -2 8'? E=5Vfim, J=45mAlcni

tion of the applied electric fieldE, the local work function E OZOA Y Y Y Y Y Y Y
of the tip ¢, and the field-enhancement factér That is, w 0 1000 2000 3000 4000 5000 6000 7000 8000

J o (B2E?/¢) x exp(—6.83 x 107 x ¢*2/BE). With proper
arrangement, a linear relationship betwegd %) andE !
can be obtained from the above equation. A typical FN p|0Eig_. 5. Emission current stability of aligned carbon nanotubes over a pe-
In(J/E?) vs (E~Y), is used to verify the field-emission char- "°4°f2"-
acteristics. Figure 4 shows the corresponding FN plots of the
aligned carbon nanotubes. Nearly straight lines are observiedChL of 1 min, 20 min, and 40 min are about 3436, 3674,
for all of the samples exhibiting the field-emission phenomand 2920, respectively. The first two values are close due to
ena. The field-enhancement facfbcan be derived from the the similarly aligned carbon nanotubes formed under the first
slope of the FN plot by assuming a work function of carbotwo preparation conditions. The last value is smaller than the
nanotubes of 5eV. Thg values for the immersion times in others, which is ascribed to the larger tip radius of emitters.
Figure 5 demonstrates the emission current stability of the
aligned carbon nanotubes over a period of 2h. An emission

Time (s)

" 5.0m current density of 4.5 mA/chwas established at the electric
5 | ion i in PdCl . field of 5 V/um. No obvious degradation of the emission cur-
< 4.0m| Mmmersion imes in 2 .‘ rent density was observed in the stability test. The emission
> —s—Al=1min $ current fluctuation was found to be from25% to +15%.
w .. . . . .
S 30m{ | —e_A2=20min : This is relatively more stable than that of the nonaligned car-
° ) i bon nanotubes previously report&d.
E 20 —a—A3=40min 3
g &Um- .." 4. Conclusions
3 » | i
S 1.0m.J J In summary, the bias-enhanced microwave plasma chem-
2 ical vapor deposition technique was adopted to synthesize
g 0.0 aligned carbon nanotubes on Pd-catalyzed porous silicon sub-
Ll ' strates. The turn-on fieldg,,, defined at the emission cur-

0 1 2 3 4 5 rent density of 1QA/cm? are dependent on the immersion

times in PdCJ. The emission current densities are about

0.97 mA/cnt, 4.5mAl/cnt, and 0.44 mA/crh at the electric

Fig. 3. Field-emission properties of aligned carbon nanotubes for differefield of 5V/um for the immersion times in Pdgbf 1 min,
immersion times in Pd! 20 min, and 40 min, respectively. The lower turn-on field and

Applied electric field (V/pm)
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higher emission current density obtained from the aligned car3) A. C. Dillon, K. M. Jones, T. A. Bekkedahl, C. H. Kiang, D. S. Bethune
bon nanotubes for the PdGmmersion time of 20 min are at- . ";\‘A”dFM- J. Hfft??”a’:‘atu'?G(lNgg\;?g% o
tributed to the denser and sharper nanotubes. Moreover, thega M- Freemante: Chem. Eng. Nevg (1996) 62.

. o ] ' C. Niu, E. K. Sichel, R. Hoch, D. Moy and H. Tennent: Appl. Phys.
aligned carbon nanotubes indicate no obvious degradation of | ett. 70 (1997) 1480.

the emission current density over a period of 2 h. 6) G. Che, B. B. Lakshmi, E. R. Fisher and C. R. Martin: Nat8g3
(1998) 346.
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