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Efficient Fabrication of Carbon
Nanotube Point Electron Sources
by Dielectrophoresis**

By Jian Zhang, Jie Tang, Guang Yang, Qi Qiu,
Lu-Chang Qin, and Otto Zhou*

Carbon nanotubes (CNTs) are being actively investigated
as field-emission electron sources for a variety of electronic
devices including displays,'?! X-ray tubes® and electron
microscopes.!*! Compared to the conventional field-emitters
they have significantly improved emission characteristics, such
as lower threshold field for emission,>*! higher emission cur-
rent,”® and improved stability.[gl In situ scanning electron
microscopy (SEM) experiments have shown a stable emission
current of 0.1-1 pA from an individual single-walled carbon
nanotube (SWNT). A recent report demonstrates that field-
emitted electrons from CNTs have a narrower spatial distribu-
tion and thus higher brightness compared to the state-of-art
LaB¢ and Schottky electron sources,[4] which is desirable for
precision vacuum electron devices. Efficient and reliable
methods for fabrication of CNT point-emitters are, however,
currently lacking. Direct growth of CNTs at predetermined
locations has been demonstrated using chemical vapor deposi-
tion (CVD) techniques."®'?! The approach requires selective
deposition of nano- to micrometer-size catalysts and a high
reaction temperature. In general it lacks control of the length,
orientation, and number of CNTs grown. For laboratory ex-
periments the CNTs can be manually attached to a sample
holder coated with adhesives by a trial-and-error process.m’m]

Dielectrophoresis is a powerful technique that can manipu-
late and assemble small objects into predetermined patterns
by the interaction between the external electrical field and
the induced dipole moments.l'”! It has been applied to differ-
ent systems.[ls’w] Recently, we showed that CNTs can be as-
sembled into submicrometer-diameter fibrils with controlled
and variable lengths via the dielectrophoresis method.”” In
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MATERIALS

this paper, we report the fabrication of short CNT tips by this
dielectrophoresis process, and their electron-field-emission
properties. Aligned CNT tips comprising either SWNT bun-
dles or multiwalled nanotubes (MWNTs) were assembled
with controlled length and orientation. For the purpose of
extracting stable emission current, the CNT tips were con-
fined to 4-10 um in length and 50-100 nm in diameter, with
one end anchored on a tungsten wire. This method affords
reliable control of the orientation, with all of the tips confined
within a 2° angle from the cone axis of the W wire. A stable
emission current of 3-5 WA was extracted.

SWNT bundles, produced by the laser-ablation method at
the University of North Carolina (UNC), were first purified
and etched to either ~0.5 pum or ~2 um in bundle length by
an oxidation process.”!! Prior experiments have shown that
the processed materials maintain the basic characteristics of
the nanotubes and are hydrophilic due to the presence of the
COOH functional groups.””?*! MWNTs produced by the
plasma CVD method®! were used without further processing.
The nanotubes were dispersed in de-ionized water with the
aid of sonication. The experimental setup comprises two elec-
trodes, a chemically etched tungsten wire, and a metal holder,
mounted on separate translation stages under an optical
microscope. An alternating current (AC) field of 10 V at
2 MHz was applied between the W wire and the metal holder,
which contained the nanotube/water suspension. Computer
simulations using commercial software (Fig. 1) and experi-
mental results have shown that the polarizable CNTs were
attracted to the W tip where the electrical field gradient is
high when the permittivity of the medium is lower than that
of the nanotubes. To draw a continuous tip, the W electrode
was translated horizontally to contact the surface of the sus-
pension and was gradually withdrawn under the electrical
field until a nanotube tip with a desired length was formed on
the apex of the W wire.

local electric field

Figure 1. A schematic illustration of the dielectrophoresis assembly pro-
cess. The electrical field distribution shown was simulated by a commer-
cial package (LorentzE V6.0). The polarized CNTs in water were first
aligned along the field direction due to the torque acting upon the
induced dipole. When the permittivity of the object is larger than that of
the medium the result shows a positive dielectrophoresis force driving
the nanotubes towards the high field region, which is consistent with the
theory [17]. The first group of CNTs adhered to the apex of the W tip and
became the new outermost surface of the electrode where the next CNT
precipitated. By gradual withdrawal of the W electrode from the liquid a
continuous fibril was formed.
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Ten samples were fabricated under similar conditions for
this study. The length of the CNT tip was controlled by the
travel distance of the W tip under the AC field. Figure 2a
shows the scanning electron microscopy (SEM) image of one
example. The individual nanotubes and the tip are aligned
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Figure 2. SEM image of a SWNT tip fabricated by the dielectrophoresis
process with one end anchored on the apex of the W wire (a). A histo-
gram obtained from measuring the angles between the CNT tips and the
W wires (b). All the tips are confined within a 12° cone angle. At the
CNT/metal interface entangled nanotubes adhered on the surface of the
W wire and coagulated into a thin fibril with only a few nanotubes in the
radial direction (c).

along the electrical field direction which is along the cone axis
of the W. Figure 2b is the histogram obtained from measuring
the angle formed by the CNT tip and the W wire. All the tips
are confined within a 12° cone angle. The very end of the fibril
comprises only a single SWNT bundle or a MWNT. At the
CNT/metal interface entangled nanotubes adhere on the sur-
face of the W wire and coagulate into a thin fibril with only a
few nanotubes in the radial direction, as shown in Figure 2c
for a MWNT tip.

The electron-field-emission characteristics of these tips
were measured using point-plane geometry with a CNT tip
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mounted on a micrometer head as the cathode and an oppos-
ing metal plate as the anode. The distance between the two
was adjusted by translating the micrometer head and was
fixed to ~200 wm (estimated from the image taken using a
charge coupled device (CCD) camera). The setup was then
placed inside a vacuum chamber at 5x 107 torr base pressure.
The total emission current from the CNT tip was collected as
a function of the applied voltage. Figures 3a,b show the data
collected from a SWNT tip with a ~50 nm tip diameter. The
emission current-voltage characteristics exhibited the classic
Fowler—Nordheim type behavior with a linear relationship be-
tween In(//V?) and 1/V. The emission current reached 5 pA at
less than 1000 V applied voltage, giving an estimated current
density of 2.5x10° Acm™.

The emission stability was measured by monitoring the vari-
ation of the emission current with time for 10 h continuously
in direct current (DC) mode at a fixed voltage. Figure 3¢
shows the data from a SWNT tip (~50 nm in diameter) mea-
sured sequentially at three different voltages. The emission
current was stable at 1 uA and 2.8 pA when the applied volt-
age was fixed at 800 V and 1000 V, respectively, with no over-
all decay of the emission current. With a ballast resistor in
series with the cathode, the local current fluctuation was cal-
culated to be 5% at 1 nA and 2.5 % at 2.8 pA. The emission
current from the same sample reached 5.5 @A when the volt-
age was further increased to 1200 V, but suddenly dropped to
zero after 1 h. No current was detected even at a higher volt-
age. SEM examinations revealed catastrophic failure from
fracture of the W wire, and disappearance of the entire CNT
tip as shown in Figure 3c inset. It is attributed to resistive
heating at the W and CNT interface. In another SWNT tip, a
stable current of 6.5 wA was obtained. The current fluctuation
of this sample without the ballast resistor was about 12 %,
comparable to value reported from a un-ballasted individual
SWNT.P!

In some samples, segmentation of the CNT tips occurred
first, typically when the current was raised to above 5 pA,
which resulted in a sudden decrease of the emission current.
The current could be recovered by increasing the applied volt-
age. This process repeated several times until no current could
be extracted. Breakage of the CNT tip is attributed to separa-
tion of the individual CNTs within the tip due to the high
electrical field. Vacuum annealing was found to improve the
inter-nanotube bonding within the tip.

To record the emission pattern from the CNT tip the metal
anode used in the above measurements was replaced with a
phosphor-coated ITO (indium tin oxide) glass. The image
formed on the phosphor screen by the emitted electrons was
recorded by a CCD camera placed outside the vacuum cham-
ber. Figure 4 shows the emission images obtained from a
MWNT tip. A single emission spot was observed in all operat-
ing voltages, consistent with the SEM results, which showed
that there is only one close-packed CNT tip anchored on each
tungsten wire. At 1400 V the diameter of the bright spot on
the phosphor screen is about 200 um, giving a beam diver-
gence angle of 50°. The large spread angle results from the
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Figure 3. Electron-field-emission properties of a SWNT tip measured using point-plane geome-
try at 107 torr base pressure. The emission current—voltage characteristics (a) exhibited the
classic Fowler—Nordheim type behavior with a linear relation between In(I/V?) and 1/V (b).
Current stability was measured sequentially at 1 pA, 2.8 uA, and 5.5 pA when the applied volt-
age was fixed at 800 V, 1000 V, and 1200 V, respectively (c). A ballast resistor was put in series
with the cathode. The cathode-anode distance was estimated to be ~200 um. The inset is the
SEM image of the W tip measured after failure showing fracture of the W and disappearance of
the CNT tip.
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Figure 4. The emission images from a MWNT tip were recorded at different applied voltages.
A single emission spot was observed in all operating voltages. The large divergence angle (50°
at 1400 V) is due to the electrical field distribution in the point-plane geometry rather than the
intrinsic divergence angle of the field-emitted electrons from the nanotubes.
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MATERIALS

electrical field distribution in the point-
plane geometry rather than the intrinsic
divergence angle of the field-emitted elec-
trons from the nanotubes.

In summary, carbon nanotube tips with
controllable length, diameter, and orienta-
tion have been fabricated by the dielectro-
phoresis process. This has not been
achieved by other techniques. The tips with
van der Waals’ bonded nanotubes are
mechanically rigid and retain their rigid
rod-like morphology even when the length
exceeds ~30 p,m.m] Due to the interfacial
morphology they adhere strongly to the
metal supports, which ensure stability under
high electrical field and minimizes mechan-
ical vibration. The CNTs are capable of
delivering high and stable electron-field-
emission currents that exceed 10° A cm™ in
density. Compared to the other techniques
reported so far for making CNT tips, the
present dielectrophoresis method is effi-
cient, controllable, and reproducible. Paral-
lel fabrication of multiple tips using the
same CNT source at the same time has al-
ready been demonstrated. The emitters
thus fabricated can potentially be used as
the field-emission electron sources for pre-
cision vacuum electronic instruments such
as electron microscopes.
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Cerium Compound Nanowires and
Nanorings Templated by Mixed
Organic Molecules**

By Mitsunori Yada,* Seiji Sakai, Toshio Torikai,
Takanori Watari, Sachiko Furuta, and Hiroaki Katsuki

One-dimensional structures such as nanowires, nanofibers,
and nanoribbons with high aspect ratios have attracted much
attention lately due to their high potential for applications in
fabricating electronic devices, sensors, etc. These structures
are expected to have their unusual characteristics amplified
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through quantum size effects, and marked shape-specific
effects.'*! To obtain one-dimensional materials, organic mol-
ecules are often used as a medium or template. The use of
sodium bis(2-ethylhexyl)sulfosuccinate (NaAOT) represents
an especially powerful tool to synthesize nanowires of materi-
als such as CaSO4,[4] BaSO4,[5] Cu,[6] BaCrO4,[7] BaWO4,[8]
and CdS.”! Less-ordered hexagonal mesostructured SnO,,
templated by NaAOT has also been reported.!'”!

Ceria (CeO,) and ceria-based materials have been exten-
sively used as solid electrolytes in solid oxide fuel cells; as
automotive catalysts, utilizing their oxygen storage capacity;
as absorbents for fluoride ion or arsenic-based compounds;
and as substances to filter out ultraviolet rays. Ceria and ce-
ria-based compounds obtained in nanostructured forms are
thus expected to be promising as materials that show interest-
ing properties through shape-specific and/or quantum size ef-
fects. Nanostructured ceria, synthesized using organic mole-
cules, has been previously reported in the literature. Masui et
al. reported the synthesis of monodisperse ceria nanoparticles
with diameters of 2.6 nm in reverse micelles composed of
AOT (bis(2-ethylhexyl)sulfosuccinate) anions.'!! Less-or-
dered mesoporous ceria was synthesized using alkyltrimethy-
lammonium bromide as a template.m] Ordered mesoporous
ceria templated by hexadecylamine has also been reported.m]
Macroporous ceria was obtained by a nanotectonic approach
based on the template-directed assembly of organically func-
tionalized ceria crystalline particles by poly(y-benzyl-L-gluta-
mate).'4

In this paper, we report for the first time the synthesis of
cerium compound nanowires and nanorings templated by
AQT anions and alkyl alcohols. We also demonstrate nanos-
tructural control of the cerium compound nanostructures by
the carbon number of the incorporated alkyl alcohol.

Figure 1a shows the transmission electron microscopy
(TEM) image of a solid synthesized in the presence of
NaAOQOT after a reaction time of 5 h. Nanowires were obtained
with widths of several tens of nanometers and lengths of the
order of micrometers. The sulfur to cerium, or AOT to cerium
molar ratio, determined by energy dispersive X-ray (EDX)
analysis was 0.37, indicating that AOT molecules were incor-
porated in the solid. Figure 1b is an enlarged image of the
nanowire and shows stripes, suggesting the formation of a
layered structure composed of a cationic cerium-based inor-
ganic sheet with a thickness of 2.0 nm, and an anionic AOT
bilayer with a thickness of 1.0 nm, as shown in the schematic
representation of Figure 2. When the synthesis was performed
in the presence of both butyl alcohol and NaAOT, instead of
only NaAOT, similar but more divided nanowires were ob-
servable, as shown in Figures 1c—e. These nanowires also indi-
cated a relatively ordered, layered structure composed of an
inorganic sheet with a thickness of 2.1 nm and an organic mo-
lecular bilayer with a thickness of 1.4 nm, as determined from
the higher magnification image Figure 1c. Figures 1d,e show a
disordered layered structure observed in the same sample.
The variations in the widths of the stripes strongly suggest that
the nanowire substance has either an ordered or a disordered,
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