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Atomic force microscopes (AFM) are commonly used to map walled nanotube (SWNT), which provides the highest spatial
the surface structure and topography of different objects andresolution because of its smal-{.4-nm) diameter but a
devices' The resolution, sensitivity, and probing depth of limited probing depth due to thermal vibration. The probing
an AFM depend on the structure of the probe. AFM probes depth can be extended by using multiwalled carbon nano-
are commonly made by lithography and have a pyramidal tubes (MWNTSs) with reduced spatial resolution due to the
shape. Prior publications have demonstrated that the spatiatelatively large tube diametéttypically in the range of 16
resolution, wear resistance, and especially the probing depth50 nm.

of an AFM can be significantly increased by utilizing carbon  The purpose of this study is to investigate the feasibility
nanotubes (CNTS)? Several methods have been developed of fapricating CNT AFM tips by dielectrophoresis. It is a
to either mount or directly grow CNTs on the apex of & process often used to manipulate and assemble colloidal
commercial AFM probe. Techniques such as “gluihgt particled?3 and has recently been applied to 1D nano-
“spot-welding™ a CNT protruding from a nanotube source sty ctured-16 We have previously reported the fabrication
with the aid of an optical microscope, transferring CNTs from  of CNT fibrils by utilizing the interaction between polarizable
a support surface inside a scanning electron microstope, cNTs dispersed in water and an ac electrical fiéland we
and picking up a vertically aligned CNT from the substrate yecently demonstrated their utility as point electron field
during AFM imaging have produced some of the early CNT emitters'® Here we show that CNT tips can be readily
AFM probes that have been used to demonstrate their highassempled on the apexes of commercial AFM probes with
spatial resolution. Such techniques are in general time conirolled and predeterminedength and orientation. Their

consuming and are not viable for the production of com- apijity o image structures with high aspect ratios is
mercial quantities. Recently, a method to attach CNTs by a yomonstrated.

magnetic field was reportedCNTs can also be grown
directly on the apex of a commercial AFM probe that is
selectively deposited with catalysts by the chemical vapor
deposition (CVD) techniqu&This approach can potentially
lead to batch production of entire wafers of CNT AFM
probes’ A recent investigation of a large number of CNT
AFM probes formed by the CVD process under the same
nominal conditions, however, shows a relatively large
variation of the length and a wide angular distribution of

The experimental setup is similar to what we have reported
previously!” A commercial Si AFM probe was used as the
working electrode, and a small metal ring was used as the
counter electrode. The counter electrode was mounted on a
translation stage that provides vertical translation with
submicrometer resolution. A charge-coupled device (CCD)
connected to a computer was used to monitor the process.
Two types of carbon nanotubes were used. Single-walled

the nanotube tips thus formé¥To control the length of carbon nanotube (SWNT) bundles produced at UNC by the
the CNTs grown, a technique has been developed to etchIas,er ablation method were first purified and etched @5
CNTs on individu’al AFM tips by an electrical pul8élost u#m in length and were rendered hydrophilic. The second

of the effort so far has focused on probes with one single- type of CNTS used was etched small-diameter MWNT
bundles provided by Xintek, Inc. that have an average length
. : T , of ~1 um and a tube diameter of less than 10 nm. The
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suspension 1pm suspension

Figure 1. Optical microscope images of a Si AFM probe (a) before, (b) during, and (c) after the dielectrophoresis process of assembling
the CNT tip. An ac field was applied between the AFM probe and the counter electrode during the deposition. A CNT tip assembled on
the apex of the Si AFM probe is visible in image c.

electrodes. Under the guidance of the CCD image, the
counter electrode was raised slowly until the suspension
surface wetted the apex of the AFM probe, as shown in
Figure 1. The electrode was then gradually withdrawn until
a CNT tip with the desired length was assembled.
Transmission electron microscope (TEM) images of an
AFM probe fabricated by assembling SWNT bundles on a &g
commercial Si AFM tip are shown in Figure 2a. In this |
particular sample, the CNT tip is700 nm long, straight,
and aligned along the axis of the Si tip. As shown, the sid
surfaces of the Si tip are free of protruding CNTs and debris

The apex of the Si tip is covered with multiple SWNTs that |
coagulate into a thin fibril that is about 40 nm in diameter
at its base and gradually decreases-20 nm near the tip.

As shown by the high-resolution TEM image, the CNT tip
has conical geometry with a sharp end that can provide
improved spatial resolution. The conical-end geometry is
commonly observed in our etched SWNT bundfeén
electron diffraction pattern showed that the individual
SWNTs are closely packed within the bundle and are aligned
along the axis of the CNT tip. The outer surface of the
SWNT fibril is covered with a layer of amorphous carbon.
Figure 2b shows the TEM image of CNTs assembled on the
apex of a commercial high-aspect-ratio Si probe. The CNT
bundle is about 600 nm in length and less than 10 nm in
diameter near the tip, as shown by the high-resolution TEM
image in the inset.

In this dielectrophoresis process, the length of the CNT
probe was controlled by the distance that the counter
electrode was translated under the ac field. Figure 3 shows
some representative electron microscope images of SWNT
and MWNT AFM probes fabricated. Their length varies from Figure 2. (a) TEM images of an SWNT bundle attached to a
0.'5 'to 10um, and the t!p diameter varies from 10 to 50 nm. co?"nmercial Si AFM proge by the dielectrophoresis process. The
Limited by the resolution of the CCD camera, only probes gwNT bundle has a diameter 620 nm near the tip and has
longer than Jum were produced with a predetermined length  conical geometry. (b) TEM images of CNTs assembled on the apex
under real-time monitoring. In a control study of 10 probes of a commercial high-aspect-ratio Si probe. The CNT bundle is
fabricated under nominally identical conditions, the variation about 600 nm in length and is less than 10 nm in diameter near
in the probe length was found to beun. Probes shorter 1€ tP-
than 1um have also been routinely fabricated on the basis because of the starting material used for this study. The
of the empirical correlation of the length with the concentra- diameter of the CNT AFM tip depends on several experi-
tion of the suspension, the average length of the CNT used,mental parameters, including the diameter of the initial
the ac field, and the withdrawn rate, but the exact length nanotube bundle, the concentration of the nanotube suspen-
was not known until SEM observation. sion, the voltage applied, and the drawing speed. The

All of the CNT AFM probes fabricated so far comprise diameter of the CNT probe fabricated in this study is
either SWNT bundles or bundles of small-diameter MWNTSs typically in the range of 1650 nm. The spatial resolution,

(b)
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Figure 3. SEM images show CNT AFM probes with different
lengths fabricated by this process. b, inset) High-resolution TEM
image showing the diameter of the probe.
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Figure 4. Histogram showing the angle distribution measured from
a batch of 15 CNT AFM probes.

however, is expected to be higher than this because, as shown _ _ o
in Figure 2, the CNT probe has conical geometry with a tip Figure 5. (a) Cross-sectional SEM image of a photoresist with

that this sharper than the diameter of the cylindrical body. 4>#M-deep trenches used to test the CNT AFM probe. (b and c)
N . Height profiles measured from the same sample by a conventional
The individual CNTs bond strongly with each other and  sj AFM probe and the CNT probe, respectively. As shown, a nearly

adhere to the Si surface. They could not be removed by vertical sidewall (87) was mapped by the CNT probe but not by
washing under running water or immersing in alcohol. This the conventional AFM probe. The CNT probe remained intact after
is attributed to the morphology of the CNT/Si interface. the measurement.
High-resolution SEM images showed that the apex of the
metal tip was covered with multiple CNTs that were and the electrical field direction during deposition, which
entangled and coagulated into a thin fibril. The relatively can be corrected by improving the experimental setup.
large contact area between the CNTs and the Si tip surface Thermal vibration is one of the parameters that limit the
and the entanglement of the CNTs are believed to contributeprobing depth of the AFM probes with single CNTs attached.
to the strong adhesion. This is in contrast to the mechanically Governed by the diameter and the elastic modulus of the
attached individual CNT that suffers from a short lifetime CNT, the length needs to be less than 100 nm for a SWNT
due to the weak adhesion to the AFM probe. or less than um for a MWNT to limit the vibration at the
The present method affords reasonable consistency in thetip to <1 nm'2° The thermal vibration of an SWNT tip
orientation of the CNT probes. Figure 4 is a histogram fabricated by the dielectrophoresis method was directly
showing the orientation distribution measured from a batch measured using a high-resolution TEM (JEM-2010F). From
of 15 SWNT probes. All are within a 2Zone angle. The  the TEM micrograph of the CNT tip, a lateral elongation of
alignment of the individual CNTs and the CNT probe with the image point of about 0.2 nm was measured. This indicates
the AFM tip is due to the dielectrophoresis force that results that the thermal vibration for this CNT probe (4n in
from the interaction between the induced dipole moments length and~50 nm in tip diameter) is in the range of 0.2
on the CNTs and the applied ac electrical field” One of nm at the tip. The amplitude of the vibration is consistent
the factors that contributed to the small dispersion of the with the value expected from an SWNT bundle of 100 nm
alignment angle is the misalignment between the AFM probe in diameter and-5 um in length using Young’s modulus of
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section SEM image of the photoresist with 4uf-deep
trenches is shown in Figure 5a. Figure 5b and ¢ shows the
height profiles measured from the same sample using a
conventional Si AFM probe and the CNT probe, respectively.
As shown in the Figure, a nearly vertical sidewall {Bfas
mapped by the CNT probe but not by the conventional AFM
probe. SEM shows that the CNT probe remained intact after
the measurement.

In summary, we demonstrate that room-temperature liquid-
phase dielectrophoresis provides an efficient method for the
fabrication of CNT-based AFM probes with controlled length
and orientation. The probes currently fabricated are particu-
larly suited for imaging structures with large aspect ratios.
Compared to the commercial high-aspect-ratio Si probes,
they offer a smaller tip diameter. The CNTs have been shown
to have a significantly longer lifetime compared to the etched
Si tips?! Their spatial resolution is higher than that of the
standard commercial Si tig3,comparable to that of the
single MWNT probe, but lower than that of the single SWNT
AFM probe? The fabrication process described here can also
be utilized to assemble other 1D nanostructdfes.
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