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ABSTRACT

Continued growth is a way of growing nanotubes targeted to produce continuous and chirality-controlled single-walled carbon nanotube
(SWNT) materials. This growth method strongly depends on efficient preparation of open-ended SWNT substrates. Nanoscopically flat open-
ended SWNT substrates have been prepared by cutting the SWNT spun fiber with a focused ion beam cutting technique and followed by
etching schemes for cleaning amorphous carbon and opening the ends of the SWNTs. The open ends were effectively characterized through
selective etch back of open SWNT ends by carbon dioxide gas at 950 °C. High density continued growth was demonstrated from these
nanoscopically flat open-ended substrates.

Single-walled carbon nanotubes (SWNTSs) are currently the separation techniqdi& 4 is uniquely desirable to produce a
focus of intensive interdisciplinary study due to their large quantity of chirality selected SWNT materials.

remarkable physical and chemical properties and their Continued growth of SWNT8 is a way of growing
prospects for various scientific and practical applications nanotubes targeted to produce continuous and chirality-
ranging from electronic to biological devicégor electronic  controlled SWNT materials. Starting from a periodic array
application, chirality selected SWNTs are critical in both of open-ended SWNTSs, so-called “open-ended SWNT sub-
macroscopic (armchair quantum wyeand microscopic  strates”, nanometer-sized catalyst particles are docked to the
applications (field effect transistd)s So far, no growth  open ends and act to decompose introduced carbon feedstock
method including arc dischardé, laser ablatiort, and adding carbon atoms to a pre-existing carbon lattice. On the
chemical vapor depositién** has been able to control the scale of an individual nanotube, this process is one-
chirality of SWNTs. The ability to reinitiate growth from a  dimensional epitaxy with assistance of a catalyst following
pre-existing open-ended SWNT seed combined with a a tip growth mechanism by lifting off catalyst such that the
growth would not be terminated by diffusion of carbon

* Corresponding authors: Dr. Robert H. Hauge, tel 713-348-6384, fax feedstock as base growth woufdlf armchair open-ended
713-348-5320, e-mail hauge@rice.edu; Mr. Carter Kittrell, tel 713-348- substrates are prepared, this will provide an efficient mech-

5108, fax 713-348-5320, e-mail kittrell@rice.edu. ) . i
T Department of Physics & Astronomy, Rice University. anism to produce macroscopic armchair wires.
* Carbon Nanotechnology Laboratory, Rice University. . . .
s Department of Chemistry, Rice University. Continued growth of SWNTs highly depends on efficient
' Department of Materials Science & Engineering, University of Penn- preparation of open-ended SWNT substrate. Previously, our

sylvania. .
O Structural Materials Branch, Wright-Patterson AFB. group demonstrated continued growth of SWNTs from an

#FEI Company. open-ended SWNT substrate prepared by a microtome

10.1021/nl061531+ CCC: $37.00 ~ © 2007 American Chemical Society
Published on Web 12/14/2006



Figure 1. (A) The SEM image showing side view of FIB cut surface. (B) High magnification SEM image taken from the edge shows that
the top surface is smoothly covered by amorphous carbon caused by ion damage or carbon redeposition.

cutting techniqué® However, microtoming of the SWNT  Finally, a nanoscopically flat surface was revealed after two
spun fibet” generated a “combed layer” where sidewalls of processes (Figure 1).
nanotubes are exposed. Etching of this layer requires a long The surface is very smooth, but it is covered by amorphous
exposure of oxygen plasma, which forms rough surfaces with carbon and implanted gallium. The amorphous carbon layer
300-500 nm features (Figure 2C). Due to insufficient mutual s produced by ion damage resulting from the displacement
support, tubes grown by this method from a microtomed of atoms from their lattice sites due to collisions with the
substrate fell over. This is thought to be due either to the jons or by redeposition of carbon atoms caused by a back
roughened surface morphology or to a decrease in the densitycattering process. Furthermore, the ends of the tubes might
of open-ended tubes due to longZ0 min) oxygen plasma  be closed by the heat generated or by carbon redeposition.
exposure. Thus, we need a cleaning process to remove Ga and

To prepare nanoscopically flat open-ended substrates,amorphous carbon and an end opening step.
focused ion beam cutting and polishing was employed. In  After FIB cutting, the 710 mm long fiber pieces were
focused ion beam cutting, an ion beam is scanned in a linedipped into a 1:1 MeOH/1 N HCI solution at 8C overnight
on a surface producing a trench with an inverse Gaussian(about 8 h). Methanol was added for better wetting ability
shape as expected from the beam profile. However, whenthat enables the HCI to penetrate into the surface of the fiber
the dose is increased, the trench becomes very sharp, narrowhy capillary action. Since the melting temperature of Ga is
and unexpectedly deépPreviously, our group reported a so low (T, = 29.77°C), at 60°C, it should be in a liquid
preparation of a “bed-of-nails” membrane of SWNTs using state that will easily react with HCI. To avoid evaporation
a focused ion beam (FIBY, but an amorphous carbon of the solution from the beaker, a watch glass was laid on
cleaning and end opening schemes for open-ended SWNTiop of the beaker, so that vapor was condensed back into
substrates are reported here for the first time. Also, demon-the solution. Through this step, most of the embedded Ga
strated continued growth with a high density is crucial has been removed as shown by EDX (energy dispersive
evidence that efficient open-ended substrates were preparedX-ray analysis) data (Supporting Informati&@i).
All the methods herein reported to prepare nanoscopically To minimize the effects of residual catalyst particles in
flat open-ended SWNT substrate are useful not only for the fiber, H baking at elevated temperature followed by
continued growth of SWNTS8 but also for open-ended dipping the fiber inb 1 N HCI solution was performed. In
nanotube-based membrane filt&/ or studies of the chemi-  each cycle, temperature was ramped in three steps (110, 350,
cal and physical properties of SWNT erfds. 800°C) while resting at each steprfd h in 10% H balanced

FIB cutting on the SWNT spun fiber was performed by with Ar at 1 atm total pressure. After the first;Hbaking,
our collaborators in AFB, UPenn, and FEI using a FEI Strata the catalyst particles were exposed at the surface of the fiber,
DB235 focused ion beam. A gallium ion (Gabeam was mobilized by heat and hydrogen in a manner similar to
used as an ion source and focused down to -a2lDnm Ostwald ripening and then were subsequently removed by
sized spot. Accelerated gallium ions transfer a great deal of HCI (Figure 2A,B). This cycle was repeated until no catalyst
momentum, sputtering carbon atoms from the lattice so thatwas observed at the surface after hydrogen baking. Usually,
true cutting of tubes is achieved. The procedure is comprisedtwo or three cycles were enough, but this process could not
of two parts, cutting and polishing. An acceleration voltage remove the amorphous carbon layer.
of 10 kV and current of 5061000 pA were used for rough Two techniques have been successfully developed for
cutting, and voltage and current of 10 kV and +&ED0 pA removing amorphous carbon. The first one is hydrogen
were used for polishing. The polishing cycle was repeated cleaning with assistance of catalysts in a HV reactor with a
until most of artifacts generated by cutting were removed. laser heating system similar to what has been described in
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Figure 2. (A, B) Residual catalysts cleaning. (A) SEM image taken after hydrogen baking at the side of the fiber. (B) The SEM image
shows that catalyst particles at the surface were cleaned by dipping the fibdr MHCI. (C, D) Comparison of open-ended substrates.
(C) An open-ended substrate prepared by microtome cutting and followed by etching and cleaning steps shows a rough surfaee with 300

500 nm features. (D) An open-ended substrate prepared by FIB cutting and followed by cleaning step shows nanoscopically flat surface.

(The sample was cleaned with 1 Torp Bt 750°C in a HV chamber with assistance of Fe/Ni catalyst, and the SEM image was taken at
the naturally formed crack showing dense and clean SWNT bundles.)

the previous articlé® A very thin layer (2.8 A) of Fe/Ni Previous studies for characterizing open-ended tubes were
catalyst was evaporated onto the cross sectional surface ofimited to gas adsorption techniqu&sg® which are not

the fiber at about 350C in a reducing environment of & feasible for less than a 1@0n diameter surface of the fiber.
10°° Torr of hydrogen. Subsequently, hydrogen was intro- Transmission electron microscopy might be another means,
duced and maintained at 1 Torr pressure at 760or 40 but it does not have the capability of giving information of

min. After hydrogen cleaning, the fiber was dipped into 1 N the overall surface. Taking advantage of the observation that
HCI solution to remove catalyst. Finally, a nanoscopically 10% of CQ could not etch back the tubes at the surface at
flat (~10 nm surface roughness) and very clean SWNT 950°C, we proceeded to try the same condition to a HOPG
substrate was revealed as shown in Figure 2D. (highly ordered pyrolytic graphite) surface and open-ended
Carbon dioxide has been found to be very effective for SWNTs. The step edges on HOPG surface were etched back
removing amorphous carbon without requiring any catalyst. with a 2—=3 nm/min etching rate by 10% of GGt 950°C
It is known that CQ itself cannot etch graphite below 900 for 15 min. Also, open-ended SWNT bundles (the purified
°C in the absence of catalystAs illustrated in panels A tubeg® are considered as open-ended tubes because catalyst
and C of Figure 4, it has been found that the amorphous particles were detached off during the purification process.)
layer on the surface was completely removed by 10% CO were etched back by a series of 120 pulses of @050
balanced with argon at 95 for 20 min in a quartz tube  °C. The pulsed etching scheme was adopted to not remove
furnace without causing any damage to the nanotubes at theall the short bundles. Each pulse contains 55 mL of, CO
surface. We then tried an additional 20 min, but the surface yielding 300 ms, 1 atm exposure to the sample separated by
remained the same and also flat. Thus, we suspected thafl min of Ar at 1 atm. This experiment leads us to believe
the ends of tubes might be closed because the edge of théhat CQ gas can etch back only open-ended tubes at 950
graphite will begin to etch around 90C 23 °C; this became a powerful tool for testing an end-opening
For preparing an open-ended SWNT substrate, a characscheme (Figure 3).
terizing method for open ends is crucial because it is not To open the ends of SWNTSs, various methods have
possible to grow tubes continuously from closed-ended tubes.been tried including wet chemical methods such as hot
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Figure 3. AFM images of CQ etching for open end characterization. (A, B) Before and after images efe@Bing on HOPG surface
show that the step edges of graphite can be etched by 109@C¥30°C. (C, D) Before and after images of G@tching on open-ended
SWNT bundles show that the open-ended tubes can be etched by 1%t G&D°C. (Purified tubes were used for this experiment, and
those are considered as open-ended tubes because catalyst was detached off during the purification step.)

and cold piranh&(4:1, vol/vol 96% HSOY/30% HO,), As an alternative method, Ar ion sputtering was also
KMnQO,4?® and electrochemistrd?, but most of the wet  developed. Arion impact can generate vacancies by knock-
chemical methods turned out to have a problem of producingon or cascade processes without any contamination. The
a surface oxide layer. Two clean methods of opening the 3CM DC (CSC, Veeco) ion source was employed, and the
ends of tubes were found to be a very short exposure of experiment was performed at current density 0.25 mA/cm
inductively coupled oxygen plasma and Ar ion sputtering, and 500 V acceleration voltage at a normal angle to the
respectively. The prepared flat and clean SWNT substratesurface for 1 min (15 mC/chtotal charge). Ar ion sputtering
was exposed to inductively coupled oxygen plasma for 10 by itself did not cause any morphology change, but sputtering
20 s. Panels A and B of Figure 4 showed that there was followed by 10% CQ etching at 950°C for 20 min in a
almost no change after 20 s of exposure to inductively quartz tube furnace increased surface roughness (Supporting
coupled oxygen plasma, and no surface oxide was found tolnformationS2). This indicates that Ar ion sputtering is also
be formed on the surface. After the sample was treated witha means of opening the ends of the tubes or introducing other
10% of CQ at 950 °C in a quartz tube furnace, the defects exploitable by CQetching.

morphology has been significantly changed, and the surface After the ends of the tubes were opened, a very thin layer
roughness had increased from about 10 nm to about 200 nm(2.1 A) of Fe/Ni catalyst was deposited from the e-beam
as illustrated in panels C and D of Figure 4. This leads us to evaporator in a reducing environment ofx110°° Torr of
believe that short exposure to inductively coupled plasma is hydrogen at about 35TC. Since the surface is nanoscopically
an effective means to open the ends of the tubes in ourflat and highly dense, most of deposited catalyst atoms are
substrate. expected to dock to the open ends of the tubes directly,
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Figure 4. End opening scheme with short exposure to oxygen plasma. (A) The SEM shows that amorphous carbon was cleaned with 10%
CQO; at 950°C for 20 min in a quartz tube furnace. (B) SEM images taken after treatment with inductively coupled oxygen plasma for 20
s shows no visible change. (C) SEM image taken after cleaning amorphous carbon with 1086 $50°C for 20 min in a quartz tube
furnace. (D) SEM image taken after the oxygen plasma treatment followed by 10%.,aft€ting at 950C for 20 min shows significant
morphology change indicating that closed ends can be etched open by short exposure to inductively coupled oxygen plasma.

otherwise they will slightly diffuse around the side of the showing that the RBM peaks taken before and after growth
tubes and find the ends of the tubes because the ends arexperiment peaks all match in terms of their wave numbers
more reactive compared to the sidewall of the tube. Through (peak position) because the peak position of the RBM peaks
this process, more uniform diameter sized particles are represents chirality of SWNTs in Raman speéfrRaman
expected to be nucleated and grow on the open ends. data were collected with a Raman microscope (Renishaw
As soon as the catalyst was deposited, ethanol wasMicro-Raman System 1000) using the three laser excitation
introduced without hydrogen and maintained at 10 Torr by lines (514, 633, 780 nm) to excite many chiralities of
an automated throttle valve and feedback control. The nanotubes because Raman data we collect is caused by
temperature was increased to 8@ within 2 min to avoid resonant Raman scattering that occurs when the energy of
non-nanotube carbon deposition such as amorphous carboithe laser matches the interband transition energy of the
that might cause catalyst poisoning. The growth time was nanotube®® To collect Raman signal from the top surface,
30 min, and the 23 um extension of the fiber was observed the 2 um diameter spot (50 objective) of the laser was
in the real time image from a CCD camera. As illustrated in focused onto the top surface, and the sample was tilted at a
panels A and B of Figure 5, a significant change has been45° angle from the direction of the laser so that we could
observed after the growth experiment. Bundles of tubes haveavoid polarization mismatch. We collected spectra from
grown up seamlessly from the SWNT substrate. The scanningseveral spots, and they agree with each other in terms of the
electron microscopy (SEM) image (panel C of Figure 5) wave number of the RBM.
taken from the edge of the fiber shows that the grown tubes In conclusion, nanoscopically flat open-ended substrates
are aligned vertically. This indicates that the tubes were were prepared by cutting the spun fiber perpendicular to the
grown with high density, and vertical growth was not fiber axis with FIB and followed by cleaning and end-
observed from the sample prepared by microtome cutting opening steps. The open ends were characterized by CO
and an oxidative etching scheme. gas at 950C showing selective etch-back. Continued growth
The Raman dataS4 in Supporting Information) support ~ was demonstrated from these substrates. The fact that grown
the belief that the grown tubes are not tubes of new chirality tubes were vertically aligned indicates that high-density
but tubes of the same chirality as the SWNT substrate, growth has been achieved from efficiently prepared open-
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Figure 5. (A) SEM image taken from nanoscopically flat SWNT substrate after FIB cutting. (B) SEM image taken after the growth
experiment. (C) High magnification images taken from the edge (red square) of the fiber after growth experiment. This image shows that
the density of nanotubes is high enough to be grown vertically.

ended substrates by a FIB cutting technique and followed material is available free of charge via the Internet at http://
by amorphous carbon cleaning and end-opening schemespubs.acs.org.
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