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This paper reports on a procedure analogous to spot welding at
the nanoscale level (nano-welding) using scanning probe micros-
copy (SPM). The nano-welding procedure was developed to
immobilize single-walled carbon nanotubes (SWNTS) to the surface
at point sites along their lengths. By SPM nano-welding and

manipulation of SWNTs, bended, stretched, and more complex, E‘: o £ f 4]

such as triangle-like and wavelike, SWNTs have been obtained. It < 3 |5.40m § 3

provides a versatile method for investigating SWNTs’ deformation g ) 8 f 1.2 nm

properties and fabricating SWNT-based nanodevices. Figure 1 21 ﬁ 0 ﬁx
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Figure 1. Schematic representation of the nano-welding by scanning probe
microscope.
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iIIustra.tes the.mechani_sm of nano-welding (_or nano-spc_)t-wglding) Figure 2. Tapping-mode AFM height images of a SWNT with a diameter
formation. Using a typical setup for conductive AFM oxidation, & 4’1 g nm before (a) and after (b) nano-welding. Panels ¢ and d are the
positive bias voltage was introduced from the silicon substrate to section analysis of (b) along the red line and blue line, respectively. ()
the conductive SPM tip. When this occurred, the localized electric Tapping-mode AFM height images of a SWNT nano-welded using different
field induced oxidation of silicon to SiOBecause SiQis of much voltages. Panel f shows the tapping-mode AFM height images of the same
lower density than Si, the oxidation resulted in a volume expafgton. ivghlgtlrllé%)ogﬁfi: glanrqe”:n oval by NHF etching followed by annealing
When performed over a SWNT, the Si@rew around the tube,
effectively fixing that site on the SWNT to the silicon substrate. on. After that, the voltage was added and the tip moved along a
In the past few years, many nanofabrication techniques have beerpredefined path across the SWNT. The voltage employed in our
developed that have greatly expanded our ability to construct a wide experiment was in a range of £@8 V, and the tip moving speed
range of devices on the nanoscalglany of these are analogous was 10 nm/s except in those cases indicated. The relative humidity
to macroscale processes. Dip-pamd nanoimprirttlithography, was in a range of 3050%. As for the manipulation, the process
for example, correspond to writing and printing processes. For was similar, except that the voltage was set at zero; the feedback
nanoscale construction, manipulation of structural morphology and was switched off, and the tip was additionally pressed down about
configuration is often necessamAs one kind of nanofabrication, 10 nm for an optimal contact load at the-tipample interface.
the nano-welding using SPM reported here represents a novel Figure 2a,b shows the AFM height images of a SWNT before
general means of manipulating nanostructures such as SWNTs thaand after the welding. The height increase at the welding spot
have a variety of applicatiorfs. suggested that scanning probe oxidation of the Si had deposited
The carbon nanotubes used in this work were grown directly on SiO; above and around SWNTs, which could be completely
silicon (111) surfaces by chemical vapor deposition as described removed by fluoride etching for the SWNT to return to its original
in ref 7. Briefly, Fe(OH} colloid hydrolyzed from FeGlwas spin- height, as shown in Figure 2e,f (see S1 in the Supporting
coated onto silicon surface and then annealed in air at’@ofr Information for more evidences for the formation of capping,iO
20 min to generate ferric oxide nanoparticle catalysts. The growth Most importantly, the section analysis indicates that the, 9i®©
was carried out at 900C for 10 min with a flow of methane at  SWNTSs (3.4 nm) was much thicker than that at the area without
600 standard cubic centimeter per minute (sccm). The diameter SWNTs (1.2 nm), and this is essential for the fixing. The reasons
distribution of SWNTs showed a peak centered at 1.6 nm for this enhancement may be that the presence of a SWNT had
conforming to Raman spectroscopyhe nano-welding process and changed and increased local electric field distribution at the SWNT
later manipulation were carried at Nanoscope Il SPM (Veeco) using site?10 Similar to the welding in the macroscopic world, the strength
homemade software (see Supporting Information for def&itsjor of this nano-welding may be modulated by changing the bias
a typical nano-welding process, the tip was brought down to the voltage, oxidation time (Supporting Information, Figure S2), or the
substrate by decreasing the setpoint while the feedback was heldhumidity 1°
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Figure 3. Tapping-mode AFM height images of a bending-@ and
stretching (e-f) process using SPM nano-welding and manipulation. Inset
of (c) is a bended SWNT with a controlled angle of 13Ranels gi show

the process of fabricating the triangle-like SWNT. More detailed description
is available in the text. Scale bar ir-&is 500 nm. The spotty line left
behind the original position of the SWNT may be the contamination from
amorphous carbon.

For exploring the properties of SWNTs and the construction of

be conducted during the manipulation process. This is useful for
the construction of more complex SWNT-based structures. In Figure
3 g—i, through a second nano-welding and manipulation, a triangle-

like SWNT-based structure was fabricated. Another example is
shown in Figure S3 of the Supporting Information, where a wavelike

SWNT has been obtained by repeating the welding and manipula-
tion processes.

In summary, a procedure analogous to spot welding at the
nanoscale level, termed nano-welding, using SPM is presented in
this communication. Using SPM oxidation of the underlying silicon,
SWNTSs have been immobilized to the surface at point sites along
their lengths. It is shown that this nano-welding process nearly has
no structural damage to the SWNTSs, and this immobilization makes
the SPM manipulation of SWNTs controllable and desirable, which
is helpful not only for the construction of SWNT-based nanodevices
but also for the exploration of the SWNTSs’ properties, including
the mechanical properties. The idea of using SPM for welding at
the nanoscale may be amenable to other nanofabrication technolo-
gies and other systems, such as DMAhis highly novel nano-
welding technique will permit the development of a whole range
of new nanodevices and facilitate exploration of material physics
at the nanometer scale.
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nanodevices, it was necessary to establish whether the SWNT had SuPporting Information Available:  Part I: Method of nano-

sustained any damage during nano-welding. To do this, SWNTs
were welded at various bias voltages from 11 to 18 V and a tip
speed of 10 nm/s to cover all the conditions used in our nano-
welding experiments (Figure 2e). After removing the S NH4F
etching and annealing the SWNT in air at 48Dfor 20 min, they
were examined by AFM. Annealing in this way is an effective

welding and manipulation by SPM; Part Il: Figure S1, AFM images
of the welding point before and after destruction; Figure S2, AFM
images of SWNTs nano-welded with different voltages and tip moving
speeds; Figure S3, AFM images of intermediate stages of the process
to fabricate the wavelike SWNT. This material is available free of
charge via the Internet at http://pubs.acs.org.

means of revealing defect sites since fracture usually occurs as agaferences

result of the annealing proceS§?Not only were no fractures seen
but also no obvious morphological changes were observed. This
result suggested that nano-welding did not alter the SWNT structure
and excluded the possibility of forming carbide at welding spots.
This nano-welding technique, together with SPM manipulatfon,
will help us to deform SWNTSs in a controlled manner to produce
structures with unique properties predicted both experime#tally
and theoretically# In Figure 3a-c, the SWNT was first welded at
a predefined point and then manipulated along the white arrow.
Due to the nano-welding, the SWNT took up a bended configu-

ration. It can be seen that the bending site and angle can be easily

controlled through predefining the tip path. In the case of Figure
3c, the angle is 84 while for the tube shown in the inset, the angle
is controlled at 130 The nano-welding can also be used to stretch
the SWNT. As shown in Figure 3¢, after the SWNT was welded

at two sites, the manipulation was carried out between the two
welded sites along the white arrow. Due to the presence of the
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