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The authors demonstrate precise alignment and controlled assembly of single wall nanotube
共SWNT兲 bundles at a fast rate over large areas by combining electrophoresis and dip coating
processes. SWNTs in solution are assembled on prepatterned features that are 80 nm wide and
separated by 200 nm. The results show that the direction of substrate withdrawal significantly
affects the orientation and alignment of the assembled SWNT bundles. I-V characterization is
carried out to demonstrate electrical continuity of these assembled SWNT bundles. © 2007
American Institute of Physics. 关DOI: 10.1063/1.2747193兴
Nanoscale electronics based on carbon nanotubes
共CNTs兲 are smaller and more versatile than conventional
complementary metal oxide semiconductor 共CMOS兲 electronics. Various CNT based devices including scanning
probes,1 field emitters,2 field effect transistors,3 biological
sensors,4 chemical sensors,5 and memory devices6 have been
fabricated and studied. For realization of large scale production of single walled nanotube 共SWNT兲 based devices, controlled assembly and precise alignment of SWNTs on prefabricated structures over large areas have been proposed. To
achieve this, attempts such as catalytic growth of nanotubes,7
self-assembly of nanotubes on chemically modified
surfaces,8 electric field assisted assembly of nanotubes9 on
nanostructures, and dip coating have been utilized with partial success. Electrophoresis has been used to assemble
SWNTs10,11 on prefabricated conductive electrodes. Even
though controlled assembly of SWNT can be achieved by
electrophoresis, further chemical modifications of SWNTs 12
and/or the substrate13 are necessary for orienting these
SWNTs in a predetermined direction. Dip coating, a time
consuming process, involves immersion of a substrate into a
solution containing the material to be coated, followed by
gradual withdrawal of the substrate from the solution. While
the dip coating method has been employed to assemble and
orient DNA 共Ref. 14兲 and carbon nanotubes, patterned
chemical functionalization of the substrate15 is required for
controlled assembly. In this letter, we present a SWNT assembly technique using nanotemplate assisted electrophoretic deposition and dip coating processes. This method
enables us to construct highly aligned SWNT bundles down
to 80 nm in width. These SWNT networks can be directly
used as SWNT based interconnect,16,17 diverse sensing
elements,18,19 and other active components20,21 in nanoelectronic devices. In addition, our approach is compatible with
current CMOS processes and can be easily scaled up for high
rate and high volume processing.
A schematic diagram of our assembly technique is depicted in Fig. 1. Electron beam lithography is employed to
write nanoscale patterns directly onto a positive tone polyma兲
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ethyl methacrylate 共PMMA兲 resist spun on a gold coated
substrate. After exposure the PMMA is developed using a
共1:3兲 methyl isobutyl ketone:isopropyl alcohol 共IPA兲 mixture
for 70 s, followed by IPA rinsing for 20 s. This results in the
formation of nanoscale patterned trenches in the PMMA
film, exposing parts of the gold surface. Arrays of patterned
trenches are on 共1.5⫻ 1.5 cm2兲 silicon chips, with each array
covering an area of 10000 m2. The arrays are composed of
several parallel trenches of various widths and pitches defined by e-beam lithography, as described above. This patterned substrate along with a gold reference electrode is immersed into a solution 共pH 8兲 containing dispersed SWNTs.
The SWNTs are synthesized using the high pressure carbon
monoxide process. The diameter of these SWNTs is between
1 and 2 nm. The ends of the SWNTs in the solution are
terminated by carboxylic acid groups and they adsorb ions
such as H+ and OH− from the solution resulting in a net
negative charge on the SWNTs.22 A constant voltage is then

FIG. 1. 共Color online兲 Figure shows a schematic diagram of the assembly
process. 200 nm Au is deposited on a SiO2 / Si substrate by sputtering with a
2 nm Cr adhesion layer. 150 nm of positive tone PMMA e-Beam resist is
spun on this Au/ Cr/ SiO2 / Si substrate. e-Beam lithography is then carried
out followed by development of the exposed resist. With the nanotemplate
being the positive electrode, electrophoresis together with dip coating is
carried out. The unexposed PMMA after assembly is removed with acetone.
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FIG. 2. Figure shows a SEM image of assembled SWNT bundles on gold
substrate in a regular array with high control over the orientation. The width
of each SWNT bundle is approximately 80 nm and the bundles are separated by 200 nm. The inset is a high resolution image of one of these assembled SWNT bundles.

applied between the substrate and the reference electrode
with the substrate being the positive electrode. In the presence of the applied electric field the negatively charged
SWNTs migrate toward the substrate and assemble only on
areas of gold that are exposed. After 60 s the substrate is
drawn out of the solution at a rate of 50 mm/ min with the
potential still applied. When the substrate is drawn out of the
solution the potential is turned off and the PMMA is removed by using acetone followed by IPA. The adhesion of
the assembled SWNTs to the hydrophilic gold surface is
strong enough that the assembled bundles of SWNTs are not
disturbed even when the PMMA is dissolved by acetone.
Figure 2 is a representative result of this process, resulting in a highly controlled large scale site selective assembly
and alignment of SWNTs. The inset shows a high resolution
image of aligned SWNTs assembled on gold with a bundle
width of 80 nm. The applied electrode potential difference
was 5 V and the concentration of SWNTs in solution was
0.25 g / l. The orientation of the assembled SWNTs is
strongly dependent on the orientation of the PMMA trenches
with respect to the direction of substrate withdrawal. This is
depicted in Fig. 3. Precise alignment is obtained only when
the direction of withdrawal coincides with that of the feature’s orientation. Irrespective of the number of PMMA
trenches 共area of coverage兲 in a chip we found that for a
given applied voltage and concentration of the solution, the
time period required for assembly remained the same.
The assembly and orientation of SWNTs can be explained by the following mechanism. For open ended
SWNTs the majority of the charges are located at the ends.
During electrophoresis, SWNTs migrate toward the PMMA/
gold substrate and are anchored to the exposed gold surface
at their ends, while the rest of the SWNTs are free to float in
the solution. When the substrate is withdrawn from the liquid
in the dip coating method, an ultrathin film of the solution is
formed23 due to dewetting. This pushes the SWNTs toward
the substrate. As the substrate is slowly pulled out of the
solution at a constant velocity, the downwardly dewetting
liquid exerts a hydrodynamic drag force15 on the SWNTs.
Also, the upward unidirectional removal of the substrate
causes the air-liquid contact line to move across the PMMA/

FIG. 3. Effect of orientation of the SWNTs as a function of the angle
between the patterns and the direction of withdrawal is depicted in this
figure. The nanopatterns are 共a兲 perpendicular, 共b兲 parallel, and 共c兲 at a 45°
angle to the direction of substrate withdrawal. It is observed that the orientation by dip coating is effective if and only if the direction of withdrawal is
parallel to that of the nanopatterns.

gold substrate exerting a surface tension force on the
SWNTs. This surface tension in combination with that of the
viscous drag force results in a tensile force acting on the
SWNTs that stretches the SWNTs in the direction of the
receding liquid. The use of a hydrophobic resist such as
PMMA confines the drying of this liquid film to the nanopatterned geometries, thereby organizing the SWNTs into
uniform ordered arrays defined by the patterns in PMMA. If
the applied potential is turned off during the withdrawal of
the substrate from the liquid, the fluidic forces acting on the
SWNT is much greater than the SWNT-gold adhesion force
resulting in minimal assembly of SWNTs. We observed that
the SWNTs do not assemble onto the gold surface when the
process is repeated without electrophoresis.
To study the electrical characteristics of the assembled
SWNT, after the assembly was performed as described
above, we spun PMMA on top of the assembled SWNT/gold
layer and patterned the PMMA using e-beam lithography.
The e-Beam lithography was carried out in such a way that
the unexposed PMMA acted as a mask during the Au/ Cr wet
etch process defining the necessary contact pads, as shown in
Fig. 4共a兲. All the unmasked Au/ Cr areas were removed by
the wet etching process, including the Au/ Cr underneath the
assembled SWNT. Following the wet etching process the
unexposed PMMA was removed by acetone. Figure 4共a兲
shows the second fabrication process steps. Each pair of contact pads is separated by a distance of 800 nm and is connected by several parallel bundles of aligned SWNTs. Top
down scanning electron microscopy 共SEM兲 and atomic force
microscopy 共AFM兲 images of these assembled SWNTs with
electrodes are shown in Figs. 4共b兲 and 4共c兲, respectively. A
typical I-V measurement for five 120 nm wide parallel
bundles of assembled SWNT is shown in Fig. 4共d兲. The calculated average Ohmic resistance is 200 k⍀ yielding a resis-
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FIG. 4. 共Color online兲 共a兲 Schematic diagram of the test structure obtained as a result of postfabrication processes after assembly. 共b兲 Top down SEM image
of the assembled SWNT bundle with electrodes. 共c兲 AFM image of the assembled SWNT bundle. The height of the assembled SWNT bundle is approximately
15 nm. 共d兲 Typical I-V curve for one of the assembled SWNT bundles. The inset shows a schematic cross section of the test structure.

tance of 1 M⍀ per bundle. Primary contributions to this observed resistance might be the tunneling of charge carriers
between SWNTs in the bundle and contact resistance between the SWNT bundles and the electrodes.3,20,24,25
In conclusion we have demonstrated that, by employing
both electrophoresis and dip coating, SWNTs suspended in
solution can be assembled on prefabricated structures with
precise alignment and control over large areas within a short
period of time. It is also shown that the direction of substrate
withdrawal significantly affects the alignment and orientation
of directed assembly of SWNT bundles. These assembled
SWNT bundles are shown to exhibit electrical continuity.
The time period for assembly is short and hence the scalability of this technique is quite promising. Since our technique
involves no chemical modification of the substrate, our process can be easily integrated with current CMOS fabrication
processes, resulting in the realization of mass produced
SWNT based devices.
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