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One-dimensional (1D) nanostructures, such as nanowires,
nanotubes, and molecular wires are currently being investigated
in great detail for their unique electronic and mechanical properties
and their potential implementation as deviéesintegration of
the nanotubes and nanowires into useful devices requires placing
them in specific positions with desired configurations reproduc-
ibly.%# This, however, remains to be a major challenge in the
field. We describe a strategy for aligning and patterning conduc-
tive [MosSe]., nanowires on substrates using microchannel
networks® This strategy relies on the solvent evaporation induced
self-assembly of [MgSe 1. infinite chains within the micro-
channels. Aligned [MgSe ] wires®” as thin as several nanom-
eters can be readily patterned using micrometer-sized channels.
Multilevel cross-bar junction configurations and nano-to-mac-
roscale connections were also demonstrated. Optical microscopy,
field emission scanning electron microscopy (FESEM), transmis-
sion electron microscopy (TEM) studies, and electrical measure-
ments show that these wires are highly oriented, crystalline, and
conductive.

The current process in constructing and measuring nanotube
or other nanowire devices has been mainly involved the deposition
on prefabricated electrodes in hope of getting tubes/wires at thefigure 1. (a) Cross-polarized optical image of nanowire patterns on glass
right place and configuratiohAtomic force microscope (AFM)  substrate. (bd) FESEM images of wire arrays on silicon substrate. Arrow
has also been used to push or deposit nanotubes into desireth ¢ indicates the thinner wires are pulling together to form a thicker
configurations® Unfortunately, these device fabrication methods bundle.
have the intrinsic limitations of being highly serendipitous or time-
consuming. We wish to develop simple and parallel methods for  [MosSe].. molecular wires6 A in diameter, are infinite chains
this purpose using soft lithography. Soft lithography has been of polycondensed MgSe; polyhedral They have been experi-
extensively used to create microstructures with lateral dimensionsmentally determined to be highly conductive with a resistivity of
of 30 nm to 500um.? The patterned materials include metals, 10-2—104 Q-cm at room temperatufe2 Individual [MosSe; .
polymers, colloids, protein, and ceramic8!* Generally, the  molecular wires can be obtained as a solutiorr {10~ M) by
patterned feature size reflects the actual dimension of the surfacedissolving single crystals of LiMge in the polar solvent
features on the micromolds. Here we show p¥&].. molecular dimethyl sulfoxide orN-methylformamidé. Microchannel net-
wires can be patterned on a nanometer scale using micromoldsyorks were formed between a poly(dimethylsiloxane) (PDMS)
having micrometer-sized channel network. micromold and a silicon/glass substrate. The microchannels have

2 - - variable height of ¥4 um, width of 1-10 um, and length of
1) Fuhrer, M.; Nygard, J.; Shih, L.; Forero, M.; Yoon, Y.; Mazzoni, M. . .
S. (C) Choi, H. J.; %gm, J.; Louie, S. G.; Zettl, A, McEuen, P.Science 5-10 mm. A droplet -0.1-10 uL) of the wire solution was
200Q 288, 494-496. placed at the open end of the microchannels, and the channels

(2) Caollier, C. P.; Wong, E. W.; Behloradsky, M.; Raymo, F. M.; Stoddart, were filled within minutes via capillary action. The solution-filled
J. F.; Kuekes, P. J.; Willlams, R. S.; Heath, J.SRiencel999 285 391— piiary

394 microchannel network was placed in a vacuum to evaporate the
(3) Hu, J.; Odom, T. W.; Lieber, C. MAcc. Chem. Re€999 32, 435— solvent.

446. . . ) We found that molecular wires tend to form nanowire bundles

c. (,f,l,) ggi%%@%;bgd EQ& g;{jg??lev'm’ E.i Tseng, G. ¥.; Cheung, C.; Lieber, 5 align along the corners of the microchannels upon solvent
(5) Xia, Y.; Whitesides, G. MAngew. Chem., Int. Ed. Engl99§ 37, evaporation and PDMS micromold removal, leaving an otherwise

550-575. . clean contact area. Cross-polarized optical microscopy studies

5350 ((%))\(/‘ZT]‘L??J%%’L’ T Thess ?—ia%ggﬁrﬁ'vé?st?t; Plon. 2t indicate the wires are continuous up to several millimeters and
(7) Tarason, J. M.; DiSalvo, F. J.; Cheve, C. H.; Carroll, J.; Walsh, M.; are well aligned (Figure 1a). FESEM studies (Figure-@lpshow

RUPBPvL'-- f]'bSOIIdJS-tEte Cﬁegi'%gﬁl_f& 290—3'0_% dosavfievic. M- Joh the width of nanowires varies from 10 to 200 nm, which is largely

A (T_)Agp?_ Phys. Lett109G 75 30143016, oo aevie: Wl SoNnseN - determined by the molecular wire solution concentration and the
(9) Cheung, C. L.; Hafner, J. H.; Odom, T. W.; Kim, K.; Lieber, C. M.  microchannel volume. This feature size is significantly smaller

ApFll-o)ng& L%ttioog 76, 3|t1?36-P31§/|8-h | B Bosshard. H.. R.: Del N than the microchannel size. Each nanowire generally consists of

ernard, A.; Renault, J. P.; Michel, b.; bosshara, H., R.; Delamarche, H : : H H
E. Adv. Mater. 2000 12, 1067-1070. several thinner wires with diameter f10 nm or less (Figure

(11) (a) Qin, D.; Xia, Y.; Xu, B.; Yang, H.; Zhu, C.; Whitesides, G. M. 1C). Double helix formation between these nanowires was
Adv. Mater. 1999 11, 1433-1437. (b) Aizenberg, J.; Braun, P. V.; Wiltzus,
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Figure 3. Schematic illustration for receding of liquid front within a
microchannel, which eventually confines the nanowires in two corners.

conformal contact with both the substrate and protruded Au
electrodes, which effectively confines the molecular wires within
the microchannel and prevents them from leaking into the contact
area or neighboring channels. This capability of direct patterning
nanowires on prefabricated devices suggests that our process is
capable of being integrated with current nano- and micro-

- e fabrication technology and bridging the nanoscale or even
10 pm molecular world with the macroscopic world.

Figure 2. (a) FESEM image of a nanowire cross-junction. The sample The fact that the nanowires are self-prganlzed OnIy_ alo_ng the
is tilted during imaging. A cross-junction made of thinner wires is shown corners of the microchannel can be. rationalized conS|de.r|ng the
in inset. (b) Dark field optical image of wire arrays bridging two Au  Process of the solvent-evaporation induced molecular wire self-
electrodes. assembly within a microchannel network. Upon solvent evapora-
tion, the meniscus of the liquid front recedes into the two corners
frequently observed (Figure 1d). By scaling down the solution of the channels (Figure 3). The solution becomes concentrated,
concentration and microchannel volume, we are able to further and [Ma;Se~]. chains self-organize into bundles through inter-
decrease the feature size to2nm, which is close to the diameter molecular forces (electrostatic interaction between charged
of individual molecular wires. X-ray diffraction and TEM studies [Mo03Se&™].. wires and counter cation Li) and align along the
indicate these nanowires consist of highly crystalline {5 . channel edge.
units3 In summary, we have explored the self-assembly behaviors of
After patterning the first layer of nanowires, the process can molecular wires within a microchannel network and demonstrated
be repeated to deposit multilayer nanowire devices and complexnanowire alignment, patterning and cross-junction formation with
networks. By rotating the micromold 90during the second a parallel approach. The [M8&]. molecular wires used in this
application, we are able to fabricate arrays of nanowire junctions study are highly conductive and have been found to exhibit
in a well-controlled and reproducible fashion. A network of Luttinger liquid behavior at low temperatutehus, the current
[MosSe ] nanowires in a cross-bar configuration can be process may have direct implications for making nanoscale and
obtained. Figure 2a shows such a cross-junction between twomolecular-scale electronic devick%?In addition, we expect this
nanowires with diameters of40 and 60 nm. When the size of process can be readily extended to other systems including
the nanowires is smaller than 30 nm, no visible bending contour conducting polymers such as polythioph®nas well as func-
is observed as in Figure 2a. Instead, junctions with conformal tionalized nanotubes and nanowifés'®
contact are formed as seen for two wires with diameters of 20
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