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Electric-field assisted assembly and alignment of metallic nanowires
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This letter describes an electric-field assisted assembly technique used to position individual
nanowires suspended in a dielectric medium between two electrodes defined lithographically on a
SiO, substrate. During the assembly process, the forces that induce alignment are a result of
nanowire polarization in the applied alternating electric field. This alignment approach has
facilitated rapid electrical characterization of 350- and 70-nm-diameter Au nanowires, which had
room-temperature resistivities of approximately 2.9 andx4.6 ®Qcm. © 2000 American
Institute of Physics.S0003-695(00)04735-3

Recent interest in molecular-scale electronics as a meansodeposited into a nanoporous alumina membrane. These
to fabricate extremely dense logic and memory circuits hasnetal replicas are then released into solution by dissolving
led to the development of molecular diodes, switches, anthe alumina membrane in an aqueous base and resuspending
negative differential resistance devices. Although deviceshem in isopropyl alcohol{lPA), which served as the trans-
based on donor—acceptof, rotaxane® and nitroaromatic  port medium during the assembly process. Figure 1 shows an
molecule$ may provide the necessary electronic buildingoptical microscope image of gm long, 350-nm-diameter
blocks, a molecular-scale interconnect technology is needefiu nanowires dispersed randomly from solution onto a sili-
to fully utilize their extremely small dimensions. Presentcon substrate.
photolithographic techniques grow exponentially more ex-  Electric-field assisted assembly of the nanowires was
pensive with decreasing feature size, and may never reactiudied using electrically isolated electrodes shown as a top
the dimensions required for this new technology. Based owiew and cross section in Fig.(&. The metal electrodes
these limitations, it has been suggested that future deviceonsisted of an interdigitated finger pattern defined by metal
integration may be based on alternative approaches that reliftoff of 50 nm Ti/150 nm Au on a silicon dioxide (Si&
on assembly of nanometer-scale colloidal particles such a8ubstrate, where the finger width and separation was 3 and
isotropic and anisotropic metallic partic’dsand carbon 5 um. The electrodes were protected with 500 nm of silicon
nanotubeg. Therefore, research has focused on developindpitride (SkN,) deposited by plasma enhanced chemical va-
new chemical and electric-field assisted assembly techniquér deposition(PECVD) to prevent shorting of the elec-
to control the placement of these particles with the precisiofirodes by the metallic nanowires during the assembly pro-
required to form well-ordered logic and memory circuits. ~ c€ss. As shown in Fig.(3), a 30um-wide stripe of SN,

Following the pioneering work of Pof® nonuniform  immediately above the interdigitated fingers was thinned
electric fields have been used to manipulate dielectric parffom 500 to 100 nm to increase the field strength in these
ticles that are suspended in liquid media. While considerabl@reas relative to those covered by the thickegNgi
effort has been devoted to separating biological partifles,
dielectrophoresis has also been used recently to orient colloi B > SR\l =
dal dispersions of nanometer-scale rod-shaped gold particle ' '
in an electro-optical ceft and to align carbon nanotubes
between biased electrodes on a glass substratethe sec-
ond application, the nanotubes aligned randomly along the
electrode edge with their length oriented in the direction of
the electric field. In this letter, we describe an alternative
approach that utilizes nonuniform alternating electric fields
to precisely align metallic nanowires from a colloidal sus-
pension between two lithographically defined metal pads.
This alignment technique has permitted rapid electrical char-
acterization of Au nanowires ranging from 70 to 350 nm in
diameter.

The nanowires used in this work were fabricated using a [F%
process described by Martet al*® where Au metal is elec-

FIG. 1. Optical microscope image of electroplatedud long, 350-nm-
¥Electronic mail: tsm2@psu.edu diameter Au nanowires dispensed randomly onto a glass substrate.
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the length of time required for the nanowires to align de-
creasing from 9 to 5 s as the bias was increased from 25 to
70 V;ns. Nanowires with diameters as small as 35 nm
aligned under similar conditions, suggesting that this tech-
nique may also be applied to align conductive carbon nano-
tubes.

This experiment indicates that alignment of the nanow-
ires between the electrode fingers is due to forces that direct
the nanowires toward regions of high field strength. The me-
tallic nanowires polarize readily in the alternating electric
field due to charge separation at the surface of the nanowire.
Because the nanowires are more polarizable than the dielec-
tric medium, they will experience a dielectrophoretic force
that produces net movement in the direction of increasing
field strengtf® which occurs at the periphery of the elec-
trode fingers. As the nanowires approach the electrodes with
spacing approximately equal to the length of the nanowires,
the electric field strength between the electrodes and nanow-
ire tips increases proportionally to the inverse of the distance
from the electrode¥® It is this large near-field force that

FIG. 2. Top- and cross-sectional views of the electrode structures used iFeSults in alignment of the nanowires between two electrode

the field assisted assembly experimefdasThe 3.um-wide Ti/Au electrode

fingers are spaced pm apart. The SN, is thinned over the fingers to
enhance the electric field in that regidi) The same electrode structure
with 4x 4 um? top electrodes added to improve the alignment precision.

Assembly experiments were conducted by dispensing

dilute suspension of nanowires onto samples biased with alélectrically isolated electrode finger is identical,

ternating electrode voltages ranging from 5 to 7QY

which corresponds to electric field strengths of 1.0

X 10*~1.4x10° V/cm. An optical microscope image of

5 wm long, 200-nm-diameter Au nanowires that were

aligned by applying a voltage of 3Q,\; at a frequency of 1

kHz to the left relative to the right grounded electrode is
shown in Fig. 8a). This demonstrates that the nanowires

align perpendicular to the direction of the interdigitated elec
trode fingers in the high field regions covered with thin

SisN,4. Although alignment is achieved, the nanowires are

distributed randomly along the electrode fingers. Alignmen
was observed for electrode voltages exceeding g5, Wvith

(®)

(@)

FIG. 3. Optical microscope image of Bm long, 200-nm-diameter Au
nanowires aligned by applying @ 30 V, 1 kHz voltage to the structure
without upper field electrodes, arid) 20 V, 1 kHz voltage to the structure
with upper field electrodes.

t

fingers.

The random placement of nanowires within the thin
SizN, region can be accounted for by considering the varia-
tion of the electric field strength as a function of position
along the electrode finger during the assembly process. Prior
fb assembly, the electric field strength at each point along the
making it
equally probable that a nanowire will align anywhere on the
electrode. After a nanowire aligns, the local electric field
strength is reduced, which prevents additional nanowires
from aligning in close proximity on the same and adjacent
electrodes. Because the reduction in field strength is limited
to a 2 um region surrounding the nanowirésalignment of
subsequent nanowires will continue in a random fashion un-

til the nanowires are depleted from the solution.

The strength of the forces exerted on the nanowire are
related to voltage and time dependencies of the alignment.
At a constant frequency, the dielectrophoretic force that re-
sults in long range movement of the nanowire toward the
electrodes is proportional to electric field strength. For this
sample, the force exerted on the nanowires for voltages be-
low 25V, was not sufficiently strong to cause alignment.
As the electrode voltage was increased, the force on the
nanowires increased, resulting in improved alignment and
reduced alignment times.

To achieve alignment at fixed locations along the elec-
trode fingers, & 4 um? metal electrodes were deposited on
top of the thin SiN, layer at the center of the electrode
fingers as shown in the top view and cross section of Fig.
2(b). Capacitive coupling between the lower and upper elec-
trodes results in an electric field strength that is much higher
at the periphery of the top electrodes than in the surrounding
areas along the lower electrode fing&t&igure 3b) shows
an optical microscope image ofdam long, 200-nm-diameter
Au nanowires that were aligned by applying a voltage of
20V,,s at a frequency of 1 kHz to the lower electrodes.
Under these conditions, the nanowires align to bridge alter-
nating pairs of adjacent upper electrodes. For electrode volt-
ages exceeding 25,Y;, additional nanowires begin to align
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randomly along the electrode fingers as observed previously
for the sample that did not contain electrically isolated top
electrodes.

The additional degree of alignment obtained at low elec-
trode voltages is due to the large electric field that is local-
ized between adjacent top electrodes and the force that this

field induces on the nanowires. When a nanowire bridges 50
adjacent top electrodes, the electric field between them is i o : y
eliminated, while the field between these and neighboring 'g 45 [ s s e ]
electrodes is reduced by a factor of two. The modified elec- S I : f ; ; ]
tric field distribution accounts for the observed tendency of E:; 40 - . . T ]
single nanowires to align between alternating pairs of top § r | § | 1
electrodes. 2 I ]
The frequency dependence of nanowire alignment was g 35 o e 578 4030x
studied by fixing the voltage between the bottom electrodes I " R=092
at 20 V,,s and varying the frequency from 20 Hz to 20 kHz. 30 L%, A IR SR B
Little field-induced movement of the nanowires was ob- 1.0 2.0 3.0 4.0 5.0 6.0

served for frequencies below 200 Hz. As the frequency was
increased to 1 kHz, the nanowires began to bridge the top
electrodes. The alignment time decreased for frequencigsc. 4. Resistance vs nanowire length of 350-nm-diameter Au nanowires
greater than 1 kHz, with the fastest alignment of less thameasured at room temperature. A resistivity~62.9x 10°¢ () cm was de-

1s occurring at the highest frequency of 20 kHz. termingd from the product of the s_lope times_the cross-sectionql area of the

The reduction in alignment time with increasing fre- gsggc",vr';fédApfgSg”p'ggSeilse(;t;‘gcv?;m:nc?ﬁseet@age of & nanowire with top
guency suggests that at low frequencies, the polarization of
the dielectric medium surrounding the nanowires also plays arocess indicates that the alignment forces result from polar-
role in the alignment process. At low frequencies, the polaization of the nanowires in the alternating electric field. This
molecules in the dielectric medium shield the charge separdechnique has facilitated electrical characterization of Au
tion on the nanowire leading to relatively low alignment nanowires by permitting integration of large-area probe pads.
forces’® As the frequency increases, the polar molecules ar@he room-temperature resistivity of the Au nanowires was
not able to reorient in the rapidly varying electric field due tofound to increase from 2.9 to 4&L0 ) cm as the nano-
their long relaxation time¥ This results in greater net po- wire diameter was reduced from 350 to 70 nm. This research
larization of the nanowire tips and stronger alignment forcesis currently being extended to investigate multime#li—

The electrical properties of 350 nm Au nanowires werePt—Au) nanowires where molecules with various device
investigated using an electrode pattern designed to allow infunctions(e.g., diode, NDR, insulatpior terminal function-
tegration of large-area pads for mechanical probing. Low-ality (e.g., hydrophobic, electrostatic, DNAre integrated
resistance electrical contacts were made to the tips of thento a single nanowire using orthogonal self assembly.
aligned nanowires by metal liftoff of 10 nm Ti/500 nm Au ) _
that was deposited using thermal evaporation. Room tem- 1n€ authors would like to thank Professor James Adair
perature current—voltagel {V) characteristics of the Au for helpful discussions related to dielectrophoresis. This
nanowires that were aligned and processed simultaneousfork was supported by DARPA and ONR Contract No.
were measured as a function of probe pad spacing using '§00014-98-1-0846. C. D. N. acknowledges support from a
four-point probe technique. THe-V characteristics of these POP NDSEG Fellowship.
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