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ABSTRACT

We report on the electrochemical growth of micro/nanowire devices using e-beam-patterned electrolyte channels, potentially enabling the
controlled fabrication of individually addressable arrays. The concept of growing single wires and small arrays using this technique is
demonstrated by single and double wires of Pd and polypyrrole with 500-nm and 1-um widths up to 7-um lengths and 200-nm thicknesses.
The use of Pd wires as hydrogen sensors and polypyrrole wires as pH sensors is demonstrated.

Semiconductor and metal nanowires and carbon nanotubes Electrodeposited nanowire sensors can overcome the
have been the subject of intense interest as senéasd limitations of both CNTs and Si nanowires because of the
electronic devices for high-density circudst® The tech- relative ease of fabrication and surface modification. Elec-
niques used to fabricate these devices have included usingrodeposition is a promising and versatile method for the
an atomic force microscope to manipulate individual carbon fabrication of nanowire sensor arrays, with a wide range of
nanotubes onto prepatterned electrotie® random disper-  available sensing materials that can be electrodeposited,
sion of suspended carbon nanotubes in solution onto aincluding metals, alloys, metal oxides, semiconductors, and
substrate with prepatterned electrofiésand using catalysts  conducting polymers. For example, electrodeposited, IrO
(as carbon nanotube nucleation sites) lithographically pat- Sb/SbOs, Pt, Pd, polyaniline, and polypyrrole are good pH-
terned on electroded.> Although these methods have been sensing materials:'® Electrodeposited Ru oxide/cyanide
adequate for demonstrating the operational characteristics ofjims have been used to detect inorganic and organic species
individual devices, they have intrinsic drawbacks of low (e_g_, a|iphatic a|C0ho|§)9_ The sensitive detection of mol-
throughput and limited controllability, which make them ecules by Cu nanocontacts electrodeposited between elec-
unattractive for large-scale circuits. Attempts to improve troded and hydrogen sensing by Pd wires electrodeposited
fabrication controllability have included applying an electric on graphite step edgesiave been demonstrated. Elec-
field for the postgrowth alignment of metal and semiconduc- trodeposition is also potentially scalable for producing
tor nanowire$'°or for alignment during the growth of carbon  nanowire arrays (e.g., in combination with large-scale
nanotubes; the growth of metal nanowire arrays on a integrated microfluidic network9. Finally, the electrodepo-
selectively etched superlattice template followed by manual gjtion of nanowires between contact electrodes would
transfer to the desired substratend the fluidic alignment  gjiminate time-consuming and tedious postgrowth device

of semiconductor nanowires on a substrate followed by 555emply, and the nanowires would inherently be individually
e-beam lithography to form contact$-?> Nanowire logic addressable.

gates and a small-scale circuit have been successfully
fabricated and demonstrated utilizing a layer-by-layer fluidic
alignmentt? However, device fabrication with controllability,
reproducibility, and yield suitable for large-scale circuits
remains a significant challenge.

As the first step toward the fabrication of individually
addressable nanowire sensor arrays, sensors based on bundled
nanowires electrochemically grown using nanoporous alu-
mina templates are also being investigated. This approach
allows for the development of nanowire surface-modification
* Corresponding author. E-mail: Minhee.Yun@jpl.nasa.gov. Tel: 1-818- t€chniques and the characterization of sensor sensitivity and
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alifornia Institute of Technology. o

* University of California at Riverside. array fabrication. To demonstrate our concept, we have
§ University of California at Irvine. previously reported the electrochemical growth of single Pd

10.1021/nl035069u CCC: $27.50  © 2004 American Chemical Society
Published on Web 02/20/2004



Silicon Substrate

(b)
Figure 1. Schematic diagram of a structure used for the electro-
chemical wire growth. (a) Electrodeposited wire connected between
electrodes. (b) Cross-sectional view of the Si substrate, silicon
nitride (1xm), Au contacts, and thermally evaporated SiO. Channels
for the electrolyte solution are formed between electrodes by e-beam
patterning of the SiO.
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Figure 2. Measured wire growth potential responses as a function
of deposition time. The applied currents wer80 and—100 nA. (b)
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Figure 3. Resistance change between anode and cathode as
function of time. The deposition current was kept&20 nA.

(c)

Au contact electrodes and a glucose sensor using bundlecgigure 4. Images of electrodeposited palladium wires grown

wires with 1um width between lithographically patterned

. . i . 1 etween electrodes. (a) Single wire withufix diameter, 7#m
Pt nan0WIre'S with 106200-nm diametet: The glu'c'ose length, and 200-nm thickness. (b) Partially grown single wire with
amperometric sensor was constructed by co-deposition fromsgg-nm diameter, 24m length, and 200-nm thickness. (c) Double

a solution of glucose oxidase and polypyrrole onto the Pt- wires with a common electrode with-%-um length.
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Figure 5. Hydrogen gas sensing results using a single Pd wire witmldiameter and 7am length for 1, 2, and 3% Hconcentration in
nitrogen.

bundled nanowires, thus immobilizing the enzyme within ing solution is placed into each channel with a micropipet.
the polymer film. This electrochemically assisted enzyme- The wire grows from the cathode to the anode through the
immobilization technique not only controls the polymer channel when an electric potential is applied. The dimensions
thickness accurately but also enables enzyme deposition orof the wire are predetermined by the width of the channel
small electrodes. Compared to that of a Pt thin film, the and the distance between electrodes, and the channel also
response to glucose is improved by 3 orders of magnitudelimits dendrite branching during growth.
by using Pt nanowires as the substrate. This is attributed to To demonstrate the technique, palladium and polypyrrole
the much higher surface area of the Pt nanowire bundle. wires of 500-nm and 14am widths with 3- to 7#m lengths

In this report, we demonstrate the electrochemical growth and 200-nm thickness have been electrodeposited. To grow
of single Pd wires grown as previously descriB&ayith the Pd wires, we have used a palladium p-salt plating solution
smaller widths of 500 nm, and demonstrate their use as H with a two-electrode configuration. The palladium electrolyte
sensors. We also report the electrochemical growth of single consists of Pd(NE)2(NO,), (10 g/L) and ammonium sulfa-
polypyrrole wires with widths of 500 nm and Am and mate (100 g/L). The pH of the solution was adjusted to 8.0
demonstrate their use as pH sensors. In general, withby the addition of sulfamic acid and sodium hydroxide. A
decreasing film diameter the mean grain size decreasespotentiostat/galvanostat is used to grow palladium wires in
leading to the presence of more grain boundaries and hencagavalnostatic mode. The applied currents-ai®, —20, and
an increase in resistivifiz. This growth technique potentially —100 nA, and the corresponding potentials are monitored.
enables the fabrication of nanowire sensors with controlled Polypyrrole wires with 500-nm and Am widths are grown
dimensions, positions, alignments, and chemical composi-under the same conditions using a solution of pyrrole (0.24
tions. The technique involves e-beam lithography to form M) and NaCl (0.1 M).
an electrolyte channel for the electrodeposition of wires  Figure 2 shows cathode potential responses during the
between electrodes. In arrays, each channel can have a&lectrodeposition of a palladium wire at applied currents of
different electrolyte, and hence the electrodeposited wires —100 and—20 nA. The cathode potential initially steeply
can have different compositions. This technique potentially approaches a negative value, followed by a gradual increase
enables the fabrication of individually addressable nanowire in the potential as the palladium wire grows from cathode
sensor arrays with the capability of simultaneously detecting to anode. When a wire is fully grown and makes contact
multiple chemical species. with the anode, the potential drops to zero, and the applied

Figure 1 shows a schematic diagram of the structure usedpotential is turned off. Lower cathode potentials and shorter
for the growth of a single electrodeposited wire. A (100)- deposition times are observed at deposition currentsl®i0
oriented silicon wafer is cleaned with standard RCA cleaning. than —20 nA as expected from the higher deposition rate.
A 1-um-thick insulator layer of low-stresss8l, is deposited Palladium wires (7«um long) were grown within 50 s with
on the wafer using low-pressure chemical vapor deposition. —100 nA and within 500 s with—20 nA. Figure 3 shows
A Ti adhesion layer and ar3000-A-thick Au contact layer  the electrical resistance change of the gold electrodes during
are then deposited, with contacts being patterned by liftoff. palladium wire growth at-20 nA. As expected, the electrical
Thermally evaporated SiQs then deposited on the wafer resistance gradually decreases as the palladium wire grows
at room temperature. Using e-beam lithographic patterning, from cathode to anode and reduces the gap. When the
the deposited SiQis selectively opened with reactive ion palladium wire makes contact with the anode, the measured
etching to form electrolyte channels. One drop of electroplat- resistance is less than 1@ in the liquid electrolyte.
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0 and polypyrrole wires of 500-nm and m widths with up
to 7.um lengths and 200-nm thicknesses. Using these single
wires, we have successfully demonstrated hydrogen sensing
with Pd wires and pH sensing with polypyrrole wires.
Reducing the width of the e-beam patterned channels, which
Current (nA) | o is currently under investigation, can in principle further

(P R reduce the width of electrodeposited wires to a few tens of
W nanometers. We are also currently investigating the utilization
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Figure 6. Demonstration of pH sensing by addingul of pH

12.45 buffered solution on top of a single polypyrrole wire (500-
nm width).

30

Optical images of electrochemically grown palladium

wires between gold electrodes are shown in Figure 4. The

length of the wire is approximately i#/m, and the width is
approximately (a) lum and (b) 500 nm with 200-nm

thicknesses. The arrow in Figure 4b indicates the wire growth

direction from cathode to anode. The wire growth shown in

Figure 4b was interrupted to illustrate the growth mechanism.
Figure 4c shows an image of double Pd wires grown using
common Au electrodes, demonstrating that arrays of elec-

trodeposited wires are feasible.
Using a single electrodeposited Pd wire withurir

diameter and 7am length, we have demonstrated the sensing

of different concentrations of hydrogen gas (1, 2, and 3% in
N2 gas). Upon exposure tooHhe Pd wire reacts reversibly
to form more resistive palladium hydride. Figure 5 shows

of different electrolytes to fabricate small arrays with wires
of different compositions and hence different chemical

sensing capabilities. It is envisioned that these are the first
steps toward nanowire sensor arrays capable of simulta-

neously detecting multiple chemical species.
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