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(57) ABSTRACT

The present invention provides a method for the controlled
synthesis of nanostructures on the edges of electrodes and an
apparatus capable of optical and electrochemical sensing. In
accordance with the present invention, a method of fabricat-
ing nanowires is provided. In one embodiment, the method
includes providing a substrate, creating a dielectric thereon,
depositing a metal catalyst on the dielectric, patterning the
metal catalyst, selectively etching dielectric, creating an elec-
tric field originating in metal catalyst, and applying a heat
treatment. In another embodiment, the method includes pro-
viding a substrate, depositing a dielectric thereon, printing a
metal catalyst on the dielectric and plastic substrate, printing
silicide along the edges of metal catalyst, creating an electric
field originating in metal catalyst; and applying chemical
vapor deposition. The apparatus of the present invention com-
prise an electrode with nanowires grown thereon, wherein the
nanowires’ placement and direction of growth is controlled.

15 Claims, 6 Drawing Sheets
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INTEGRATED
NANOWIRES/MICROELECTRODE ARRAY
FOR BIOSENSING

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to currently co-pending
U.S. Provisional Patent Application 60/962,505, filed Jul. 30,
2007.

FIELD OF INVENTION

This invention relates to the growth of nanostructures on
microelectrodes for use in electrochemical and optical sens-
ing.

BACKGROUND OF INVENTION

One-dimensional nanostructures, such as nanotubes and
nanowires, of different types of materials, such as elemental
semiconductors, compound semiconductors, and oxides, are
increasingly being investigated for a wide variety of future
nanotechnology applications. As nanowires will be a critical
interconnect element of any nanosystem, the ability to pro-
duce them at a desired location, in a controlled manner, is of
great importance.

Of the numerous one-dimensional structures, silica
nanowires are a subject of intense research in view of their
potential for unique applications, such as localization of light,
low dimensional waveguides for functional microphotonics,
scanning near field optical microscopy (SNFOM), optical
interconnects on a futuristic integrated optical microchip,
sacrificial templates, biosensors, and optical transmission
antennae.

Of the several methods used to produce nanowires, the
Vapor-Liquid-Solid (VLS) mechanism for silicon whisker
growth has proved to be very reliable for developing silica
nanowires. In this method, the cluster acting as a seed for
subsequent nanowire growth is either commonly synthesized
by heating thin films or preformed. Recently, a method of
using palladium ion implantation for the formation of cata-
lyzing seed nanoclusters at or below the surface of a substrate
and growing silica nanowires has been discovered. The
vapor-liquid-solid model of nanowire formation facilitates
controlled, localized, and directed bottom-up growth of silica
nanowires. A series of diagrams explaining the ion implanta-
tion based seeding is shown in FIGS. 1A-E. As shown in FIG.
1A palladium (Pd) ions 10 are implanted on silicone (Si)
wafer 11 through a mask. Then, as shown in FIG. 1B, PdSi
clusters 12 form. FIGS. 1C-E show the growth of silica
nanowires 13 using VLS.

Another method of growing nanowires is through the use
of Chemical Vapor Deposition (CVD). CVD is a chemical
process often used in the semiconductor industry to produce
thin films. A substrate is exposed to one or more catalysts,
which then react and/or decompose on the substrate surface to
produce the desired deposit. In nanowires growth, CVD is a
bottom-up approach. Catalysts, such as gold, are deposited on
a substrate and act as an attraction site for nanowire forma-
tion. The substrate is put in a gas chamber containing the
appropriate element, such as silicon. Atoms from the gas and
catalysts attach, creating a chain or wire.

Although a method for growing nanowires in clusters exist,
no method exists for controlled growth of nanowires in spe-
cific patterns/lines. An improved method is needed in the art
for synthesis of nanostructures in a controlled pattern. Fur-
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ther, an apparatus capable of improved simultaneous optical
and electrochemical sensing is needed.

SUMMARY OF INVENTION

The present invention includes a method for the controlled
synthesis of nanostructures on the edges of electrodes and an
apparatus capable of improved simultaneous optical and elec-
trochemical sensing.

In accordance with the present invention, a method of
fabricating nanowires by using a Vapor-Liquid-Solid (VLS)
mechanism and an electric field is provided. In an embodi-
ment, the method includes the steps of providing a substrate
having at least a first side, creating a dielectric layer on the
first side of substrate, depositing a metal catalyst layer on the
dielectric layer, patterning the metal catalyst layer, selectively
etching the dielectric layer using the patterned metal catalyst
as a mask, creating an electric field originating in the pat-
terned metal catalyst, and applying a heat treatment under the
electric field. The dielectric layer may be created by oxidizing
the first side of the substrate. The electric field originating in
the patterned metal catalyst may be created by applying a
charge to the patterned metal catalyst. In a preferred embodi-
ment, the substrate is a silicon wafer and the metal catalyst is
gold.

In accordance with the present invention, a method of
fabricating nanowires by using Chemical Vapor Deposition
(CVD) and an electric field is provided. In an embodiment,
the method includes the steps of providing a substrate, depos-
iting a dielectric, having at least three sides, on the substrate,
printing a metal catalyst, having at least two edges, on the
dielectric and plastic substrate such that the metal catalyst
covers the dielectric’s first side, the first edge contacts plastic
substrate on the dielectric’s second side, and the second edge
contacts the plastic substrate on the dielectric’s third side,
printing silicide along the edges of the metal catalyst, creating
an electric field originating in the metal catalyst, and applying
chemical vapor deposition under the electric field. The elec-
tric field, originating in the metal catalyst, may be created by
applying a charge to the metal catalyst. In a preferred embodi-
ment, the substrate is a plastic substrate and the metal catalyst
is gold.

In accordance with the present invention, an electrode
capable of improved simultaneous optical and electrochemi-
cal sensing is provided. The electrode comprises a substrate
having a width, a dielectric on the substrate having a width
shorter than substrate’s width and at least three sides, a metal
catalyst in releasable contact with the first side of the dielec-
tric and releasably contacting the substrate along the second
and third sides of the dielectric, creating two substrate-metal
contact areas, and a plurality of nanowires positioned sub-
stantially perpendicular to the substrate’s surface and along
the substrate-metal contact areas. In an embodiment of the
present invention, the electrode may further comprise an elec-
tric charge applied to the metal catalyst, whereby an electric
field is created. In an embodiment, the substrate is a silicon
wafer and the dielectric is silicon dioxide. In another embodi-
ment, the substrate may be a plastic substrate. The metal
catalyst may be gold. The metal catalyst and the first side of
dielectric are in contact prior to growth of the nanowires;
however, they may lose contact as the nanowires grow. In
addition, the substrate and the second and third sides of the
dielectric are in contact prior to growth of the nanowires;
however, they may lose contact as the nanowires grow.

Accordingly, the present invention includes a method of
growing nanowires in a controlled manner on the edge of
electrodes. The nanowires created improve the sensitivity of
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standard optical sensing techniques and provides greater sen-
sitivity in electrochemical sensing when the optical signal
falls below standard optical detection techniques.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1 is an illustration of the process flow for the fabrica-
tion of nanowires in clusters using ion implantation-based
seeding.

FIG. 2 is an illustration of an electrode with nanowires
aligned thereon in accordance with the present invention.

FIGS. 3A-F is an illustration of the process flow for the
fabrication of nanowires in accordance with an embodiment
of the present invention.

FIGS. 4A-D is an illustration of the process flow for the
fabrication of nanowires in accordance with an embodiment
of the present invention.

FIG. 5 is an illustration of an exemplary placement of
nanowires on a substrate for use in a sensor in accordance
with an embodiment of the present invention.

FIG. 6 is an illustration of the functionalized nanowires
employed as sensors in a standard well plate system, shown in
separate plates, in accordance with the present invention.

FIG. 7 is an illustration of the functionalized nanowires
employed as sensors in a standard well plate system in accor-
dance with the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part hereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be
made without departing from the scope of the invention.

The need for an improved sensor and method for the fab-
rication of nanowires is now met by a new, useful, and non-
obvious invention.

With reference to FIG. 2, the present invention provides an
electrode 25 comprising substrate 20, dielectric 21 positioned
on substrate 20, metal catalyst 22 positioned on dielectric 21
and contacting 24 substrate 20 along two sides of dielectric
21, and a plurality of nanowires 23 positioned along contact
area 24 substantially perpendicular to substrate’s 20 surface.
Metal catalyst 22 may act as a conductor between contact
areas 24. Electrode may further comprises an electric charge
applied to metal catalyst, creating an electric field. As nanow-
ires 23 grow metal catalyst 22 and dielectric 21 may lose
direct contact. Nanowire 23 growth may also sever direct
contact between dielectric 21 and substrate 20, making the
only contact at contact area 24 via the connection make by
nanowires 23. Electrode 25 is not shorted and its conductivity
remains unchanged by nanowires 23.

With reference to FIG. 3, the present invention provides a
novel method for growing nanowires along the edge of an
electrode of a microstructure incorporating the VLS mecha-
nism for nanowire growth. In an embodiment of the present
invention, as illustrated in FIG. 3A, substrate 20 is oxidized
creating dielectric 21. In a preferred embodiment, substrate
20 is a silicon wafer and dielectric 21 is silicon dioxide.
However, other substrates and dielectrics are within the scope
of the present invention. Metal catalyst 22 is deposited on
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dielectric 21, as shown in FIG. 3B. In a preferred embodi-
ment, the metal catalyst is gold. However, other metal cata-
lysts are within the scope of the present invention. As shown
in FIG. 3C, metal catalyst 22 is then patterned with a desired
pattern. Self-aligned etching is then used to etch away dielec-
tric 21 as shown in FIGS. 3D-E. Metal catalyst 22 is used as
a mask in the selective etching process. As a result, metal
catalyst 22 is in removable contact 24 with substrate 20 on
two sides of etched dielectric 21 and is also in removable
contact with the remaining portion of dielectric 21. Metal
catalyst 22 then acts as a conductor between contact areas 24.
As in the traditional VLS mechanism, a heat treatment is
applied; however, here, the heat treatment is applied under an
electric field. The electric field is created by a charge applied
to conducting metal catalyst 22. The heat treatment, under the
electric field, causes the growth of nanowires 23 at the edge of
electrode 25, through contact areas 24. As illustrated in FIG.
3F, the electric field forces the aligned growth of nanowires 23
in a position substantially perpendicular to substrate’s 20
surface. The heat treatment, under the electric field, allows for
the aligned growth of nanowires 23 without shorting elec-
trode 25 and without affecting the conductivity of the elec-
trode 25. As nanowires 23 grow, metal catalyst 22 and sub-
strate 20, creating the contact areas 24, may lose contact. In
addition, nanowire 23 growth may sever contact between
metal catalyst 22 and dielectric 21.

The present invention also provides a novel method for
growing nanowires along the edges of an electrode incorpo-
rating CVD for nanowire growth. In an embodiment of the
present invention, as illustrated in FIG. 4A, dielectric 21 is
deposited on substrate 20. In a preferred embodiment, sub-
strate 20 is a plastic substrate. However, other substrates are
within the scope of the present invention. Then metal catalyst
22 is printed on dielectric 21 and substrate 20, as shown in
FIGS. 4B and 4C. In a preferred embodiment, the metal
catalyst 22 is gold. However, other metal catalysts are within
the scope of the present invention. Metal catalyst 22 is printed
such that metal catalyst 22 contacts dielectric 21 and also
contacts 24 plastic substrate 20 on two sides of dielectric 21.
Silicide is then printed at the edges 29 of metal catalyst 22.
Nanowire 23 growth is then stimulated by a tradition Chemi-
cal Vapor Deposition (CVD); however, here the CVD is com-
pleted under an electric field. The electric filed is created by a
charge applied to metal catalyst 22, which acts as a conductor
between contact areas 24. As illustrated in FIG. 4D, the CVD,
under the electric field, causes the growth of nanowires 23 at
the edge of electrode 25, through contact area 24. The electric
field forces the aligned growth of nanowires 23 in a position
substantially perpendicular to substrate’s 20 surface. The
CVD,under the electric field, allows for the aligned growth of
nanowires 23 without shorting electrode 25 and without
effecting the conductivity of the electrode 25. As nanowires
23 grow, metal catalyst 22 and plastic substrate 20, creating
the metal-silicide stacks 24, may lose contact. In addition,
nanowire 23 growth may sever contact between metal catalyst
22 and dielectric 21.

Sensors based on nanowires are increasingly being inves-
tigated because of unique optical, electronic, and biological
sensing properties that this nanostructure offers. These prop-
erties aid in the development of reliable, improved, and fast
detection techniques for sensors. The present invention pro-
vides a method for the fabrication of nanowires and their
subsequent functionalization for use as sensors.

FIG. 5 illustrates electrode 25 of the present invention
replicated three times on a single substrate 20. This micro-
structure 30 may be used in sensing application utilizing the
present invention.
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FIGS. 6 and 7 illustrate a complete system-on-chip sensor
realizing simultaneous optical and electrochemical detection.
A standard 96-well plate system 40 comprising base plate 41,
second plate 42 having microfluidic channels, third plate 43
having microfluidic wells, fourth plate 44 having microfluidic
channels, and seal cap plate having reagent input 48, reagent
output 46, and waste output 47.

In an exemplary embodiment, base plate 41 incorporates a
plurality of microstructures 30. Microstructures 30 are spread
over base plate 41 in a grid-like manner, as shown in FIG. 6.
In this manner, the present invention improves the sensitivity
of standard optical sensing techniques. In addition, when an
optical signal falls below standard optical detection tech-
niques, such as Luminex™, the electrochemical sensing
capability of the present invention provides improved sensi-
tivity.

It will be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention, which, as a matter of language, might be said to
fall there between. Now that the invention has been described.

What is claimed is:

1. An electrode, comprising

a substrate;

a barrier dielectric having a first side, a second side, a third
side, and a fourth side, positioned on the substrate such
that only a portion thereof is in contact with the first side
of the dielectric and creating a first exposed area of the
substrate and a second exposed area of the substrate on
the substrate;

acatalyst positioned on the fourth side of the barrier dielec-
tric and continued onto the first and second exposed area
of the substrate;

a plurality of nanowires grown on the catalyst in the first
and second exposed areas of the substrate, wherein the
nanowires are substantially perpendicular to the sub-
strate’s surface and substantially parallel to the second
and the third side of the dielectric.

2. The electrode of claim 1, wherein the substrate is chosen
from the group consisting of a silicon wafer and a plastic
substrate.

3. The electrode of claim 1, wherein the barrier dielectric is
silicon dioxide.

4. The electrode of claim 1, wherein the metal catalyst is
gold.
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5. The electrode of claim 1, wherein the plurality of nanow-
ires are substantially aligned.

6. The electrode of claim 5, wherein the plurality of sub-
stantially aligned nanowires are substantially parallel to the
barrier dielectric.

7. The electrode of claim 1, wherein the plurality of nanow-
ires comprises at least a first and a second nanowire and the
barrier dielectric further comprises at least a first side and a
second side, wherein the first nanowire is on the barrier
dielectric’s first side and the second nanowire is on the barrier
dielectric’s second side and wherein there is no direct contact
between the barrier dielectric and the plurality of nanowires.

8. The electrode of claim 1, wherein the catalyst is a metal
catalyst.

9. The electrode of claim 1, wherein the catalyst is chosen
from Au, Pd, Ni, Gd, Ge, Fe and Cu.

10. An electrode, comprising:

a substrate;

a dielectric, having a first side, a second side, a third side,
and a fourth side, positioned on the substrate such that
only a portion of the substrate is in contact with the first
side of the dielectric and creating a first exposed area of
the substrate and a second exposed area of the substrate;

a catalyst positioned on the fourth side of the dielectric and
continued onto the first and second exposed area of the
substrate;

a first plurality of nanowires grown on the catalyst in the
first exposed area of the substrate, wherein the first plu-
rality of nanowires is substantially perpendicular to the
substrate’s surface and substantially parallel to the sec-
ond side and the third side of the dielectric;

a second plurality of nanowires grown on the catalyst in the
second exposed area of the substrate, wherein the second
plurality of nanowires is substantially perpendicular to
the substrate’s surface and substantially parallel to the
second side and the third side of the dielectric.

11. The electrode of claim 10, wherein the first plurality of
nanowires are substantially aligned and the second plurality
of nanowires are substantially aligned.

12. The electrode of claim 10, wherein the catalyst is not in
direct contact with the second side and the third side of the
dielectric.

13. The electrode of claim 10, wherein the catalyst is in
contact with a portion of the first exposed area of the sub-
strate.

14. The electrode of claim 10, wherein the catalyst is in
contact with a portion of the second exposed area of the
substrate.

15. The electrode of claim 10, wherein the nanowire is
chosen from Al,O;, SnO, Si0O,, ZnO and CuO.
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