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ELECTROCHEMICAL TREATMENT OF SUBSTRATES
All documents cited herein are incorporated by reference in their entirety.

TECHNICAL FIELD
This invention is in the field of electrochemical patterning of substrates. More particularly, this
invention relates to a method of electrochemically modifying substrates and to a device that may be

vsed in such methods.

BACKGROUND ART

There are many occasions where it is required to provide a pattern of a material on a substrate.
Examples of such patterned substrates include semiconductor chips and devices on printed circuit
boards. More recently, patterns of oligonucleotides bound to a solid surface have been produced to
form DNA chips. DNA chips comprise arrays of various DNA sequences bound to a substrate at

specific sites.

Various methods of fabricating patterned substrates exist. Photolithography is an example of such a
method. In photolithography, specific regions of a substrate surface are covered with a
photolithographic mask and the exposed regions are modified by exposure to ultraviolet (UV) light.

Photolithography has been used widely in the fabrication of semiconductor devices.

Photolithography has also been employed in the manufacture of DNA chips. In this method,
oligonucleotides having photolabile protecting groups are bound to a solid surface. A region of the
surface is covered with a photolithographic mask and the exposed regions of the surface irradiated
with UV light, thereby removing the photolabile protecting groups from the exposed region of the
surface (Ramsay (1998) Nature Biotechnology 16:40-44).

W093/22480 and US patent 5,667,667 describe a method of treating a surface using an
electrochemical method. In this method, there is an arrangement where an electrolyte overlays a
surface and an array of electrodes adjacent to the surface. By altering the potential of one or more
electrodes in the array, the surface adjacent to the one or more electrodes may be modified. This
method may be used during the synthesis of polymers by removing protecting groups of particular
areas of polymer bound to the surface. The surface is then exposed to monomers. Reaction of the
unprotected polymer with the monomers enables further growth of the polymer bound to the surface.
This method may be used to generate large arrays of diverse polypeptides or other polymers. The

electrolyte employed in W093/22480 is a solution of triethylamine and sulphuric acid in acetonitrile.

US patent 6,093,302 also describes an electrochemical method of growing arrays of oligonucleotides
on a substrate. Species generated at specific electrodes react with a substrate close to the electrode.
The use of a buffering or scavenging solution is described. The buffering or scavenging solution is
intended to improve the resolution of the substrate being treated by reacting with reagents that move
away from the immediate vicinity of the electrodes. However, a bulk solution containing a buffering

or scavenging substance has the disadvantage of quenching not only those reagents that diffuse away
-1-
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from specific electrodes, but also reagents which are intended to react at a substrate adjacent to a

specific electrode.

Schuster ef al. (2000) Science 289:98-101 describes another method of improving the resolution of
an electrochemical method of treating a surface. Schuster employs a complicated sequence of current

pulses to limit diffusion time.

W003/20415 describes a further method of improving the resolution of an electrochemical method
of treating a surface. This is achieved by selecting an electrolyte such that a first redox product
generated by a first electrode is quenchable by the redox product generated by a second electrode. By
arranging the first electrode in close proximity to the second electrode, diffusion of the second redox

product is controlled.

Using the method disclosed in W003/20415, the first electrodes are switched on and off
simultaneously with the second electrodes. This provides an electrochemical "patterning unit" that
consists of a second electrode and at least one first electrode. Switching of all first and second
electrodes is suitable when the total number of electrodes (that is, anodes and cathodes) is small, as
each electrode can be connected directly to off-chip circuitry designed to control the current
switching. However, as the number of electrodes on a device increases, it becomes more difficult and

costly to connect each electrode independently.

There is a need for an improved method of modifying a substrate using electrochemical means. In

particular, there is a need for a method of modifying a substrate with improved resolution.

DISCLOSURE OF THE INVENTION
According to the present invention there is provided a method of electrochemically treating a

substrate, which method comprises the steps of:
(a) providing an electrolyte in contact with the substrate;

(b) providing a device which faces the substrate and is in contact with the electrolyte, the

device having:
(i) a common first electrode arranged to define cells therein; and
(ii) a plurality of individually addressable second electrodes,
wherein a plurality of the cells contain individually addressable second electrodes; and

(c) altering the potential of at least one of the second electrodes relative to the common first

electrode so that:
(i) the common first electrode generates a first redox product; and

(ii) the at least one of the second electrodes generate a second redox product which is

able to modify a region of the substrate facing the at least one electrodes,

wherein the electrolyte is such that the second redox product is quenchable by the first redox product.
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Electrochemical patterning at high resolution is achieved by the method of the present invention. By
having a common first electrode arranged to define cells, the method dispenses with the requirement
of individually addressing a number of different first electrodes in proximity to the second electrode
in order to control diffusion of the second redox product by the quenching process. The arrangement
of the common first electrode in relation to the second electrodes simplifies the electrical connections
and the electronics required to pattern a substrate at very high resolution. Moreover, because of the
decrease in electrical connections required for the common first electrode compared with prior art
devices, a higher density of second electrodes may be provided, thereby enabling patterning of a
substrate at very high resolution. This arrangement of electrodes also has the advantage that by
having a common first electrode the number of transistors required to operate the device may be
significantly reduced thereby lowering device fabrication costs, since the cost of the device is
generally dependent on the number of transistors. Further advantages of having a common first
electrode are that power consumption can be reduced, which enables more frequent use of low power
electronics, and that the device does not require synchronisation between the cathode and anode

switching.

The invention also provides a device for electrochemically modifying a substrate having:
(i) a common first electrode arranged to define cells therein; and
(ii) a plurality of individually addressable second electrodes,

wherein:
a plurality of the cells contain individually addressable second electrodes;

the common first electrode and the plurality of second electrodes are in contact with an
electrolyte; and

the electrolyte is such that the common first electrode is able to generate a first redox
product, the second electrode is able to generate a second redox product, and the second redox

product is quenchable by the first redox product.

The device

In the method and the device of the invention, the first electrode is common in the sense that all
elements of the first electrode are connected electrically. In this way, the entire first electrode can be
held at a single potential. The common first electrode may be singly addressable such that the
potential of the first electrode may be altered by addressing a single connection. Alternatively, the

common first electrode may be a bus line which is neither switchable nor addressable.
Preferably, the common first electrode is a cathode.

The common first electrode may be arranged in any way suitable to define cells. For example, the

common first electrode may have a geometry in which there is a substantially regular pattern or a

substantially irregular pattern. The common first electrode may have a mixture of patterns. Examples

of regular patterns that the common first electrode may adopt are a grid, a net, a honeycomb, a series
3-
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of intersecting circles or other tessellating shapes, for example as shown in Figures 1 to 5. The grid
may be a rectilinear grid. The spaces within the constituent parts of the regular or irregular pattern
adopted by the common first electrode define cells. As well as being of the same or differing shape,

the cells may be uniform in size or of a range of sizes.

The common first electrode may further comprise a dielectric arranged to define cells. For example,
the dielectric may have a geometry in which there is a substantially regular pattern or a substantially
irregular pattern. The dielectric may have a mixture of patterns. An example of a regular pattern that
the dielectric may adopt is an array of shapes, e.g. squares or circles, especially squares. The
constituent parts of the regular or irregular pattern adopted by the dielectric define cells. As well as
being of the same or differing shape, the cells may be uniform in size or of a range of sizes. An
electrode in this embodiment may, for example, comprise a conducting or semi-conducting layer
further comprising a dielectric layer on the conducting or semi-conducting layer in the form of an
array of shapes (e.g. squares) arranged to define cells, as for example shown in Figures 9 and 10.
Optionally, as for example shown in figures 9 and 10, the second electrodes may be mounted upon

the dielectric.

It is not essential that the cells are entirely segregated from each other by the common first electrode.
Embodiments are envisioned in which there exist gaps in the pattern of arrangement of the common
first elecirode surrounding second electrodes. However, these gaps are sufficiently small that the
second redox product is substantially confined to the cell in which the particular second electrode is

located. In general, however, cells will be separated from each other by the common first electrode.

The common first electrode may be in the form of a sheet with punched holes in which second
electrodes are positioned. In this embodiment, the punched holes define cells. Alternatively, the
common first electrode may substantially comprise lines of wires forming a grid or net-like structure,

for example.

Preferably the arrangement of the common first electrode results in at least # x 10° cells, where 7 is
0.5,0.6,0.7,0.8,09,1.0,1.1,12,1.3,1.4,1.5,1.6,1.7, 1.8, 1.9, 2.0 or more.

Preferably, the arrangement of the common first electrode is such that the distance between the
centre of a cell and the centre of at least one of its immediate neighbour cells is less than 0.5 mm. For
instance, 0.1-300 pm; 0.1-200 um; 1-100 pm; 10-60 um. Typical centre to centre distances are 0.297
mm, 0.294 mm, 0.2805 mm, 0.270 mm, 0.264 mm, 0.260 mm, 0.255 mm, 0.248 mm, 0.099 mm,
0.098 mm, 0.0935 mm, 0.090 mm, 0.088 mum, 0.0867 mm, 0.085 mm, 0.0827 mm, efc.

A plurality of the cells contain second electrodes. Any individual cell may contain one or more
second electrodes (e.g. 1, 2, 3, 4 or more). A single second electrode per cell is preferred. Some cells

may be empty in that they do not contain a second electrode.
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The second electrodes are individually addressable. In this way a specific potential may be applied to
any specific second electrode in the device. The ability to address any specific second electrode
makes it possible to electrochemically modify in isolation the region of the substrate facing the cell

in which the second electrode is located.
Preferably, second electrodes are anodes.

The second electrodes may be addressed using any suitable circuitry, for example by direct
connection from an electrode to a bond pad on the perimeter of the device, by CMOS switching
circuitry, or by transistor-based circuitry (e.g. TFT circuitry). Preferably, the second electrodes are

addressed using TFT circuitry such as used in liquid crystal display panels.

The second electrodes may be of any suitable size so as to lie within cells defined by the common

first electrode. Preferably, all the second electrodes in the device are of substantially the same size.

The second electrodes in the device are preferably arranged in an array. The array may be of any
regular or irregular shape. The geometry of typical regular arrays of second electrodes will depend on
the geometry of the cells but includes squares, rectangles, hexagonal grids and concentric circles.
Preferably, the array of second electrodes is at least a 10 x 10 matrix, preferably a 100 x 100 matrix,
preferably at least a 640 x 350 matrix, preferably at least a 800 x 600 matrix, preferably at least a
1024 x 768 matrix, preferably at least a 1280 x 768 matrix, preferably at least a 1280 x 1024 matrix,
preferably at least a 1600 x 1200 matrix, preferably at least a 1920 x 350 matrix, preferably at least a
2400 x 600 matrix, preferably at least a 3072 x 768 matrix, preferably at least a 3840 x 768 matrix,
preferably a 3840 x 1024 matrix.

Preferably, the distance between the centre of a second electrode and the centre of at least one of its
neighbouring second electrodes is less than 0.5 mm. For instance, 0.1-300 pm; 0.1-200 pm; 1-100
pm; 10-60 um. Typically, centre to centre distanced are 0.297 mm, 0.294 mm, 0.2805 mm, 0.270
mm, 0.264 mm, 0.260 mm, 0.255 mm, 0.248 mm, 0.099 mm, 0.098 mm, 0.0935 mm, 0.090 mm,
0.088 mm, 0.0867 mm, 0.085 mm, 0.0827 mm, efc.

Preferably there are at least # x 10° second electrodes, where # is 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2,
1.3,1.4,15,1.6,1.7, 1.8, 1.9, 2.0 or more.

The ratio of the number of cells to the number of second electrodes may be <1 (e.g. some cells are
empty), 1 (e.g. all cells contain one second electrode), or >1 (e.g. all cells contain at least one

electrode, with some cells containing two electrodes).

The second electrodes may be of any suitable shape. Typically, the second electrodes are circular,

square or rectangular. Preferably, all the second electrodes in the device have the same shape.

Preferably, the device comprises a support on which the common first electrode is positioned and a

support on which the second electrodes are positioned. Preferably, the common first electrode is

-5
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mounted on the same support as the second electrodes. The support is typically an insulating surface.
The support may be any suitable material or mixture of materials such as an insoluble polymer,
ceramic oxides (e.g. alumina) or oxidized silicon wafers. Preferably, the support is an oxidized

silicon wafer.

Each of the second electrodes and the common first electrode are arranged on the support such that
the second redox product is substantially confined to the cell in which the particular second electrode
generating that second redox product is located. Typical arrangements of the first and second
electrodes on the support include the first and second electrodes independently being flush with the
surface of the support, protruding above or protruding below the surface of the support. Preferably,

all the first and second electrodes in the device protrude above the support.

The common first electrode and the second electrodes may be composed of any suitable conducting
or semiconducting material. Typically, the common first electrode and second electrodes are
independently selected from indium tin oxide (ITO), iridium, platinum, palladium, gold, silver,
copper, nickel, zinc, titanium, tungsten, aluminium and alloys of these metals. Preferably, the
common first electrode and the second electrodes comprise ITO and/or iridium. An advantage of
using iridium is that it is highly conductive and chemically inert. Iridium does not suffer from
degradation at the high electrical potentials which may be employed using the method of the present
invention. Iridium tends not to suffer from degradation during electrolysis and adheres well to

materials such as oxidized silicon wafers.

In one preferred arrangement, the common first electrode and second electrodes comprise a coating
of iridium on another material, such as ITO. Typically, at least the second electrodes are derived
from existing liquid crystal display devices. In this case, the second electrodes may be coated with
iridium in order to make the device more highly compatible for use during DNA synthesis

applications.

Preferably, the device comprises an array of second electrodes, which are formed from deposits of
conducting material spaced apart in an array on the surface of an electrically insulating material, each
deposit being provided with electrical connecting means for altering its potential. In a typical
procedure, a positive organic photoresist is applied to a silicon dioxide layer on a silicon wafer. The
photoresist is exposed to UV light through a suitable photomask, revealing areas of silicon dioxide.
Iridium metal is deposited on the surface of the material using an electron-beam gun. Removal of the
photoresist layer then reveals the array of second electrodes. Where the conducting material is
iridium, the iridium electrodes are subsequently annealed in air to promote adhesion to the wafer
surface. Preferably, after deposition, the iridium is annealed in air at a temperature in the range of
200-500°C. Typically, the iridium is annealed at about 350°C for a period of 15 minutes to 3 hours,

preferably about 1 hour. The annealing step improves adhesion of the iridium to silicon dioxide.
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