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Title: Method and apparatus for the formation of nanometer-scale

electrodes, and such electrodes

The invention relates to a method for the formation of nanometer-
scale electrodes. In particular, the invention relates to a method for the
formation of electrodes with which nanometer-scale elements can be
detected and measured with the aid of conduction.

In the use or detection of very small electrically conductive
components, such as active electrical components, making electrical contact
is often problematic. Such nanometer-scale components, which may for
instance consist of particles with dimensions of one to a few nanometers and
may even consist of, for instance, one single molecule, render
nanometer-scale electrodes necessary, in particular electrodes with a
precision from one to a few nanometers.

It is generally known to manufacture electrodes with the aid of
lithographic techniques. Thus, use can be made of metal deposition and
lithography with the aid of UV light, followed by etching, with which a
precision of about 50 nm can be obtained. A higher precision cannot be
obtained because it is limited by the wavelength of the light used. A shorter
wavelength cannot be used in this, because all materials are penetrable by
light with such a short wavelength.

It is also known to use electron beam lithography in photosensitive or
electron-sensitive layers, followed by etching. With this, a precision of about
20 nm can be obtained. While it is true that the electron beam can be
focused with a precision of one nanometer or less, yet diffusion of electrons
from the beam and/or generated electrons will light the layer sensitive to
this also outside the desired areas which are focused on, so that the possible

accuracy is limited to the value mentioned of about 20 nm.
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The invention contemplates providing a method of the type described
in the opening paragraph, in which at least a number of the drawbacks .
mentioned are avoided, while maintaining the advantages. To this end, the
method according to the invention is characterized by the measures
according to claim 1.

In a method according to the invention, use is made of an electron
beam to directly process an electrically conductive material, without
intervention of layers which are sensitive to electrons or light layers. It has
been found that, with the aid of an electron beam, atoms can be displaced,
so that a groove can be formed in a strip of electrically conductive material,
in particular metal, such that the electrical conduction through the strip is
influenced, in particular interrupted. Thus, in a simple and particularly
accurate manner, nanometer-scale electrodes can be manufactured.

Herein, nanometer scale is at least understood to mean that, at least
in a width direction and a thickness direction, the electrodes have
dimensions between one nanometer and some tens to hundreds of
nanometers, at least near the groove and/or a groove formed between the
electrodes has a width which is so small that it can be bridged by elements
with outer dimensions on a scale of small and medium-sized molecules, for
instance between less than one nanometer and a few nanometers. Herein, a
strip is at least understood to mean any type of element manufactured from
electrically conductive material which has a minimum length and a
minimum width which are considerably larger than the thickness of the
material, measured at right angles to this longitudinal and width direction,
at least at the height of the location where the at least one groove is
provided. Herein, a groove is at least understood to mean a deformation of
the surface of the strip which has a depth, viewed from the surface, and a
width, while the deformation may have flat as well as singly or doubly
curved or irregularly formed side surfaces which at least substantially

determine the facing walls of the groove. The groove may have a bottom
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from the material of the strip but may also extend through the entire
thickness of the strip.

In a particular embodiment, the material in which the groove is made
is monocrystalline. This offers a greater control of the manufacturing
process of the groove.

In a method according to the invention, the groove is preferably
provided in a top surface of the strip, with a depth, calculated
approximately at right angles to this top surface, which is at least equal to
the thickness of the strip at the location of the groove, such that the strip is
divided into at least two parts electrically separated from each other, which
parts form the electrodes.

In a particularly advantageous embodiment, the strip is provided on
a support, prior to the provision of the at least one groove. This further
simplifies processing. In the support, under at least a part of the groove, an
opening can be provided, through which changes in the strip can be
observed during the formation of the groove, at least the processing of the
strip.

Preferably, in a method according to the invention, use is made of an
electron microscope, in particular of a transmission electron microscope.
With an electron microscope, an electron beam can accurately be generated
and monitored, which electron beam can be focused to a spot size of, for
instance, about one nanometer. Particularly small surfaces can thus be
processed particularly accurately and atoms can be displaced for forming
particularly narrow grooves, at least surface changes. Moreover, use of an
electron microscope offers the advantage that, during the deformation of the
strip, at least the formation of the at least one groove, the changes obtained
can be observed accurately and in real time, on the basis of which the
electron beam can be monitored and controlled, for instance in direction,

size, intensity.
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The strip may, for instance, have been or be manufactured from
precious metal such as silver, gold, platinum, or from a metallic oxide.

In an advantageous embodiment, the material in which the groove is
provided is additionally heated or cooled via an external temperature
control. This can influence the formation of groove in a positive manner.

In an advantageous further embodiment, in a method according to
the invention, the support is manufactured from a silicon-based material,
for instance silicon nitride or silicon oxide. The strip is preferably |
manufactured by use of conventional techniques, in particular lithography,
more in particular photolithography. Thus, relatively narrow, thin strips
can be provided accurately and relatively simply, in a desired shape and
dimension.

The invention further relates to a set of electrodes, characterized by
the measures according to claim 13.

Such a set of electrodes offers the advantage that nanometer-scale
elements can thereby be detected, controlled, influenced, investigated or
manipulated otherwise with the aid of electric current or charge or
quantities derived or to be derived therefrom. The first ends preferably have
a slightly tapering design, such that they approach each other at a small
distance only across a small width. The strips may, for instance, be formed
from a relatively pure metal or from a metal alloy. With use of an alloy,
during processing, the first ends can be enriched with one of the components
from the alloy, so that the conduction can be influenced positively or
negatively.

Prior to the provision of the groove, the strip preferably has a
relatively small thickness and width, for instance a thickness between 2 and
20 nm and a width between 20 and 100 nm. Particularly the width may, in
principle, be larger, but this causes the processing time to be relatively long.
In particular, a strip can be used which on average has a first width and

which locally has a smaller width, while the groove is provided in the part
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with the smaller width. As a result, relatively little time and energy is
required for providing the groove, while the electrodes can be relatively wide
at a distance from the groove, and consequently easy to approach for, for
instance, making electrical contact with peripheral equipment.

The invention moreover relates to the use of an electron beam for the
formation of electrodes by migration of atoms and to the use of an electron
microscope for the formation of electrodes from a metal strip.

The invention further relates to an apparatus for the formation of at
least two electrically conductive strip parts electrically insulated from each
other from a strip, in particular electrodes, characterized by the measures
according to claim 18.

With such an apparatus, in a particularly accurate and relatively
simple manner, conductive strips, in particular electrodes, can be
manufactured on a nanometer scale.

In the further subclaims, further advantageous embodiments of a
method, electrodes and use are set forth.

In explanation of the invention, exemplary embodiments of a method
and apparatuses according to the invention will be elucidated in more detail
with reference to the drawing, in which:

Fig. 1 schematically shows an apparatus according to the invention

- for the manufacture of electrically conductive strips;

Fig. 2 schematically shows, in side elevational view, a set of
electrodes manufactured with a method and apparatus according to the
present invention, in use;

Fig. 3A schematically shows, in perspective, partially cross-sectional
view, a step in a method according to the present invention;

Figs. 3B-H show images, produced with an electron microscope, of a
strip during a method according to the present invention; and

Figs. 4A-F show six recordings during the manufacture of an

electrode set with a method according to the present invention.
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In this description, same or corresponding parts have same or
corresponding reference numerals. The exemplary embodiments shown are
only shown and described by way of illustration of the present invention and
should not be taken as being limitative in any way.

Fig. 1 schematically shows, in a very simplified manner, an electron
microscope 1 with focusing means 2, coupled with a camera 3 via a control
device 4. Of course, the camera 3 and/or the control device 4 may also be an
integral part of the electron microscope 1. In addition, other means can be
used for generating and monitoring an electron beam. With the aid of the
focusing means 2, a highly focused electron beam can be obtained with a
nanometer-scale spot size on a workpiece 5, for instance of a diameter of 2 to
10 nm or less. Fig. 1 schematically shows a workpiece 5, as will be described
in more detail, on a very greatly magnified scale. This workpiece 5
comprises a support 6, comprising a base 7 and a membrane 8, on which
membrane 8 a strip 9 is supported, from which, with a method according to
the present invention, with the aid of an electron beam, an electrode set
according to the invention will be formed, as schematically shown in more
detail in Fig. 2. The strip 9 has a thickness D which is relatively small, for
instance between 2 and 20 nm, more in particular between 5 and 15 nm and
a width, at right angles with the plane of the drawing, which can be slightly
larger, for instance more than 10 nm, more in particular more than 50 nm
and for instance 100 to 150 nm. This will be discussed in more detail.

In use, preferably prior to the processing of the strip 9 in the
membrane 8, if this is present, at least one opening is provided next to
and/or under the strip 9, at the height of the position where the strip 9 will
be processed with the aid of the electron beam 2. The purpose of such an
opening is that, with the aid of the camera 3, deformations of the strip 9
and/or of the membrane 8 can be observed, for instance in real time, with
the aid of the camera 3, so that, with the aid of the control device 4, the

electron microscope 1, in particular the focusing means 2, and/or
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displacements of the electron beam can be controlled for obtaining the
desired deformation of the strip 9 by displacement of atoms, in particula}
diffusion of atoms in the strip 9, such that, as schematically shown in Fig. 2,
in the strip 9 above the opening 10, a groove 11 is formed which completely
cuts through the strip 9 across its width B, i.e. at right angles to the plane of
the drawing in Figs. 1 and 2, at least up to the membrane 8, so that, on both
sides of the groove 11, an electrode 124, 12B is formed, which electrodes are
electrically separated from each other by the groove. Each electrode 12A,
12B has a first end 13A, 13B. The first ends 13A, 13B bound the groove 11
and have a mutual distance W, the width of the groove 11, on a nanometer
scale. This width W may, for instance, be 1-2 nm, but may also be made
smaller or larger, depending on, for instance, the spot size, the intensity of
the electron beam, the processing time and the like. As shown in Fig. 4, on
or between the first ends 13A, 13B, an element 14 can be positioned, after
which, with the aid of a circuit 15 connected to the two electrodes 124, 12B,
for instance the presence of the element 14 can be established or electrical
properties thereof can be determined, the element 14 can be electrically
excited or be electrically influenced or manipulated in another manner, or
the presence thereof can be determined. It will be clear that, when an
element 14 with a width Q which is of the same order as the width W of the
groove 11 rests on or against the first ends 13A, 13B, the circuit 15 will be
closed. As a result of the use of a method according to the present invention,
for instance nanoclusters, nanotubes or even single molecules can be used as
element 14. These can be characterized on the basis of electrical
measurements with the aid of the circuit 15.

Fig. 3A shows in perspective, partly cross-sectional view, a
workpiece 5 during the carrying out of a method according to the present
invention, where an electron beam 16 is schematically drawn in as an
hourglass shape, while a focusing point 17 is located at the height of the

membrane 8, at least the strip 9.
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The workpiece 5 comprises a strip 9 supported on a support 6. This
support 6 comprises a base 7, an intermediate layer 18 and a membrane 8.
In the example shown in Fig. 3A, the membrane is, for instance, an
approximately 40 nm thick SiN membrane, while the intermediate layer is
a silicon oxide layer, supported by a relatively thick layer of silicon. In the
basis 7 and the intermediate layer 18, an opening 10 has been provided in a
manner known per se, which widens in the direction away from the
membrane 8. This opening 10 is, for instance, approximately rectangular
and is, for instance, 400 by 400 nm.

In Fig. 3A, the strip 9 is, for instance, manufactured from a 10 nm
thick exposed gold film with a bicrystalline orientation or a platinum film
with an approximately equal thickness and a width B of about 150 nm. In a
part 19 extending above the opening 10, the width B of the strip 9 has been
reduced considerably, for instance to a width of about 20 or 50 nm, in order
to reduce the processing time.

Fig. 3A shows, as described hereinabove, an apparatus according to
the invention, while Figs. 3B-H show images of a strip 9 according to the
invention during processing with a method according to the present
invention. These are TEM images. Figs. 3B-D show three images of an
unsuccessful manufacturing attempt, and Figs. 3E-H show a successful
attempt. In Figs. 8B, C, D, E and H, in the top right-hand corner, cross
sections of the workpiece are schematically shown, during the respective
step.

Fig. 3B shows a polycrystalline metal strip 9 manufactured from
platinum with a width of 50 nm, in which a bridge 19 has been provided,
with a width of about 50 nm. This has been obtained with the aid of an ion

- beam (ion beam milling). Then, as shown in Fig. 3B, with a short lighting, a

small opening has been provided in the SisNsmembrane, as indicated by
arrow K. Then, as shown in Fig. 3C, parts of the bridge have locally been
removed by local radiation by the electron beam, so that the width of the
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bridge 19 has been reduced considerably, to about 1.5 nm, as shown in

Fig. 3C in the bottom right-hand corner. Then, as shown in Fig. 3D, the
electron beam has intentionally been widened in order to be able to record
the formation of the groove 11 in real time with a fast CCD camera
(fast-scan CCD). However, this change in the electron flux resulted in a
strong increase of the width of the bridge, which greatly complicated a good
control of the groove formation.

In Fig. 3E, an image is shown, approximately halfway a
manufacturing method in a second attempt. First, a cut is made in an upper
part of the bridge (Fig. 3E), after which, from the bottom side (bottom side
and top side are herein understood to mean the top and bottom in the
different images of Figs. 3A-H and 4A-F, which means both sides of the
strip 9 at the height of the bridge 19 when viewed approximately at right
angles to the surface of the membrane 8), so that the width of the bridge 19
is reduced further and further. In Fig. 3E, in the top left-hand corner, the
changed shape of the bridge is shown in more detail, being slightly
magnified.

As Figs. 3F-H clearly show, further processing with the electron
beam, which has been moved in a direction approximately at right angles to
the longitudinal direction of the strip 9, relative to this strip, at least
bridge 19, results in a groove 11 formed between two first ends 13A, B of
two electrodes 12 formed on both sides of the groove 11. The narrowest
groove which has thus been formed in the given embodiment has a
minimum width of 0.6 nm and electrically separates the two electrodes 12
from each other. As shown in Fig. 3H, further processing with an electron
beam leads to a further widening of the groove 11, in the example shown to
a width of about 1.4 nm.

Particularly advantageously, the material in which the groove is
provided can be monocrystalline. Of the material, moreover, the

temperature can be controlled, for instance by cooling or heating.



10

15

20

25

30

WO 2006/025737 PCT/NL2005/000630

10

In Figs. 4A-4F, six images are shown, which were taken from a film
made during processing of a 10 nm thick, exposed gold film with
bicrystalline orientation for the formation of a set of electrodes 12. First, a
hole was made with the aid of the electron beam for the formation of an
approximately 20 nm wide bridge 19. Then, the width of the bridge 19 was
slowly reduced during the continuous observation thereof with a fast
camera. As appears from Figs. 4A-E, the width of the bridge gradually
decreased until a moment between 97 and 101 seconds from the outset,
when the bridge 19 broke (between images 4E and 4F), after which the two
first ends 13A, 13B of the two electrodes 12A, 12B withdrew relatively fast
(within about 0.1 second), thereby forming a groove having a width of about
2 nm. This width could be increased by continued electron beam lighting.
From the contrast obtained of the strip, it can be concluded that the height
of the two first ends 13A, 13B was approximately equal above the
membrane 8.

As the case may be, the height of the electrodes 12A, 12B may not be
equal after the formation, which could be the result of, for instance,
non-isotropic, lighting-induced mechanical stress which could lead to curling
up of the electrode ends 134, 13B. By use of polycrystalline metal strips,
such as gold, provided on a membrane, for instance a 40 nm SiN membrane,
which membrane was also locally removed during processing with the
electron beam, this effect can be reduced or even be prevented. This local
removal of the membrane has the additional advantage that,
unintentionally, metal parts extending in the environment of the groove 11
were removed. In addition, the opening in the substrate under and around
the groove offers high-resolution TEM inspection of molecules captured in
the groove. The best control of the manufacture and processing of the
electrodes 12 is obtained when the metal strip is located on the side facing
the electron beam. Grooves with a width of about 1 and 5 nm were obtained,

with minimal deformation.
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The processing of platinum, as shown in Fig. 3, requires considerably
more time than the processing of the gold. This seems to be the result of the
fact that platinum atoms have a considerably lower mobility than those of
gold. It has been found that control of radiation-induced recrystallization
and atom transport plays a role in the control of the formation of the
nanoelectrodes. Single crystal grains can be formed, which can be extended
in the direction of the electron beam. It has been found that particularly
platinum grains, thus formed with the aid of the electron beam, can be
displaced by a gradual displacement of the electron beam as if it were a
show shovel. It has been found that an electron beam with a relatively small
spot size (for instance about 2 nm) resulted in less undesired
recrystallization than an electron beam with a larger spot size.

Electron beam-induced changes in the strip are related to atom
diffusion along surfaces and grain boundaries. Lateral atom displacements
were clearly visible in the film from which the images were taken. The
simplest cuts through polycrystalline strips 9 were made when the
dimensions of any single crystalline grains were relatively small (preferably
smaller than about 5 nm). However, for preserving the shape of the
electrodes after processing, relatively large grains proved to be
advantageous.

Within the present invention, use can be made of monocrystalline
instead of polycrystalline strips, preferably through epitaxial growth on a
monocrystalline silicon membrane and subsequent oxidation of the silicon.
An advantage of this method is that a grain orientation can be chosen for
which the surfaces of the electrodes are relatively stable. In addition, an
increase of the temperature during radiation could accelerate the
deformation of the metal, in particular platinum. Preferably, the electron
beam is controlled, for instance in diameter, shape and intensity of the
electron beam, depending on the observed changes in the material. It is, for

instance, possible, when the groove 11 is formed, to reduce the intensity in
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order to prevent too fast a widening of the groove 11. Of course, with a
method according to the present invention, more complex shapes than the
straight grooves 11 shown can be manufactured as well, and also other
elements than the electrodes mentioned. A method according to the present
invention can excellently be combined with optical lithography and focused
ion beam processing known per se.

A set of electrodes according to the present invention may, for
instance, be used, together with an opening therewith, for detecting, for
instance, molecules which go through this opening, such as for instance use
as a nanosensor, comprising a pore with electrodes therewith for being able
to quickly electrically detect, for instance, DNA strands (single DNA
strands).

For carrying out a method according to the present invel'ltion as
described with reference to Figs. 3 and 4, use was made of a Philips CN-300
UT-FEG controlled TEM (transmission electron microscope) with an
acceleration voltage of 300 kV. Spot sizes between 2 and 10 nm were used
with a current of about 5 nA. This corresponds with a flux of about
109 electrons/s nm2. The metal strips were manufactured with the aid of
electron beam lithography, after which, in the case of the platinum strips, a
further deformation was obtained with focused ion beams. For this, 1 pA
and 30 keV Gat* beam of a FEI Strata 238 Dual-Beam instrument was used.

Of course, other settings may be chosen, for instance depending on
the metal. Thus, a lower energy can be used, for instance from 150 KeV,
and/or a lower current, for instance from 2 nA.

The invention is not limited in any way to the exemplary
embodiments shown in the description and drawings. Many variations
thereof are possible within the framework of the invention as set forth in

the claims.
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Thus, other widths and/or thicknesses can be used in strips, as well
as other types of supports. In addition, micropores can be manufactured
with other applications.

These and similar variations are understood to be within the

framework of the invention as set forth in the claims.
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CLAIMS

1. A method for the formation of nanometer-scale electrodes, wherein a
strip of electrically conductive material, in particular metal, is provided
with a longitudinal direction, a width direction and a thickness direction
and then, with the aid of an electron beam, a groove is provided in a top
surface of the strip, in the width direction of the strip, with a nanometer-
scale width in the longitudinal direction of the strip.

2. A method according to claim 1, wherein the top surface is determined
by the longitudinal direction and the width direction, wherein the groove is
provided with a depth in the thickness direction which is approximately
equal to the thickness of the strip.

3. A method according to claim 1 or 2, wherein the groove divides the
strip into two separate parts forming the electrodes.

4. A method according to any one of claims 1-3, wherein the strip is
provided on a support, such that the thickness direction extends
approximately at right angles to the support, wherein the groove is provided
such that the strip is completely cut through, at least up to the support,
thereby forming said electrodes on both sides of the groove.

5. A method according to claim 4, wherein the support under said groove
is at least partly removed, thereby forming an opening under said groove.

6. A method according to any one of the preceding claims, wherein the
electron beam is applied with the aid of an electron microscope.

7. A method according to any one of the preceding claims, wherein an
electron beam is used with an energy level higher than about 100 keV, more
in particular at least 300 keV, an electric current of more than 2 nA, more
in particular at least 5 nA, wherein preferably a spot size of at least 2 nm

and more in particular at least 10 nm is used.
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8. A method according to any one of the preceding claims, wherein a
strip is used and/or is manufactured from a pure metal or a metal alloy or a
metallic oxide, wherein the material is preferably polycrystalline,
bicrystalline or monocrystalline.

9. A method according to any one of the preceding claims, wherein the
strip is applied or provided on a semiconductor or insulator, such as a
silicon-based support.

10. A method according to any one of the preceding claims, wherein said
strip is formed by photolithography or electron beam lithography.

11. A method according to any one of the preceding claims, wherein,
during the formation of said groove, deformation of the strip is observed and
wherein the electron beam is controlled on the basis of the observed
deformation.

12. A method according to claim 11, wherein the electron beam is
obtained with the aid of an electron microscope and wherein the
deformation is observed with the aid of the same electron microscope.

13. A set of electrodes, substantially manufactured from a strip of metal,
wherein the electrodes each comprise a first end, which first ends face each
other and are at a mutual distance on a nanometer scale, which first ends
have been formed by processing said strip with an electron beam, so that
metal atoms have been diffused, at least displaced, thereby forming a groove
in said strip.

14. A set of electrodes according to claim 13, wherein, at least prior to the
formation of said groove, said strip has a thickness between 0.5 and 100 nm,
in particular between 2 and 20 nm, more in particular between 5 and 15 nm
and has a width of more than 2 nm, in particular more than 10 nm, more in
particular more than 50 nm and preferably at least 100 nm and preferably

less than 1000 nm.
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15. A set of electrodes according to claim 13 or 14, wherein the strip is
supported on a support, wherein the support is preferably provided with an
opening under said groove.

16. Use of an electron beam for the formation of electrodes by diffusion of
atoms.

17. Use of an electron microscope for the formation of electrodes from a
metal strip.

18.  An apparatus for the formation of at least two electrically conductive
strip parts from a strip, comprising at least an electron microscope and a
control device, wherein the control device is arranged for directing an
electron beam of said electron microscope on a top surface of the strip and
thereby forming, in said strip, a groove across the width of the strip by
causing atoms of said strip to diffuse, and for observing the formation of the
groove preferably in real time, wherein the control device is further

arranged for controlling the electron beam on the basis of said observation.
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