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NANOMETER-SCALE SHARPENING OF
CONDUCTOR TIPS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application 60/794,924, filed Apr. 26, 2006, which is hereby
incorporated by reference to the extent not inconsistent with
the disclosure herein.

ACKNOWLEDGEMENT OF GOVERNMENT
SUPPORT

This invention was made at least in part with support from
the Office of Naval Research under grant numbers N00014-
03-1-0266 and N00014-06-10120. The United States Gov-
ernment has certain rights in this invention.

BACKGROUND OF THE INVENTION

Electrical conductors with ultrasharp tips have applica-
tions as probes for scanned probe microscopy and field emit-
ters for use in scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM) and field emission
displays. In probe microscopy, the sharpness of the tip affects
the lateral resolution. For field emission, the sharpness of the
tip affects the electric field at the tip.

A variety of techniques have been reported for producing
sharp tips on electrical conductors, including electrochemical
etching, chemical vapor deposition or electron beam deposi-
tion onto previously sharpened tips, and ion sputtering. Elec-
trochemical etching is a common technique used to produce
sharpened tips on wires of tungsten and other materials. Typi-
cally, the radius of curvature of the apex of the tip is about 1
micron or less. Electrochemically sharpened tungsten tips
typically have an oxide layer present on the tip surface.

Several ion sputtering techniques have been described in
the scientific and patent literature. Biegelson et al. (1987,
Appl. Phys. Lett, 50(11) 696) report a technique in which a
beam of energetic ions is directed towards an electrochemi-
cally etched tungsten tip at an angle with respect to the tip
axis. The tip is then rotated within the ion beam, resulting in
sputter removal of the oxide layer and reduction of the radius
of curvature at the tip apex. U.S. Pat. No. 6,329,214 to Hattori
et al, report ion milling of noble metal field emitters with an
ion beam incidence angle of 30-60 degrees relative to the
substrate normal direction.

Axial incidence ion beam sputtering techniques have also
been reported. U.S. Pat. No. 5,993,281 to Musket describe
sputtering by high-energy (30 keV and higher) ions incident
along or near the longitudinal axis of a field emitter to sharpen
the tip with a taper from the point, or top end, down the shank
of'the emitter. The process is reported to sharpen tips down to
radii of less than 12 nm with an included angle of about 20
degrees. U.S. Pat. No. 6,329,214 to Hattori et al. reportion
milling of emitters made of conductive material other than a
noble metal with an ion beam incidence angle of zero degrees
relative to the substrate normal direction. Kubby and Siegel
(1986, J. Vac. Sci. Technol. B 4(1), 120) reportion milling of
electropolished tungsten and iridium wire targets; the target
was electrically isolated from the target chamber and
mechanically rotated and the beam energy was in the interval
3-15 keV. Morishita and Okuyama (1991, J. Vac. Sci. Tech-
nol. A 9(1), 167) report sharpening of monocrystalline
molybdenum tips with Ar* or Xe™ ions focused into a beam
approximately 350 microns across. Hoffrege et al. (2001, J.
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2
Appl. Phys., 90(10) 5322) describe variation of the angle
between the ion beam and the macroscopic tip.

Focused ion beam (FIB) milling techniques have also been
reported. Typical beam diameters (full width at half maxi-
mum) are from about 5 nmto about 1 um. Vasile et al. describe
FIB milling of electrochemically etched W and Pt—Irtips via
a three stage process (Vasile et al., 1991, Rev. Sci. Instrum.,
62(9), 2167; Vasile et al., 1991, J. Vac. Sci. Technol. B 9(6)).
Formation of microtips having radii of curvature between 4
nm and 30 nm was reported (Vasile et al., 1991, Rev. Sci.
Instrum., 62(9), 2167). U.S. Pat. No. 5,727,978 to Alvis et al.
describes FIB milling of platinum deposited on an electron
beam emitting filament.

Self-sputtering sharpening techniques are also described in
the scientific literature. As reported by Schiller et al. (1995,
Surface Sci. 339 1.925-930), electrochemically etched tips
are placed in within an ambient neon environment and a high
negative voltage is applied to the tip. Under such a voltage,
electrons are emitted directly from the tip, impacting and
ionizing surrounding neon ions. These positively charged
neon ions are attracted to and sputter the tip. The sputtering
process results in “necking” and then “decapitation” of the
tip.

There remains a need in the art for methods for producing
nanometer-scale conducting tips, especially methods which
are self-limiting and capable of sharpening more than one tip
at a time.

SUMMARY OF THE INVENTION

One aspect of the invention provides methods for sharpen-
ing the tip of an electrical conductor. Since the sharpened tips
can be used as probes or field emitters, some embodiments of
the invention also provide methods for sharpening the tips of
probes or field emitters. The methods of the invention are
capable of nanometer-scale sharpening, producing ultrasharp
tips having an apex radius of curvature less than 10 nm.
Typically, the tips produced by the methods of the invention
have an apex radius of curvature less than 5 nm. The sharp-
ening methods of the invention can be self limiting, so that the
tip shape eventually approaches an equilibrium value. The
self limiting nature of the process can obviate the need for
careful monitoring of the process and the need for expensive
monitoring apparatus.

The sharpening methods of the invention are based on
simultaneous direction of ionized atoms towards the apex of
a previously sharpened conducting tip and application of an
electric potential difference to the tip relative to some refer-
ence potential (such as the potential of the surrounding
vacuum chamber, which may be electrically grounded). The
sign of the charge on the ions is the same as the sign of the
electric potential difference. Application of an electric poten-
tial to the tip generates an electric field around the tip, with the
strength of the field varying inversely with the tip radius of
curvature. Because the electric field surrounding the tip is
non-uniform and dependent on the tip form, the flow of ions
is modified by the shape of the tip apex. This results in a
selective repulsion of ions from the tip apex and a modifica-
tion of the angle at which ions impact the tip. As sharpening
proceeds, the apex radius of curvature is further reduced,
which further increases the local electric field strength and
enhances the sharpening effect. This process may be termed
“field-directed sputter sharpening.”

For a given conductor material, type of ion and ion angle of
incidence, the accelerating voltage of the ions and the voltage
applied to the conducting tip are selected together to provide
the desired tip sharpness. The difference between the ion
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accelerating voltage and the tip voltage is sufficiently large
that sputtering of the tip occurs, but not so large that the
influence of the tip voltage is negligible. Simulations of the
sputtering process can be used to aid in selection of the
accelerating voltage and the voltage applied to the sharpened
conductor.

In an embodiment, the invention provides a method for
sharpening the tip of an electrical conductor comprising the
steps of:

a. providing a vacuum in a vacuum chamber;

b. providing a conductor comprising a tip having an initial
radius of curvature less than 1 micron at its apex, the
conductor being located within the vacuum chamber;
and

c. simultaneously applying a voltage to the conductor and
directing a flux of ions onto the tip of the conductor, the
ions being characterized by an acceleration voltage,
wherein the sign of the voltage applied to the conductor
is the same as the sign of the charge of the ions,

wherein the acceleration voltage and the voltage applied to
the conductor are selected so that the tip of the conductor is
sputtered by the ions, thereby reducing the radius of curvature
at the apex of the tip.

In one aspect of the invention, the final radius of curvature
at the apex of the tip is less than about 5 nm. In an embodi-
ment, the ion acceleration voltage is between about 550 eV
and 5 keV and the voltage applied to the conductor is 100V or
more. In an embodiment, at least some of the ions have an
angle of incidence with respect to the longitudinal axis of the
conductor of less than or equal to 35 degrees.

In the methods ofthe invention, an ion source (for example,
a plasma) may be used to generate ions. A flux (or flow) of
ions may be obtained when the ions from the ion source are
accelerated by means of an electric potential difference,
referred to herein as the acceleration voltage. The electric
field associated with this electric potential difference affects
the trajectory of the ions. A variety of ions are known to those
skilled in the art.

In an embodiment, the ion flux is provided by a collimated
beam ofions. In one embodiment, the longitudinal axis of the
ion beam is substantially aligned with (within 5 degrees of)
the longitudinal axis of the conductor. In this embodiment,
the conductor need not be rotated. In another embodiment,
the longitudinal axis of the ion beam may be at a non-zero
angle to the longitudinal axis of the conductor. In an embodi-
ment, the angle between the ion beam and longitudinal axis of
the conductor is less than or equal to 35 degrees. In this
embodiment, the conductor may be rotated to sharpen the
conductor more uniformly. In another embodiment, a focus-
ing ring can be used to cause ions to impinge upon the con-
ductor at an angle off the longitudinal axis.

In another embodiment, the ion flux is not in the form of an
ion beam and the ions have a greater variation in the angle of
incidence with respect to the conductor. In an embodiment,
the electric field lines associated with the accelerating voltage
are substantially aligned with the longitudinal axis of the
conductor. In another embodiment, the angle between the
electric field lines and longitudinal axis of the conductor is
less than or equal to 35 degrees. In another embodiment, at
least some of the ions have an angle of incidence with respect
to the longitudinal axis of the conductor of less than or equal
to 35 degrees. Batch processing in chambers that produce
large area ion fluxes may tune the distribution of ion incidence
from on axis to random.

In an embodiment, the spot size of the ion beam or the area
of the ion flux is sufficiently large to sputter a plurality of
conductors simultaneously. The ability to sputter multiple
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tips in parallel would potentially allow for dozens or hundreds
of'tips to be simultaneously prepared, significantly increasing
production throughput.

The invention also provides ultrasharp probe and field
emitter tips. In an embodiment, probe or field emitter tips
have an apex radius of curvature less than 2 nm. In an embodi-
ment, the tip is not a single crystal metal tip. In another
embodiment, the probe or field emitter tip is made of a mate-
rial other than tungsten. The ultrasharp probes provided by
the invention may be used in scanning probe microscopy.

The invention also provides apparatus which enable sharp-
ening of conductor tips using the methods of the invention.
The apparatus may be stand-alone. The apparatus may also be
a scanning probe microscope apparatus which allows in situ
sharpening of the probe tip or an electron microscope appa-
ratus which allows in situ sharpening of the field emitter.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1: Schematic illustrating structural features of a
sharpened tip.

FIG. 2A: Ion path simulation results for a neon ion beam
aligned with the longitudinal axis of the conductor. The neon
atoms are singly ionized with an energy of 2000 eV, while the
bias applied to the tip is 100V.

FIG. 2B: Ion path simulation results for a neon ion beam
aligned with the longitudinal axis of the conductor. The neon
atoms are singly ionized with an energy of 2000 eV, while the
bias applied to the tip is 400V.

FIG. 2C: Ion path simulation results for a neon ion beam
aligned with the longitudinal axis of the conductor. The neon
atoms are singly ionized with an energy of 2000 eV, while the
bias applied to the tip is 100V.

FIG. 3: Simulated field-directed sputtering under 400V tip
voltage, 2000 eV argon ion energy, and beam aligned with the
longitudinal axis of the conductor.

FIG. 4: Simulated field-directed sputtering for zero tip
voltage, 1600 eV argon ion energy, and beam aligned with the
longitudinal axis of the conductor.

FIGS. 5A-5F: TEM images of a Pt—Ir tip prior to sputter-
ing (FIG. 5A) and at various stages of the sputtering process
(FIGS. 5B-5F).

FIGS. 6A-6B: TEM image of a W tip prior to sputtering
(FIG. 6A) and following sputtering (FIG. 6B).

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 is a schematic illustration of a conductor 14 having
a longitudinal axis 14'. The conductor also has a tip; the term
“tip” as used herein refers to a pointed or narrowed end. The
tip 21 of the conductor tapers from its apex 20 to its base 23.
The cross-sectional diameter or width 24 of the tip base 23 is
the same as that of conductor shank 22 (which is unchanged
from its initial value). The tip length 26 is the distance
between the apex 20 and base 23. The tip apex has a radius of
curvature 25 (distance between the arrows in FIG. 1). The tip
may also be characterized by the included angle or cone angle
defined by the tapered surface of the tip (indicated by 6 in
FIG. 1). When the tip geometry is more complicated than that
shown in FIG. 1, the cone angle may vary along the tip length
and/or multiple apices may be present. The cone angle may be
determined near the tip apex or at a specified distance from
the tip apex. Ata specified distance from the tip apex, the cone
angle may be estimated as twice the angle whose tangent is
half the tip width at the specified distance divided by the
specified distance. If multiple apices are present, the primary
apex is that which is most centrally located. The measurement



US 8,070,920 B2

5

of'atip’s radius of curvature can be achieved by fitting a circle
within the apex within a TEM image and measuring the radius
directly.

As used herein, sharpening a tip includes reducing the
radius of curvature at the tip apex. In an embodiment of the
invention, the initial radius of curvature of the tip apex is less
than about 1 micron (this is the tip radius before field-directed
sputter sharpening). Tips with this initial radius of curvature
may be obtained by electrochemical etching or any other
suitable method known to those skilled in the art. In different
embodiments, the methods of the invention allow reduction
of the radius of curvature at the primary tip apex to less than
5 nm, less than or equal to 2 nm, less than or equal to 1.5 nm,
or less than or equal to 1 nm.

In an embodiment, sharpening of the tip also leads to
reduction of the cone angle as determined near the tip apex.
Without wishing to be bound by any particular belief, it is
believed that smaller cone angles can be achieved if the ion
flux or beam is not strictly aligned with the tip. The sharpen-
ing process of the present invention may also lead to a
decrease in the overall length of the conductor, an increase in
the tip length, and/or a reduction in the cone angle as deter-
mined at other locations along the tip length.

In the sharpening methods of the invention, the electric
field around the conductor tip is used to direct ions in the
vicinity of the tip and thereby control sputtering of material
from the tip. In particular, the path of these ions is affected by
the repulsive force generated between charge stored within
the conductor and ions in the vicinity of the conductor; the
magnitude of the force depends on the magnitude of the
electric field. Typically, the electric field around the conduc-
tor will change during the sharpening process, with enhance-
ment of the field near the tip apex as the tip sharpens.

For a given tip bias voltage, the shape of the sharpened tip
approaches an equilibrium shape after extended sputtering.
Therefore, the process can be self-limiting. The equilibrium
form of the sputtered tip depends on several parameters.
These include the relation between angle of incidence and
sputter yield (a property of the selected tip material and ion),
the angle of the incoming ions, and the bias applied to the tip
as it relates to the ion energy.

The electric field around the conductor tip depends on the
electric potential applied to the conductor relative to a refer-
ence potential (such as the potential of the vacuum chamber).
This electric potential difference can also be termed the
applied voltage or the applied bias voltage. One upper limit on
the absolute value of the applied potential is the acceleration
voltage minus the threshold value for sputtering to occur. In
an embodiment, the upper limit on the absolute value of the
applied potential is the accelerating voltage less approxi-
mately 500 V. In different embodiments, the absolute value of
the applied voltage is greater than 25 V, greater than 50 V,
greater than 100 V, greater than 200 V, greater than 300 V,
greater than 400V, greater than 500V, greater than 750V, or
greater than 1000 V. In different embodiments where the ion
accelerating voltage is between 1 keV and 5 keV or approxi-
mately 2000 eV, the absolute value of the applied potential is
between 100 and 700V, between 200 and 600 V, or between
300 and 500V.

The applied voltage may be substantially constant or vary-
ing. In different embodiments, the variation in voltage is less
than 5% or less than 1%. The voltage variation may take the
form of a series of constant voltages applied to the conductor.
For example, the first voltage applied may be higher (e.g.
600-800V) and the second voltage applied may be lower (e.g.
100-400V). A multi-stage process may also use at least one
stage with a constant voltage and at least one stage with a
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non-constant voltage. For example, application of a constant
voltage may be followed by application of a varying voltage
to the tip. The potential may be applied by any means known
to those skilled in the art. For example, the potential may be
applied using a voltage supply. Alternately, the potential dif-
ference may be generated automatically by using a resistor to
electrically separate the conductor from the vacuum chamber.
The ion flux would then charge the conductor up to some
potential.

The difference between the accelerating voltage of the ions
and the potential applied to the conducting tip is sufficiently
high that sputtering occurs when the tip is contacted with the
ion flux. A lower limit on the difference between the accel-
eration voltage and the tip bias is that this difference is greater
than or equal to the threshold energy for sputtering. In an
embodiment, this difference is great enough that the sputter-
ing yield is greater than about 0.001. Relatively low sputter-
ing yields can be compensated by relatively high ion current
densities. In other embodiments, the sputtering yield is
greater than 0.25, greater than 0.5 or is approximately 1. In
different embodiments, the difference between the ion accel-
erating voltage and the potential applied to the conductor is
greater than or equal to 100 eV, greater than or equal to 200
eV, greater than or equal to 300 eV, greater than or equal to
400 eV, greater than or equal to 500 eV, greater than or equal
to 600 eV, or greater than or equal to 700 eV. As used herein,
the tip is contacted with the ion flux when at least part of the
tip is contacted with at least part of the ion flux.

The ion acceleration voltage (also termed the accelerating
voltage) is sufficiently high that sputtering of the tip occurs. In
different embodiments, the accelerating voltage of the ions is
between 550 eV and 10 keV, or between 550 eV and 5 keV.
Reasonable sputtering rates may also be obtained at lower
accelerating voltages if the ion current density is sufficiently
high (for example in a plasma reactor system). In an embodi-
ment, use of accelerating voltages below those at which sub-
stantial implantation occurs can enhance the tip sharpness. In
another embodiment, the energy of the ion flux is less than
about 300 keV

The ion beam may comprise positive or negative ions. lon
beam production techniques and devices are known to those
skilled in the art. Sources of positive ion beams include, but
are not limited to, ion guns. Suitable positive ions include, but
are not limited to neon, argon, xenon, and helium ions. The
ion current density is sufficiently high to allow the desired rate
of sharpening. In an embodiment, greater ion current density
can be attained by alignment of the conductor with the central
portion of the ion beam. In an embodiment, the spot size of the
beam is greater than about 1 micron. As used herein, the
conductor tip is contacted with the ion beam when at least
some of the ions in the beam contact the tip. In one embodi-
ment where the ion flux is provided by an ion beam, the
acceleration voltage of the beam is between 550 and 5 keV
and the voltage applied to the conducting tip is greater than
100 V.

Ion fluxes which are not in the form of ion beams may be
provided by plasma reactors or similar pieces of equipment.
Plasma reactors can provide ion current densities on the order
of milliamperes per square centimeter. A variety of plasma
reactor configurations are known to those skilled in the art.
For example, plasma reactors such as parallel plate (diode-
type) reactors, triode reactors, and inductively coupled
plasma (ICP) reactors are well known for use in plasma
etching processes for semiconductor circuits. These conven-
tional plasma reactors may be adapted to allow separate con-
trol of the bias on the conducting tip.
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In an embodiment, the conductor is in the form of a wire,
nanowire or column having a pointed or narrowed tip and a
width or diameter less than its length. In another embodiment,
the conductor may be in the form of a pyramid or other shape
having a pointed tip. For example, methods for formation of
silicon pyramids are known to those skilled in the art.

Electrically conducting materials suitable for use with the
invention include, but are not limited to, metals, carbon, and
semiconductors. In an embodiment, materials suitable for use
with the invention have a resistivity less than 10’ Qm. To
avoid significant charging effects, the resistance between the
apex and ground should be less than several Mohnis (megao-
hns).

In an embodiment, the conductor is selected from group
consisting of a metal, a conductive diamond or diamond-like
carbon tipped metal, a transition metal carbide tipped metal,
a transition metal nitride tipped metal, a multi-walled carbon
nanotube, and a semiconductor

The metal may be a transition metal, a noble metal or
ferromagnetic metal. In an embodiment, the metal is a tran-
sition metal selected from the group consisting of tungsten,
molybdenum, chromium, titanium, vanadium, zirconium,
niobium, hafhium, and tantalum. In another embodiment, the
metal is a noble metal selected from the group consisting of
silver, gold, palladium, platinum, rhodium, iridium, ruthe-
nium, osmium, and rhenium, and combinations thereof.
Combinations of noble metals include alloys such as plati-
num-iridium alloys. The metal may also be a ferromagnetic
metal selected from the group consisting of iron, cobalt,
nickel and combinations thereof. The metal may be polycrys-
talline. Metal wires useful as conductors for the present
invention may be of any suitable dimensions known to those
skilled in the art for the intended application. In an embodi-
ment, the diameter of the wire is less than 1 mm.

Conductive diamond or diamond-like carbon tipped metals
suitable for use with the invention have carbon coatings suf-
ficiently thick that the sharpening process does not com-
pletely remove the coating. It is sufficient that the carbon not
be completely removed at the apex or along some distance
from the apex. In an embodiment, the thickness of the carbon
coating is between about 10 nanometers and about 10
microns. Diamond or diamond-like carbon coatings can be
deposited by any method known to the art, including a variety
of chemical vapor deposition (CVD) techniques. Microwave
plasma CVD techniques have been used to deposit
ultrananocrystalline diamond films 0.1-2.4 microns thick on
sharp single Si microtip emitters (Krauss et al., 2001, J.
Applied Physics, 89(5), 2958-2967). Amorphous diamond
films have been deposited on Mo tip emitters by pulsed laser
deposition (Ding, M. Q. etal, 1997, J. Vac. Sci. Tech. B, 15(4),
840-844).

Metals tipped with transition metal carbides or nitrides are
also suitable for use with the invention. The transition metal is
selected from the group consisting of titanium, zirconium,
hafnium, vanadium, niobium, tantalum, chromium, molyb-
denum, and tungsten. The carbide or nitride coating is suffi-
ciently thick that the sharpening process does not completely
remove the coating. It is sufficient that the coating not be
completely removed at the apex or along some distance from
the apex. In an embodiment, the thickness of the coating is
between about 10 nanometers and about 10 microns. Transi-
tion metal carbide and nitride coatings can be deposited by
any method known to the art, including a variety of chemical
vapor deposition (CVD) techniques. When the coating is
formed on a transition metal, the coating may be produced via
carburization or nitridation.
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The conductor may also be a multi-walled carbon nano-
tube. As used herein, the term “nanotube” refers to a tube-
shaped discrete fibril typically characterized by a substan-
tially constant diameter of typically about 1 nm to about 100
nm, preferably about 2 nm to about 50 nm. In addition, the
nanotube typically exhibits a length greater than about 10
times the diameter, preferably greater than about 100 times
the diameter. The term “multi-wall” as used to describe nano-
tubes refers to nanotubes having a layered structure, so that
the nanotube comprises an outer region of multiple continu-
ous layers of ordered atoms and an optional distinct inner core
region or lumen. The layers are disposed substantially con-
centrically about the longitudinal axis of the fibril.

The conductor may also be a semiconducting material. In
anembodiment, the semiconducting material is selected from
the group consisting of silicon, germanium, or a compound
semiconductor comprised of elements from groups Il and V
of the periodic table. In an embodiment, the conductor is a
semiconducting nanowire. As used herein, a nanowire has a
diameter or width less than about one micron. In another
embodiment, the conductor has a pyramidal shape formed by
anisotropic etching.

The field-directed sputtering process of the present inven-
tion takes place under vacuum. As used herein, a vacuum
refers to a pressure which is less than atmospheric pressure
rather than to a perfect vacuum. Suitable background pres-
sures, sans sputtering noble gas, are specified by ion gun
manufacturers and are known by those skilled in the art.
Under batch processing in a plasma system the pressures can
be on the order of 1x10™*to 1x107 torr during processing. In
an ion gun system, the noble gas pressure during sputtering
can reach 5x107° torr. Typically, the source of vacuum will be
one or more vacuum pumps. Pumps suitable for obtaining
desired vacuum levels are known to those skilled in the art.

In an embodiment, the temperature of the conductor is
controlled during the sputtering process. In an embodiment,
additional heat is applied to the conductor during the sputter-
ing process to allow at least some annealing of defects gen-
erated during sputtering. Suitable temperatures for annealing
of'ion bombardment induced defects are material dependent
and known to those skilled in the art. In an embodiment, the
conductor is heated to a temperature less than about 1000° C.
The conducting tips produced by the methods of the invention
may also be annealed after sharpening, but some blunting of
the tip may result.

The methods of the invention are capable of producing
conductors with ultrasharp tips. In different embodiments,
the tips produced by the methods of the invention have an
apex radius of curvature less than 10 nm, less than 5 nm, less
than or equal to 2 nm, less than or equal to 1.5 nm, or less than
or equal to 1 nm. Conductors produced by the methods of the
invention are suitable for use as microscope probes (also
known as microscope probe tips) and field emitters (also
known as field emitter tips).

In an embodiment, the invention provides a method for
sharpening the tip of an electrical conductor comprising the
steps of:

a. providing a vacuum in a vacuum chamber;

b. providing a conductor comprising a tip having an initial
radius of curvature less than 1 micron at its apex, the
conductor being located within the vacuum chamber;
and

c. simultaneously applying a voltage to the conductor and
contacting the tip of the conductor with an ion beam
characterized by a beam accelerating voltage and com-
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prising positive or negative ions, wherein the sign of the
voltage applied to the conductor is the same as the sign
of the charge of the ions,
wherein the beam accelerating voltage and the voltage
applied to the conductor are selected so that the tip of the
conductor is sputtered by the ion beam, thereby reducing the
radius of curvature at the apex of the tip to 5 nm or less.

In another embodiment, the invention provides a method
for sharpening the tip of an electrical conductor comprising
the steps of:

a. providing a vacuum in a vacuum chamber;

b. providing a conductor comprising a tip having an initial
radius of curvature less than 1 micron at its apex, the
conductor being located within the vacuum chamber;
and

c. simultaneously applying a constant positive electric
potential to the conductor relative to the vacuum cham-
ber and contacting the tip of the conductor with an ion
beam comprising positive ions, thereby reducing the
radius of curvature at the apex of the tip.

The invention provides apparatus capable of sharpening a
conductor having an initial tip radius of about one micron or
less. In an embodiment, the apparatus comprises a vacuum
chamber connected to a vacuum source, an ion flux source in
communication with the vacuum chamber, a sample holder
capable of supporting the conductor having a tip and capable
of'being electrically connected to the conductor and a source
of electrical potential difference connected between the
sample holder and the vacuum chamber. In one embodiment,
the ion flux source comprises a plasma source in combination
with a source of ion acceleration voltage. Plasma reactor
systems can provide such an ion flux source and also include
a vacuum chamber. In another embodiment, the ion flux
source is an ion beam. The ion flux source is in communica-
tion with the vacuum chamber so that the ion flux can be
introduced into the chamber. In one embodiment, the ion flux
source may be located within the vacuum chamber. In an
embodiment, the sample holder is adapted to hold the longi-
tudinal axis of the conductor to be sharpened at a selected
angle (for example a predetermined angle with respect to the
longitudinal axis of an ion beam). The sample holder may be
capable of x, y, z, and rotational adjustments. The apparatus
may further comprise a current measuring device connected
between the tip and the bias source.

The apparatus may also further comprise a focusing ring.
The focusing ring functions as an electrostatic lens. In an
embodiment, the focusing ring is a metal ring positioned
between an ion beam source and the conductor to be sharp-
ened so that the ion beam passes through the opening of the
ring. The focusing ring is connected to a second source of
electrical potential difference. During sharpening, a potential
is applied to the ring, resulting in focusing of the beam. The
beam is focused enough to obtain the desired angle of inci-
dence of ions with respect to the conductor to be sharpened.
The voltage applied to the ring is less than the ion beam
voltage and depends on the size of the ring. In an embodi-
ment, the voltage applied to the ring is several hundred volts.
In an embodiment, the amount of focusing ranges from 0 to
35 degrees relative to the longitudinal axis of the tip.

The apparatus may also comprise a heater connected to the
sample holder. Suitable heating devices for use in controlling
the temperature of sample holders under vacuum are known
to those skilled in the art and include, but are not limited to
resistance-based heaters.

In an embodiment, the invention provides a stand-alone ion
sputtering apparatus capable of sharpening a conductor hav-
ing a sharp tip, the apparatus comprising:

a. a vacuum chamber connected to a vacuum source;

b. an ion flux source in communication with the vacuum

chamber;
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c. a sample holder adapted to hold the conductor to be
sharpened; and

d. a source of electrical potential difference connected
between the sample holder and the vacuum chamber.

The invention also provides a scanning probe microscope
apparatus capable of in-situ sharpening of the probe tip. In an
embodiment, the invention provides a scanning probe micro-
scope apparatus comprising a vacuum chamber, a scanning
probe microscope, an ion beam source and a source of poten-
tial difference connected so as to establish an electrical poten-
tial difference between the probe and the vacuum chamber.
The scanning probe microscope has a probe comprising a tip
and may be any form of probe microscope known to the art
capable of operating with a conducting probe. Such scanning
probe microscopes include, but are not limited to, scanning
tunneling microscopes, atomic force microscopes, magnetic
force microscopes, electrostatic force microscopes, scanning
voltage microscopes, Kelvin force probe microscopes, and
scanning gate microscopes. The apparatus is configured so
that the ion source and the probe can be positioned to obtain
the desired relationship between the longitudinal axes of the
ion beam and the probe. In an embodiment, the ion source is
disposed so that the longitudinal axis of the ion beam is
capable of being substantially aligned with the longitudinal
axis of the tip. In most cases the tip is removed from the
microscope but not from the vacuum chamber to place it into
alignment with the ion beam. If the probe remains within the
microscope, the microscope may be moved laterally or
rotated to align the probe with the ion beam. The source of
electrical potential difference will typically be connected
between the probe holder used to hold the probe at the time of
sharpening and the vacuum chamber.

In an embodiment, the invention provides a scanning probe
microscope apparatus capable of in-situ sharpening of the
probe tip, the apparatus comprising:

a. a scanning probe microscope comprising a vacuum
chamber and a probe comprising a tip, the tip apex
having an initial radius of curvature less than 1 micron
and the probe being located within the vacuum chamber;

b. an ion beam source in communication with the vacuum
chamber; and

c. a source of electrical potential difference connected to
establish a an electrical potential difference between the
probe and the vacuum chamber,

wherein the apparatus is adapted so that probe can be moved
within the vacuum chamber to substantially align the longi-
tudinal axis of the tip with the longitudinal axis of the ion
beam for sharpening.

In another embodiment, the invention provides an electron
microscope apparatus capable of in-situ sharpening of the
field emitter tip. The apparatus comprises an electron micro-
scope comprising a field emitter tip and a vacuum chamber
connected to a vacuum source, an ion beam source and a
source of electrical potential difference connected to estab-
lish an electrical potential difference between the tip and the
surrounding vacuum chamber. The source of potential differ-
ence can be the same source of potential difference that
causes field emission and therefore can be part of the micro-
scope. The microscope has a field emitter tip and may be any
form of electron microscope known to the art, including scan-
ning electron microscopes and transmission electron micro-
scopes. The apparatus is configured so that the ion source and
the field emitter tip can be positioned to obtain the desired
relationship between the longitudinal axes of the ion beam
and the field emitter tip. In an embodiment, the ion source is
disposed so that the longitudinal axis of the ion beam is
capable of being substantially aligned with the longitudinal
axis of the tip. In an embodiment, the tip may be rotated to the
side in order to face the ion gun.
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In an embodiment, the invention provides an electron
microscope apparatus capable of in-situ sharpening of the
field emitter tip, the apparatus comprising:

a. a electron microscope comprising a field emitter tip and

a vacuum chamber connected to a vacuum source;

b. an ion beam source in communication with the vacuum

chamber; and

c. a source of electrical potential difference connected to

establish an electrical potential difference between the
tip and the surrounding vacuum chamber,
wherein the apparatus is adapted to allow rotation of the tip so
that the longitudinal axis of the tip is substantially aligned
with the longitudinal axis of the ion beam for sharpening.

‘When a Markush group or other grouping is used herein, all
individual members of the group and all combinations and
subcombinations possible of the group are intended to be
individually included in the disclosure. Whenever a range is
given in the specification, for example, a temperature range, a
time range, or a composition range, all intermediate ranges
and subranges, as well as all individual values included in the
ranges given are intended to be included in the disclosure.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. Any
recitation herein of the term “comprising”, particularly in a
description of components of a composition or in a descrip-
tion of elements of a device, is understood to encompass those
compositions and methods consisting essentially of and con-
sisting of the recited components or elements. The invention
illustratively described herein suitably may be practiced in
the absence of any element or elements, limitation or limita-
tions which is not specifically disclosed herein.

The terms and expressions which have been employed are
used as terms of description and not of limitation, and there is
no intention in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred
embodiments and optional features, modification and varia-
tion of the concepts herein disclosed may be resorted to by
those skilled in the art, and that such modifications and varia-
tions are considered to be within the scope of this invention as
defined by the appended claims.

In general the terms and phrases used herein have their
art-recognized meaning, which can be found by reference to
standard texts, journal references and contexts known to those
skilled in the art. The preceding definitions are provided to
clarify their specific use in the context of the invention.

Example 1

Simulation of Beam-Tip Interaction for Perfectly
Conductive Materials

The electric field surrounding a biased conductor with a
sharp tip was simulated for a two-dimensional case assuming
that the material was a perfect conductor, resulting in an
absence of electric fields within the tip. The electric potential
was also assumed to be constant and present across the
entirety of the conductor. The simulations demonstrated that
the electric field was dramatically enhanced near the apex of
the tip. The sharper the tip, the more prominent the enhance-
ment.
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The ion motion surrounding the biased conductor tip was
also simulated. FIGS. 2A, 2B, and 2C present ion path simu-
lation results for a neon ion beam aligned with the longitudi-
nal axis of the conductor. The ion beam accelerating voltage
was 2000 eV; the neon atoms were singly ionized. FIGS. 2A,
2B, and 2C show simulation results for tip potentials of 100V,
400V, and 800 V respectively. As anticipated, the charged
particles are repelled and higher tip bias results in stronger
repulsion.

Sputtering of the conductor tip by the incoming ions was
modeled by dividing the simulated tip into finite elements
(represented by pixels within the image in FIGS. 3-4). The
scale of the image is selected based on physical parameters
such that each pixel corresponds to one atom within the tip.
An extensive series of incoming ions were generated sequen-
tially with a uniform random distribution in the lateral direc-
tion. The ion paths were simulated until the ion impacted the
body of the tip or departed from the tip vicinity. Upon impact,
the removal of atoms by sputtering was simulated by an
algorithm based on the Sigmund model (Sigmund, 1973, J.
Mat. Sci., 8, 1545). The distribution of energy within the tip
and the penetration depth of ions was independently com-
puted using the SRIM 2006 software package (Ziegler, et al,
1985, The Stopping and Range of lons in Solids, Pergamon
Press; http://www.srim.org/) and our simulator modeled sput-
tering from the fundamental theory and these data points. In
addition, the tip was regularly reconstituted and any portions
which had become disconnected from the primary body of the
tip were fully removed from the system. Also minimization of
surface energy was modeled by allowing the motion of atoms
within two atomic diameters following each sputtering event
if an energetically favorable position can be located. These
simulations consider a two-dimensional tip and ignore inter-
action between ions. The simulations were saved in the form
of animations. FIG. 3 shows still images extracted from an
animation for a 2000 eV argon ion (singly ionized) beam and
a tip voltage of 400V. In this figure, the images are equally
spaced in time. FIG. 4 shows still images extracted from an
animation ofa 1600 eV argon ion beam where no tip voltage
is applied (control experiment where the tip was electrically
grounded). The time spacing is equal between figures.
According to these simulations, approximately 20 minutes
under an ion current density of 150 uA/cm? should be suffi-
cient for complete sharpening of a tip with an initial radius of
curvature of roughly 100 nm.

Example 2
Sharpening of Pt—Ir Tips

The experimental setup consisted of a vacuum chamber
with a background pressure of approximately 5x10~° torr,
which is attached to an ultra-high vacuum system containing
a scanning tunneling microscope. Within the vacuum cham-
ber was a Model 04-161 ion gun from Physical Electronics
(advertised current density 300 pA/cm?) controlled by a
Model IPS Ion Sputtering Gun Power Supply from OCI
Vacuum Microengineering, and a micromanipulator with x,
y, Z and rotational adjustments. Tip bias was provided by a
Model M107 DC Voltage Source from Systron-Donner.
Transmission electron microscope (TEM) imaging of the tips
ex-situ was performed with a Philips CM200 microscope.

Platinum-iridium scanning tunneling microscopy probes
were purchased commercially from Material Analytical Ser-
vices (MAS). The initial apex radius of curvature of the Pt—Ir
tips was roughly 100 nm.

FIGS. 5A through 5F show TEM images of a Pt—Ir tip
prior to sputtering (FIG. 5A) and at various stages of the
sputtering process (FIGS. 5B through 5F). The tip voltage
was 400 V and the neon ion energy was 2000 eV. The ion
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beam was directed substantially parallel to the longitudinal
axis of the tip. FIG. 5A shows the initial status of the tip. A
large mass of contaminant is present near the apex, and the tip
has a radius of curvature of roughly 100 nm. After some
sputtering (approximately 45 min.), as shown in FIG. 5B, the
tip appears to have sharpened slightly and a secondary apex
has appeared. Upon further sputtering (approximately 60
min), the side apex appears to have reduced, though the pri-
mary apex still has a radius of curvature of approximately 50
nm, as shown in FIG. 5C. It is believed that the tip was not
centrally located within the beam during these first two sput-
tering stages. FIG. 5D shows that additional sputtering (30
min.) has further sharpened the tip apex and that another
secondary apex has appeared. The contaminant seen in this
image likely appeared ex-situ while transferring the tip from
the sputtering system to the TEM. FIG. 5E shows the tip after
further sputtering (30 min); the tip has become significantly
sharper and the side apex has been reduced significantly. FIG.
5F is a higher magnification image of the tip in FIG. S5E, more
clearly illustrating a radius of curvature bordering on the
sub-nanometer range. The scale markers in these figures are
as follows: FIGS. 5A-5B: 100 nm; FIG. 5C: 200 nm; FIGS.
5D-5E: 100 nm; FIG. 5F: 20 nm.

The cone angle for the primary apex in FIG. 5B was
between 60 and 65 degrees. Measurement was made trigono-
metrically by roughly circumscribing a right triangle within
the tip, measuring opposite and adjacent edges, and comput-
ing the arctangent

For control experiments conducted with no tip bias and ion
beam energies between 1600 and 2000 eV, the resulting tip
radii were between 3 and 10 nm, typically between 5 and 10
nm.

Example 3
Sharpening of Tungsten Tips

The sputtering apparatus was as described in Example 2.

Tungsten wires with electrochemically etched tips were
prepared by etching polycrystalline tungsten wire in sodium
hydroxide solution. The initial apex radius of curvature of the
tungsten tips was roughly 100 nm.

FIG. 6 A shows a TEM image of a W tip prior to sputtering;
a large flat face is present at the tip apex. FIG. 6B shows a
TEM image of a W tip after sputtering; the tip radius is
approximately 1.5 nm, time approx 15 min. The tip voltage
was 400 V and the neon ion energy was 2000 eV. The ion
beam was directed substantially parallel to the longitudinal
axis of the tip. The scale marker in FIG. 6A is 50 nm; that in
FIG. 6B is 20 nm.

For a control experiment with zero tip bias and 2000 eV
beam accelerating voltage the resulting tip radius was
approximately 6 nm.

We claim:

1. A method for sharpening the tip of an electrical conduc-

tor comprising the steps of:

a. providing a vacuum in a vacuum chamber;

b. providing a conductor comprising a tip having an initial
radius of curvature less than 1 micron at its apex, the
conductor being located within the vacuum chamber;
and

c. simultaneously applying a voltage to the conductor and
directing a flux of ions onto the tip of the conductor, the
ion flux being characterized by an acceleration voltage,
wherein the sign of the voltage applied to the conductor
is the same as the sign of the charge of the ions,
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wherein the acceleration voltage and the voltage applied to
the conductor are selected so that the tip of the conductor is
sputtered by at least some of the ions, thereby reducing the
radius of curvature at the apex of the tip to less than 5 nm.

2. The method of claim 1, wherein a positive voltage is
applied to the conductor and the ion flux comprises positive
ions.

3. The method of claim 2, wherein the ion flux comprises
ions selected from the group consisting of neon, argon,
xenon, and helium ions.

4. The method of claim 1, wherein a negative voltage is
applied to the conductor and the ion flux comprises negative
ions.

5. The method of claim 1, wherein the absolute value of the
difference between the acceleration voltage and the potential
applied to the conductor is greater than 500 V.

6. The method of claim 5, wherein the absolute value of the
potential applied to the conductor is greater than about 50 V.

7. The method of claim 6, wherein the absolute value of the
potential applied to the conductor is greater than about 100'V.

8. The method of claim 1 wherein the ion flux is provided
by an ion beam.

9. The method of claim 8, wherein the longitudinal axis of
the beam is substantially aligned with the longitudinal axis of
the conductor.

10. The method of claim 8, wherein the longitudinal axis of
the ion beam is at a non-zero angle to the longitudinal axis of
the conductor.

11. The method of claim 1, wherein the ion flux is provided
by a plasma reactor.

12. The method of claim 1, wherein the conductor com-
prises a metal.

13. The method of claim 12, wherein the metal is a transi-
tion metal selected from the group consisting of tungsten,
molybdenum, chromium, titanium, vanadium, zirconium,
niobium, hafnium and tantalum.

14. The method of claim 12, wherein the metal is a noble
metal selected from the group consisting of iridium, plati-
num, gold, silver, palladium, osmium, rhodium, ruthenium,
rhenium, and combinations thereof.

15. The method of claim 12, wherein the metal is a ferro-
magnetic metal selected from the group consisting of iron,
cobalt, nickel and combinations thereof.

16. The method of claim 12 wherein the tip of the conduc-
tor further comprises a conductive diamond or diamond-like
carbon coating.

17. The method of claim 12, wherein the tip of the conduc-
tor further comprises a coating of a transition metal carbide or
nitride, wherein the transition metal is selected from the
group consisting of titanium, zirconium, hafnium, vanadium,
niobium, tantalum, chromium, molybdenum, and tungsten.

18. The method of claim 1, wherein the conductor is a
multi-walled carbon nanotube.

19. The method of claim 1, wherein the conductor is a
semiconductor.

20. The method of claim 1, wherein after step c¢) the radius
of curvature of the tip apex is 2 nm or less.

21. The method of claim 1, wherein a constant voltage is
applied to the conductor.

22. The method of claim 21, further comprising repetition
of step ¢) with a different constant voltage applied to the
conductor.

23. The method of claim 21, further comprising repetition
of'step ¢) with a time varying voltage applied to the conductor.

24. The method of claim 1, wherein a varying voltage is
applied to the conductor.
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