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1
NANOMETER-SCALE SHARPENING OF
CONDUCTOR TIPS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. application Ser. No.
11/740,678, filed Apr. 26, 2007, which in turn claims benefit
of'U.S. Provisional Application No. 60/794,924, filed Apr. 26,
2006. Both of these applications are hereby incorporated by
reference to the extent not inconsistent with the disclosure
herein.

ACKNOWLEDGEMENT OF GOVERNMENT
SUPPORT

This invention was made with government support under
grant numbers N00014-03-1-0266 and N00014-06-10120
awarded by the Office of Naval Research. The government
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. report ion
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) report ion 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
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molybdenum tips with Ar* or Xe* ions focused into a beam
approximately 350 microns across. Hoffrege et al. (2001, J.
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






