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PRIORITY CLATM This application claims the benefit of the filing date of
United States Patent Application Serial No. 11/784,315, filed April 5,
2007, for "Memory Devices having Electrodes Comprising Nanowires, Systems
Including Same and Methods for Forming Same." 10ECHNICAL FIELD       The
present invention, relates to methods of forming small electrodes for use
in memory cells of non-volatile memory devices including, Rif example,
resistance memory devices and phase change memory devices, to memory
devices formed by such methods, and to systems including such memory
devices. 15 BACKGROUND Various types of non-volatile memory devices employ
materials that can be caused to selectively exhibit more than one value of
electrical resistivity. To form a single memory cell (i.e., one bit), a
volume of such a material may be provided between two 20electrodes. A
selected voltage (or current) may be applied between the electrodes, and
the resulting electrical current (or voltage) therebetween will be at least
partially a function of the particular value of the electrical resistivity
exhibited by the material between the electrodes. A relatively higher
electrical resistivity may be used to represent a "1" in binary code, and a
relatively low electrical resistivity may be used to represent a "0" in
25binary code, or vice versa. By selectively causing the material between
the electrodes to 



exhibit relatively high and low values of electrical resistivity, the
memory cell can be selectively characterized as exhibiting either a 1 or a
0 value.       One particular type of such non-volatile memory devices is
the phase change memory device. In a phase change memory device, the
materials provided between the 30 electrodes typically are capable of
exhibiting at least two microstructural phases or states, each of which
exhibits a different value of electrical resistivity. For example, the
so-called "phase change material" may be capable of existing in a
crystalline phase the atoms  - 2 - of the material exhibit relative long
range order) and an amorphous phase (i.e., the atoms of the material do not
exhibit any or relatively little long range order). Typically, the
amorphous phase is formed by heating at least a portion of the phase change
material to a temperature above the melting point thereof and then rapidly
quenching (i.e., cooling) the 5phase change material to cause the material
to solidify before the atoms thereof can assume any long range order. To
transform the phase change material from the amorphous phase to a
crystalline phase, the phase change material is typically heating to an
elevated temperature below the melting point, but above a crystallization
temperature, for a time sufficient to allow the atoms of the material to
assume the relatively long range 10order associated with the crystalline
phase. For example, Ge2Sb2Te5 (often referred to as "GST") is often used as
a phase change material. This material has a melting point of about 620 C,
and is capable of existing in amorphous and crystalline states. To form the
amorphous (high resistivity) phase, at least a portion of the material is
heated to a temperature above the melting point thereof by applying a
relatively high current through 15the material between the electrodes (the
heat being generated due to the electrical resistance of the phase change
material) for as little as 10 to 100 nanoseconds. As the GST material
quickly cools when the current is interrupted, the atoms of the GST do not
have sufficient time to foul' an ordered crystalline state, and the
amorphous phase of the GST material is formed. To form the crystalline (low
resistivity) phase, at least a portion 20of the material may be heated to a
temperature of about 550 C, which is above the crystallization temperature
and near, but below, the melting point of the GST material, by applying a
relatively lower current through the GST material between the electrodes
for a sufficient amount of time (e.g., as little as about 30 nanoseconds)
to allow the atoms of the GST material to assume the long range order
associated with the crystalline phase, after 25 which the current flowing
through the material may be interrupted. The current passed through the
phase change material to cause a phase change therein may be referred to as
the "programming current."        Various memory devices having memory
cells comprising variable resistance material, as well as methods for
forming such memory devices and using such memory 30devices are known in
the art. For example, memory cells comprising variable resistance 



materials and methods of forming such memory cells are disclosed in Unites
States Patent No. 6,150,253 to Doan et al., Unites States Patent No.
6,294,452, Unites States Patent  WO 2008/124328PCT/US2008/058485 - 3 -
Applicant Publication No. 2006/0034116 Al to Lam et al., Unites States
Patent No. 7,057,923 to Furkay et al., Unites States Patent Applicant
Publication No. 2006/0138393 Al to Seo et al., and Unites States Patent
Applicant Publication No. 2006/0152186 Al to Sub et al. Furthermore,
supporting circuitry that may be used to form a memory device 5comprising
memory cells having a variable resistance material, as well as methods of
operating such memory devices, are disclosed in, for example, Unites States
Patent Applicant Publication No. 2005/0041464 Al to Cho et al., United
States Patent No. 7,050,328 to Khouri et al., and United States Patent No.
7,130,214 to Lee. As previously mentioned, the heat generated in a finite
volume of the phase 10change material as the programming current is passed
through the volume of material is due to the electrical resistance of the
material. Furthermore, the amount of heat generated in the finite volume of
the phase change material is at least partially a function of the current
density in the finite volume of phase change material. For a given current
passing through a phase change material between two electrodes, the current
density in the phase 15change material is at least partially a function of
the size (e.g., cross-sectional area) of the smallest electrode. As a
result, it is desirable to decrease the size of at least one of the
electrodes such that the current density in the phase change material is
increased, and the programming current required to cause a phase change in
the phase change material is reduced. By decreasing the required
programming current, the energy required to operate 20 the memory device
may be decreased. Therefore, there is a need for methods that can be used
to fo,III variable resistance memory devices having relatively smaller
electrodes than those presently known in the art. BRIEF DESCRIPTION OF
DRAWINGS 25FIG. IA is a partial cross-sectional schematic view of an
embodiment of a memory device of the present invention illustrating three
memory cells therein.       FIGS. 1B and IC show the electrodes and
variable resistance material of one memory cell shown in FIG. IA and are
used to illustrate one manner of operation thereof. 



FIGS. 2A-2I are partial cross-sectional side views of a workpiece and
illustrate a 30first embodiment of a method of the present invention that
may be used to form a memory device like that shown in FIG. IA and that
includes using a shadow mask deposition process to form a catalytic
structure.  WO 2008/124328PCT/US2008/058485 - 4 - FIGS. 3A-3F are partial
cross-sectional side views of a workpiece and illustrate a second
embodiment of a method of the present invention that may be used to form a
memory device like that shown in FIG. IA.          FIGS. 4A-4D are partial
cross-sectional side views of a workpiece and illustrate a 5third
embodiment of a method of the present invention that may be used to form a
memory device like that shown in FIG. 1A. FIGS. 5A-5F are partial
cross-sectional side views of a workpiece and illustrate a fourth
embodiment of a method of the present invention that may be used to form a
memory device like that shown in FIG. IA. 10FIGS. 6A-61 are partial
cross-sectional side views of a workpiece and illustrate a fifth embodiment
of a method of the present invention that may be used to form a memory
device like that shown in FIG. IA.       FIGS. 7A-7I are partial
cross-sectional side views of a workpiece and illustrate a sixth embodiment
of a method of the present invention that may be used to form a 15memory
device like that shown in FIG. IA.       FIGS. 8A-8E are partial
cross-sectional side views of a workpiece and illustrate a seventh
embodiment of a method of the present invention that may be used to form a
memory device like that shown in FIG. 1A.             FIG. 9 is a schematic
block diagram illustrating one embodiment of an electronic 20system of the
present invention that includes a memory device as shown in FIG. IA. 



MODES FOR CARRYING OUT THE INVENTION As discussed in further below, in some
embodiments, the present invention comprises memory devices having a volume
of variable resistance material disposed 25between two electrodes. At least
one of the electrodes is or includes a single nanowire having one end in
electrical contact with the volume of variable resistance material and a
second end in electrical contact with other conductive features or elements
of the memory device. In additional embodiments, the present invention
comprises electronic systems that include one or more such memory devices.
The one or more such memory devices 30may be in electrical communication
with an electronic signal processor. In other embodiments, the present
invention includes methods of forming such memory devices. Such methods may
include providing contact between one end of a single nanowire and a volume
of variable resistance material.  - 5 -        As used herein, the tenn
-variable resistance material" means any material capable of exhibiting
more than one value of electrical resistivity, and hence, conductivity.
Variable resistance materials may include, for example, phase change
materials (e.g., chalcogenides such as, for example Ge2Sb2Te5,
Te81Ge15Sb2S2, and Sb2Te3), colossal 5magnet resistive films (e.g., Pr,
i_xga,,Mn03 (PCMO), Lau i-xiCaMn03 (LCMO), arid Bac- x1SrTiO3), oxide
materials (e.g., doped or undoped binary or ternary oxides such as, for
example, Al203, BaTiO3, SrTiO3, N13205, SrZr03, Ti02, Ta205, NiO, Zr0",
Hf0x, and Cu20), which may have a Perovskite structure, and materials
having the general formula A'By, where B is selected from sulfur (S),
selenium (Se), and tellurium (Te), and mixtures 10 thereof, and where A
includes at least one element from Group 111-B (B, Al, Ga, In, T1), Group
IV-B (C, Si, Ge, Sn, Pb), Group V-B (N, P, As, Sb, Bi), or Group VII-B (F,
Cl, Br, I, At) with one or more dopants selected from noble metal and
transition metal elements such as, for example, Au, Ag, Pt, Cu, Cd, En, Ru,
Co, Cr, Ni, Mn, and Mo. As used herein, the term "nanowire" means any
elongated structure having 15transverse cross-sectional dimensions
averaging less than about 50 nanometers.       As used herein, the term
"superlattice structure" means a structure predominantly comprised of
periodically alternating layers of different materials. 



As used herein, the term "III-V type semiconductor material" means any
material predominantly comprised of one or more elements from group IIIB of
the periodic table 20(B, Al, Ga, In, and Ti) and one or more elements from
group VB of the periodic table (N, P, As, Sb, and Bi).       As used
herein, the term "II-VI type semiconductor material" means any material
predominantly comprised of one or more elements from group IIB of the
periodic table (Zn, Cd, and Hg) and one or more elements from group VIB of
the periodic table (0, S, 25Se, Te, and Po).       As used herein, the term
"wafer" means any structure that includes a layer of semiconductor type
material including, for example, silicon, germanium, gallium arsenide,
indium phosphide, and other Ill-V or 11-VI type semiconductor materials.
Wafers include, for example, not only conventional wafers but also other
bulk semiconductor substrates 30such as, by way of nonlimiting example,
silicon-on-insulator (S01) type substrates, silicon-on-sapphire (SOS) type
substrates, and epitaxial layers of silicon supported by a layer of base
material. Semiconductor type materials may be doped or undoped.  WO
2008/124328PCT/US2008/058485 - 6 - Furtheiniore, when reference is made to
a "wafer- in the following description, previous process steps may have
been utilized to at least partially form elements or components of a
circuit or device in or over a surface of the wafer. The illustrations
presented herein are not meant to be actual views of any 5particular memory
device, memory cell, workpiece, or system, but are merely idealized
representations which are employed to desciibe the present invention.
Additionally, elements common between figures may retain the same numerical
designation.       FIG. IA is a partial cross-sectional schematic view of
an embodiment of a memory device 10 of the present invention. The memory
device 10 may include an 10 integrated circuit comprising a plurality of
memory cells 12, and the memory cells 12 may be arranged in an array on or
in a substrate 11. By way of example and not limitation, the memory cells
12 may be arranged in a plurality of rows and columns. FIG. IA is a partial
cross-sectional view taken vertically through the substrate 11 and
illustrates three memory cells 12 in a common row or column of the array of
memory cells 12. 15To facilitate illustration, the memory cells 12 are
shown in FIG. IA as occupying a 



major vertical portion of the substrate 11. It is understood, however, that
in actuality, the substrate 11 may be relatively thicker than illustrated,
and the memory cells 12 may occupy a relatively thinner portion of the
substrate 11. Furthermore, only active elements of the memory cells 12
(i.e., the elements of the memory cells 12 through which charge 20carriers
travel), or materials used to foil]] such active elements, are
cross-hatched to simplify the cross-sectional figures herein.       The
substrate 11 may comprise, for example, a material such as glass or
sapphire, or the substrate may comprise a full or partial wafer, which may
facilitate processing using conventional semiconductor fabrication
processes. 25As shown in FIG. 1A, each memory cell 12 may comprise a first
electrode 16, a second electrode 18, and a volume of variable resistance
material 20 disposed between the first electrode 16 and the second
electrode 18.       In some embodiments, the variable resistance material
20 may comprise a phase change material. For example, the variable
resistance material 20 may comprise a phase 30change material such as a
chalcogenide material. Typical chalcogenide materials are alloys
predominantly comprising tellurium (Te), germanium (Ge), and antimony (Sb)
arid include, for example, Ge2Sb2Te5, Te81Ce15Sb2S2, and Sb2Te3
Chalcogenide materials  may be characterized by the general chemical
formula TeaGebSbloo_(Ob), where a is less than about eighty five (85) and b
is above about eight (8).       In additional embodiments, the variable
resistance material 20 may comprise one of various materials used to form
so-called "colossal mahmetoresistive films" such as, for 5 example,
Pro..,jCa,Mn03(PCM0), La(I,)CaxMn03 (LCMO), and Baii,)Sr"TiO3. In yet other
embodiments, the variable resistance material 20 may comprise a binary or
ternary doped or undoped oxide material such as, for example, Al203,
BaTiO3, SrTiO3, Nb205, SrZr03, Ti02, Ta205, NiO, ZrOx, Hf0x, and Cu20.
Furthermore, the variable resistance material 20 may have a Perovskite
structure. Yet another type of variable resistance 10material includes a
doped chalcogenide glass of the general formula A,By, where B is selected
from sulfur (S), selenium (Se), and tellurium (Te), and mixtures thereof,
and where A includes at least one element from Group III-B (B, Al, Ga, In,
TI), Group IV-B (C, Si, Ge, Sn, Pb), Group V-B (N, P, As, Sb, Bi), or Group
VH-B (F, Cl, Br, I, At) with one or more dopants selected from noble metal
and transition metal elements such as, for 15example, Au, Ag, Pt, Cu, Cd,
In, Ru, Co, Cr, Ni, Mn, and Mo. The first electrode 16 of each memory cell
12 may comprise a single nanowire 22 



having a first end 24 proximate to or in direct physical contact with a
surface of the volume of variable resistance material 20 and a second end
26 structurally and electrically coupled to other conductive features of
the memory device 10. For example, the first 20 electrode 16 of each memory
cell 12 may further comprise a conductive pad 28, and the second end 26 of
the single nanowire 22 may be structurally and electrically coupled to the
conductive pad 28. In some embodiments, each conductive pad 28 may comprise
a discrete, laterally isolated volume of conductive material, as shown in
FIG. IA. In other embodiments, each conductive pad 28 may simply comprise
an area or region of an 25elongated laterally extending conductive trace.
By way of example and not limitation, the single nartowire 22 of each
memory cell 12 may comprise a nanotube, such as a single wall carbon
nanotube (SWCNT) or a multi-walled carbon nanotube (MWCNT). In additional
embodiments, each nanowire 22 may comprise a substantially solid nanowire
substantially comprised of a semiconductor 30material such as, for example,
silicon, germanium, gallium, a III-V type semiconductor material, or a
II-VI type semiconductor material. Such nanowires 22 optionally may have an
integrated PN junction or a super attice structure. Furthermore, each
nanowire 22 may  WO 2008/124328PCT/US2008/058485 - 8 - comprise a single
crystal. In yet other embodiments, each nanowire 22 may comprise a
substantially solid nanowire substantially comprised of a metal such as,
for example, cobalt, copper, gold, nickel, platinum, or silver. Any type of
nanowire 22 may be used as long as the nanowire exhibits sufficient
electrical conductivity and can be formed, grown, 5placed, or otherwise
provided within the memory cells 12, as discussed in further detail below.
With continued reference to FIG. IA, the second end 26 of each nanowire 22
may be indirectly structurally and electrically coupled with the conductive
pad 28 by way of a conductive catalytic structure 30. In other words, a
conductive catalytic structure 30 may 10be disposed between the second end
26 of each nanowire 22 and the conductive pad 28, and the conductive
catalytic structure 30 may be structurally and electrically coupled to both
the nanowire 22 and the conductive pad 28. The conductive catalytic
structures 30 may be used to catalyze the fonnation of the single nanowires
22 of each memory cell 12, as discussed in further detail below. 15In some
embodiments, each nanowire 22 may be grown or otherwise formed in 



situ, while in other embodiments, each nanowire 22 may be gown or foinied
elsewhere and subsequently positioned within a memory cell 12, as discussed
in further detail below. In some embodiments, each nanowire 22 may have an
average diameter of less than about ten nanomcters (10 nm). More
particularly, each nanowire may have an 20 average diameter of between
about three nanometers (3 nm) and about six nanometers (6 nm) in some
embodiments. Even more particularly, each nanowire may have an average
diameter of between about four nanometers (4 nm) and about five nanometers
(5 nm) in some embodiments. The average thickness of the volume of variable
resistance material 20 between 25the first end 24 of each nanowire 22 and
the second electrode 18 may be between about one and about three times the
average diameter of each nanowire 22. In some embodiments, the average
thickness of each volume of variable resistance material 20 between the
first end 24 of each nanowire 22 and the second electrode 18 may be about
twice the average diameter of each nanowire 22. 30The second electrode 18
of each memory cell 12 may be substantially similar to the conductive pads
28 of the first electrodes 16 and may comprise a discrete, laterally
isolated volume of conductive material such as a metal. In other
embodiments, each  - 9 - second electrode 18 may simply comprise an area or
region of an elongated laterally extending conductive trace.       In some
embodiments, each second electrode 18 may communicate electrically with a
conductive line 34 by way of electrical contacts 35, and each first
electrode 16 also 5may communicate electrically with another conductive
line 36 by way of electrical contacts 37. In additional embodiments, the
second electrodes 18 may simply comprise a region or portion of a
conductive line, and the memory cells 12 need not include a separate
conductive line 34 and electrical contacts 35. Similarly, in additional
embodiments, the conductive pads 28 of the first electrodes 16 also may
comprise a region or portion of a 10conductive line, and the memory cells
12 need not include a separate conductive line 36 and electrical contacts
37.       Furthermore, in additional embodiments, the first electrode 16
and the second electrode 18 may not each electrically communicate with a
conductive line, and one or both of the first electrode 16 and the second
electrode 18 may simply communicate with a 



15conductive pad.       Although not shown in FIG. 1A, each memory cell 12
also may include an access transistor for selectively accessing the same
for read and write operations, as known in the art. A manner in which the
memory cell 12 may be used or characterized so as to 20represent either a
"0" or a "1" in binary code is briefly described below with reference to
FIGS. 1B-1C.       FIG. 1B is an enlarged view of the first electrode 16,
second electrode 18, and variable resistance material 20 of one memory cell
12 shown in FIG. 1A. As previously discussed, the variable resistance
material 20 may comprise a phase change material. The 25variable resistance
material 20 of the memory cell 12 shown in FIG. 1B may exist in a first
state or phase (i.e., the atoms may be disposed in a particular
microstructure), which can be detected by providing a relatively low
voltage between the first electrode 16 and the second electrode 18 and
measuring the magnitude (e.g. amps) of the resulting current passing
between the first electrode 16 and the second electrode 18 through the
variable 30resistance material 20. By way of example and not limitation,
this first state or phase (and, hence, the current magnitude) may be
selected to represent a "1- in binary code.  - 10 -       To change the
state or phase of the variable resistance material 20, a relatively high
voltage may be provided between the first electrode 16 and the second
electrode 18 to induce a relatively high current through the variable
resistance material 20. This relatively high current flowing through the
variable resistance material 20 may be referred 5to as the programming
current and is used to heat at least a small portion 21 of the volume of
variable resistance material 20 to a sufficient temperature to cause a
change in the state or phase of the portion 21 of the variable resistance
material 20, as shown in FIG. 1C. The portion 21 of the variable resistance
material 20 then may exhibit an electrical resistivity (and, inversely, a
conductivity) in the second state or phase that differs from the electrical
10resistivity in the first state or phase. As a result, the second state or
phase can be detected by again providing a relatively low voltage between
the first electrode 16 and the second electrode 18 and measuring the
magnitude (e.g., amps) of the resulting current passing between the first
electrode 16 and the second electrode 18, which will be different from the
magnitude of the measured current when the variable resistance material 20
is in the 15first state or phase. By way of example and not limitation,
this second state or phase (and, 



hence, the second current magnitude) may be selected to represent a "0" in
binary code. The heat generated in the portion 21 of the variable
resistance material 20 as the programming current is passed therethrough is
due to the electrical resistance of the variable resistance material 20.
Furthermore, the amount of heat generated in the 20portion 21 of the
variable resistance material 20 is at least partially a function of the
current density in the portion 21 of the variable resistance material 20.
For a given current passing through the variable resistance material 20
between the first electrode 16 and the second electrode 18, the current
density in the variable resistance material 20 is at least partially a
function of the size of the smaller of the electrodes 16, 18. By using the
first 25end 24 of a single nanowire 22 as the portion of the first
electrode 16 that is immediately adjacent to the volume of variable
resistance material 20, the current density in the portion 21 of the
variable resistance material 20 is increased, and the programming current
required to cause a phase change in the portion 21 of the variable
resistance material 20 is reduced. By decreasing the required programming
current, the energy required to operate 30the memory device 10 may be
decreased. As a result, memory devices 10 of the present invention may be
operated using less power relative to memory devices presently known  in
the art, they may be operated at higher speeds relative to memory devices
presently known in the art, or may offer both such advantages.
Various methods for forming embodiments of memory devices according to the
present invention, such as the memory device 10 shown in FIG. 1A, are
described below. 5To facilitate description, the methods are described with
reference to a single memory cell 12. In practice, however, a plurality of
memory cells 12 may be foi flied substantially simultaneously on a
substrate 11, and the memory cells 12 may comprise memory cells 12 of one
or a plurality of memory devices 10. A first embodiment of a method that
may be used to form the memory device 10 10shown in FIG. IA is described
with reference to FIGS. 2A-2I. Referring to FIG. 2A, a substrate 11 may be
provided, which, as previously discussed, may comprise a full or partial
wafer of semiconductor material or a material such as glass or sapphire. A
plurality of conductive pads 28 may be formed on or in a surface of the
substrate 11 to form a workpiece, as shown in FIG. 2B. The conductive pads
28 may comprise, for example, a 



15conductive metal such as tungsten or titanium nitride, and may be formed
using, for example, metal layer deposition techniques (e.g., chemical vapor
deposition (CVD), physical vapor deposition (PVD), sputtering, thermal
evaporation, or plating) and patterning techniques (e.g., masking and
etching) known in the art of integrated circuit fabrication. Additional
features, such as, for example, the conductive lines 36 (which may 20simply
comprise conductive pads in additional embodiments) and electrical contacts
37 (FIG. IA) also may be formed on or in the surface of the substrate 11 in
a similar manner (prior and/or subsequent to lb'ming the conductive pads
28), although such additional features are not illustrated in FIGS. 2A-2I
to simplify the figures. As shown in FIG. 2B, a layer of dielectric
material 40 may be provided over the 25workpiece (i.e., an exposed major
surface of the substrate II and the conductive pad 28), and a mask layer 42
may be provided over the layer of dielectric material 40. By way of example
and not limitation, the layer of dielectric material 40 may comprise an
oxide such as silica (Si02) or silicon nitride (Si31\14), and may be formed
by chemical vapor deposition, by decomposing tetraethyl orthosilicate
(TEOS), or by any other process 30known in the art of integrated circuit
fabrication. The mask layer 42 may comprise, for example, a layer of
photoresist material or a layer of metal material. An aperture or via 44
then may be formed by patterning the mask layer 42 to form an opening
therein at the - 12 - location at which it is desired to form the via 44,
and etching the layer of dielectric material 40 through the aperture in the
mask layer 42 using, for example, an anisotropic reactive ion (i.e.,
plasma) etching process, to expose the underlying conductive pad 28. The
particular composition of the gases used to generate the reactive ions and
the 5operating parameters of the etching process may be selected based on
the composition of the layer of dielectric material 40, the mask layer 42,
and the conductive pad 28.       Referring to FIG. 2C, afler forming the
via 44 over the underlying conductive pad 28, another etchant that
selectively etches away the layer of dielectric material 40 at a faster
rate than the mask layer 42 and the conductive pad 28 may be used to etch
away the 



10exposed surfaces of the layer of dielectric material 40 within the via
40, so as to undercut the via 44. By way of example and not limitation, an
isotropic wet chemical etching process may be used to undercut the via 44.
Again, the particular composition of the chemical etchant may be selected
based on the composition of the layer of dielectric material 40, the mask
layer 42, and the conductive pad 28. 15In additional embodiments, the via
44 may be formed using a single isotropic wet chemical etching process
instead of a separate anisotropic reactive ion etching process followed by
an isotropic wet chemical etching process.       Referring to FIG. 2D, a
shadow deposition process may be used to form a catalytic structure 30 on
the conductive pad 28 within the via 44. Such processes are described in,
20for example, United States Patent Application Publication No. US
2006/0131556 Al, which was published June 22, 2006 and entitled "Small
Electrode For Resistance Variable Devices." For example, the substrate 11
may be provided in a deposition chamber (not shown), and a general
directional flow of atoms of catalyst material may be generated therein
using, for example, an evaporation process or a collimated sputtering
process. The 25general directional flow of atoms of catalyst material is
represented in FIG. 2D by the directional arrows 48. As shown, the
workpiece (or substrate II)  may be oriented at an acute angle of less than
ninety degrees (90) relative to the general flow of atoms of catalyst
material within the deposition chamber, and the workpiece may be rotated in
the plane of the substrate 11, as indicated by the directional arrow 50,
while the atoms of 30 catalyst material are deposited thereon. By orienting
the workpiece at an angle relative to the general direction of flow of
atoms of catalyst material and rotating the substrate 11 as the catalyst
material is deposited thereon, a generally conical catalytic structure 30
may be  - 13 - formed on the conductive pad 28 within the via. The base of
the generally conical catalytic structure 30 may be structurally and
electrically coupled to the conductive pad 28 as the catalytic structure 30
is formed thereon, and the tip of the generally conical catalytic structure
30 may have a cross-sectional area similar to, or less than, that of a
desired 5average diameter of a nanowire 22 (FIG. 1A) to be formed, grown,
or otherwise provided thereon. During the shadow deposition process, a
layer of catalyst material 52 also may be deposited over the mask layer 42,
as shown in FIG. 2D. 



In additional embodiments, the workpiece (or substrate 11) may be oriented
substantially perpendicular (i.e., at an angle of about ninety degrees (90)
relative to the 10general flow of atoms of catalyst material within the
deposition chamber.       After forming the catalytic structure 30 on the
conductive pad 28 within the via 44, the layer of catalyst material 52 and
the mask layer 42 may be removed using, for example, a chemical-mechanical
polishing (CMP) process, a selective etching process, or a lift-off process
to form the structure shown in FIG. 2E. For example, a lift-off layer (not
15shown) may be formed over the layer of dielectric material 40, after
which the mask layer 42 may be deposited over the lift-off layer. The via
44 then may be formed through the mask layer 42, the lift-off layer, and
the layer of dielectric material 40, and the catalytic structure 30 may be
formed on the conductive pad 28, which may result in formation of the layer
of catalyst material 52, as previously mentioned. The lift-off layer 20then
may be stripped away from the workpiece, and the overlying mask layer 42
and layer of conductive material 52 may be removed from the workpiece
together with the underlying lift-off layer. In additional embodiments, the
mask layer 42 itself may serve as a lift-off layer. Referring to FIG. 2F,
the remaining portion of the via 44 surrounding the catalytic 25structure
30 may be filled with a dielectric material 54, which, optionally, may be
substantially identical to the dielectric material 40. By way of example
and not limitation, a conformal layer (not shown) of dielectric material 54
may be deposited over the workpiece to a thickness sufficient to fill the
remaining portion of the via 44 surrounding the catalytic structure 30. An
additional chemical-mechanical polishing (CMP) process 30then may be used
to planarize the surface of the workpiece and to expose the tip 31 of the
catalytic structure 30 through the dielectric material 54, as shown in FIG.
2F. The chemical-mechanical polishing (CMP) process may be selectively
terminated when the  - 14 - area of the surface of the tip 31 exposed
through the dielectric material 54 by the chemical-mechanical polishing
(CMP) process reaches a selected predetermined size. By way of example and
not limitation, the chemical-mechanical polishing (CMP) process may be
selectively terminated when the area of the exposed surface of the tip 31
has a 5cross-sectional area of less than about three hundred square
nanometers (300 nm2). Referring to FIG. 2G, the tip 31 of the catalytic
structure 30 then may be used to catalyze formation or growth of a single
nanowire 22 thereon. Various methods of forming and/or wowing nanowires
using corresponding catalyst materials are known in 



the art and may be used to form the single nanowire 22. Some of such
methods are 10described in, for example, Younan Xia et al., One-Dimensional
Nanostructures: Synthesis, Characterization and Applications, 15 Advanced
Materials 353-389 (March 2003). By way of example and not limitation,
chemical-vapor-deposition processes, which optionally may employ the
so-called vapor-liquid-solid (VLS) mechanism, may be used to grow a
nanowire 22 on the tip of the catalytic structure 30, as known in the art.
As one 15non-limiting example, the catalytic structure 30 may comprise
gold, and the nanowire 22 may comprise a doped silicon (Si). Such a doped
silicon nanowire may be formed using a chemical vapor deposition process
and the vapor-liquid-solid (VLS) mechanism, as known in the art. As another
non-limiting example, the catalytic structure 30 may comprise at least one
of Ti, Co, Ni, Au, Ta, polysilicon, silicon-germanium, platinum, 20
iridium, titanium nitride, or tantalum nitride, and the nanowire 22 may
comprise iridium oxide (11-0,), as described in United States Patent
Publication No. 2006/0086314 Al to Zhang et al. Furthermore, as previously
discussed, the nanowire may comprise a 111-V type semiconductor material or
a 11-V type semiconductor material. Various types of semiconductor
materials that may be used to form nanowires, as well as the reactant
25precursor materials and catalyst materials that may be used to catalyze
formation of such nanowires are disclosed in United States Patent
Publication No. 2004/0028812 Al to Wessels et al.        In additional
embodiments, the nanowire 22 may be fabricated elsewhere rather than in
situ and positioned within the memory cell 12 using, for example, a
selectively 30oriented electrical field. In such methods, the catalytic
structure 30 may be replaced with an electrically conductive structure
having a similar shape and configuration to the catalytic structure 30 but
that does not comprise a catalyst material.  - 15 -       As shown in FIG.
21, in some embodiments, the nanowire 22 may be oriented substantially
perpendicular to the plane of the substrate I I. Various techniques for
orienting nanoviires 11 in a selected direction are known in the art and
may be used to orient the nanowire 11 substantially perpendicular to the
plane of the substrate 11. For 5example, an electrical field may be
generated and selectively oriented to cause the nanowire 22 to selectively
tailor the orientation of the nanowire 22 as the nanowire is formed or
grown on the catalytic structure 30 or otherwise positioned in the memory
cell 12, as described in, for example, Cheng et al., Role of Electric Field
on Formation of Silicon Nanowires, J. Applied Physics, Vol. 94, No. 2
(2003). 



10As shown in FIG. 21-1, after using the tip 31 of the catalytic structure
30 to catalyze foiliation or growth of the single nanowire 22 thereon,
another layer of dielectric material 56 may be provided around the single
nanowire 22. By way of example and not limitation, the layer of dielectric
material 56 may comprise a nitride material such as silicon nitride
(Si3N4). In additional embodiments, the layer of dielectric material 56 may
15be substantially identical to the layer of dielectric material 40, and
may comprise, for example, an oxide material. The layer of dielectric
material 56 may be substantially conformal and may be deposited over the
workpiece to a thickness sufficient to substantially cover the nanowire 22.
The layer of dielectric material 56 may be planarized using a
chemical-mechanical polishing (CMP) process to expose the first end 24 of
the 20nanowire 22 through the dielectric material 56, as shown in FIG. 2H.
Referring to FIG. 21, after exposing the first end 24 of the nanowire 22
through the dielectric material 56, a volume of variable resistance
material 20 may be provided on the exposed surface of the layer of
dielectric material 56 and over the first end 24 of the nanowire 22, and
the second electrode 18 may be provided over the volume of variable
25resistance material 20. By way of example and not limitation, a layer of
variable resistance material 20 may be deposited over the workpiece, and a
layer of metal for forming the second electrode 18 may be deposited on the
layer of variable resistance material 20. A masking and etching process
then may be used to selectively remove regions or areas of both the layer
of metal material and the layer of dielectric material 20 30leaving behind
the volume of variable resistance material 20 over the nanowire 22 and the
second electrode 18 over the volume of variable resistance material 20.  -
16 -        Additional features and elements, such as, for example,
conductive lines 34 and electrical contacts 35 (FIG. 1A), then may be
formed over the layer of variable resistance material 20 and the second
electrode 18 as necessary or desired. A second embodiment of a method that
may be used to form an embodiment of a 5memory device 10 is described below
with reference to FIGS. 3A-3F. Referring to 



FIG. 3A, a workpiece may be provided that is substantially similar to the
workpiece shown in FIG. 2B and includes the substrate 11, conductive pad
28, layer of dielectric material 40, and mask layer 42. The workpiece shown
in FIG. 3A, however, also includes a polish-stop layer 58 disposed between
the layer of dielectric material 40 and the mask 10layer 42. As a
non-limiting example, the polish-stop layer 58 may comprise a layer of
silicon nitride (Si3N4). To form the workpiece shown in FIG. 3A, the layer
of dielectric material 40 may be deposited, followed by the polish-stop
layer 58, and the mask layer 42. The polish stop layer 58 may be deposited
using, for example, a chemical vapor deposition (CVD) process. A via 44 may
be formed through the layer of dielectric 15 material 40, the polish-stop
layer 58, and the mask layer 42 to expose the underlying conductive pad 28
using methods identical or substantially similar to those previously
described in relation to FIG. 2B.        Referring to FIG. 3B, after
forming the via 44, a catalytic structure 30 may be formed on the
conductive pad 28 using a shadow deposition process as previously
20described in relation to FIG. 2D, after which the layer of catalyst
material 52 and the mask layer 42 may be removed in the manner previously
described in relation to FIG. 2E. A substantially conformal layer of
dielectric material 54 then may be provided over the workpiece, as shown in
FIG. 3C, to fill the regions of the via 44 surrounding the catalytic
structure 30. As shown in FIG. 3D, a chemical-mechanical polishing (CMP)
process then 25 may be used to remove the portions of the layer of
dielectric material 54 overlying the polish-stop layer 58. The slurry and
polishing pad of the apparatus used to perform the chemical-mechanical
polishing (CMP) process may be selectively tailored so as to wear away the
layer of dielectric material 54 at a rate that is faster than the rate at
which the process will wear away the underlying polish-stop layer 58. In
this manner, substantially 30all of the layer of dielectric material 54
overlying the polish-stop layer 58 may be removed from the workpiece
without completely removing the polish-stop layer 58. The polish-stop layer
58 may be used to ensure that only a selected amount of the tip 31 of the
- 17 - catalytic structure 30, if any at all, is removed from the catalytic
structure 30 during the chemical-mechanical polishing (CMP) process.
Referring to FIG. 3E, the tip 31 of the catalytic structure 30 then may be
used to catalyze formation or growth of a single nanowire 22 thereon, as
previously described in 5relation to FIG. 2G, after which a layer of
dielectric material 56 may be provided around the nanowire 22, as shown in
FIG. 3F. As previously discussed, a chemical-mechanical polishing (CMP)
process may be used to planarize the layer of dielectric material 56 and
expose the first end 24 of the nanowire 22 therethrough. The volume of
variable resistance material 20 then may be provided over the first end 24
of the nanowire 22, and 10the second electrode 18 may be provided over the
volume of variable resistance 



material 20, using methods previously described in relation to FIG. 21.
A third embodiment of a method that may be used to folin an embodiment of a
memory device 10 like that shown in FIG. IA is described below with
reference to FIGS. 4A-4D. Referring to FIG. 4A, a workpiece may be provided
that is substantially 15similar to the workpiece shown in FIG. 2E (using
methods previously described in relation to FIGS. 2A-2E) and includes the
substrate II, conductive pad 28, layer of dielectric material 40, and a
generally conical catalytic structure 30 on the conductive pad 28. After
providing the workpiece shown in FIG. 4A, the remaining portions of the
layer of dielectric material 40 may be removed by, for example, using an
isotropic wet chemical 20etching process, to form a structure like that
shown in FIG. 4B. Referring to FIG. 4C, a substantially confolinal layer of
dielectric material 54 then may be deposited over the workpiece. In some
embodiments, the substantially conformal layer of dielectric material 54
may have an average thickness greater than the distance by which the
catalytic structure 30 extends from the surface of the conductive pad 28
and the substrate 11. A 25chemical-mechanical polishing (CMP) process then
may be used to planarize the layer of dielectric material 54 and expose a
selected portion of the tip 31 of the catalytic structure 30 through the
dielectric material 54, as shown in FIG. 4D. After forming the structure
shown in FIG. 4D, methods like those previously described in relation to
FIGS. 2G-2I may be used to complete the foiIllation of the memory cell 12
(FIG. IA). 30 A fourth embodiment of a method that may be used to form a
memory device 10 like that shown in FIG. IA is described below with
reference to FIGS. 5A-5F. Referring to FIG. 5A, a workpiece may be provided
that is substantially similar to the workpiece  - 18 - shown in FIG. 4B and
includes the substrate 11, conductive pad 28, and a generally conical
catalytic structure 30 on the conductive pad 28. Referring to FIG. 5B, a
substantially conformal layer of dielectric material 54 then may be
deposited over the workpiece. The substantially confoimai layer of
dielectric material 54 may have an 5 average thickness that is less than
the distance by which the catalytic structure 30 extends from the surface
of the conductive pad 28 and the substrate 11. In some embodiments, the
substantially conformal layer of dielectric material 54 may have an average
thickness of between about two nanomcters (2 nm) and about fifty nanometers
(50 nm). Referring to FIG. 5C, an anisotropic etching process then may be
used to remove 10the generally laterally extending regions of the layer of
dielectric material 54, including 



the regions overlying the substrate 11 and a portion of the layer of
dielectric material 54 on the tip 31 of the generally conical catalytic
structure 30. After such an anisotropic etching process, only portions of
the layer of dielectric material 54 on the lateral sides of the catalytic
structure 30 may remain after the anisotropic etching process, and the tip
31 15of the catalytic structure 30 may be exposed through the dielectric
material 54. The anisotropic etching process may comprise, for example, an
anisotropic reactive ion (e.g., plasma) etching process (RIE).       As
shown in FIG. 5D, after exposing the tip 31 of the catalytic structure 30
through the dielectric material 54, growth or formation of a single
nanowire 22 may be 20catalyzed using the tip 31 of the catalytic structure
30, as previously described in relation to FIG. 2G. Another layer of
dielectric material 56 then may be deposited over the workpiece and around
the nanowire 22 and catalytic structure 30. A chemical-mechanical polishing
(CMP) process may be used to planarize the surface of the layer of
dielectric material 56 and to expose a selected portion of the first end 24
of the nanowire 22 25thcrethrough, as shown in FIG. 5E. As shown in FIG.
5F, a volume of variable resistance material 20 and a second electrode 18
then may be formed on the workpiece over the first end 24 of the nanowire
22 in the manner previously described with reference to FIGS. 2G-2I. A
fifth embodiment of a method that may be used to form an embodiment of a 30
memory device 10 like that shown in FIG. IA is described below with
reference to FIGS. 6A-6I. Referring to FIG. 6A, a workpiece may be provided
that includes the substrate 11 and a conductive pad 28. A layer of catalyst
material 68 may be deposited  - 19 - over the substrate 11. By way of
example and not limitation, the layer of catalyst material 68 may be
deposited using a physical vapor deposition (PVD) (e.g., sputtering or
thermal evaporation) process, a chemical vapor deposition (CVD) process, an
electroless deposition process, or by an electroless deposition to form a
seed layer followed by an 5electroplating process. The layer of catalyst
material 68 may have an average thickness of 



between about fifty nanorneters (50 nm) and about five hundred nanometers
(500 nm). A mask layer 70 then may be provided over the layer of catalyst
material 68. The mask layer 70 may comprise, for example, a layer of
photoresist, a layer of nitride material (e.g., Si3N4), or a layer of oxide
material (e.g., Si02). The mask layer 70 then may be 10selectively
patterned to form a discrete region 72 of mask material on the surface of
the layer of catalyst material 68 overlying the conductive pad 28. By way
of example and not limitation, the discrete region 72 of mask material may
be generally circular and may have an average diameter of between about
twenty nanometers (20 nil)) and about one hundred nanometers (100 nm).
15Referring to FIG. 6C, an anisotropic dry reactive ion (i.e., plasma)
etching process then may be used to remove the regions of the layer of
catalyst material 68 that are not protected by the discrete region 72 of
mask material so as to form a catalytic structure 76. In other words, only
a portion of the layer of catalyst material 68 vertically under the
discrete region 72 of mask material may remain after the anisotropic
etching process. As 20previously discussed, the discrete region 72 of mask
material may be, for example, generally circular, and the resulting
catalytic structure 76 may be generally cylindrical and may have an average
diameter substantially similar to the average diameter of the discrete
region 72 of mask material. The discrete region 72 of mask material
remaining on the end of the catalytic structure 76 may be removed from the
end of the catalytic structure 76 25using, for example, a wet chemical
etching process. Referring to FIG. 6D, the end 77 of the catalytic
structure 76 opposite the conductive pad 28 may be sharpened so as to
reduce the cross-sectional area of the catalytic structure 76 near the end
77 thereof By way of example and not limitation, the end 77 of the
catalytic structure 76 may be sharpened using at least one of an
anisotropic 30reactive ion (i.e., plasma) etching process, a sputtering
process, and an oxidation process. For example, an anisotropic reactive ion
etching process may sharpen the end 77 of the catalytic structure 76 due to
an increased rate of etching at the relatively sharp edges near  - 20 - the
end 77 of the catalytic structure 76. As another example, the catalytic
structure 76 may be sharpened using a sputtering process by bombarding the
end 77 of the catalytic structure 76 with ions or other particles (e.g.,
argon atoms). As yet another example, the catalytic structure 76 may be
sharpened using an oxidation process by oxidizing the 5exterior surfaces of
the catalytic structure 76, and subsequently removing the oxide layer 



formed in the exterior surfaces of the catalytic structure 76.
Referring to FIG. 6E, a substantially conformal layer of dielectric
material 54 then may be deposited over the workpiece and around the
catalytic structure 76. The substantially conformal layer of dielectric
material 54 may have an average thickness that 10 is greater than the
distance by which the catalytic structure 76 extends from the surface of
the conductive pad 28 and the substrate 1L In this configuration, the
catalytic structure 76 may be substantially buried within the dielectric
material 54.        As shown in FIG. 6F, a chemical-mechanical polishing
(CMP) process may be used to planarize the surface of the layer of
dielectric material 54 and to expose a selected 15portion of the tip 78 on
the end 77 of the catalytic structure 76 therethrough. As shown in FIG. 6G,
the exposed tip 78 on the end 77 of the catalytic structure 76 may be used
to catalyze formation or growth of a single nanowire 22 thereon as
previously described with reference to FIG. 2G.            Referring to
FIG. 6H, another layer of dielectric material 56 then may be deposited 20
over the workpiece and around the nanowire 22, and a chemical-mechanical
polishing (CMP) process may be used to planarize the layer of dielectric
material 56 and expose the first end 24 of the nanowire 22 therethrough. As
shown in FIG. 61, a volume of variable resistance material 20 and a second
electrode 18 then may be formed on the workpiece      over the first end 24
of the nanowire 22 in the manner previously described with reference 25to
FIGS. 2G-2I.       A sixth embodiment of a method that may be used to form
a memory device 10 like that shown in FIG. IA is described below with
reference to FIGS. 7A-7I. Referring to FIG. 7A, a workpiece may be provided
that includes the substrate 11 and a conductive pad 28. A layer of catalyst
material 68 may be deposited over the substrate 11. By way of 30example and
not limitation, the layer of catalyst material 68 may be deposited using a
physical vapor deposition (PVD) process (e.g., sputtering or thermal
evaporation), a chemical vapor deposition (CVD) process, an electroless
deposition process, or by an  -21 - electroless deposition process used to
form a seed layer followed by a subsequent electroplating process. The
layer of catalyst material 68 may have an average thickness of between
about thirty nanometers (30 nm) and about two hundred nanometers (200 run).
A mask layer 70 then may be provided over the layer of catalyst material
68. The mask 



5layer 70 may comprise, for example, a layer of nitride material (e.g.,
Si3N4) or a layer of oxide material (e.g., Si02). The mask layer 70 then
may be selectively patterned to provide a discrete region 72 of mask
material on the surface of the layer of catalyst material 68 over the
conductive pad 28. By way of example and not limitation, the discrete
region 72 of mask material may be generally circular and may have an
average 10diameter of between about thirty nanometers (30 nm) and about one
hundred nanometers (100 nm). Referring to FIG. 7C, a partially isotropic
etching process (e.g., a wet chemical etch or a partially isotropic
reactive ion etch (RIE)) then may be used to remove the regions of the
layer of catalyst material 68 that are not covered or otherwise protected
by 15the discrete region 72 of mask material so as to form a catalytic
structure 86. In other words, only a portion of the layer of catalyst
material 68 vertically under the discrete region 72 of mask material may
remain after the partially isotropic etching process. The partially
isotropic etching process may result in undercutting of the layer of
catalyst material below the discrete region 72 of mask material, and the
lateral sidewalls of the 20remaining catalyst material 68 may have a
generally curved frustoconical shape, as opposed to being substantially
vertical, as shown in FIG. 7C. As previously discussed, the discrete region
72 of mask material may be generally circular, and the resulting catalytic
structure 86 may have a generally frustoconical shape similar to a portion
of a cone. The upper end 87 of the catalytic structure 86 may have a
substantially circular cross-sectional 25shape having an average diameter
less than the average diameter of the discrete region 72 of mask material.
As shown in FIG. 7D, optionally, the exterior surfaces of the catalytic
structure 86 may be oxidized to form an oxidation layer 90 therein, which
may effectively reduce the cross-sectional area of the catalytic structure
86. The exterior surfaces of the catalytic 30structure 86 may be oxidized
to form the oxidation layer 90 by, for example, heating the workpiece in an
oxidizing atmosphere. By selectively controlling the oxidation process so
as to oxidize the exterior surfaces of the catalytic structure 86 to a
predetermined depth  - 22 - 



and, hence, provide a predetermined thickness of the oxidation layer 90, a
selected effective cross-sectional area of the catalytic structure 86 may
be provided that is less than the original cross-sectional area of the
catalytic structure 86. Furthermore, the effective cross-sectional area of
the catalytic structure 86 may be selected so as to facilitate growth 5of a
single nanowire 22 thereon. Referring to FIG. 7E, the discrete region 72 of
mask material remaining on the end of the catalytic structure 86 may be
removed from the end of the catalytic structure 86 using, for example, a
wet chemical etching process. A substantially conformal layer of dielectric
material 54 then may be deposited over the workpiece and around the
catalytic 10structure 86. The layer of dielectric material 54 may have an
average thickness that is greater than a distance by which the catalytic
structure 86 extends from the surface of the conductive pad 28 and the
substrate 11, as shown in FIG. 7E.       As shown in FIG. 7F, a
chemical-mechanical polishing (CMP) process may be used to planarize the
surface of the layer of dielectric material 54 and to expose a selected
15portion of the tip 88 on the end 87 of the catalytic structure 86
therethrough. As shown in FIG. 7G, the exposed tip 88 on the end 87 of the
catalytic structure 86 may be used to catalyze formation or growth of a
single nanowire 22 thereon, as previously described with reference to FIG.
2G. Referring to FIG. 7H, another layer of dielectric material 56 may be
deposited 20over the workpiece and around the nanowire 22, and a
chemical-mechanical polishing (CMP) process may be used to planarize the
layer of dielectric material 56 and expose the first end 24 of the nanowire
22 therethrough. As shown in FIG. 71, a volume of variable resistance
material 20 and a second electrode 18 then may be formed on the workpiece
over the first end 24 of the nanowire 22 in the manner previously described
with reference 25to FIGS. 2G-2I.       A seventh embodiment of a method
that may be used to form a memory device 10 like that shown in FIG. lA is
described below with reference to FIGS. 8A-8E. Referring to FIG. 8A, a
vvorkpiece may be provided that is substantially similar to that shown in
FIG. 7D and includes a catalytic structure 86 having an oxidation layer 90
therein to 30effectively reduce the cross-sectional area of the catalytic
structure 86. A discrete region 72 of mask material may remain over the
catalytic structure 86 as previously described.  



WO 2008/124328PCT/US2008/058485 - 23 - Referring to FIG. 8B, the discrete
region 72 of mask material remaining on the end of the catalytic structure
86 may be removed from the end of the catalytic structure 86 using, for
example, a wet chemical etching process. As shown in FIG. 8C, the exposed
tip 88 on the end of the catalytic structure 86 then may be used to
catalyze formation or 5growth of a single nanowire 22 thereon, as
previously described with reference to FIG. 2G.       Referring to FIG. 8D,
a substantially conformal layer of dielectric material 54 then may be
deposited over the workpiece and around the catalytic structure 86 and the
nanowire 22. The layer of dielectric material 54 may have an average
thickness that is 10 greater than a distance by which the catalytic
structure 86 and the nanowire 22 extend from the surface of the conductive
pad 28 and the substrate 11. A chemical-mechanical polishing (CMP) process
may be used to planarize the surface of the layer of dielectric material 54
and to expose the first end 24 of the nanowire 22 therethrough. As shown in
FIG. 8E, a volume of variable resistance material 20 and a second
15electrode 18 then may be folioed on the workpiece over the first end 24
(FIG. 8D) of the nanowire 22 in the manner previously described with
reference to FIGS. 2G-21.       Memory devices like that shown in FIG. IA
may be used in embodiments of electronic systems of the present invention.
For example, FIG. 9 is a block diagram of an illustrative electronic system
100 according to the present invention. The electronic 20system 100 may
comprise, for example, a computer or computer hardware component, a server
or other networking hardware component, a cellular telephone, a digital
camera, a personal digital assistant (PDAs), portable media (e.g., music)
player, etc. The electronic system 100 includes at least one memory device
of the present invention, such as the embodiment of the memory device 10
shown in FIG. 1A. The system 100 further may 25include at least one
electronic signal processor device 102 (often referred to as a
"microprocessor"). The electronic system 100 may, optionally, further
include one or more input devices 104 for inputting information into the
electronic system 100 by a user, such as, for example, a mouse or other
pointing device, a keyboard, a touchpad, a button, or a control panel. The
electronic system 100 may further include one or more output 



30devices 106 for outputting infolination (e.g., visual or audio
output) to a user such as, for example, a monitor, display, printer,
speaker, etc. The one or more input devices 104 and  -24 - output
devices 106 rnay communicate electrically with at least one of the
memory device 10 and the electronic signal processor device 102.
While the present invention has been described in terms of certain
illustrated embodiments and variations thereof, it will be understood
and appreciated by those of 5ordinary skill in the art that the
invention is not so limited. Rather, additions, deletions and
modifications to the illustrated embodiments may be effected without
departing from the spirit and scope of the invention as defined by
the claims that follow.  - 25 - CLAIMS What is claimed is:   1. A
memory device comprising at least one memory cell having an anode, a
cathode, and a volume of variable resistance material disposed
between the anode and the cathode, at least one of the anode and the
cathode comprising a single nanowire having one end thereof in
electrical contact with the variable resistance material, wherein the
at least one of the anode and the cathode comprising the single
nanowire further comprises a generally conical-shaped conductive
catalytic structure comprising a catalyst material with the single
nanowire formed on a tip thereof.   2. The memory device of claim 1,
wherein the at least one of the anode and the cathode comprising the
single nanowire further comprises a conductive pad, the nanowire
providing electrical contact between the volume of variable
resistance material and the conductive pad.   3. The memory device of
claim 1, wherein the nanowire comprises a carbon nanotube having at
least one wall.   4. The memory device of claim 1, wherein the
nanowire comprises at least one of silicon, germanium, gallium, a
III-V type semiconductor material, a II-VI type semiconductor
material, and a metal.   5. The memory device of claim 1, wherein the
nanowire comprises at least one of a superlattice structure and a PN
junction.   6. The memory device of claim 1, wherein the variable
resistance material comprises a phase change material. 



7. The memory device of claim 1, wherein the catalyst material
comprises at least one of aluminum, cobalt, gallium, gold, indium,
iron, molybdenum, nickel, palladium, platinum, silver, tantalum, and
zinc.   8. The memory device of claim 1, wherein the generally
conical-shaped conductive catalytic structure includes a base in
electrical contact with a conductive pad and wherein the tip is in
electrical contact with a second end of the single nanowire opposite
a first end of the single nanowire in electrical contact with the
variable resistance material.  - 26 -  9. The memory device of claim
8, wherein the tip has a minimum cross-sectional area of less than
about 300 square nanometers.  10. The memory device of claim 1,
further comprising a layer of dielectric material on at least a
portion of an exterior surface of the conductive catalytic structure.
11. A memory device having at least one memory cell comprising a
variable resistance material disposed between an anode and a cathode,
at least one of the anode and the cathode comprising a single
nanowire formed on a tip of a generally conical-shaped conductive
catalytic structure disposed between a conductive pad and the single
nanowire, the single nanowire providing electrical contact between
the conductive pad and the variable resistance material, wherein the
memory cell is configured to cause current flow between the anode and
the cathode at least predominantly through the single nanowire in
response to a voltage applied between the anode and the cathode.
12. The memory device of claim 11, wherein the single nanowire
provides at least a portion of a sole, low-resistance electrical
pathway between the variable resistance material and the conductive
pad within the memory cell.   13. The memory device of claim 11,
wherein the single nanowire comprises a carbon nanotube having at
least one wall.   14. The memory device of claim 11, wherein the
variable resistance material comprises a phase change material.   15.
The memory device of claim 11, wherein the generally conical-shaped
catalytic structure includes a base electrically coupled to the
conductive pad and wherein the tip is electrically coupled to the
single nanowire.   16. The memory device of claim 15, further
comprising a dielectric material on at least a portion of an exterior
surface of the generally conical-shaped conductive catalytic
structure.  - 27 - 17. An electronic system comprising: at least one
electronic signal processor; at least one memory device configured to
communicate electrically with the at least one electronic signal
processor, the at least one memory device comprising at least one
memory cell having an anode, a cathode, and a volume of variable
resistance material disposed between the anode and the cathode, at
least one of the anode and the cathode comprising: a single nanowire
having one end thereof in electrical 



contact with the variable resistance material; and a conductive
catalytic structure comprising a catalyst material and disposed
between a conductive pad and the single nanowire, wherein the
conductive catalytic structure is a generally conical structure
including a tip and a base; and at least one of an input device and
an output device configured to communicate electrically with the at
least one electronic signal processor.   18. The electronic system of
claim 17, wherein the at least one of the anode and the cathode
comprising the single nanowire further comprises a conductive pad,
the nanowire providing electrical contact between the volume of
variable resistance material and the conductive pad.   19. The
electronic system of claim 17, wherein the variable resistance
material comprises a phase change material.    20. The electronic
system of claim 17, wherein the catalyst material comprises at least
one of aluminum, cobalt, gallium, gold, indium, iron, molybdenum,
nickel, palladium, platinum, silver, tantalum, and zinc.    21. The
electronic system of claim 17, wherein the base is electrically
coupled to the conductive pad and the tip is electrically coupled to
an end of the single nanowire opposite the variable resistance
material. 


