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10 TECHNICAL FIELD
The present invention relates to methods of forming small electrodes for use in
memory cells of non-volatile memory devices including, for 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
20 electrodes. 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
clectrodes. 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
25 binary 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 I or a O 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 (i.e., the atoms
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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
30  devices 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



materials and net hods of form ng such nmenory cells are disclosed in Unites
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used to illugtraties QRE (RHCLEk RREKAR P HaEARAEe 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 form variable resistance memory devices having relatively smaller electrodes than

those presently known in the art.

BRIEF DESCRIPTION OF DRAWINGS
25 FIG. 1A 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 1C show the electrodes and variable resistance material of one
memory cell shown in FIG. 1A and are used to illustrate one manner of operation thereof.
FIGS. 2A-21 are partial cross-sectional side views of a workpiece and illustrate a
30 first embodiment of a method of the present invention that may be used to form a memory
device like that shown in FIG. 1A and that includes using a shadow mask deposition

process to form a catalytic structure.



FIGS. 2A-21 are partial cross-sectional side views of a workpiece and
illustrate a 30first enbodi nent of a nethod of the present invention that
may be uswo 20@/2e32:m a nenory device |ike that shown i n PCEUSRevsAassdss hat

i ncl udes using a shadow mask deposition process to forma catalytic
structure. WD 2008/ 124328PCT/ US2008/ 058485 - 4 - FIGS. 3A-3F are partial

cross-sectional side views of a workpiecedand illustrate a second
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device like that shown in FIG. 1A.
FIGS. 7A-71 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
15 memory device like that shown in FIG. 1A.
F1GS. 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

20 system of the present invention that includes a memory device as shown in FIG. 1A.

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
25  between 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
30  may 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,
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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 “I1-V1 type semiconductor material” means any material
predominantly comprised of one or more elements from group 1B of the periodic table
(Zn, Cd, and Hg) and one or more elements from group VIB of the periodic table (O, S,

25  Se, 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 ITI-V or II-VI type semiconductor materials. Wafers include,
for example, not only conventional wafers but also other bulk semiconductor substrates

30  such as, by way of nonlimiting example, silicon-on-insulator (SOI) 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.
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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
20  carriers travel), or materials used to form 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.

25 As 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
30  change material such as a chalcogenide material. Typical chalcogenide materials are
alloys predominantly comprising tellurium (Te), germanium (Ge), and antimony (Sb) and

include, for example, GeSbhTes, Teg;GersSb,S, and SboTes Chalcogenide materials
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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. 1A, In other
embodiments, each conductive pad 28 may simply comprise an area or region of an
25  elongated laterally extending conductive trace.
By way of example and not limitation, the single nanowire 22 of each memory
cell 12 may comprise a nanotube, such as a single wall carbon nanotube (SWCNT) or a
multi-walled carbon nanotube (MWOCNT), In additional embodiments, each nanowire 22
may comprise a substantially solid nanowire substantially comprised of a semiconductor
30  material such as, for example, silicon, germanium, gallium, a 1II-V type semiconductor

material, or a II-V1 type semiconductor material. Such nanowires 22 optionally may have

an integrated PN junction or a superlattice structure. Furthermore, each nanowire 22 may



having a first end 24 proximate to or in direct physical contact with a
surface of the volune of variable resistance material 20 and a second end
26 structwoabdsyizaszd el ectrically coupled to other condueCirus2dosasssses of
the nenory device 10. For exanple, the first 20 el ectrode 16 of each nmenory
cell 12 may further conprise a conductive pad 28, and the second end 26 of
the single nanowire 22 may be structurald8-and electrically coupled to the
conductive pad 28. In sone enbodi nents, each conductive pad 28 may conpri se
a discrete, hahasdd LiNglk sakal eBl yeobtioRerodaaady etdhvemoaire 2R ahay @sipshoan i n
FIG 1A In other enbodinents, each conductive pad 28 n%y ﬁqué%vgonprise
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’ In some embodiments, each nanowire 22 may have an average diameter of less
than about ten nanometers (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
25  the 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.
30 The 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



situ, while in other enbodi nents, each nanowire 22 may be gown or foinied
el sewhere and subsequently positioned within a nenory cell 12, as discussed
i n furthewvoadessaizk32Bel ow. I n sonme enbodi nents, each nanoRCTAS2@smesAshave an
average di aneter of |ess than about ten nanontters (10 nn). Mre
particularly, each nanowire may have an 20 average di aneter of between
about three nanoneters (3 nn) and about -$ix nanoneters (6 nm in sone
enbodi ments. Even nore particularly, each nanowi re nmay have an average
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art.
A manner in which the memory cell 12 may be used or characterized so as to
20 represent 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

25 variable 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

30 resistance 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.



15conducti ve pad. Al t hough not shown in FIG 1A, each nmenory cell 12
al so may include an access transistor for selectively accessing the sane
for read wodoewize®s8operati ons, as known in the art. A nRomars2008/0s¢8Eh t he
menory cell 12 may be used or characterized so as to 20represent either a
"0" or a "1" in binary code is briefly described belowwth reference to
FIGS. 1B-1C FIG 1B is an enl arged view of the first el ectrode 16,
second el ectrode 18, and variable resistance nmaterial 20 of one nmenory cell
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this second \?&}n%{)]ee remstgnc%%aeatmaT 9(’) Furthermore, the amount of heat generated in the
20  portion 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 Jeast
partially a function of the size of the smaller of the electrodes 16, 18. By using the first
25 end 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

30 the 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



hence, the second current nmagnitude) nay be selected to represent a "0" in
bi nary code. The heat generated in the portion 21 of the variable
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may be used to formthe nmenory device 10 10shown in | A is described
with reflér encedtdivEInGSl speh @ tingReehanr titangm oitfidecandmay he Supedvaing. 01 may be

provided, which, .as previously. .discussed, /1. C r : rtial
waf er of sen‘rXé‘B}%%chggiﬁ%]i elpl"%lfm% et mﬂ%‘?sé?g%hes}%g% dgggrgcfegéésﬂléﬁ Rg\é]g hire. A
plurality of yipepraushbveppadsn 88/ DRypherhgrth@thadevporationarplitihgrandof t he
substrate 11p1%5§ form a_V\pErkpi ece, as shown in FIG. 2B. Tr}e condgcti ve pads
28 may conprpaemingiecknigimsi(eg., masking and etching) known in the art of integrated circut

fabrication. Additional features, such as, for example, the conductive lines 36 (which may
20 simply comprise conductive pads in additional embodiments) and electrical contacts 37
(FIG. 1A) also may be formed on or in the surface of the substrate 11 in a similar manner
(prior and/or subsequent to forming the conductive pads 28), although such additional
features are not illustrated in FIGS. 2A-21 to simplify the figures.
As shown in FIG. 2B, a layer of dielectric material 40 may be provided over the
25  workpiece (i.c., an exposed major surface of the substrate 11 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 (SiO;) or silicon nitride (S13N4), and may be formed by chemical vapor
deposition, by decomposing tetraethyl orthosilicate (TEOS), or by any other process
30 known 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



15conductive netal such as tungsten or titaniumnitride, and nmay be forned
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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,

20  for 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

25  general directional flow of atoms of catalyst material is represented in FIG. 2D by the
directional arrows 48. As shown, the workpiece (or substrate 11) 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 matenial and rotating the substrate 11 as

the catalyst material is deposited thereon, a generally conical catalytic structure 30 may be



10exposed surfaces of the layer of dielectric material 40 within the via
40, so as to undercut the via 44. By way of exanple and not limtation, an
i sotropi cwoeboscizeszscal et chi ng process may be used to urdErusaaostobsasyi a 44.
Again, the particular conposition of the chem cal etchant may be sel ected
based on the conposition of the layer of dielectric material 40, the mask
| ayer 42, and the conductive pad 28. 151"t 3addi ti onal enbodi nents, the via
44 may be fornmed using a single isotropic wet chem cal etching process
instead of dosepbrmhe caniustte i X8 wigao thevea.i T tetsebf thg gpradbsenical | owed by

t el h t FIG 2
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usi ng, for exanple, an evaporation process or a collinmted sputtering
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the plané® ofgenpal Syt ﬁ*&ﬁ@ of gatalyst mﬁ@i@éﬂ‘f@éﬂ%‘ﬁdﬂ’f@“mﬂ@é@?gnal arrow 50,
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electrically coupl'ed to the conductive pad 28 as the catalytic structure 30
is fornmdd t héweohmaghd fQI‘h?@dtOWpf thé latybreof ggrleqﬁact Wte@@kﬁ%aﬁercahidh Shemaskt ructure
are S tha

dosirod SaverugelananeispooRe s s B Bher Rpetla g 0P shEH ool
or ot herw sehphuk deer 4N elcamoffRikt, Agd tHdarhadelcdeRasithonopmdekss, a
| ayer of catalyst nmaterial 52 al so may be deposited over the mask |ayer 42,
as shown in taytiopucture 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
20  then 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
25 structure 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
30 then 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



In additional enbodinments, the workpiece (or substrate 11) nay be oriented
substantially perpendicular (i.e., at an angle of about ninety degrees (90)
rel ati ve wo 20ése124f2general fl ow of atons of catal yst nat eciralS2eu8tobs485 t he
deposi ti on chanber. After formng the catalytic structure 30 on the
conductive pad 28 within the via 44, the | ayer of catalyst material 52 and
t he mask | ayer 42 may be renoved using, -flér- exanpl e, a cheni cal - mechani cal
polishing (CWP) process, a selective etching process, or a lift-off process

to formthe gtrdfehdifi@faSOONRe | “ﬁ 3FlkeGpos2Ethriaih texdigfebeic neatéridl 54 of thd ayer ( not
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20  iridium, titanium nitride, or tantalum mitride, and the nanowire 22 may comprise iridium
oxide (IrQy), as described in United States Patent Publication No. 2006/0086314 Al to
Zhang et al. Furthermore, as previously discussed, the nanowire may comprise a HI-V
type semiconductor material or a II-V type semiconductor material. Various types of
semiconductor materials that may be used to form nanowires, as well as the reactant
25  precursor 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
30  orented 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.



the art and may be used to formthe single nanowire 22. Some of such

nmet hods are 10described in, for exanple, Younan Xia et al., One-Di nensional
Nanost r ucwonress/12828t hesi s, Characteri zati on and Appl i caPCorzs200855%dvanced
Mat erials 353-389 (March 2003). By way of exanple and not limtation,

cheni cal - vapor - deposi tion processes, whi ch optionally may enpl oy the
so-call ed vapor-liquid-solid (VLS mechar}l sm may be used to grow a
nanowire 22 on the tip of the catalytic structure 30, as known in the art.
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(2003). nanowire 22 through the dielectric matenal 56, as shown in FEG ZH
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
25  resistance 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

30 leaving behind the volume of variable resistance material 20 over the nanowire 22 and the

second electrode 18 over the volume of variable resistance matertal 20.



10As shown in FIG 21-1, after using the tip 31 of the catalytic structure
30 to catalyze foiliation or growh of the single nanowire 22 thereon,

anot her |agenosof4xt8el ectric material 56 may be provi dedpraraiseahstobsssi ngl e
nanowi re 22. By way of exanple and not limtation, the layer of dielectric
material 56 may conprise a nitride material such as silicon nitride
(Si3N4). In additional enbodinents, the-ll&yer of dielectric material 56 may
15be substantially identical to the layer of dielectric material 40, and
may conprise, fora@Kaesml &atuads Dictiendmal archak, foﬂéﬂ@rrip&yemndmf:ndii Jilee Gt mhd
material 56 may be substantially confornal. and may S|ted over the

b
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16 - Addi tional features and e|l enments, such as, for

conductive |Theawlisastandpyer sbwpy baferostiedausing. 55 cxample. 4oy m%i é’ﬁp%y be
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el ectrode 18 as nec desired second e t of a method that
may be used shioefidrd® tia pehﬁmiop'rmyer 3 amd Soersk laydedd oexpdscitse dekdyinged bel ow
with refer enc?o%d&c%v@p%% usmg meth%%f edr Irqtllcgigor 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
20  described 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
30  all 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



FIG 3A, a workpiece may be provided that is substantially simlar to the
wor kpi ece shown in FIG 2B and includes the substrate 11, conductive pad
28, | ayerwofaehmstric material 40, and mask | ayer 42. pCharsammslopsiete shown
in FIG 3A, however, also includes a polish-stop | ayer 58 di sposed between
the layer of dielectric material 40 and the nmask 10l ayer 42. As a
non-limting exanple, the polish-stop | a;}é’r" 58 may conprise a |l ayer of
silicon nitride (Si3N4). To formthe workpi ece shown in FIG 3A, the |ayer
of di el ect ricataipaicarrhalired, ifayy beald éposiovetifromohd owddidyrichee Poilirstetbe op

| ayer 58, and the mask |ayer,. 42. polish stop | ayer 58 may be deposited
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be fornmed throughydiieinhay eiG.ofF, Hieslpeat e dbu it Sfutfke Ptheh RRymRliaost op
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structure 30. As shown in FIG 3D, a _chem cal -necha ic_aL‘ pol.i shing (CMP)
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overlying the polish-stop ldayer 58 may be renoved fromthe workpiece
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Referring to FIG 3E, the tip 31 of the catalytic structure 30 then may be
used to cat apyprdifeghewoeripiece sheybinHCof Aathsiregtiing RAvians ef B9 1ayepkon, as

previ ously descr,ihbed .| i I t i .
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vol ume of vamaagbhes4 sy Bhanmoaverage 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
25  chemical-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-21 may be used to complete the formation of the memory cell 12 (FIG. 1A).
30 A fourth embodiment of a method that may be used to form a memory device 10

like that shown in FIG. 1A is described below with reference to FIGS. SA-5F. Referring

to FIG. 5A, a workpiece may be provided that is substantially similar to the workpiece



material 20, using nmethods previously described in relation to FIG 21.

A third enbodi nent of a nethod that may be used to folin an enbodi nent of a
menory dewOceeosl4dzske that shown in FIG 1A is descri be@ClhalSoasinsg4ss
reference to FIGS. 4A-4D. Referring to FIG 4A, a workpiece may be provi ded
that is substantially 15simlar to the workpi ece shown in FIG 2E (using
met hods previously described in relationlfe FIGS. 2A-2E) and includes the
substrate Il, conductive pad 28, |ayer of dielectric material 40, and a
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20  catalyzed 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
25 therethrough, as shown in FIG. S5E. 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-2L
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. 1A is described below with reference to
FIGS. 6A-6L. 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



the regions overlying the substrate 11 and a portion of the |ayer of
dielectric material 54 on the tip 31 of the generally conical catalytic

st ruct ur ewBQoosAR#E8 such an ani sotropi c etchi ng processpconisgoogosissdpns 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 150f the catalytic structure 30 may bd%exposed through the dielectric
material 54. The ani sotropic etching process may conprise, for exanple, an
ani sot r opi ¢ aveadt kvetraten 1( ygvay leasmple aatl ebi lagitploacts $ayeRbR)atalyst As

shown in FIG 5D, after exposing the ti 1 of the.cat i,c structure 30
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30, as previously dinrelation Anot her | ayer of

di el ectri ¢ niepesitial prbéess, e by maylebieoldeplopidteh toviem & kesdiarek fillsewd ddnar ound
the nanowire 22 and catal yti trucgture 30. A chem cal -mechanical .pol i shing
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of the nanow re 22 25t hcrethrough, as shown in FIG 5E. As shown in FIG

5F, a vol umenak lyver 78 Bice madieqrayided oner dheilayer phcaplpst anaietd Al Eheseslode 18
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fifth embodigrean, &fa layeret bade bhgkian®):., BRONS ale hnsk biyer 2nthewhngibeent of a 30

menory device 10 like that showm in FIG, A is described bel ow w tP
ref erend® t geleraaly patepied RETTBY ¢ fifgeiesedoe/2 sinask maeryiondhe fEfcpel BEovi ded

that includ tr - b gpg 4l yst
mat eri al 68612%1%%28&%2%5%%%%%%9 @%qﬁ\g %\%ggﬁﬁgv‘gg str ﬁwﬁ\ib%h yargl?{
exanpl e and laaitatlonmht discer regibe 70 @y etaslohatatbihysbe pakcsllyairc@8dr aelymigehave
deposited using a physical .vapor deposition (PVD . 0., Sputteri r

t her nal evap%ﬁraé’teiaéﬁ}"aﬁ}eéféé?@?twﬁe%%@’ff Nty ?neﬁgéﬁaégi“?‘?)@ﬁaé )Onf)B’g‘Edgg%, an
el ectrol ess ,gidﬁggl%{eh; (ggegﬁﬁcess, or by an electroless deposition to forma
seed | ayer followe y an'bel ectropl ati ng process. The | ayer of catal yst

mat eri al1568 nmay hBeferrang ta V& g ah hnisknagsdipfreactive 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 70.
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

20  previously 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

25  using, 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

30 reactive jon (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



bet ween about fifty nanorneters (50 nm and about five hundred nanoneters
(500 nm. A mask layer 70 then nmay be provided over the |ayer of catalyst
mat eri al w6.2008e43m8sk | ayer 70 may conprise, for exanpl eCTASkEgM6348F
photoresist, a layer of nitride material (e.g., Si3N), or a |layer of oxide
material (e.g., Si02). The mask layer 70 then nay be 10sel ectively
patterned to forma discrete region 72 of20mask material on the surface of
the |l ayer of catalyst material 68 overlying the conductive pad 28. By way
of exanpl e andemb?7 bfithe taklOnsinichee db.sak eh@hereghmople/iBe oftalydis kirmmtre76al  may

be generally circular and nmay have an average di aneter o e en about
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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
25  to FIGS. 2G-2L
A sixth embodiment of a method that may be used to form a memory device 10
like that shown in FIG. 1A is described below with reference to FIGS. 7A-71. 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
30 example 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



formed in the exterior surfaces of the catalytic structure 76.

Referring to FIG 6E, a substantially conformal |ayer of dielectric

mat eri al W0 20682143y be deposited over the workpi ece an@#Canusaed/ 058385

catal ytic structure 76. The substantially conformal |ayer of dielectric
material 54 may have an average thickness that 10 is greater than the

di stance by which the catalytic structurél 76 extends fromthe surface of

t he conductive pad 28 and the substrate 1L In this configuration, the
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A mask layer 70 then nay be provided over the |ayer of catalyst material
68. The maskoartially 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
20 remaining 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
25  shape 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

30 structure 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



5| ayer 70 may conprise, for exanple, a layer of nitride material (e.g.,
Si3N4) or a layer of oxide material (e.g., Si02). The mask |l ayer 70 then
may be seWecvesvehzzspatterned to provide a discrete regi eaTAR2@B/08H8K
material on the surface of the |ayer of catalyst material 68 over the
conductive pad 28. By way of exanple and not limtation, the discrete
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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

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. 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

25  to FIGS. 2G-21L

A seventh embodiment of a method that may be used to form a memory device 10
like that shown in FIG. 1A is described below with reference to FIGS. 8 A-8E. Referring
to FIG. 8A, a workpiece 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

30 effectively 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.



and, hence, provide a predeterm ned thickness of the oxidation |ayer 90, a
sel ected effective cross-sectional area of the catalytic structure 86 may
be provi dw0 20ésa4328 | ess than the original cross-secti oralr/ise@ansd4ss he
catal ytic structure 86. Furthernore, the effective cross-sectional area of
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single nanowire 22 thereon. Referring to2¥t G 7E, the discrete region 72 of
mask material remaining on the end of the catalytic structure 86 may be
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catal ytic structure 86 as previously described. ) ,
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
20 system 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
25  include at Jeast 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

30 devices 106 for outputting information (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



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 nmay bewoenwvied’2Br om t he end of the catal ytic structuPeT862008i08885 f or
exanple, a wet chem cal etching process. As shown in FIG 8C, the exposed
tip 88 on the end of the catalytic structure 86 then may be used to

catal yze formation or 5growh of a singté4nanowire 22 thereon, as

previ ously described with reference to FIG 2G Referring to FIG 8D,
a subst ant i aldpyt deidest DRnal ayemuafcati cbdcattally ovithat Enstane bAthehemmargy be

deposited over, the workpi ece and around the catalytic structure 86 and the
nanowi re 229¢ffe!{ %IVéLe Bectyinds ES‘EE’i ipﬁocﬁ%??éﬁj?‘%‘?ealéﬁ' may have an average

thickness that i im%-% 18 g&géﬁ iﬁvgﬂﬁ"or@ha‘iib\%&@&%@d@ﬂ MRLER of RS ety dtés

structure 86 and the nahowre 22 extend fromthe surface of the conductive
pad 28 and thbodiukstsraat eaddionAtichedi italll reohlantcdlanpepirstintad by G obr ocess

b d I g h f . of. . f .diel ' ial 54
and to_oxposehfy i R andfaIhm Eic st 1EYS3. RrurbAnfibn R Somn i

FIG 8E, a vghuieimhtiddih akliBudetlishddasndmd ey & ef?&te@ﬂﬁt}ﬁ)uﬁ@?‘;@ﬂ%g from
15el ectrode 18 then nmay be folioed on the workpiece over the first end 24

(FIG 8D) ofhadpsitnadewpeof 42 inventine ahdainmed bp thevilas that §8loeri bed wi t h

reference to FIGS. 2G 21. Menory devices |like that showmn in FIG 1A
may be used in enbodi nents of electronic systens of the present invention.
For exanple, FIG 9 is a block diagramof an illustrative electronic system

100 according to the present invention. The el ectronic 20system 100 may
conprise, for exanple, a conputer or conputer hardware conponent, a server
or ot her networking hardware conponent, a cellular tel ephone, a digital
canera, a personal digital assistant (PDAs), portable nedia (e.g., nusic)
pl ayer, etc. The electronic system 100 i ncludes at | east one nenory device
of the present invention, such as the enbodi nent of the nenory device 10
shown in FIG 1A The system 100 further may 25i nclude at |east one

el ectronic signal processor device 102 (often referred to as a

"m croprocessor"”). The electronic system 100 may, optionally, further

i ncl ude one or nore input devices 104 for inputting information into the
el ectroni c system 100 by a user, such as, for exanple, a nouse or other

poi nti ng device, a keyboard, a touchpad, a button, or a control panel. The
el ectronic system 100 nmay further include one or nore output



30devi ces 106 for outputting infolination (e.g., visual or audio
output) to a user such as, for exanple, a nonitor, display, printer,
speaker, etc. The one or nore input devices 104 and -24 - out put

devi ces 106 rnay communicate electricaldy with at | east one of the
menory device 10 and the el ectronic signal processor device 102.
Whil e the present invention has been described in terns of certain

il lustrated enbodi nents and variati 684sA[Myereof, it will be understood
and appreciated by those of 5Sordinary skill in the art that the
invention is not so_ limted. Rather, additions, deletions and
modi fi cations to t h&hatissiaimediignbodi ments may be ef fected without

?ﬁparltl ng f:ﬁmt t][]e BRAmhe ; @&%ﬁ@% ﬂgngnmelétalspana&néﬁfdxy%lpy
e clains a ﬁﬁlall a IV%éﬁ g?
menory device co I 's¥n a%t e’ast i ng 38Ie
cat hode, and a vggﬂﬁ%n%ﬁ exial dispose §F‘§ﬁﬁlﬂ|§éﬂ @??Jéﬂ\?ll @‘?%ﬁg@
bet ween t he anoddeastobmdmfdhemnmie andlthesctathoéem‘ompasmg)desmgtbthe

cat hode conpri si Rgngy 8%@1@6&%{1&%’%&%%{@&%@1 &aﬁt%%twme

el ectrical contact r t ance | a In the

at | east one of tﬁ@%ﬁﬁg lémflcten@laé%lﬂg

nanowi re further a8O/E ea:a@lywéﬁ:ammrmng ¢S

catal ytic struct ubmlmm las gege@lBatahiHl - smfp%dl abmdut:ﬁvé hxat@l

nanowi re formed g g@i%a Zardife eyigear grem L
erein the at Ieast one Ehe ca € conprisimg t he

single nanowire FQPPWG&% flasa H:@Wé@‘é i ve ad t he nanowire

provi ding el ectri cdl Thenmemotyedewios aftdaimily efeindhe ablesst one
resi stance mat er pfith@RfoHBeneidUusihy&e l@@ﬁl risid: t_ﬁlé% han@igece of

cast oe val | ”ﬁﬁﬁﬁer?ﬁg%ﬁﬁ v %@%}ﬁ@ﬁﬁxé Pa@ E%B?hdéﬂ% i

nanowi re conpri seleciricabagntash bebween thggipluge iable zesistances
I11-V type sen coraterabandeherdoalductivelpad. type sem conduct or
material, and a netal. 5. The menory device of claim1, whergin the

nanowi re conpri sesSaf['heeHmmorgedefucm ofiplainatl, iwkersindhe rancawigdea PN

junction. 6. T&@ﬂﬁﬁﬂ@sh gaMicienShotiba Mavdingvidegsthondevalhr i abl e

resistance nateriaj "GPl S8R dBIA oF RS ln%ﬁéfeqﬁ 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, indiwm, iron, molybdenum, nickel, palladium, plati-
num, 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 nanow-
ire opposite a first end of the single nanowire in electrical
contact with the variable resistance material.



7. The menory device of claim1l, wherein the catalyst material
conprises at |east one of alumnum cobalt, gallium gold, indium
iron, nolybdenum nickel, palladium platinum silver, tantalum and
zi nc. 8. The nmenory device of claimig.wherein the generally

coni cal - shaped conductive catal ytic structure includes a base in

el ectrical contact wth a conductive pad and wherein the tip is in
electrical contact with a second end of the single nanow re opposite

%I: [t eepg;; L he i rmieellnraﬁ@yy dRvide sg% (gilwﬁefglgglfl/le\/\f abh}alsh?al .
8, wherein the t?@gﬂ'@hgﬁﬁ?ﬁ%ﬁ%tﬁ?@@% SF\é:Fh%H‘éQOHf bﬁ SYUARGN
about 300 square PAROMOIASs.  10. The nenory device of claim1,
further conprising k) agermeinciivetievice of okiiey 1 afughentco

portion of an extlﬁg@ﬁbﬁﬂéﬁ&%f%at%ﬁ%lsﬁ%!liééét fﬁ@ﬂg% ESI é,%}‘”e

11. A menory devig

a
vari abl e resi starﬁ}gf%cée%“@?%éEF cﬂpggcﬁégﬁcﬁﬁﬁgoﬁ BIFtHibde and a cat hode,
at least one of thelk @1%11’111@1'1/

iee Heyang atplaast r(meamemgtry cell
nanowi re fornmed awora nsngfa eam@bﬂ%r@sisxaﬁé&lmbn%m@@

manos re. the oi i HOBBORRY PERIBAR, 31988 b ¥ oﬂﬁ!? @6@629' )
t he conductive p ﬁﬂ@eﬂ%npaﬁ ASIRES BAReNE Iaae@onaﬂm@ @ t he
menory cell is ccgﬂnega}lyobomcahah@&dlcondthﬁVewalb@ll}mmestmdil@ramhﬂe and

£2§ ggts Qo?g :tvglqmbdniqgkfwweéhduém@%% ahdghe! RAA eﬂié‘
12. IOThe menory d ﬁ%%u ﬂm*ﬁ'g%§%ﬂﬁ qﬂ%?ﬁgogﬁa %@Rﬂ%%i}lﬁ@n"
provi des at | eas?1 UG R ﬁnéft & Vasl er‘?ﬁkﬁtﬂé@rfv‘@ﬁ wlendereincthe

pat hway bet ween mnhemvayicedl s casfigu radde caserqmatentflotisetonudutic Ve
%gr\g‘ t h't nt Q?nnﬁﬁéﬂﬁé &6 the cétﬁod&ﬁ I&@P eﬁ@fr%ﬁg f ﬂ-}ﬁ; Bh the

| east one wal | . gls ﬁ:\%&ﬁgﬁgﬁ?‘g %S@ ooqvg agﬁ]aff

variabl e resistaf@ #bdei ses a phase change materi aI

The menory devi ce d2. ke mémoryrdevce dﬂrﬂagﬁnlel,ah}hereﬁﬂm@lsz ped
cat S{Jg::\cles; " uct Hagolyird pHSPR s%ﬁé‘as%' £ s6ReAbG -r%ﬁtc,faﬁﬁt%ﬁ

si ngl e nanowi re. Qféc\flggaﬁ Rgﬂ?‘}g S\?Pc oYaré enfl%staﬁﬁgtrﬁgtena
conprising a di ea@@tthe@qml@ﬁmp&dmt inghetmanuyt¢adh of an exterior
surface of the geniBafIfhe oenhogy devigedfadanuct ], VWHé%éﬁi Wie Single
structure. - é%ireA‘Eoﬁhﬁ‘f% SOQ'c%trﬁé!ﬁtlﬁ'ﬂoTﬁHBrﬂ at‘%g#féﬁ% one

el ectronic S|gna? ocessor oné nenDry e co ed to
conmmuni cate el ectfcal I y with the at | east one el ect ron| c signal

processor.. t Egvfﬂ 1€ THe pREmBRIRIeYiceY Tt ehifPTl! Whe@idthé %?1218%9
r esi s%/ance mat ng%F‘ %gagﬁr@a W@ %%e %ﬁ%ﬁ@ tegjt%ri
| east one of the 4r53 %H%Pmﬁ@f qY. aprlilsi ereanéhﬁ@ré@ewﬁbbw re
havi ng one end tdeeiest-shaped estalytiabtructure includes a base electrically
coupled to the conductive pad and wherein the tip is electri-
cally 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 struc-

ture.




contact with the variable resistance material; and a conductive

catalytic structure conprising a catalyst material and di sposed

bet ween a conductive pad and the single nanowire, wherein the

conductive catalytic structure is a geperally conical structure

including a tip and a base; and at |east one of an input device and

an output device configured to communicate electrically with the at
oGgessor 18. .-The el ectronic system of

claim 17 whorei n t 42 A0 ElesBiOTR SYSIemR IReTEPREEEN { he oat hote
conprising the singabknmhonﬁméecnnnhemgmahprm&ﬁsoa,conductlve pad,
the nanowire pr g\éggaﬂ%ﬁte@ﬁé Inﬁéﬂn ke d%,ﬁm Rate
el ectroni ¢ syst em of %%8%{22“&5& AV, Fgfrp&qg Jro-
material conprises a St QRE ANEMOTY 20eVITReCEPPEiSiagiat
system of claim 17, EODememmyaleMshavmganlaiode;tmrathedeaénd gast
Onekor a|Ur}n3”1 C0ba$??nﬁébfvﬂﬁhb99kﬁgﬁéﬁ HifltetiaPdis 6@&&%@ H
el ectroni c system ofg 6, ah 68 el o o onedptities
coupl ed to the condu 8 eéﬁﬁnpﬁéﬂﬁﬁp is electrically coupled to
an end of the singl e asmglermamppie havingeona@endofheress is edd@eical
material . 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 con-
figured to communicate electrically with the at least one
electronic signal processor.

18. The electronic system of claim 17, wherein the at least
ope 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 compnses at least one of alummum cobalt, gallium,
gold, indium, iron, molybdenum, nickel, palladium, plati-
num, 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 elec-
trically coupled to an end of the single nanowire opposite the
variable resistance material.



