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CROSS-POINT MEMORY AND METHODS FOR FABRICATION OF SAME

BACKGROUND OF THE INVENTION

Field of the Invention

(6081} Subject matter disclosed herein generally relates to integrated cireuit

devices, and in particular to cross-point memory arrays and methods for fabricating the sarme.,

Description of the Related Axt

(60021 Generally, a cross-point memory array refers {0 a memory array having
memory elements disposed and electrically connected at cross-junctions hetween a first sct of
conductive lines {e.g., word lincs} and a second set of conductive lines (¢.g., bit lines)
overlapping and crossing the first set of conductive tines. Some cross-point memory arrays
incorporate materials whose resistance can be changed by a signal applied across the
memory elements, Examples of resistance change materials include phase change materials.

(804831 Fabrication of cross-point memory arrays can inclode patterning the
memory ¢lements having multiple clements in a stacked configuration.  Patterning the
memory clements, which often involve etching at least portions of a stack of materials to
form a stacked structure, for example a stack of lings, can result in undesirable effects such
as damaging and contaminating sidewalls of the stacked structure being etched. Thus, there

15 a need for fabrication methods that can minimize such undesirable effects.

BRIEF DESCRIPTION OF THE DRAWINGS
60041 Claimed subject matter is particularly pointed out in the concluding
portion of the specification. However, organization and/or method of operation, together
with certain objects, features, and/or advantages thereof, may be better understood by
reference to the following detailed description if read with the accompanying drawings in

which:
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(6005} FIG. 1 is a schematic three-dimensional depiction of a memwory cell
according to some embodiments.

130466] FIGS, 2A-2N are schematic three-dimensional depictions of intermediate
structures of a memory cell at vartous stages of fabrication according to some embodiments.

8687} FIGS. 3A-3C arc cross-sectional depictions of structures of memory cclls
according to some embodiments, where the cross-sections are taken in the v-z plane.

[6008] FIG. 4 is a cross-sectional depiction of a structure of memory cells
according to some embodiments, where the cross-sections are taken in the x-z planc.

633091 FIGS. 5A-SC are cross-sectional depictions of structures of memory cells

according to some embodiments, where the cross-sections are taken in the y-z plane

[3810] Features in the drawings are not necessarily drawn to scale and may
extend in different directions from that illustrated. While various axes and divections are
illustrated to facilitate the discussion herein, it will be apprecisted that the features may

extend in different directions.

DETAILED DESCRIPTION

011 As noted above, generally, a cross-point memory array refers to a memory
array having memory cells disposed and clectrically connected at cross-junctions between a
first set of conductive Hnes {e.g., word lines) and a second set of conductive lines {e.g., bit
lines} overlapping and crossing the first sct of conductive lines. The memory cells can
change their memory state in response to a signal, which can be an clectrical signal such as a
voltage or a current pulse. Some memory cells, sometimes calied the resistance change cells,
incorporate resistance change materials whose electrical resistance can be changed by the
clectrical signals provided through the first and second conductive lines connected to the
resistance change materials,  One category of such resistance change materials is that of
phase change materials, such as but not Hmited to chalcogenide matenials.

(80124 The memory cells in a cross-point memory array can include multiple
clements arranged in a stacked configuration. For example, a memory cell can include a
storage clement and a selector element, and can also include electrodes connecting the

storage and selector clements and further connecting the storage and sclector elements to
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conductive lines. Such clectrodes may be employed to prevent reaction or interdiffusion
between neighboring functional clements, but may not be eroployed depending upon the
selected materials. Patterning the memory cell having the multiple clements, which often
involves ctching at lecast portions of a stack of materials to form a stacked structure, for
example a stack of lines, can result in undesirable effects such as damaging and/or cross-
countamninating sidewalls of the stacked strocture being etched. For example, during etching,
sidewalls of onc of the storage or sclector clements can become damaged chemically and/or
physically. Cross-contamination can occur from redeposition of one of the ctched materials
and/or etch by-products onto another element.  For cxample, clements from a sclector
material can contaminate sidewalls of a storage waterial, or vice versa. Simular damage
and/or cross contamination can occur among onc or more of materials of the storage or
selector elements, electrode materials, conductive hine materials, or any other material that
may be etched as part of the stack cteh process. In addition, contarninants can be thermally
“driven-in” in subscquent processcs, thereby causing unintended and undesirable offects on
the final device characteristics as well as fabrication yield. Thus, there is a need for
fabrication methods that can minimize such undesirable effects.

[6013] A method of fabricating a memory device according to some embodiments
comprises forming a memory cell material stack and patterning the memory cell material
stack. Forming the memory cell material stack includes forming, ¢.g., depositing, a first
active material and a second active material over the first active material.  In some
cmbodiments, onc of the first and second active materials comprises a storage material and
the other of the first and second active materials comprises a selector material. Patterning the
memory cell material stack can include etching through a portion of the memory cell material
stack, such as through at least one of the first and second active materials of the memory cell
material stack, and forming protective liners on the sidewalls prior to completion of the
ctching of the entire memory cell material stack. After forming the protective liners, the cell
material stack can be further etched to complete the cell stack etch. Thus, the portion of the
uemory cell stack whose sidewalls are covered with the protective liners are protected
during further ctching of the ccll stack such that ctch products that may be liberated during

further etching of the cell stack are prevented from contaminating the portion whose
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sidewalls are covered with the protective liner. Etching can be dry etching, including
physical etching, chemical etching, or a combination of the two as in a reactive ion etch.

014 FIG. 1 depicts a memory ccll 10 in a cross-point memory array according
to one embodiment. The memory cell 10 1o FIG. T s a resistance change memory cell
arranged in a stacked configuration between a column line 20 extending in a v divection and
a row Hne 22 extending in an X direction. While a single memory cell 10 interposed between
one column line 20 and one row line 22 13 illustrated, it will be understood that a memory
array can include additional memory cells formed at a plurality of crossings between a
plurality of column lines 20 and a plurality of row lines 22, Colomn hines 20 can alternately
be referred to as bit lines or digit lines, or more generally as access lines, and row lines 22
can alternately be referred to as word lines, or also more generally as access lines, by
convention in the indastry, atthough these designations can also be reversed. The row and
column Hoes 22 and 20 are conductive lines configured to carry electrical signals such as, for
example, a voltage or a current pulse, between cells in an array and driver circuitry. The
memory cell 10 includes a memory cell stack 30 including a selector clement 38 and a
storage element 34, and in the illusirated embodiment these clements are separated by a
middle electrode 36, The memory cell stack 30 additionally inchudes a first clectrode 40
between the selector element 38 and the row line 22 and a second electrode 32 between the
column line 20 and the storage clement 34,

[6015) Embodiments modified from the illustrated embodiments of FIG. § are
possible. For example, while the illustrated embodiment in FIG. 1 shows the first clectrode
40 configured as a hine structure laterally confined in one dimension and extending in the x-
direction above the column line 22 and the second electrode 32 configured as a structure
laterally confined in two dimensions, the opposite configuration is possible, where the first
clectrode 40 is configured as a structure laterally confined in two dimensions and the second
clectrode 32 is configured as a line struchure laterally confined in one dimension and
extending in the y-direction below the row line 20, In other erabodiments, both the first and
second electrodes 40 and 32 can be laterally confined in one or two dimensions. In addition,
in other embodiments, the positions of the storage clement 34 and the sclector clement 38
within a stack configuration may be interchanged with one another. In vet other

embodiments, the selector element 38 may be omutied. In vet other ernbodiments, any one of
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the first, second, and middle clectrodes may be omitted, depending upon compatibility or
reactivity of adjacent storage, sclector and conductive line materials. Additionally, the “row”
and “column” designations arc interchangcable, and the rows and columns arc gencrally
perpendicular but may cross onc another at other than 90°.

[6016] Examples of the storage element 34 inclade a chalcogenide-based phase
change storage element, a resistive random access memory (RRAM) storage clement {¢.g.,
NiQ, HfG,, Zr(,, Cu0, TaO,, Ta,0s5, TiG), Si0:, ALO;), a conductive bridge random
access memory {CBRAM) storage element {e.g., metal-doped chalcogenide), and/or a spin
transfer torque random access memory (STT-RAM) storage clement, among other types of
storage clements.

(88171 Examples of the selector element 3% include a two terminal device (e.g., a
switch), such as a diode, an ovonic threshold switch (0TS}, a tunnel junction, or a mixed
ionic  electronic  conduction  switch (MIEC), among other two  terminal  devices.
Alternatively, examples of the sclector clement 38 include a three terminal device {e.g., a
swiich), such as a field effect transistor (FET) or a bipolar junction transistor (BJT), among
other switching elements.

1018] In some embodiments, onc or both of the storage and selector clements 34
and 38 can comprise chalcogenide materials. When both storage and sclector clements 34
and 38 comprise chalcogenide materials, the storage clement 34 can comprise a chalcogenide
material that can undergo g phase change that is nonvolatile at room temperature. On the
other hand, the sclector clement 38 can comprise a chalcogenide material that does not
undergo a similar nonvelatile phase change.

[6619] In some embodiments, the storage clement 34 includes a phase change
material that includes chalcogenide compositions such as an alloy inchuding at least two of
the clements within the indivm{In}-antimony{Shi-tellurium(Te) (ST} alloy system, e.g.,
IpSbhyTes, InSbhoTey, InyShyTey, cte., or an alloy including at least two of the elements
within the germanium{Gel-antimony{(Sh-tcllurium{Te) (GST) alloy system, c.g., GegShsTeg,
GeaSbyTes, GeiShoTes, GerSbyTer, GesSbyTer, ete., among other chalcogenide alloy
systemms.  The hyphenated chemical composition notation, as used herein, indicates the
clements included in a particular mixture or compound, and is intended to represent all

stoichiometrics involving the indicated clements. Other chalcogenide alloy systems that can
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be used in phase change storage elements inclade Ge-Te, In-Se, 8b-Te, Ga-Sb, In-Sh, As-Te,
AlTe, In-Ge-Te, Ge-Sb-Te, Te-Ge-As, In-Sh-Te, Te-Su-Se, Ge-Se-Ga, Bi-Se-Sh, Ga-Se-Te,
Sn-Sb-Te, In-Sb-Ge, Te-Ge-8b-S, Te-Ge-Sn-0, Te-Ge-Sn-Au, Pd-Te-Ge-Sn, In-Se-Ti-Co,
Ge-Sh-Te-Pd, Ge-Sb-Te-Co, Sb-Te-Bi-Se, Ag-In-Sb-Te, Ge-Sb-Sc-Te, Ge-Sn-5b-Te, Ge-
Te-S5n-Ni, Ge-Te-8n-Pd, and Ge-Te-Sn-Pt, for example.

[6020] In some cmbodiments, the sclector clement 38 includes a chalcogenide
material clectrically coupled to the storage clement 34 through the middle clectrode 36 on
one side and clectrically connected to the row line 22 through the first clectrode 40 on the
other side. A selector device having a chalcogenide material can sometimes be referred to as
an Ovonic Threshold Switch {(OTS8). An OTS may include a chalcogenide composition
including any one of the chalcogenide alloy systoms described above for the storage clement
34, In addition, the sclector clement may frther comprise an clement to suppress
crystallization, such as arsenic (As). Examples of OTS materials include Te-As-Ge-Si1, Ge-
Te-Pb, Ge-Se-Te, Al-As-Te, Se-As-Ge-Si, Se-As-Ge-C, Se-Te-Ge-Si, Ge-Sb-Te-Se, Ge-Bi-
Te-Se, Ge-As-5b-Se, Ge-As-Bi-Te, and Ge-As-Bi-S¢, among others.

(00211 The clectrodes 32, 36 and 40 can comprisc materials that electrically
conncct the operational clements of the memory ccll but prevent reactions among the
materials. For example, where the storage element 34 and the sclector element 38 comprise
chalcogenide materials, it may be advantageous to place non-reactive conductors between
these elements to prevent interdiffusion of their materials, and also between these clements
and their respective neighboring conductive lines, particularly conductive lines formed of
metallic material. Examples of suitable clectrode materials include one or more conductive
and semiconductive matertals such as, for example, carbon (C}; n-doped polysilicon and p-
doped polysilicon; metals including, Al Cu, Ni, Cr, Co, Ru, Rh, Pd, Ag, Pi, Ay, Ir, Ta, and
W, conductive metal nitrides inchuding TiN, TaN, WN, and TalUN; conductive metal silicides
inclnding tantalum silicides, tungsten silicides, nickel silicides, cobalt silicides and titanium
silicides; and conductive metal oxides mncluding RuQ;.

[8822] In addition, row Hnes 22 and column lines 20 can comprise any
conductive and/or semiconductive material suitable for forming conductive lines to carry
clecirical current for accessing the memory cells within the memory array, Examples of

conductive/semiconductive materials suitable for forming row lines 22 and column lincs 20
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inclnde n-doped or p-doped polysilicon; metals including Al, Cu, and W, conductive metal
nitrides including TiN, TaN, and TaCN; and other conductive materials. In embodiments
where onc of electrodes 32 or 40 is omitted, the row line 22 or column line 20 can serve as
cell electrodes in addition to carrying clectrical signals,

(64231 In the following, it will be understood that while some erbodiments of
menwory cells may be described as having certain features pertaining to storage clements and
sclector clements that include chalcogenide materials, the embodiments are not limited to
such storage and selector materials. For example, in some embodiments, a memory cell can
include a storage element including a chalcogenide phase change matenal, while including a
sclector clement that does not include a chalcogenide material, such as a bipolar junction
transistor or a diode. In some other embodiments, another material with similar electrical
behavior as a chalcogenide phase change material may be used. In some other embodiments,
a memory cell can include a selector element including an Ovonice threshold switching
material, while including a storage clement that docs not include a chalcogenide material,
such an oxide-based resistance change oxide material. In vet other embodiments, a memory
cell can include a chalcogenide phase change material having both storage and selector
functionalitics without scparate selector eloments for these functions,

160241 FIGS. ZA-2ZN are schematic three-dimensional depictions of intermediate
memory array structures thustrating structures and methods of fabricating a memory device
according to various cmbodiments.  In an illustrated cmbodiment, fabrication includes
partially etching a memory cell material stack and protecting the exposed sidewalls of the
partially etched memory cell material stack prior to completing the eich to form stacked
rmoemory cell structures, such memory cell line stacks, The etch can be part of a patterning
process in which a conductive line is commonly pattcrned with a memory cell stack. In the
ithustrated process, a lower row line and an upper column line are paticrned using two mask
patierns, and an intervening memory cell stack is partially patterned by each of the two mask
patterns.

[025] While not shown for clarity and easc of illustration, it will be understood
that the illustrated array structores are formed over a substrate, which can include, among
other things, various peripheral and supporting circuitry, for instance CMOS transistors that

form a part of column and row driver circutiry and sensc amplifier circuitry, as well as
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sockets and wiring that connect such circuitry to the memory array through the cohinn lines
and row lines described above. Tn addition, the substrate roay include one or more memory
arrays, or “decks” of arrays. As used hercin, the term substrate can includes a bhulk
semiconductor substrate as well as integrated structures formed thereover.

[8026] As used hercin and throughout the specification, “subtractive paticrning”
refers to a process sequence where structures to be defined are patterned by the removal of
material. For example, a “subtractive patterning process” may include first lithographically
providing etch mask structures overlapping arcas to be patterned, followed by etching, such
that materials in arcas wasked by the mask structures are protected while materials in
exposed arcas are removed by the ctch removal process. The set of process steps for
subtractive-patterning a stack of fayers, can include, for example, providing an ctch mask
patiern that can comprise at one or more of a resist, a hard mask and anti-reflective coating.
The resist may be patterned by a photolithography process, and that patiern can be
transferred into lower hard mask and/or antireflective layers. Other lithographic technigues
are also possible, including processes without hard mask layers. If hard mask layer(s} arc
included, the resist can be removed prior to using hard mask during etch of underlying
materials. Thus the etch mask pattern can be provided by resist and/or hard mask lavers at
the time of transferring the pattern into the materials of interest. The etch mask pattern blocks
arcas covered by the mask pattern to protect the underlving material from being ctched (e.g.,
wet or dry}y, while the etch mask pattern exposcs arcas not covered by the mask pattern to
ctch the exposed region of the material{s} to be ciched.

(84271 Referring to intermediate array structure 100a of FIG. 2A, according to
some embodiments, a roethod of fabricating a memory device inclades forming a lower
conductive material 22a over a substrate (not shown), forming a memory ccll material stack
30a over the lower conductive material 22a, and forming a first hard mask material 42a over
the cell matenial stack 30a. Forming the memory cell material stack 30a in turn includes
forming a lower electrode material 40a on the lower conductive material 22a, forming a
selector clement material 38a on the lower clectrode material 40a, forming a middle
clectrode material 36a on the storage clement material 38a, forming a storage clement
material 34a on the middle electrode material 36a, forming an upper clectrode material 32a
on the storage clement material 34a, and forming a first hard mask material 42a on the upper
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clectrode material 32a. Each of the materials can be formed by blanket depositing a layer on
the substrate, such as by sputtering or chemucal vapor deposition. Tt will be understood that
memory cell stacks may omit or add materials in other embodiments,

[8028] Referring to intermediate arvay structure 100b of FIG. 2B, according to
some embodiments, the method of fabricating the memory device includes subtractive
patierning the memory ccll material stack of the intermediate array structure 100a of FIG. 2A
to form a partially ctched lower Hne stack 44a cxtending in the x-direction. After a mask is
patterned over it, the substrate with the intermediate array struchure 100a can be loaded into a
dry etch tool. In one embodiment, the processes described below with respect to FIGS, 2B-
2F can be conducted in the dry etch tool.

633291 Subtractive patterning to form the partially etched lower line stack 44a
includes forming an eich mask line pattern (e.g., photoresist pattern) comprising lines
extending in the x-direction and ctching the exposed regions between the ctch mask pattern
lings. At lcast the upper active material is etched. In the iHlustrated embodiment of FIG. 2B,
ctching the hard mask material 42a, the upper clectrode material 32a, and the storage element
material 344, forms the partially etched lower line stack 44a including a storage clement line
34b on the muddle clectrode material 36a, an upper clectrode line 32b on the storage clement
linc 34b, and a hardmask line 42b on the upper clectrode line 32b. The resulting
intermediate structure 100b includes partially etched lower line stacks 44a separated by
shallow trenches.

16036 It will be appreciated that, while in the illustrated embodiment of FIG. 2B,
the cteh process removes part of the storage element material 34a to expose its sidewalls,
simtilar etch process can remove part of the selector clement material 38a in embodiments
where the vertical positions of the storage clement material 34a and the sclector element
material 48a are switched according to some embodiments.

(6031} In addition, it will be appreciated that, while in the tHustrated embodiment
of FIG. 2B the ctch extends to at least the upper surface of the middle electrode material 36a
such that the exposed sidewalls of the storage material 34b and of the upper electrode 32b
can sphsequently be protected using a protective liner, the cich process can stop at other
depths depending on which material(s}) of the intermediate array structure 100a of FIG. ZA is

sought to be protected during subscquent processing. For example, in some embodiments,
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the etch process can subsequently proceed to remove one or more of the middle electrode
material 36a, the sclector element material 344, bottom electrode material 404 and the lower
clectrode material 22a, as will be understood from the description below of FIGS. 3A-3C.

(6032} Still referring to FIG. 2B, it will be further appreciated that, forming the
partially etched lower line stack 444 can include at least partially etching into the material
that underlies the storage material line 34b, in this case the middle electrode material 364, in
order to cnsure exposure of sidewalis through the fusll thickness of the storage material for
subsequent protection, which can result in exposure of sidewalls through part of the thickness
of the nuddle clectrode material 36a.

(60331 In general, dry etch processes may utilize chemical reactions by
emploving various etchants comprising, for example, at least one of a halide, such as a
fluorine-, chlorine-, bromive~ or iodine-containing vapor compound to form a volatile
chemical compound with the material being removed. Some other dry etch processes may
utilize physical energy by employing acceleration of charged specics which may be ctchants
themselves, or a combination of the etchants and other species such as inert ions. Yet some
other dry etch processes, such as reactive jon etching, may utilize a combination of both
chemical reactions and physical energy for optimized etching performance.

(6034} It will be appreciated that some dry cteh processes for patterning the
partially etched lower line stack d4a of FIG. 2B includes multiple sub-processes to enhance
the etch ratc and/or profile. However, a sub-process tailored for removing a particular
material within the various materials of the intermediate structure 100a of FIG. 2A can result
in undesirable consequences. For example, after removing materials up to and inclading the
storage element roaterial 34a, if the cteh process continues to further remove the middle
electrode material 36a and the selector element material 38a, atoms, molecules, or clusters of
etch byproducts from additional materials removed, such as the selector clement material
38a, can be released and re~-deposited elsewhere, for example on sidewalls of the storage
clement line 34b.  Materials released from the selector material can contaminate the
sidewalls or the bulk material of the storage clement line 34b, resulting in unintended
changes in clectrical performance of the resulting memory cells, such as a shift in the
threshold/switching voltage of the memory cells, to name one example. Examples of

materials released from the sclector material 38a that can be subscquently be incorporated
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into the storage element material 34a to undesirably alter its clectrical behavior include Te,
As, Ge, S1, Pb, Se, Al, C, Bi, and Sb among others. As and Se, in particular, can alier the
behavior of a chalcogenide storage material, such as GST.

[8035] Of course, other cross-contamination can occur by any of the materials
removed, or byproducts of ctching, being redeposited on existing sidewalls any of the
materials that have been alrcady etched. Such contamination can occur during etching, or
during subscquent processes, such as a wet-clean process or a gap fill process.

[8036] To avoid such unintended changes in the electrical performance of the
memory cells that can result from the dry ctch processes, it can be advantageous to form
protective Hners on sidewalls of ctched layers after partially etching, for example, to form a
partially etched lower line stack 44a of FIG. 2B, prior to contimiuing to ctch the stack of the
intermediate structure 100b, Thus, in the descriptions that follow, a method of forming
protective liners on sidewalls of partially etched lower line stack 44a such as in FIG. 2B will
bie described.

[46837] Referring to intermediate array structure 100c¢ of FIG. 2C, according fo
some cmbodiments, the method of fabricating the momory device includes forming a
protective finer 46a on the surfaces of the partially ctched lower line stack 44a of FIG. 2B,
inclnding the sidewalls, to form a partially ctched lower line stack 44b having sidewalls
covered with the protective hiner 46a. The resolting intermediate structure [00¢ includes
partially etched lower line stacks 44s (FI1G. 2B) separated by shallow trenches {onc shown),
and the protective liner 46a formed on sidewall and bottom surfaces of the shallow trenches.

(3838 In some embodiments, the protective liner 46a can nclude a fluorocarbon
material.  As usced herein, a fluorocarbon material includes any material having carbon and
fluorine that may or may not have long range order, and includes polymeric chains and
amorphous materials.  Such fluorocarbon materials can be deposited in process chambers
configured for at least one of deposition and cich processes.  Advantageously, the
fluorocarbon material can be deposited in-situ in the same dry etch chamber used to form the
partially etched lower line stack 44a of FIG. 2B, as well as to perform subsequent etch
processes for defining the lower line stack. By depositing the protective liner in-sita,

additional processing time, equipment and materials can be reduced. For cxample, the
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fluorocarbon material deposited using plasma and fluorocarbon reactant gas species that
melude C and F, such as CHoF,, CF, CF,, CFy, CiFs, C4iFx, COF; and CHEF;, to name a few.

[339] In some cmbodiments, forming the protective liner 46a includes
depositing a conformal liner material which uniformly and substantially covers all exposed
surfaces of the infermediate structare 100b of FIG. 2B, including the sidewalls of the
partially etched lower line stack 44a and inter-line stack regions between adjacent partially
ctched lower line stacks 44a. At least sidewalls of the upper active material are covered. In
the tlustrated embodiment, sidewalls of the hard mask lines 42b, upper electrode lines 32b,
storage element lines 34b, and any exposed sidewalls of the nuddle electrode material 36a
arc coverced.  As used herein, s conformal material has thicknesses on various portions of
deposited surfaces that arc substantially the same. Thus, when conformal, the protective
liner 46a has substantially the same thicknesses on top surface and sidewalls of the partially
ctched lower line stack 44b, as well as on the muddle electrode material 36a between adjacent
partially ctehed lower line stacks 44b.

(6046} It will be appreciated that conformal protective liner 46a can
advantageously enable a subsequent spacer structure formation (described further below).
Some process conditions, such as a lower substrate bias during deposition and /or higher
process chamber pressure compared to the conditions used for the vertical etch resulting in
FIG. 2B can facilitate formation of a conformal protective liner 46a. Without being bound to
any theory, such process conditions can retard acccleration of the etchant specics toward the
substrate. For example, if dry etch conditions for ctching to define the storage material lines
34b include lower pressures of about 1-20 mTorr and a high substrate bias of about <200 V to
-500 V, the pressures can be increased to about 30-50 mTorr and substrate bias reduced to -
50V to +50 YV, particularly O V (no substrate bias) for greater isotropic processing and more
conformal deposition of the protective liner 46a.

[6041] In other embodiments, the conformal protective liner 46a can be depostted

[B42] It will be appreciated that the thickness of the protective liner 46a can be
tatlorved for effective protection from cross contamination, as well as controlling the resulting
vartations in the widths of the layers above and below the interface between the storage

clement line 34b and the middle clectrode layer 36a in FIG. 2C. In some embodiments, the
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protective Hiners can have a thickness between about 3% and about 25% of a width of the cell
line stack 30b measured at the same vertical height, or between about 10% and 20%, for
instance about 153%. In some cmbodiments, the protective liners can have a thickness
between about | nm and about 20 nm, or between about 1 nm and about 10 nm, for instance
about 3 nm.

10843] Referring to imtermediate array structure 100d of FIG. 2D, the method of
fabricating the memory device additionally includes, according to some embodiments,
anisotropically removing hortzontal portions of the protective liner 46a of FIG 2C to expose
the upper surfaces of the hard mask lines 42b and upper surfaces of the nmuddle elecirode
material 36a between the partially ctched lower line stacks 44¢. The remaining protective
liner 46b covers the sidewalls of the partially etched lower line stack 44¢, including the
sidewalls of the storage Hines 34b. Such anisotropic removal may be referved to as “spacer
ctch process” in the industry, which refers to a directional etch process designed to remove
materials predominantly in a vertical direction (z-direction) such that the protective liner 46a
of FIG. 2C is substantially or completely removed from horizontal surfaces {c.g., surfaces
formed in the -y plane)}, while the protective liner 46b remains over vertical surfaces {c.g.,
surfaces formed in the x-z and y-z planes), and can be referred to as a protective spacer.
After anisotropically etching to remove the protective liner material from the bottom surfaces
of the shallow trenches, the resulting intermediate structure 1004 includes partially etched
lower line stacks 44a separated by shallow trenches, and the protective liners 46b formed on
sidewall surfaces of the shallow trench.

{344 The spacer etch can be conducted in the same dry eich chamber as
sabsequent etching described with respect to FIG. 2E below. In embodiments in which the
protective Hiner 46a 1s formed in sity within a dry ctech tool, the same tool can be employed
for the sequence of FIGS. ZB-2E.

[3045] Referring to intermediate array structure 100¢ of FIG. 2E, according fo
some cmbaodiments, once the protective liner 46a of FIG. 2C is anisotropically etched to
expose the upper surfaces of the hard mask line 42b and the upper surfaces of the middle
clectrode material 36a between the partially etched lower line stacks 44c¢, the intermediate
array structure of 100d of FIG. 2D, including remaining thickness of the middle electrode

material 36a that may have been partially etched in the prior step, is further etched to define

-13-



WO 2015/130455 PCT/US2015/015023

fully etched lower line stacks 44d as shown in FIG. 2E. The fully ctched lower line stacks
44d include, starting from the bottom, a lower conduoctive hine 22 on the substrate, a cell line
stack 30c on the lower conductive line 22 and any remaining first hard mask line 42b on the
cell line stack 30c. The cell Hine stack 30c includes a lower electrode line 40 on the lower
conductive line 22, a selector element line 38b on the lower electrode Hne 40, a middle
clectrode line 36b on the selector element line 38D, a storage element line 34b on the middie
clectrode line 36b, and an upper clectrode line 32b on the storage clement line 34b. 1t will be
appreciated that under some circumstances, the first hard mask material 422 may be
substantially removed near the completion of the subtractive patterning process that forms
the tower line stack 44d. The protective liners 46b protect sidewalls of the upper or second
active matcrial, which in the illustrated cmbodiment is represented by the storage clement
fine 34b, during the further ctch.  In particular, the storage element line 34b, the upper
electrode Hine 32b and any remaining hard mask line 42b above the middle electrode line 36b
have sidewalls covered by the protective liners 46b while the remainder of the stack is wider
because it is ctched under the shadow of the protective liners 46b to form the fully ctched
lower ling stack 44d of FIG. 2E. Any ectch byproducts that may be released or resputtered
during etching to form siructures below the protective liners 46b, including the middle
clectrode line 36b, the sclector clement line 38b, the lower electrode line 40 and the lower
conductive line 22, may be formed on the sidewalls of the protective liners 46b while being
prevented from directly redepositing on sidewalls of the stractures covered by the protective
liners 46b, including the storage element line 34b and the upper electrode line 32b.

13046] Referring FIG. 2F, according to some cmbodiments, the method of
fabricating the memory device additionally includes removing the protective liners 46b 1o
expose sidewalls of the storage clement line 34b, the upper clectrode line 32b and any
remaining hard mask line 42b. By doing so, the protective liner 46b, whose surfaces may
have byproducts from etching layers below the spacer-shaped protective liners 46b
redeposited thercon as described above, including atoms, molecules, or clusters of the
selector clement material {e.g., As, Se), can be removed without directly exposing the
sidewalls of the storage ling 34b to the byproducts. In various cmbodiments, cleaning to
remove the protective liner 46b can be performed using any suitable wet and/or dry cleaning

processes known in the art for cleaning dry-ctched surfaces. For example, one such cleaning
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process may include wet and/or vapor cleaning using a solution inchluding dilute hydrofluoric
acid (HF) at a concentration between about (% and 10%, or between about 0% and 5%.
Another such cleaning process may include wet and/or vapor cleaning using a solution
including carboxylic acid at a concentration between about 0% and about 2%, or between
about 0% and about 1%, or between about (% and about 8.5%. In other embodiments,
where an ex sifu deposited norganic spacer ts employed, the protective liners may remain in
place through subscquent processing and may remain in the final product.

(33471 Still referring to FIG. 2F, it will be appreciated that as a result of removing
the protective liner 46b, different portions of the fully ctched lower line stack 44¢ can have
different widths depending on whether the portion was etched before or aficr forming the
protective finers 46b. In the iHustrated embodiment, because the protective liners 46b were
formed after etching to form the storage clement line 34b, the widths of the portions of the
fully etched lower line stack 44¢ above and below the exposed top surface of the middle
clectrode line 36b can be different by an amount corresponding to the thickness of the
protective liners 46b in FIG. 2E. In some embodiments, the differcnce in widths between the
wider and narrower portions of the cell line stack can be between about 10% and about 50%
of the width of the cell line stack 30b measured immediately above the same vertical level, or
between about 20% and 40%, for instance about 30%. In some embodiments, the protective
liners can have a thickness between about 1 o and about 20 nmy, or between about 1 nm and
about 10 nm, for instance about 5 nm,

[6048] Referring FIG. 26, according to some cmbodiments, the method of
fabricating the memory device additionally inchides forming a sealing diclectric 47a on
exposed surfaces of the fully etched lower Tine stack dde, afier removing the protective Hiners
46b as described with respect to FIG. 2F, to form the intermediate array structure 100g.
Unlike the protective liners 46b formed 7w situ in the dry ctch tool, the secaling diclectric 47a
can remain permanently on at least some surfaces of the fully etched lower line stack 441, In
some embodiments, the sealing diclectric 47a can include a suttable diclectric to protect at
lcast portions of the lower line stack 44f from subscquent processes such as subscguent
etching to confine the stack in the vy dimension {see FIGS. 2H-2ZN), cleaning, gapfill and
thermal processes. The sealing diclectric 47a can include oxide materials, such as silicon

oxide {e.g., Si0y) and aluminum oxide {¢.g., ALO;:), nitride materials, such as silicon nitride
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(e.g., SizN4), or combinations thercof, among others.  In general, the sealing diclectric 47a
can be formed by a suitable conformal deposition technique such as chemical vapor
deposition {CVD) and atomic layer deposition {ALD), including thermal and plasma
deposition technigues.

[3849] Referring to FIG. 2H, according fo some embodiments, the method of
fabricating the memory device additionally includes filling spaces between adjacent lower
linc stacks 44f of FIG. 2G with an isolation diclectric material to form first isolation
diclectric regions 48a.  Suitable diclectric materials to fill the spaces can mclude, for
example, silicon oxide, which may be deposited by suitable gap-filling processes such as
high-density plasma (HDP) processes, spin-on-diclectric (SOD) processes, sub-atmospheric
chemical vapor deposition {SACVEY) processes, and atomic layer deposition {ALD)
processes, among others. Once the inter-line spaces between adjacent lower line stacks 44g
are filled with the diclectric material to form the isolation dielectric regions 48a, the
intermediate array structurc can be chemical-mechanically polished to remove overlying gap
fill dielectric and any remaining portions of the hard mask and exposc a substantially planar
surface coroprising aliernating surfaces of the upper electrode line 32b  interposed by
isolation diclectric rogions 48a and scaling diclectrics 47b to complete formation of the lower
line stack 44g of the intermediate structure 100h.

{38591 Referring now to intermediate array structure 1001 of FIG. 2§, according to
some cmbodiments, the method of fabricating the memory device additionally includes
depositing an upper conductive material 20a on the planar surface of the intermediate array
structure 100h.  The upper conductive material 20a can comprise substantially similar
materials and can be formed using substantially similar processes as discussed above for
lower conductive material 22a of FIG. 2A.

(80511 Referring to intermediate array structure 108 of FIG. 21, according to
some embodiments, the method of fabricating the memory device additionally includes
subtractively patterning to form a partially ctched wall structure 50a including the upper
conductive line 20. Forming the partially ctched wall structure 50z includes, in a similar
manner as deseribed above for patterning the lower line stack 44a (FIG. 2B}, forming an etch
mask pattern comprising hines (¢.g. photoresist lines, not shown for clarity) that cross with

the underlying lower line stacks 44g, in the illustrated embodiment extending orthogonally in
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the y~-direction, and ctehing the exposed regions to form the partially etched wall structures
50a. FEach partially etched wall structire 50a includes an upper conduoctive line 20 and
further includes forming an upper material stack confined in x and v dircctions, including an
upper clectrode 32 and a storage clement 34, In the illustrated embodiment of FIG. 2B,
simifar to FIG. 2B, etching the wall structure 502 inchudes stopping the etch process on or
within the middle electrode line 36b, to forrn the partially ciched wall structure 50a, Ag
discussed in FIG. 2B, stopping the ctch at the middle clectrode line 36b as shown in FIG. 2]
is for illustrative purposes only, and the etch can stop at any suitable vertical position above
and below the exposed surface of the middle electrode line 36b as shown in FIG. 21,

60521 Referring to intermediate array structure 100k of FIG. 2K, according to
some embodiments, the method of fabricating the memory device additionally includes, in a
manner similar to that described with respect to FIG. 2C for forming the protective liner 46a,
forming a second protective liner 52a over the partially etched wall structure 50a of FIG. 27
to form the partially etched wall structure 50b of FIG. 2K. Paramcters and conditions for
forming the sccond protective liner 52a can be similar to that described with respect to FIG.
2C for forming the protective liner 46a.

[0053] Referring to intermediate array structure 1001 of FIG. 2L, according to
some embodiments, the method of fabricating the memory device additionally includes, in a
manner similar to that described with respect FIG. 2D for forming the first protective liners
46h, anisotropically etching the sccond protective liner 52a of FIG. 2K to form second
protective liners 32b having spacer profiles. Parameters and conditions for forming the
second protective liners 52b are similar to that deseribed with respect to FIG. 2D for forming
the first protective hiners 46b,

60541 Referring to intermediate array structure 100m of FIG. 2M, according to
some embodiments, the method of fabricating the memory device additionally includes, in a
roanner similar to that described with respect to FIG, 2E for further eiching fo form the fully
ctched lower line stack 44d, further etching the intermediate structure 1001 of FIG. 2L to
form the fully etched wall structure 50d of FIG. ZM. Except for the difference in materials
being etched and stopping on the upper surfaces of the lower clectrode lines 44, the
parameters and condifions for further etching to form the fully etched wall structure 50d can

be similar to FIG. 2E. Because the cell line stack 30c¢ (FIG. 2F) is alrcady paticrned in
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crossing lines, the fully eiched wall structure 50d includes the column line 20 overlying
pilfars of the memory cell stack that aliernate with isclation material 48. In other words, the
ctch separates the cell line stack into pillars,

(6055} During the further ctch, the second protective liners 52b protect sidewalls
in the z-y plane of the underlyimg upper or second active material, which in the iHustrated
cmbodiment is represented by the storage clement 34 (FIG. 2J). The remainder of the stack
is wider because it is etched under the shadow of the second protective liners 52b to form the
fully etched upper line stack 44d of FIG. 2E

[3056] As noted above with respect to FIGS. 2B-2E, in onc embodiment the
sequence of FIGS. 21-2M is conducted in sity within dry ctch tool without removing the
substrate until after the fully etched wall struchure 30d 15 formed. As described above,
conditions for vertical dry ctching (including high negative substrate bias and relatively low
pressure for anisotropic etching) can be altered to be more conducive to conformal
deposition (including lower or no substrate bias and relatively higher pressures), and an
organic second protective liner 52a of FIG. 2K can be plasma deposited as a polymer with
the supply of fluorocarbon precursors. Conditions can then be returned to those conducive to
anisotropic dry etching and

[60587] In another embodiment, the substrate can be removed between etching
steps and an morganic second protective hiner 52a of FIG. 2K can be deposited in a separate
tool. In this casc the resultant second protective liners 52b of FIG. 2M can optionally remain
in the final product, in contrast to the process described below with respect to FIG. 2N
below.

[HO58] Referring to intermediate array structure 100n of FIG. 2N, according to
some embodiments, the method of fabricating the memory device additionally includes, in a
manner similar to that described with respect to FIG. 2F for removing the first protective
iners 46b, cleaning o remove the a second protective Huoers 52b from the sidewalls of the
wall structure 50d and leave a wall structure 58. FExcept for the fact that the second
protective hiners S2b are removed from the sidewalls of the storage element 34, the upper
clectrode 32 and the upper conductive hine 20, the parameters and conditions for cleaning to
remove the sccond protective hiners 52b can be similar to that described with respect to FIG.

ZF for cleaning to remove the first protective Hiners 46b.
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60591 Similar to FIGS. 2F-20, any ¢tch byproducts that may be released during
ctching to form structures below the sccond protective liners 52b in FIG. 2M, including the
middle clectrode 36 and the selector element 38, can redeposit on the sidewalls of the second
protective liners 532b while being prevented from divectly redepositing on sidewalls of the
structures covered by the second protective iners 52b, including the upper or second active
material in the form of the storage clement 34, In embodiments where the second protective
liners 52b are to remain in the final product, such cteh byproducts can be removed with the
removal of the second protective liners 52b such that the byproducts do not come into direct
contact with the storage element 34 and the upper electrode 32.

(6060 it will be appreciated that, as a result of removing the second protoctive
lingrs S2b, different portions of the wall stracture 50¢ can have different widths at different
portions, depending on whether the portion 18 formed before or after the second protective
lincrs 52a have been formed, in a manner described with respect to FIG. 2F. In some
embodiments, due to the shadowing cffect of spacers on both sides, the difference in widths
of the wall structure 50 measured immediately above and below the vertical level of the
exposed top surface of the middle electrode 36 can be between about 10% and about 50% of
the width of the wall structare 50 measured immediately above the exposed top surface of the
middic electrode 36, or between about 20% and 40%, for instance about 30%.

3861} In addition, although not Hustrated, after removing the second protective
liners 52b as ilhustrated in FIG. 2N, the intermediate structure 100n can be further processed
to form a second scaling diclectric (not shown) on exposed surfaces of intermediate structure
100m, in a similar manner as described in FIG. 2G for forming the sealing dielectric 47a. In
addition, the spaces between adiacent wall structures 50 lined with the sccond scaling
diclectric can be filled with a filler dielectric to form second isolation dielectric regions (not
shown) and polished (not shown), in similar manner as desceribed in FIG. 2H to expose
alicrnating apper conductive Hoes 20 (or hard mask lines or etch stop materials thereover)
interposed by sccond isolation diclectric regions and second scaling diclectrics.

[3862] FIG. 3A illustrates a cross-sectional view of an array structure 200a
fabricated according to the illustrated embodiments of FIGS. 2A-2N. The cross-section in
FIG. 3A is taken in the y-z planc corresponding to the yv-z plane of FIGS. 2A-2ZN. As

described above, in this embodiment, the protective liners 46b {not shown) having spacer
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structures are formed and removed from sidewalls of the partially etched lower line stack 44¢
(FIG. 2D} including sidewalls of the storage clement 34 and the upper clectrode 32, After
removing the protective liners 46b (not shown} and further ciching to form the fully ctched
lower ling stack 44¢ (FI1G. 2F), a sealing diclectric 47 is formed to cover the x-z sidewalls of
the entire stack below the upper conductive tine 20 as shown in FIG. 3A.  As described
above, the cross section of the array structure 200a shows, as a vesult of the protective liner
46b formation, steps form lateral platcaun regions on an upper surface of the middle electrode
36 (which may be partially through the thickness of the upper electrode material} such that
the width of the cell stack immediately below the upper surface of the middle electrode 36 1s
greater compared the width of the cell stack immediately above the upper surface of the
middie clectrode 36, As described above, such process flow can be desirable, for example,
when materials above the step, such as upper active material in the form of the illustrated
storage element 34, are sought to be protected from the etching processes of the layers below
the step. Other configurations are possible, as illustrated in FIGS. 3B and 3C, in which
similar parts arc referenced by like reference numerals.

{34631 FIG. 3B iflustrates a cross-sectional view of an array structure 300a
according to another embodiment, Similar to FIG, 3A, the cross-section in FIG. 3A is taken
in the y-z planc. In this embodiment, instcad of initially stopping the etch removal process
on the middle electrode material 36a as illustrated m FIG. 2B prior to formation of the
protective liner 46b, the eteh process is stopped on or within the lower clectrode material 40a
of FIG. 2B, and the subscquent protective liner {not shown) having a spacer structure is
formed thercover. After removing the protective liner (not shown) and further ctching to
form the fully etched lower hine stack, a sealing dielectric 47 is formed to cover the x-z
sidewalls of the entire stack below the upper conductive line 20 as shown m FIG. 3B, Asa
result of the formation and removal of the protective spacer {not shown), stops form lateral
platcau regions are on an upper surface of the lower clectrode 40 (which may be partially
through the thickness of the lower electrode material) such that the width of the cell stack
immediately below the step 18 greater compared the width of the cell stack wumediately
above the step, as illustrated in the resulting cross scction of the array structure 300a in FIG
3B. Such process flow can be desirable, for example, when materials above the step are

sought to be protected from the etching processes of the lower clectrode 40 or the lower
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conductive line 22, but the materials of the two active materials (storage element 34 and
selector element 38) are compatible.

[B364] FIG. 3C illustrates a cross-sectional view of a fully fabricated array
structure 400a according to vet another embodiment. Similar to FIGS. 3A and 3B, the cross-
section in FIG. 3C is taken in the v-z plane. In this embodiment, in addition to stopping the
ctch removal process once on or within the middie electrode material 36a as in FIG, 3A, to
form the protective hiners 46b, in this embodiment the ctch removal process stopped a second
time on or within the lower clectrode material 40a, and the protective liners having spacer
structures {(not shown) are formed thereover twice at both locations,  After removing the
protective liners after forming them at each location (not shown) and further etching to form
the fully ctched lower line stack, a scaling diclectric 47 is formed to cover the x-z sidewalls
of the entire stack below the upper conductive line 20 as shown in FIG. 3C. The resulting
cross section of the array structure in FIGs 3C has steps forming lateral platean regions on
upper surfaces of the middle and lower clectrodes 36 and 40 such that a width of the ccll
stack immediately below the lower step is larger compared to a width of the celi stack
wmmediately above the lower step, and a width of the cell stack immediately below the upper
step is larger than a width of the ccll stack immediately above the upper step. Such process
flow can be desirable, for example, when materials above the upper step are sought to be
protected from ctehing processes of the middle electrode 36 and the selector element 3K, and
in addition, materials above the lower step are sought to be protected from the ctching
processes of the lower electrode 40 or the lower conductive line 22,

[3865] FIG. 4 ilustrates a cross-sectional view of an array strocture 200b
corresponding to array structures 200a, 300a or 400a of FIGS. 3A-3C, according to some
cmbodiments. The cross-section in FIG. 4 is taken in the x-z planc corresponding to the x-z
plane of FIGS. 2ZA-2ZN. The array structure of FIG. 4 can be fabricated using similar
processes as described with respect to FIGS. 2A-2N. However, it will be appreciated that
spacer process used to protect the upper active material during column line etching, per
FIGS. 2I-2N and FIG. 4, and the spacer process{es} use to protect the upper active material
during row line ctching, per FIGS. 2A-ZH and 3A-3B, can be employed independently of
cach other or combined. In this dimension also the step can be formed on or within the

middle clectrode material, as shown,
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[6066] FIGS. 5A-5C illustrate cross-sectional views similar to those of FEGS. 3A-
3C, except that the protective spacers 46 have not been removed. The protective spacers of
the Hhustrated embodiments can be inorganic to minimize risk of interaction with the active
materials {¢.g., storage and selector clements) of the memory cell stack. Examples include
silicon nitride and silicon oxyunitride. I will be understood that the protective spacers on the
orthogonal walls of the memory cell pilar (the dimension shown in FIG. 4) can similarly be
maintained in the final product.

{38671 Although this invention has been described i terms of certain
cmbodiments, other embodiments that are apparent to those of ordinary skill in the art,
including embodiments that do not provide all of the features and advantages set forth herein,
arc also within the scope of this invention. Moreover, the vartous embodiments described
above can be combined to provide further embodimoents. In addition, certain features shown
in the context of onc cmbodiment can be incorporated into other cmbodiments as well.
Accordingly, the scope of the present invention is defined only by reference to the appended

claims.



CLAIMS

1. A memory device, comprising:

a substrate;

a lower conductive line disposed above the substrate and extending in a first
direction; and

an upper conductive line disposed above the lower conductive line and extending
in a second direction different than the first direction; and

a memory cell stack interposed between the lower conductive line and the upper
conductive line, the memory cell stack comprising an upper active element and a lower active
element, wherein the memory cell stack includes lateral plateau regions such that a first width of
the memory cell stack below the lateral plateau regions is wider than a second width of the
memory cell stack above the lateral plateau regions.

2. The memory device of claim 1, wherein the first width of the memory cell
stack below the lateral plateau regions is between 10% and 50% wider than the second width of

the memory cell stack above the lateral plateau regions.

3. The memory device of claim 1, wherein the memory cell stack further
comprises:

an upper electrode between the upper active element and the upper conductive
line;

a middle electrode between the upper active element and the lower active
element; and

a lower electrode between the lower active element and the lower conductive line.

4. The memory device of claim 3, wherein the lateral plateau regions are
formed below the upper active element.

5. The memory device of claim 3, wherein the lateral plateau regions are

formed below the lower active element and above the lower conductive line.

6. The memory device of claim 5, further comprising:
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a second lateral plateau region formed between the upper active element and the

lower active element.

7. The memory device of claim 1, wherein the first width of the memory cell
stack below the lateral plateau regions is wider than the second width of the memory cell stack

above the lateral plateau regions when viewed in the first direction, the second direction, or both.

8. A method comprising:

forming a memory cell stack over a substrate, the memory cell stack comprising a
first active material and a second active material over the first active material;

the memory cell stack further comprising a lower electrode material, a middle
electrode material, and an upper electrode material, wherein the first active material is interposed
between the upper electrode material and the middle electrode material, and wherein the second
active material is interposed between the lower electrode material and the middle electrode
material;

etching the first active material and the upper electrode material,

forming a first protective liner on sidewalls of the first active material, a lateral

plateau region, and the upper electrode material.

9. The method of claim 8, wherein forming the first protective liner further
comprises:
forming the lateral plateau region on an upper surface of the middle electrode

material.

10.  The method of claim 9, wherein,

a first width of the memory cell stack below the upper surface of the middle
electrode material is greater than a second width of the memory cell stack above the upper
surface of the middle electrode material.

11.  The method of claim 9, wherein:
a first width of the memory cell stack below the upper surface of the lower
electrode material is greater than a second width of the memory cell stack above the upper

surface of the lower electrode material.
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12.  The method of claim 8, further comprising:

prior to forming the first protective liner, etching the middle electrode material
and the second active material; and

forming a second protective liner on the middle electrode material and the second
active material, wherein the lateral plateau region is formed on an upper surface of the lower

electrode material.

13.  The method of claim 8, further comprising:
forming a seal dielectric over the first active material, the upper electrode
material, the middle electrode material, the second active material, and the lower electrode

material.

14.  The method of claim 8, wherein forming protective liners further
comprises:

forming spacer structures.

15.  The method of claim 8, wherein one of the first active material or the
second active material comprises a storage material, and wherein the other of the first active

material or the second active material comprises a selector material.

16. A memory device, comprising:
a substrate;
a memory cell stack over the substrate, the memory cell stack comprising:
a first active material;
a second active material different from the first active material;
a first electrode above the first active material,
a second electrode below the first active material and above the second
active material;
a third electrode below the second active material;
a first lateral plateau region;
a first protective liner formed on the first lateral plateau region;

a second lateral plateau region; and
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a second protective liner formed on the first lateral plateau region and the

second lateral plateau region.

17.  The memory device of claim 16, wherein the first protective liner is
formed on an upper surface of the first electrode and the second protective liner is formed on an

upper surface of the second electrode.

18.  The memory device of claim 17, wherein a first width of the memory cell
stack below the second electrode is greater than a second width of the memory cell stack above
the second electrode, and wherein a third width of the memory cell stack below the third

electrode is greater than a fourth width of the memory cell stack above the third electrode.

19.  The memory device of claim 16, further comprising:
a sealing dielectric formed over sidewalls of the first active material, an upper
electrode, a middle electrode, the second active material, and a lower electrode.

20.  The memory device of claim 16, wherein one of the first active material

and the second active material is a selector material and the other is a storage material.

21.  The memory device of claim 16, further comprising:
an upper conductive material positioned above the first electrode; and

a lower conductive material positioned below the third electrode.
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