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REPLACEMENT MATERIALS PROCESSES FOR FORMING CROSS POINT
MEMORY
BACKGROUND
Field
(8081 Subject matter disclosed herein relates to devices in integrated circuits

generally, and in particular, to methods of forming arrays of devices, such as memory cells

within a cross~point array.

Description of the Related Art

(8082} Devices ncorporating chalcogenide materials, e.g., ovonic threshold
switches and phase change storage clements, may be found in a wide range of clectronic
devices. Such devices may be used in computers, digital cameras, cellular telephones,
personal digital assistants, ete. Factors that a system designer may consider in determining
whether and how to incorporate chalcogenide materials for a particular application may
include, physical size, storage density, scalability, operating voltages and currents, read/write
speed, read/write throughput, transmission rate, power consumption, and/or methods of

forming devices with the chalcogenide materials, for example.

BRIEF DESCRIPTION OF THE DRAWINGS

80031 Claimed subject matier is particularly pointed ouf in the concluding
portion of the specification. Howgever, organization and/or method of operation, together
with certain objects, features, and/or advantages thercof, may be better understood by
reference to the following detailed description if read with the accompanying drawings in
which:

B304 Fi3. 1A is a schematic three-dimensional depiction of a memory cell
according to some embodiments,

[8085] FIG. 1B i3 a schematic three~dimensional depiction of a memory cell

according to some other embodiments.
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(6086} FIG. 1C is a schematic three-dimensional depiction of a memory cell
according to some other embodiments.

(806871 Fi3. 2 is a schomatic plan-view illustration depicting a cross-point
memory array according some embodiments,

8088 FIGS. 3A-3E arc schematic three-dirmensional depictions of various stages
of fabrication of @ memory cell according to some embodiments.

8669} FIGS. 4A-4E are schematic three-dimensional depictions of various stages
of fabrication of a memory cell according to some other embodiments,

[B8019] FIGS, 5A-5E are schematic three~-dimensional depictions of various stages
of fabrication of a memory cell according to some other erobodiments.

(8011} FIGS. 6A-6F arc schematic three-dimensional depictions of various stages
of fabrication of a memory cell according to some other embodiments.

16012} FIGS. 7A-TE are schoematic three-dimensional depictions of various stages
of fabrication of a memory cell according to some other embodiments.,

(8013} FIGS. 8A-8F are schematic three-dimensional depictions of varions stages
of tabrication of a memaory cell according to some other embodiments.,

(80144 Features in the drawings arc not nccessarily drawn to scale and may
extend in different directions from that ustrated.  While various axes and directions are
illustrated to facilitate the discussion herein, it will be appreciated that the features may

extend in different directions.

DETAILED DESCRIPTION

[8015] Dievices incorporating materials that change resistance in operation may
be found in a wide range of electronic devices, for ¢.g., computers, digital cameras, cellular
telephones, personal digital assistants, ete.  Devices incorporating such materials, for
cxarple, can be memory devices. Materials that change resistance in turn can take on many
different categories based on their material compositions. One such category of materials is
chalcogenide materials, which can serve egither as a storage node or a selector node of a
memory device. As a storage node, for example, certain chalcogenide materials can be
phase change materials that store information based on a resistance change originating from

a stable (i.c., nonvolatile) change in the phase of the materials in response to heating and/or
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an applied electric field. In comparison, as a selector node, certain chalcogenide materials
can be Ovonic threshold switching materials that temporarily change their resistance in
response to an applied clectric ficld, without a nonvolatile change in phases. Phase change
memory devices having a chalcogenide-based storage node, a chalcogenide-based sclector
node, or chalcogenide-based storage and selector nodes can provide several performance
advantages over other memory devices, such as flash memory devices and dynamic random
access memory devices (DRAM). For example, some phase change memory devices can be
nonvolatile, such that physical and clectrical states of the memory devices do not change
substantially over a retention time {c.g., longer than one year) without any external power
supplied thereto. In addition, some phase change memory devices can provide fast read and
writc access times {c.g., faster than 10 nanoscconds) and/or high read and write access
bandwidth {c.g., greater than 100 megabits per second). In addition, some phase change
memory device can be arranged in a very high density memory array, e.g., a cross-point array
having greater than 1 million cells in the smallest memory array unit connecied with local
metallization.

(8016} In fabricating high density memory arrays with small {e.g., sub-100 nm}
minimum feature size {¢.g., half-pitch of columns or rows}, one counsideration in choosing a
fabrication process flow is the mechanical stability of intermediate structures {c.g., row or
column lings) during processing. Inadequate mechanical stability can lead to problems such
as warping and/or collapsing of the features due to the environment to which the features are
cxposed, such as during subscquent processing.  Such cenviromments can include, for
example, a plasma environment in which features can be clectrostatically charged, or an
aqueous environment in which featires can experience capillary forces. One approach of
remedying inadequate roechanical stability of certain features is designing the fabrication
process flow to employ temporary sacrificial materials having sufficicnt mechanical stability
through processes that cause harsh processing environment, and replacing the sacrificial
materials with permanent functional materials (that is, materials that form the final device}
later in the process flow,

(6017} In the following, methods of forming intermediate structures by
emploving replacement processes using sacrificial materials and replacing the sacrificial

materials with permanent functional materials are disclosed. In some embodiments, the
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sacrificial materials may be patierned to form sacrificial structures, other materials may be
formed around those sacrificial structures, and the sacrificial materials may be replaced by
permanent materials, In particular, the permanent functional materials can be phase change
materials, for example chalcogenide materials, for the selector node and/or storage node, or
conductive materials that are electrically connected to the phase change materials, ¢.g., metal
line materials and electrode materials,

(6018 In some embodimenis, methods of forming a chalcogenide ling by a
replacerment process inchude providing a material stack inchuding a conductive material and a
sacrificial material over the conductive material. The sacrificial material and the conductive
material are then lithographically patterned and ciched to form alternating line stacks and
spaces, where cach of the line stacks may include a sacrificial line over a conductive line.
The spaces are then filled with a dielectric material such as an isolation diclectrie,
Subsequently, the sacrificial material 15 selectively removed by a suitable eich technique to
form gaps interposcd between the adjacont spaces filled with the diclectric material. The
gaps are then filled with a chalcogenide material to form chalcogenide lines.

[8019] In some other erbodiments, methods of forming a conductive line by a
replacement process inchude providing a first line stack extending in a first direction that
includes a chalcogenide line over a first conductive ling. The methods also include providing
a sacrificial material over the first Hine stack and etching the sacrificial material fo form a
second line stack disposed between adjacont spaces. The resulting second line stack includes
a sacrificial line extending in a sccond direction crossing the first direction. Subsequently,
the adjacent spaces are filled with a diclectric material. The sacrificial material is then
selectively removed io form a gap interposed between the adjacent spaces filled with the
diglectric material. The gaps are then filled with a conductive material to form a scoond
conductive line.

(60281 It will be understood that while embodiments of memory celis deseribed
herein include both storage nodes and selector nodes comprising chalcogenide materials,
other embodiments are possible. In some embodiments, a memory celi can include a storage
node including a chalcogenide phase change material, while including a selector node that
does not include a chalcogenide material, such as a bipolar junction transistor or a diode. In

some other embodiments, another material with similar clectrical behavior as the
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chalcogenide phase change material may be used in place of that chalcogenide phase change
material. In some other embodiments, a memory cell can include a selector node including
an Ovonic threshold switching material, while including a storage node that does not inchude
a chalcogenide material, such an oxide-based resistance change oxide material. In yet other
embodiments, 3 memory cell can include a chalcogenide phase change material having both
storage and selector functionalities and not inchude a separate selector node.

(8021 FIGS. 1A — 1C each depict an interconnected memory cell 18 in a cross-
point memory arvay according to some embodiments. The interconnected memory cells 10
jo FIGS. 1A — 1C are formed by phase change memory cell stacks 30 arranged in a stack
configuration between a column line 20 extending generally in a y-direction and a row linc
22 extending generally in an x-dirgetion. The phase change memory cell stack 30 includes a
first electrode 32 in elecirical commmunication with the row line 22, a selector node 34 on the
first electrode 32, a middie electrode 36 on the selector node 34, a storage node 38 in on the
middle electrode 36, and a sccond clectrode 40 on the storage node 38 and in electrical
communication with the column line 20. The phase change memory cell stack 30 can be
surrounded by isolation dielectric matenials {(not shown), Other embodimentis of the stack
configuration are possible. For exampic, the positions of the storage node 38 and the seloctor
node 34 may be interchanged with onc another. In other examples, any one of the first,
second, and middie electrodes may be interchanged with one another. In yet other examples,
any one of the first electrode 32, the middle clectrode 36, the second elecirode 40, and the
selector node 34 may be omitted.  Additionally, the “row” and “colunmn” designations arc
interchangeable, and the rows and columns are generally perpendicular but may interseet at
other than 90°, as seen in a top-down view.

{6622 In some embodiments, one or both of the storage node 38 and the selector
node 34 can comprise chalcogenide materials. When both the storage node 38 and the
selector node 34 comprise chalcogenide materials, the storage node 38 can comprise a
chalcogenide material that can uondergo a phase change that is nonvolatile at ambient (e.g.,
room) temperatire. On the other hand, the selector node 34 can comprise a chalcogenide
material that does not undergo a similar stable phase change.

{30231 In some embodiments, the storage node 38 includes a phase change

material that includes chalcogenide compositions such as an alloy inchuding at least two of
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the elements within the indiom{Iny-antimony(Shi-tellurium{Te} (IST) alloy system, e.g.,
InpShoTes, IySbhyTey, IniShyTey, cte., an alloy including at least two of the clements within
the germanium{Gej-antimony(Shi-tclhurium(Te) (GST) alloy system, e.g., GegSbsTes,
GepSbaTes, GeSboTes, GeiSbsTe,, GesSbyTes, ctc., among other chalcogenide alloy
systems.  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
be used in phase change storage nodes include Ge-Te, In-8¢, 8b-Te, Ga-Sb, In-8b, As-Te,
AlTe, In-Ge-Te, Ge-8h-Te, Te-Ge-Ag, In-Sb-Te, Te-Sn-Se, Ge-Se-Ga, Bi-Se-Sh, Ga-8e-Te,
Su-8h-Te, In-8b-Ge, Te-Ge-Sb-5, Te-Ge-3n-0, Te-Ge-Sn-Ay, Pd-Te-Ge-Sn, In-Se-Ti-Co,
Ge-Sb-Te-Pd, Ge-8b-Te-Co, Sb-Te-Bi-8e¢, Ag-In-8Sb-Te, Ge-Sb-Se-Te, Ge-Sn-Sb-Te, Ge-
Te-Sn-Ni, Ge-Te-8n-Pd, and Ge-Te-5Sn-Pt, for cxample.

(8024 When incladed in the memory cell 10, the selector node 34 may be a two-
terminal selector electrically coupled to the storage node 38 through the middle electrode 36
on one side and electrically connected to the row line 22 through the first electrode 32 on the
other side. In some embodiments, the selecior node 34 comprises a chalcogenide material
and can be referred to as an Ovonic Threshold Switch (OTS). An OTS may include a
chalcogenide composition including any one of the chalcogenide alloy systems deseribed
above for the storage node. In addition, the selector node may further comprise an element
to suppress erystallization, such as arsenic (As). When added, an clement sach as Ag
suppresses crystallization by inhibiting any non-transitory nucleation and/or growth of the
alloy. Accordingly, the selector node 34 may be configured to switch to a conductive state
when a potential exceeding a threshold voltage is applied across the selector node 34, In
addition, the conductive state can be mainftained while a suthicient holding current is
maintained across the sclector node. Exaraples of OTS materials include Te-As-Ge-8i, Ge-
Te-Pb, Ge-Se-Te, Al-As-Te, Se-As-(Ge-81, Se-As-Ge-C, Se-Te-Ge-8i, Ge-Sb-Te-Se, Ge-Bi-
Te-8¢, Ge-As-5b-Se, Ge-As-Bi-Te, and Ge-As-Bi-Se, among others.

(6025 Various featurcs within phase change memory ccll stack 30 arranged in a
stack configuration can be isolated by at least one diclectric material at the side of the stack
30 and extending in the x-direction and/or the y-direction. By isolating a featire within the

diclectric, the feature’s clectrical isolation and/or thermal isolation may be improved.
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Improving a feature’s electrical and/or isolation and/or thermal isolation in one or more
directions can result in a performance advantage of the phase change memory cells with
respect to some device parameters. In one example, by thermally isolating the storage node
38 in both x and y-directions within an isolation diclectric having a lower thermal
conductivity than that of the chalcogenide material of the storage node, the thermal
confinement of the storage node 38 can be evhanced, leading to lowering of the energy
consumed during an access operation and/or shortening of the time duration of the access
operation.  On the other hand, the thermal confinement of the storage node 3¥ can be
enhanced by thermally isolating the storage node 38 in only one direction when the thermal
conductivity of the chalcogenide material of the storage node 1s lower compared to that of
the isolation diclectric. In another example, thermally isolating the storage node 38 in both
directions can increase processing complexity compared to thermally isolating the storage
node 38 in only one direction. Thus, particular implementations of the memory cell stack 30
can differ with respect to isolation schemes of the features within the memory cell stack 30,

(4026} In the illustrated embodiment of FIG. 1A, cach feature within the memory
cell stack 30 of the first electrode 32, the selector node 34, the nuddie clectrode 36, the
storage node 38, and the second clectrode 40 are isolated in both the x direction and the v
dirgction.  Under this configuration, cach feature within the memory cell stack 30 is
surrounded in both x and y-directions by isolation dielectric.

(6027 In the tllustrated embodiment of FIG. 1B, the first electrode 32 and the
selector node 34 form a line extending in the x-dircetion and are isclated in the y-direction.
In addition, the remaining features within the memory cell stack 30, namely the middle
clectrode 36, the storage node 38, and the second electrode 40 are isolated in both the x
direction and the v direction, Under this configuration, the first electrode 32 and the sclector
node 34 are isolated on both sides of the ling in the y-direction by isolation diclectrics
extending adjacent to the first electrode 32 and the selector node 34 and extending in the x-
direction. In addition, the remaining features within the memory cell stack 30, namely the
middie clectrode 36, the storage node 38, and the sccond elecirode 40, are isolated in both
the x direction and the v direction,

[0828] In the illustrated embodiment of FIG. 1C, the fust electrode 32 and the

seloctor node 34 form a line extending in the x-direction and arc isolated in the y-direction.
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In addition, the second electrode 40 and the storage node 38 form a Hine extending in the y-
direction and are isolated in the x-direction. In addition, the middie electrode 36 is isolated
in both the x direction and the y direction. Under this configuration, the first electrode 32
and the selector node 34 are isolated on both sides of the line in the y-direction by isolation
diciectrics extending adjacent to the first electrode 32 and the selector node 34 and extending
in the x-direction. In addition, the second electrode 40 and the storage node 38 are isolated
on both sides of the line in the x-direction by isolation diclectrics extending adjacent to the
second clectrode 40 and the storage node 34 and extending in the y-direction. In addition,
the middie electrode 36 is isolated in both the x direction and the vy direction.

180294 FI1G. 2 illustrates a cross-point memory array 50 comprising N x M
memory cells at intersections of N columns 20 extending in a y direction and M rows 22
extending in an x-direction according to one embodiment. N colommns 20 including first
through Mth colomns 20-1, 20-2,..., and 20-N can be access lines, ¢.g., digit or bit lines, and
M rows 22 inchuding first through Mth rows 22-1, 22-2,..., and 22-M can be access lines,
¢.g., word lincs that cross with the columns 22, The memory cells can be phase change
memory cells disposed at least a subset of the intersections formed by cohurnus 20 and rows
22,

18036} In one cmbodiment, any one of the memory cells disposed at an
ntersection formed by any one of colummns 20 and rows 22 may have a resistance state that
may be a relatively high resistance state {HRS), also known as the RESET state, which can
correspond to a phase change material including a substantial amorphous region. Similarly,
any one of the memory cells may have a resistance state that may be a relatively low
resistance state (LRS), also known as the SET state, which can correspond to a phase change
material that is substantially crystalline. The HRS and LRS can have a resistance ratio
between, for example, about two and about 1 million. Under this implementation, low and
high resistance states may correspond to the “17 state and a “0” state, respectively, in a single
bit-per-cell memory system. However, the opposite correspondence may also be used; the
states “1” and “0” may correspond to high and low resistance states, respectively, in some
embodiments.

0031 In some embodiments, cach one of the memory cells disposed at an

intersection formed by any one of colimns 20 and any one of rows 22 may be accessed by an
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access operation.  As wused herein, an access operation may refer to, for example, a wriie
access operation, an erase access operation, or a read access operation. A write access
operation, which for a phasc change memory can also be referred to as a program operation
or a RESET operation, changes the resistance state of the memory cell from a relatively low
resistance state to a relatively high resistance state. Similarly, an erase operation, which for a
phase change memory can also be referred to as a SET operation, changes the resistance state
of the memory cell from a relatively high resistance state to a relatively low resistance state.
However, the terms “write” and “erase” as they relate to RESET and SET operations may be
used to mean the opposite from that neted above in some embodiments. For example, an
erase operation may be referred to as a SET operation, and a program or write operation may
be referred to as a RESET operation.

(6032} In the iHostrated embodiment of FIG. 2, cach one of the memory cells
disposed at an intersection formed by any of the cohurons and rows may be biased
individually in a bit-addressable access mode.  As used horein, a bias applied to a memory
cell refers to a voltage difference applied across the memory cell. In a bit-addressable bias
mode, a memory cell fo be accessed may be referred to as a target cell 52 located at an
intersection formed by an nth column 20-n and an mth row 22-m. An access bias may be a
voltage-controlled bias Vacorss, Which may be a SET access bias Vegr, a RESET access bias
Vraser, or a read access bias Vepap, which may be applied across the target cell of this
example by applving the access voltages across the nth column 20-n and the mth row 22-m.
In other examples, an access bias may be a cwrrent-controlled bias fyccopss, which may be a
SET access current Ispr, a RESET access current Ixperr, Or a read aceess current Inpan.

[6033) In one embodiment, the target cell 52 can be accessed while inhubiting
{i.c., preventing} the remaining cells from getting accessed.  This can be achieved, for
example, by applying bias of Vaccsss across the target coll 52 while applying biases
substantially lower than Vaccpss across the rest of the cells. For example, Voo spr can be
applied to a selected column (20-n in this example) while applying Veow spr to a selected
row {22-m in this example). Concurrently, a bias Voo inumrr 18 applied across all remaining
columns and 2 bias Veow wumrr 18 applied across all remaining rows.  Under thig
configuration, when the bias between Veor spr and Veow sz exceeds Vacesss, the target cell

52 can be accessed. In addition, a bias in magnitude of aboot (Veop ssr — Vrow mursrr) 18
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dropped across inhibited cells 54 along the selected column 20-n.  In addition, a bias in
magnitude of about {(Vrow ser Veor mummerr) 18 dropped across inhibited cells 56 along the
selected row 22-m. In addition, a bias in magnitude of about (Veor mvumr — Vrow meampim) 18
dropped across all remaining inhibited cells 58 across inhibited rows and inhibited columns.

{8034} With reference again to FIGS. LA-1C, hy choosing a particular process
flow, electrical isolation and/or thermal isolation of various features may be improved. Also
as described, thermally isolating certain features in onc or two directions can increase or
decrease processing complexity depending on a particular process flow.  Ancther
consideration in choosing a process flow is mechanical stability of intermediate structures
during processing. For example, as minimum feature size (e.g., the half pitch of columns and
rows} continue to shrink, patterning various features to be isolated in onc or two directions
can lead to inadequate mechanical stability. Inadequate mechanical stability can lead to
problems such as warping and collapsing of the features due to the environment fo which the
features arc cxposcd and/or subscquent processing. Such environmonts can include, for
example, a plasma environment in which features can be clectrostatically charged, or an
agueous covironment in which features can experience capillary forces. In this connection, it
may be desirable to choose a process flow where a processing complexity of patterning a
structure can be largely decoupled from materials of the structure that cause the processing
complexity. For example, features including a chalcogenide material may not have sufficient
roechanical strength to withstand a dieleciric gapfilling process after being subtractively
patterned duc to various forces, examples of which have been described above.

HEIREY As used herein, a “subtractive paticrning process” refers fo a process
where structures to be defined, which can include a storage node, a selector node, an
electrode, a conductive line, a sacrificial structure, or a combination of such structures, arc
formed by removing materials to define that structure.  For example, the features to be
formed are patterned by first lithographically providing etch mask structures (e.g.,
photoresist pattern or a hard mask pattern} overlapping areas to be patterned.  The
fithography process is followed by an cich removal process, where materials in arcas masked
by the mask structiires are protected while materials in exposed areas are removed by the

etch removal process.
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(8036} In some embodiments, the eteh removal process can then be followed by a
gap-filling process to fill spaces formed between the ctched strocturcs with insulating
materials such as an oxide. Where a subtractive process is used to define a sacrificial
structure, the sacrificial structure can be replaced by a replacement material process, where
the sacrificial material of the sacrificial structore is selectively removed and replaced by a
permanent material such as a chalcogenide material or a conductive material.  As used
herein, a permanent material is a material that forms a structure in the final device.

(80371 Using subtractive patterning followed by a replacement material process, a
sacrificial structure having high mechanical strength can be used as a “placcholder”
throughont processes that require such high mechanical strength, ¢.g., cteh, clean, and gapfill
processes, and subsequently be replaced with a suitable functional material such as a
chalcogenide material that would not otherwise have been able to withstand such processes
without substantial degradation. In onc aspect, subtractive patterning process followed by a
replacement material process can be contrasted with a damascenc process, where gaps are
first created in blanket diclectric layers by lithography and cteh processes, followed by filling
the gaps with materials to form the final structures,

{8338 By way of an example, while aluminum or copper with high conductivity
can be materials of choice for forming row lines or column lines, subtractive patterning of
aluminum or copper can be difficult at small geometries, for example, below about 100 nm.
In the case of aluminum, for cxample, substantial portions row lines or column lincs can be
oxidized between the time when the lines are subtractively ctched and the time when gaps
between the lings are filled with inter-layer diclectrics. In the case of copper, chemistries for
ctching copper may not have adequate selectivity against structures to be protected during
ctching.  Therefore, there is a need for flexible process flows where materials chosen o
form intermediate structures for one or more features within a cel stack can later be replaced
with a desired final material for adequate device performance. In some embodiments, the
materials used in the intermediate structures are sufficiently robust to maintain their
structural integrity when exposed to various subseguent process environments and may have
low reactivity with other adjacent materials,

IR In the following, various cmbodiments may be applied to form, for

example, memory cells, such as memory cells in cross-point memory arrays. In some
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embodiments, materials chosen to form intermediate structures for one or more features
within a cell stack can later be replaced with a desired final material used to form the final
memory cell,

(8040} In the following, while a portion of a memory array may be described for
clarity, it will be understood that the portion can be representative of and applied across
substantially a scction of or the entirety of the memory array, according to some
embodiments. As described herein, a memory array can be partitioned into multiple sub-
arrays, also referred to as “tiles.” In addition, a memory array having a plurality of coplanar
colomns and a plorality of coplanar rows may form a “deck”, which can be stacked into
nltiple decks of memory arrays to form a 3D cross point memory structure, By way of an
itlustration only, in onc example of a phase change memory array, a single deck tile can
occupy the same footprint as between about 100 thousand to 16 million memory cells,
depending on the number of decks of memory cach tile includes.  In addition, in some
embodiments, various peripheral circuitrics, including column line and row line drivers, can
be located under the memory array and substantially under the memory cells within a
tootpring of the active array, under the memory cells, and near the periphery of the sub-arrays
for compact chip layout. The column line and row line drivers can be electrically connected
to their respective column lHnes and row hlines through vertical connecting members, which
can be referred to as sockets. The sockets may be located near an edge, or near a mid-point,
depending on the location of the word line driver.

(6041} By way of an ¢xample only, a rectangular memory array can comprise
four equally sized and similarly-shaped rectangular sub-arravs. The memory array includes
colummn lines extending laterally along a first direction {e.g. v-direction) across two sub-
arrays. The column lines may be connected vertically to column drivers located under the
memory array through sockets. In one example embodiment, the column line drivers can be
located near one or both of memory array edges extending in the x-direction. In this
embodiment, the sockets for connecting column lines fo their drivers can be located below
the memory array also near one or both of memory array edges extending in the x-direction.
In another embodiment, the column drivers can be located near an intersection of the two
sub-arrays extending in the x-direction. In this embodiment, the sockets for connecting

column lings to their drivers can be located below the memory array also near located near an
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intersection of the two sub-arrays extending in the x~direction. The placement of the drivers
at certain locations below the memory array can be advantageous for improving certain
aspects of the memory array performance.  For example, by placing the drivers near an
intersection of the two sub-arrays (i.c., within the main array region) instead of near an edge
of the main array, the length colimn hines to be driven from by the column line can be
reduced by roughly half. Such a reduction of the length of the coluwon lines can be
advantageous, for example, in reducing the IR-drop across the column, as well as reducing
the RC delay.

[6042] Similarly, in this example, the rectangular memory array comprising four
cqually sized and similarly-shaped rectangular sub-arrays additionally includes row lines
extending laterally along a sccond direction {¢.g., X-direction) across two sub-arrays. Similar
to the columm lines, the row lines may be connected vertically to row line drivers located
under the memory array through sockets, either near one or both of the memory array edges
extending in the y-direction, or near an intersection of the two sub-arrays extending in the y-
direction.  Correspondingly, the sockets for connecting row lines to their drivers can be
located below the memory array near one or both of the memory array edges extending in the
y-direction, or near an interscction of the two sub-arrays coxtending in the y-direction.
Similar to column lines, by placing the row drivers near an intersection of the two sub-arrays
{i.¢., within the main array region} instead of near an ¢dge of the main array, the length of
row lines to be driven from by the colomm line can be reduced by roughly half. Such a
reduction of the length of the row line can be advantageous, for example, in reducing the IR-
drop across the row bine, as well as reducing the RC delay.

[6043) With reference again to the figures, FIGS. 3A-3E, 4A-4E, SA-5E, 6A-6E
TA-TE, and SA-8E depict array structures 60a-60c, 70a-70c, 80a-80¢, %0a-90c, 100a-100¢,
and 11{a-110e, respectively. These Figures illustrate various embodiments of methods of
fabricating memory cell structures in a memory array. While not shown for clarity and case
of illustration, it will be understood that the illustrated array structares are formed over a
substrate, which can include other memory arrays, which may have features that are formed
similarly to the iilustrated array, and/or various periphery and supporting circuitry, for
instance column and row drivers and sockets connecting the drivers to the column lines and

row nes, as described above,
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16044} FIGS. 3A-3E show three-dimensional depictions illustrating a method of
tabricating a memory array according to some cmbodiments.  The method includes
subtractively patterning a lower line stack cxtending in one direction, ¢.g., the x-direction.
Subtractively patterning the lower line stack comprises providing a lower stack including a
lower condactive material and a sacrificial material over the lower conductive material and
ctching the lower stack to form the lower line stack comprising a sacrificial line over a lower
conductive line. The method additionally includes forming an upper chalcogenide line
extending in the x~-direction by replacing the sacrificial material of the sacrificial ling with an
upper chalcogenide material. The method further inchudes subtractively patierning an upper
linc stack extonding in a crossing direction, c.g., the y-direction, different from the x-
direction, Subtractively patterning the upper line stack comprises providing an upper stack
comprising an upper conductive material over the chalcogenide line and ctching the upper
stack to form the upper live stack.

[345) As described herein and in subsequent Figures, it will be understood that
in various embodiments, positional terms such as “upper” and “lower” are interchangeabie.
For example, in some embodiments, the lower conductive line can be a row line. In some
other embodiments, the lower conductive line can be a column line. Additionally, 1t will be
understood that in this and in subsequent Figures, in some cmbodiments, the upper
conductive line can be a coluron line while in other embodiments, the upper conductive line
can be a row line.

{8046} Additionally, as described with respect to this and in subsequent Figures,
in some embodiments, the upper phase change material line, e.g. chalcogenide line, can
comprisg an intermediate or a final structure of a storage clement. In other embodiments, the
upper ling, ¢.g. chalcogenide line, can comprise an intermediate or a final structare of a
selector element. Simtlarly, in some embodiments, a lower phase change material line, e.g. a
chaicogenide line, can comprise an intermediate or a final structure of a storage clement
while in other some embodiments, the lower line, ¢.g., a chalcogenide line, can comprise an
intermediate or a final structure of a selector element,

(6047} Referring o the array structure 60a of FIG. 3A, the method of forming the
memory arrgy comprises subtractively paticrning a lower Hne stack extending in the x-

direction. The lower line stack comprising a lower conductive line 22 over a substrate, a
g
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lower electrode tine 32 on the lower conductive line 22, a lower chalcogentide line 34 on the
lower electrode line 32, a middle electrode line 36 on the lower chalcogenide line 34, and a
sacrificial line 38a on the middie clectrode line 36, The lower line stack may be
subtractively patterned from a lower stack including layers formed by various materials,
inchuding a lower conductive material over the substrate, a lower clectrode material on the
lower conductive material, a lower chalcogenide material on the lower electrode material, a
middic clectrode material on the lower chalcogenide material, and a sacrificial material on
the middie electrode material.

[6048] The lower conductive material includes a conductive and semiconductive
material suttable for forming conductive lines 22 to carry clectrical current for accessing the
memory array. Examples of material for forming conductive lines 22 inchade n-doped poly
silicon, p-doped poly silicon, metals including Al, Cu, and W, conductive metal nifrides
including TiN, TaN, and TaCN, among others. The lower electrode matenial may corprise
ong or more conductive and semiconductive materials including, for example, n-doped poly
silicon and p-doped poly silicon; metals inchading C, Al Cu, Ni, Cr, Co, Ry, Rh, Pd, Ag, Pt,
Au, Ir, Ta, and W; conductive metal mirides including TiN, TaN, WN, and TaCN;
conductive metal silicides including tantalum silicides, tungsten silicides, nickel silicides,
cobalt silicides and titanium silicides; and conductive metal oxides including Ru(,. The
lower chalcogenide material can be one of the chalcogenide materials deseribed above
suitable as a storage clement or a selector element. The middle electrode material may
comprise any of the conductive and scmiconductive materials and combinations thereof
described above for the lower electrode material.

[3649] The first sacrificial material can be a material that is compatible with
subsequent isolation patterning and fill processes. The first sacrificial material may be a
material having sufficient mechanical robusiness and sufficient chemical stability to
withstand isolation fill processes, or other processes where a material is deposited into open
space between features formed by the first sacrificial material. In some embodiments, the
first sacrificial material comprises a stack including a material different from the dielectric
material used in the subsequent isclation fill process. In some embodiments, the first
sacrificial material inchides a polyimide bottom material and a top graphitic carbon material.

In other embodiments, the first sacrificial material inchudes bottom silicon oxide material and
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a top graphitic carbon material. In other embodiments, the first sacrificial material includes
aluminum nitride (AIN). In yet other embodiments, the first sacnificial material includes
silicon.

[8050] Still referring to FIG. 34, subsequent to providing the lower chalcogenide
stack as discussed above, subtractively patterning the lower line stack further includes
ctehing the lower stack to form the lower line stack. As mentioned above, “subtractive

“ : 23 Fal - - - " -
patterning” refers to a set of process steps where structures to be defined are patterned by the

6

removal of material.  For example, a “subtractive patterning process” may inchade first
lithographically providing ctch mask structures overlapping areas to be patierned, followed
by ctching, such that materials in arcas masked by the mask structures are protected while
materials in exposed arcas are removed by the etch removal process. The set of process steps
for subtractive-patterning a stack of layers, can include, for example, providing an etch mask
paitern that can comprise at least one of a photoresist, a hard mask, and an anti-reflective
coatings, among others by a photolithography process. The ctch mask pattern blocks arcas
covered by the mask pattorn to protect the underlying material from being ctched by an
etchant {e.g., wet or dry), while the eich mask pattern exposes arcas not covered by the mask
patiern to cich the exposcd region to be etched by the etchant.

(8051 In the illustrated cmbodiment in FIG. 3A, subtractively patterning
includes forming an etch mask pattern comprising lines extending in the x-direction.
Subscquently, using the patterned etch mask, cxposed regions of the lower material stack
between lines of the etch mask pattern are etched. In the embodiment of FIG. 3A, the lower
material stack is etched from the top, in the order of the sacrificial material, the middle
clectrode matenal, the lower chalcogenide watenial, the lower electrode material, and the
lower conductive line material. The lower material stack is sclectively ctched to form the
lower line stack extending in the x-direction, and comprises lower conductive lines 22, lower
clectrodes 32 on lower conductive lines 22, lower chalcogenide lings 34 on lower clectrodes
32, middle clectrode fines 36 on lower chalcogenide lines 34, and first sacrificial ines 38a on
middle clectrode lines. Once the row line stacks are formed, spaces between adjacent row
line stacks ar¢ filled with a diclectric to form isolation diclectric regions 44. A suitable
diclectric can inchude, for example, diclectric materials capable of filling spaces having

relatively small space widths {e.g., less than about 100 nm} and relatively high aspect ratios
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{e.g., higher than about 5:1 in height to width ratio of the space). Suitable isolation diglectric
materials include silicon oxides and silicon nitrides deposited by high-density plasroa (HDP)
processes, spin-on-dielectric (SOD) processes, sub-atmospheric chemical vapor deposition
{(SACVD) processes, and atomic layer deposition (ALD) processes, among others. Once the
inter-line space is filied with the suitable isolation dielectric to form the isolation diclectric
regions 44, the array structure 60a is chemical-mechanically polished to expose alternating
lincs comprising the sacrificial material 38a and isolation diclectric regions 44,

{3852 As described in reference to the embodiment of FIGS. 3A-3E and to all
other embodiments described herein, pitch moltiplication techniques, such as self-aligned
double patterning (SADP) techniques, may be utilized to form the row line stacks {c.g., the
stack inchading 22, 32, 34, 36,and 38a in FIG. 3A) and the column line stacks {c.g., the stack
including 20¢, 40¢, and 38e¢ in FIG. 3E} for cross-point memory arrays. Utilization of an
SADP or other pitch multiplication technique fo form the row line stacks and the columu hine
stacks allows formation of fratures having dimensions smalier than would otherwise be
possitle utilizing standard lithographic techniques, and therefore greater memory density
may be achieved, among other potential benefits including improved power consumption and
device performance, for example.  The process is dubbed “sclf-aligned” because a
lithography-defined set of features can be used to derive a denser pattern of features that are
self-aligned (without a further mask} to the lithography-defined set of features. For example,
photolithography can define a plurality of elongated mask lines, and conformal deposition of
a spacer layer over the mask lines, followed by etching {e.g., dircctional etching) to leave
spacers along sidewalls of the mask lines, can define two spacer Hines for ¢very one mask
line. After removal of the mask lines, the spacer lines are left with half the pitch {the spacing
between like parts of Tike features in a repeated pattern) and double the density of the original
mask lines. The process is said to be “pitch doubling” cmploying the converse meaning of
pitch to be synonymous with density. Furthermore, by repeating the pitch doubling
fechnique twice, spacer lings having a quarter of the pitch and quadraple the density of the
original mask lines may be formed. The process is said to be “pitch quadropling,” which 1s
an oxtension of pitch doubling. More generally therefore, techniques that form multiple
features for a single conventionally defined (e.g., photolithographically defined) feature is

known as “pitch multiplication.”
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(80531 Referring to the array structure 60b of FIGS. 3B and 3C, the method of
tabricating the memory array additionally comprises forming an upper chalcogenide hine 38¢
{F1G. 3C) extending in the x-direction by replacing the sacrificial material of the sacrificial
fine 38a (FIG. 3A) with an upper chalcogenide material 38c.  Forming the upper
chalcogenide Hoe 38¢ mcludes performing a self-aligned selective etching to remove the
sacrificial material from the sacrificial line 38a in FIG. 3A, to create gaps 38b in FIG. 3B
extending in the x-direction.  The sclective removal process employs suitable ctching
chemistries (¢.g., dry or wet) to remove the sacrificial material from the sacrificial ting 38a in
FIG. 3A without substantially removing the isolation dielectric material. As described herein
and in subscquent embodiments, “self-aligned selective ctching” refers to etching processes
that do not reguire a lithography to perform the ctching, where the ctch chemistry is
sufficient to achieve material removal ratio exceeding about 101 in some embodiments. In
other ermnbodiments, the matenial removal ratio exceeds about 53:1.  For example, in one
cmbodiment where the first sacrificial material includes a polyimide bottom layer and a top
graphitic carbon layer, the cich chomistrics can inchude an O, plasma for dry removal of the
top graphitic carbon layer and an organic solvent to remove the polyimide bottom mude
layer. In another cmbodiment where the first sacrificial material inchudes bottom silicon
oxide layver deposited by ALD and a top graphitic carbon layer, the etch chemistrics can
include an (O, plasma for removal of the top graphitic carbon laver and a solution comprising
dilute hydrofluoric acid (HF) for removal of the ALD silicon oxide layer. In another
cembodiment where the first sacrificial material inchudes an aluminum nitride layer, the ctch
chemistry can include hot water vapor (Hy(O). In yet another embodiment where the first
sacrificial material includes silicon, the ctch chemistry can include a solution comprising
potassium hydroxide (KOH) or tri-methyl ammonium hydroxide,

(8054 Referring to the array structure 60c of FIG. 3C, the gaps 38b of FIG. 3B
created by performing a seif-aligned selective etching process to remove the sacrificial
materials from the sacrificial lines 38a of FIG. 3A are filled with the upper chalcogenide
material. After filling the gaps 38b with the upper chalcogenide material, the surface of the
array structure 60 is planarized via a chemical-mechanical polishing {CMP) process to
remove e¢xcess upper chalcogenide material, leaving exposed alternating lines of upper

chalcogenide lines 38¢ and spaces comprising isolation dielectric regions 44, The resuliing
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upper chalcogenide lines 38¢ are disposed on the middle electrode lines 36 and extend in the
x-direction.  The upper chalcogenide line 38¢ s electrically confined in the y-direction by
adjacent isolation diclectric regions 44,

EHIRRY Referring to FIG. 3D, in some embodiments, the method of fabricating a
memory array additionally includes forming a third electrode line 40d extending in the x-
direction by replacing a portion of the upper chalcogenide material of the upper chalcogenide
linc 38¢ {FIG. 3C) with a third clectrode material.  In these emboediments, the upper
chaicogenide material of the upper chalcogenide line 38¢ is partially removed with a
chalcogenide etchant (dry or wet) to form a sccond gap extending in the x-direction. The
second gap is subscquently filled, ez with the third clectrode material, and excess third
clectrode material is removed by a CMP process. The resulting third clectrode line 40d is
disposed on the upper chalcogenide line 38d and extends in the x-direction. The third
clectrode line 40d s electrically confined in the y-divection by adjacent solation dieleciric
regions 44,

(4056} Referring to the array structure of FIG. 3E, the method of fabricating the
memory array further inchudes subtractively paticroing an apper line stack extending in the
y-direction. In some cmbodiments, the x and y directions can be substantially orthogonal to
cach other in a plane, for instance by forming an angle between about 80 and about 100
degrees. Subtractively patterning the upper line stack comprises providing an upper stack
comprising an upper conductive material over the upper chalcogenide line.  Subtractively
patterning the upper line stack also inchades ctching the upper chalcogenide material and an
upper conductive material over the upper chalcogenide material to form an upper conductive
fine 20¢ extending in the y-direction and a two-dimensionally confined upper chalcogenide
clements 40¢c. In addition, when third cicctrode lines 404 are formed as llustrated in FIG.
35, the method of subtractively patterning the upper stack additionally includes etching the
third electrode tine 44d to form two-dimensionally confined third electrodes 40¢.

{80574 FIGS. 4A-4E show threo-dimensional depictions illustrating a method of
fabricating a momory array according to some other embodiments. The method includes
subtractively patterning a lower line stack extending in the x-divection. The lower line stack
{(FIG. 4A) comprises lower conductive Hines 22 on a substrate, lower electrode lines 32 on

lower conductive lines 22, lower chalcogenide lines 34 on lower clectrode lines 32, middle
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clectrodes Hines 36a on lower chalcogenide lines 34, upper chalcogenide lines 38a on middle
electrode fines 36a, and upper electrode lines 40a on upper chalcogenide lines. The lower
line stack is formed by subtractively ctching a lower stack including lavers of materials for
forming, respectively, the above-noted features, including 2 lower conductive material over
the substrate, a lower eclectrode material on the lower conductive material, a lower
chalcogenide material on the lower electrode material, a middie electrode material on the
lower chalcogenide material, an upper chalcogenide material on the middie clectrode
material, and an upper clectrode material on the upper chalcogenide material.  The method
additionally includes subtractively patterning an upper line stack extending in a y-direction
different from the x-dircction. Subiractively patterning the upper line stack comprises
providing and ctching an upper stack including a sacrificial material (FIG. 4B} over the
lower chalcogenide Hine 38a to form the upper line stack comprising a sacrificial line 20b.
The method further includes forming an apper conductive hine 20¢ (FIG. 4E) extending in the
y-dircction by replacing the sacrificial material of the sacrificial line 20c¢ (FIG. 4C) with an
upper conductive material.

{3858} Referring to the array structure 703 of FIG. 44, the methoed of forming the
memory array includes subtractively patterning a lower line stack cxtending in the x-
direction. The lower stack includes a lower conductive material 22 over the substrate, a
lower electrode material 32 on the lower conductive material, a lower chalcogenide material
34 on the lower electrode material 32, g ouddle electrode material 36a on the lower
chalcogenide material, an upper chalcogenide material 38a on the middle clectrode material,
and an upper clectrode material 40z on the upper chalcogenide material,

[4059] I will be understood that the lower conductive material includes a suitable
conductive and semiconductive material for forming conductive lines to carry electrical
current for accessing the memory array, discussed above in conmection with FIG. 3A.
Similarly, electrode materials {e.g., the lower and middle clectrode materials and 36a) can
comprise any suitable condoctive and semiconductive materials discussed above in
conncction with clectrode materials in FIG. 3A.  Furthermore, the lower and upper
chalcogenide materials and can be one of the chalcogenide materials described above

suitable as a storage element or a selector element.
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(8060} Still referring to FIG. 4A, after providing the lower chalcogenide stack as
discussed above, subtractively patterning includes forming an etch template comprising lines
extending in the x-direction. Subscquently, using the ctch template, subtractive patterning
includes etching the lower chalcogenide material stack deseribed above in the exposed
regions between the template hines. 1o the embodiment of FIG. 44, the lower material stack
is etched from the top, in the order of the upper electrode material, the upper chalcogenide
material, the middie clectrode material, the fower chalcogenide material, the lower electrode
material, and the lower conductive line material. The material stack 18 ¢tched to form the
fower line stack, which can be a row line stack in some embodiments. The lower line stack
extends in the x-direction and comprises lower conductive Hnes 22 on the substrate, lower
clectrode lines 32 on lower conductive lines 22, lower chalcogenide lines 34 on lower
clectrode lines 32, middie electrodes lines 36a on lower chalcogenide Hnes 34, upper
chalcogenide hines 38a on middle electrode hines 36a, and upper electrode hines 40a on upper
chalcogenide hines. Once the lower line stacks are formed, spaces between adjacent lower
fine stacks are filled with a diclectric to form isolation diclectric regions 44a. A suitable
wsolation dielectric can include, for example, diclectrics capable of filling relatively small
space widths {c.g., lcss than about 100 nm} and relatively high aspect ratios {o.g., higher than
5:1 in height to width ratio of the space), similar to those discussed above in connection with
FIG. 3A. Once the inter-line space is filled with dielectric to form the isolation dielectric
regions 44a, the array structure 70a is chemical-roechanically polished to leave exposed
alternating lines comprising the top electrode lines 40a and isolation diclectric regions 44a.,

[B061] Referring to the array structure 70b of FIG. 4B, the method of fabricating
a memory array additionally includes subtractively patierning an upper Hne stack extending
in the y-direction. Subtractively patterning the upper line stack includes providing an upper
stack including a sacrificial material over the lower stack. The sacrificial material may be
any material that s compatible with subsequent isolation patterning and fill processes. The
sacrificial material is a material having sufficient mechanical robustness and sufficient
chemical stability to withstand isolation fill processes, or other processes where a material is
deposited into open space between features formed by the first sacrificial material, similar to
those discussed in connection with FIG. 3A. Similar to FIG. 3A, in some embodiments, the

sacrificial material comprises a multi-layer stack including at least one material difforent
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from the dielectric material used in the subsequent isolation fill process.  Example
embodiments inchude materials described above 1n connection with FIG. 3A.

[80362] Referring to FIG. 4B, subtractively patierning the upper line stack
inclodes forming an etch template comprising Hnes extending in the y-direction.
Subsequently, using the patterned eich template, the upper Hine stack is etched 1o the exposed
regions between the template lines. In the embodiment of FIG. 4B, the upper material stack
is ctched from the top by first ctching the sacrificial material to form sacrificial Hines 20b
extending in the y-direction. Subsequently, etching can continue to remove portions of the
upper electrode lines 40a, upper chalcogenide lines 38a, and middie ¢lectrode lines 36a of
FIG. 4A to form upper clectrodes 40b, upper chalcogenide clements 38b, and middic
clectrodes 36b of FIG. 4B, which are clectrically isolated in both x and v directions.

[6083] Referring to FIG. 4C, after the upper Tine stack is eiched 1o form the array
structure 70b (FIG. 4B), open spaces hetween adjacent upper line stacks are filled with a
diclectric to form isolation diclectric regions 48. A suitable isolation dielectric can be similar
{in composition and/or propertics} to the diclectric used to form isolation diclectric regions
44 between lower line stacks., Once the inter-line spaces are filled with the diclectric to form
isolation diclectric regions 48, the array structure 70c¢ is chemical-mechanically polished to
remove cxeoess isolation diclectrie, leaving exposed alternating lines of sacrificial lings 20c¢
and isolation diclectric regions 48, The resulting sacrificial lines 20c¢ extend in the v-
direction and are disposed oun the upper chalcogenide clements {similar to 38b of FIG. 48,
hidden from view by isolation diclectric regions 44} or upper clectrodes (similar to 40h of
FIG. 4B, hidden from view by isolation dielectric regions 44).

[(664] Referring to the array structure 70d and 70¢ of FIGS. 4D and 4E, an upper
conductive line 20¢ extending in the y-direction is formed by sclectively removing the
sacrificial material of the sacrificial line 20¢ (FIG. 4C) and replacing with an upper
conductive material to form the upper conductive line 20e. Referring to FIG. 4D, forming
the upper conductive line 20c¢ includes removing the sacrificial material from the sacrificial
ling 20 through a self-aligned selective etching process to create gaps 20d extending in the
y-dirgction. The selective removal process employs etching chemistries {e.g., dry or wet)
that remove the sacrificial material from the sacrificial lHoe 38b without substantially

removing the isolation dielectric material.
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[8065] Referring to FIG. 4E, the gaps 20d of FIG. 4D created by selectively
removing the sacrificial Hoes 20c¢ are filled with the upper conductive material to form upper
conductive lines 20c. After filling the gaps 20d with the upper conductive material, the
surface of the array structure 70¢ is planarized via a CMP process 1o removes excess upper
conductive material, leaving exposed alternating lines of upper condoctive lines 20¢ and
spaces comprising isclation diclectric regions 48. The resulting upper conductive lines 20e
are disposed on upper chalcogenide elements {which are hidden from view by isolation
diclectric regions 44 and are similar to 38b in FIG. 4B} or, altersatively in some
cmbodiments, upper electrodes (similar to 40b in FIG. 4B, hidden from view by isolation
diglectric regions 48), and extend in the y-direction. The upper conductive lines 38¢ arc
clectrically confined in the y-dircction by adjacent spaces comprising isolation diclectric
regions 4&.

[6066] FIGS. 5A-5E show threc-dimensional depictions illustrating a method of
fabricating a memory array according to some other embodiments. Process steps employed
to arrive at the array structure 80a of FIG. 5A are similar to the process steps deseribed in
FIGS. 3A-3D. The method includes subtractively patterning a lower line stack extending in
the x-direction.  Subtractively paticrning the lower line stack comprises providing and
ctching to form a lower line stack including a lower conductive line 22 on a substrate, a
lower electrode line 32 on the lower conductive line 22, a lower chalcogenide line 34 on the
lower clecirode line 32, a middle clectrode line 36a on the lower chalcogenide line 34, and a
first sacrificial line (not shown here, similar fo sacrificial line 38c of FIG. 3C) on the middle
electrode line 36a. The method additionally inchides forming an upper chalcogenide line 38a
extending in the first direction by replacing the first sacrificial material of the first sacrificial
line with an upper chalcogenide material,  The method further includes subtractively
patterning an upper ling stack cxtending in the y-direction different from the x-direction.
Subtractively patterning the upper line stack comprises providing an upper stack including a
second sacrificial material 20b over the lower line stack and etching the upper stack to form
the upper line stack comprising a second sacrificial line 20¢ in FIG. 5C. The method forther
includes forming an upper conductive line 20¢ in FIG. 5E extending in the y-direction by
replacing the second sacrificial material of the second sacrificial Hine 20¢ in FIG. 5C with an

upper conductive material.
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(8067} Referring to FIG. SA, the method of fabricating the memory array
comprises subtractively patterning a lower line stack extending in the x-direction, similar to
the method described in connection with FIGS. 3A-3D.  Similar to FIGS. 3A-3D,
subtractively patterning the fower line stack comprises providing and eiching a lower stack
neluding a lower conductive material on the substrate, a lower clectrode material on the
fower conductive material, a lower chalcogenide material on the lower clectrode material, a
middic clectrode material on the lower chalcogenide material, and a first sacrificial material
on the middie electrode material to form the lower Hne stack comprising lower conductive
{ines 22 over the substrate, lower electrode lines 32 on the lower conductive hines 22, lower
chalcogenide lines 34 on lower clectrode lines 32, muddie electrode lines 36a on lower
chaicogenide lines 34, and first sacrificial lines {not shown) on the middie clectrode lincs
36a. After eiching and filling spaces between the lower line stacks as described in FIGSE. 3A-
3D, upper chalcogenide lines 38a are formed by selectively removing the first sacrificial
material of the first sacrificial line and replacing with an upper chalcogenide material, In
addition, the array strocture 80a represents an array structure simlar to the array structure
60d of FIG. 3D, in which a third electrode hine 40a 15 formed by replacing at a portion of the
upper chalcogenide material of the upper chalcogenide line 38a with an upper clecirode
material. In this embodiment, as discussed in connection with the array structure 60d of FIG.
3D, after a portion of the upper chalcogenide material is replaced with the upper electrode
moaterial, the array strocture is subsequently planarized and leave exposed alicrnating lines
comprising the upper clectrode lines 40a and isolation diclectric regions 44a. In addition,
similar to FIG. 3D, the resulting upper electrode line 40a is disposed on the upper
chalcogenide line 38a and is electrically confined in the y-direction by adjacent isolation
dielectric regions 44a.

[8068] While the arrangement depicted in FIG. 5A includes the third electrode
fine 40a, in some embodiments {not shownj}, the third electrode line 40a may be omitted. In
these embodiments, as discussed in connection with the array structure 60¢ of FIG. 3C, after
the gaps arc created and filled with the upper chalcogenide material, the array structure is
subsequently planarized and leave exposed alternating lines comprising the upper

chalcogenide lines 38a and spaces comprising isolation dielectric regions 44a.
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[8069] Referring to FIG. 3B-3C, an upper line stack extending in the y-direction
s formed by subtractive patterning, similar fo the method described in connection with
FIGS. 4B-4E. Subtractively patterning the upper line stack comprises providing an upper
stack including a second sacrificial material over the lower line stack, etching the upper stack
o form the upper line stack comprising a second sacrificial line, and forming an upper
conductive line extending in the y-direction by replacing the second sacrificial material of
the sccond sacrificial Hne with an upper conductive material,

(8070} In more detai], referring to the array structure 80b of FIG. 5B, similar to
F1G. 4B, subtractively patterning the upper line stack includes subtractively ciching the
upper line stack in the cxposed regions between the template Hnes. Similar to FIG. 48, the
upper material stack is etched from the top by first etching the second sacrificial material to
form sacrificial ines 20b extending in the v-direction. Sabsequently, ctching can continue to
remove portions of the upper clectrode line, the upper chalcogenide line, and the middle
clectrode line to form upper electrodes 40h, upper chalcogenide cloments 38, and middle
clectrodes 36b. In this way, upper clectrodes 40b, upper chalcogenide elements 38b, and
middle clectrodes 36b are electrically isolated in both X and v directions.

(3071} Referring to the array structure 80¢ of FIG. 5C, similar to FIG. 4C, spaces
between adjacent upper line stacks are filled with a dieleciric to form isolation diclectric
regions 48, and the array structare 80c is subsequently plavarized o remove excess
diclectric, leaving cxposed alternating lines of sacrificial lines 20c and spaces comprising
isolation diclectric regions 48,

(34721 Referring to the array structures 80d and 80¢ of FIGS. 53 and 5E, forming
the upper conductive ling cxtending in the y-direction further comprises replacing the
sacrificial material of the sacrificial ling 20¢ of FIG. 5C with an upper conductive material o
form an upper conductive hine 20¢ extending in the v-direction. Similar to FIG. 4D, forming
the upper conductive line 20e includes performing self~aligned selective etching to remove
the sacrificial material from the sacrificial Hine 20¢, to create gaps 20d. Subsequently, similar
to FIG. 4E, the gaps 20d are filled with the upper conductive material. After filling the gaps
280e, the surface of the array structure 70¢ is planarized via a CMP process (0 removes excess
upper conductive material, leaving exposed alternating lines of upper conductive lings 20¢

and isolation diclectric regions 48. The resulting upper conductive lines 20¢ are disposed on

35,



WO 2015/148728 PCT/US2015/022576

the upper chalcogenide elements (similar to 386 of FIG. 5B, hidden from view by isolation
diglectric regions 48) or, alternatively in some embodiments, upper electrodes (similar to 40b
of FIG. 5B, hidden from view by isolation diclectric regions 48), and exiend in the y-
direction. The upper conductive lines 20¢ are electrically confined in the x-direction by
adjacent spaces comprising isolation dielectric regions 48,

164734 FIGS. 6A-6F show three-dimensional depictions illustrating a method of
fabricating a memory array according to some other embodiments. The method includes
subtractively patterning a lower lineg stack extending in the x-direction. Subtractively
paticrning the lower line stack comprises providing a lower stack including a lower
conductive material and a lower chalcogenide material over the lower conductive material
and etching the lower stack to form the lower line stack comprising a lower chalcogenide
line 34 over a lower conductive line 22 {FIG. 6A). The method additionally includes
subtractively patierning an upper line stack extending in a y-direction different from the x-
direction. Subtractively patterning the upper line stack comprises providing an upper stack
including a sacrificial material 20c (FIG. 6C) over an upper chalcogenide material 38 and
etching the apper stack to form the upper hine stack coroprising a sacrificial line 20¢ over an
upper chalcogenide line 38, The method further includes forming an upper conductive line
20¢ extending in the y-dircction by replacing the sacrificial material of the sacrificial ling 20c¢
with an upper conductive material,

16074 Referring to the array structure ?0a of FIG, 6A, forming the memory array
includes subtractively patterning a lower line stack extending in the x-direction.
Subtractively patterning a fower ling stack comprises providing and ctching a lower stack to
form a lower conductive line 22 over a substrate, a lower electrode ling 32 on the lower
conductive line 22, a lower chalcogenide line 34 on the lower electrode line 32, and a middie
clectrode line 362 on the lower chalcogenide line 34, The lower ling stack may be
subtractively patterned from a lower stack including lavers formed by varicus materials,
meluding a lower conductive material over the substrate, a lower electrode material on the
lower conductive material, a lower chalcogenide material on the lower clectrode material,
and a middle electrode material on the lower chalcogenide material.

(34751 The lower conductive material inclodes a condactive and semi conductive

material for forming conduactive lines to carry electrical current for accessing the memory
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array, as discussed above in connection with FIG. 3A. Sinularly, the electrode materials may
comprise conductive and semiconductive materials as discussed above in connection with
clectrode materials in FIG. 3A. The lower and upper chalcogenide materials can be
chaicogenide materials deseribed above and suitable as a storage clement or a sclector
clement.

{6476} Still referring to FIG. 6A, after providing the lower stack as discussed
above, subtractively patterning includes forming an ctch template comprising lines extending
in the x-direction and subsequently using the etch template to subtractively pattern the lower
stack through the exposed regions between the template lines. In the embodiment of FIG.
6A, the lower material stack is etched from the top, in the order of the middle clectrode
material, the lower chalcogenide material, the lower clectrode material, and the lower
conductive line material. The material stack is etehed to form the lower hne stack, e.g., a
row line stack, extending in the R-direction, and comprising lower conductive Hues 22 on the
substrate, lower electrode lines 32 on lower conductive lines 22, lower chalcogenide lines 34
on lower clectrode lines 32, and middle clectrodes lines 36a on lower chalcogenide lines 34.
Once the lower line stacks are formed, open spaces between adjacent lower line stacks are
filled with a diclectric and chomical-mechanically polished to form an isolation diclectric
region 44, in a substantially similar manner as discussed in connection with FIG. 4A, leaving
exposed alternating lines comprising the middle clectrode lines 36a and spaces comprising
isolation dielectric regions 44,

166771 Referring to the array structure 90b of FIG. 68, the method of fabricating
a memory array further includes subtractively patterning an upper ling stack extending in a y-
direction. Subiractively patterning the upper line stack includes providing an upper stack
including an upper chalcogenide material on the lower Hoe stack, an upper clectrode material
on the upper chalcogenide material, and a sacrificial material on the upper electrode material.

[8078] Still referring to FIG. 6B, subtractively patterning the upper line stack
further includes forming an ctch template ctching the upper line stack in the exposed regions
between the tomplate lines In the embodiment of FIG. 6B, the upper material stack is etched
from the top by first eiching the sacrificial material 20b, the upper electrode material, and the
upper chalcogenide material  to form an upper hine stack extending i the y-direction

including upper chalcogenide lines 38 on the lower line stack, upper electrode lines 40 on
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upper chalcogenide lines 38, and sacrificial lines 20b on upper electrode lings 38, In
addition, subiractive ctching can continue to remove portions of the middle electrode tine to
form middie clectrodes 36b that are electrically isolated in both x and v directions.

(80791 Referring to the array structure 98¢ of FIG. 60, after the upper line stack
s etched to form the array structure 90b, spaces between adjacent upper hine stacks are filled
and chemical-mechanically polished to remove cxcess isolation dielectric, leaving exposed
alternating lines of sacrificial lines 20c¢ and spaces comprising isolation diclectric regions 48,
in a similar manner as deseribed above in connection with FIG. 4C. The resulting sacrificial
lines 20¢ are disposed on the upper clectrode lines 38 and extend in the y-direction,

{8080} Referring to the array structures 90d and 90e of FIGS. 6D and 6E, the
method of fabricating the memory array additionally comprises forming an upper conductive
line extending m the y-direction by replacing the sacrificial material of the sacrificial Hine
20c (F1G. 6C)y with an upper conductive material fo form an upper conductive line 20c
extending in the y-direction, in a manner similar to FIGS. 4D and 4E. Referring to FIG. 6D,
forming the upper conductive line 20¢ includes performing a self-aligned selective etching to
remove the sacrificial maierial from the sacrificial line 20b, to create gaps 20d exiending in
the y-dircction. Referring to FIG. 6B, the gaps 20d created by selectively removing the
sacrificial lines 20c¢ are filled with the upper conductive material. After filling the gaps 204
with the upper conductive material, the surface of the array struchure 90e is planarized via a
{CMP process to removes oxcess upper conductive material, leaving exposed alternating Hnes
of upper conductive lines 20¢ and spaces comprising isolation diclectric regions 48, The
resulting upper conductive lines 20¢ are disposed on the upper electrode lines 40, which are
in turn disposed on upper chalcogenide lines 38,

(8081 FIGS. 7A-7E show three-dimensional depictions illustrating a method of
fabricating a memory array according to another embodiment.  The method includes
subtractively patterning a lower line stack extending in the x-direction.  Subtractively
patterning the lower lnc stack comprises providing a lower stack including a lower
conductive material and a sacrificial material over the lower conductive material and etching
the lower stack to form the lower line stack comprising a sacrificial line 34a over a lower
conductive ling 22, The method further includes forming a lower chalcogenide line

extending in the x-dircction by replacing the sacrificial material of the sacrificial line with a
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lower chalcogenide material. The method additionally incudes subtractively patterning an
upper hine stack extending in a y-direction different from the x-direction. Subtractively
patierning the upper line stack comprises providing an upper stack including an upper
conductive material over the lower line stack and etching the upper stack to form the upper
ling stack comprising an upper conductive Hine 20e.

[6082] Referring to FIG. 7TA-D, similar to FIGS. 3A-3D, subtractively patterning
the lower line stack comprises providing a lower stack including a lower conductive material
and a first sacrificial material over the lower conductive material, etching the lower stack to
form the lower line stack comprising a first sacrificial Hne 34a over a lower conductive line
22, and forming an upper chalcogenide line extending in the first direction by replacing the
first sacrificial material of the first sacrificial line 22 with an upper chalcogenide material 34¢
{(F1G. 7C). The processes employed to arrive at the array structure 1004 of FIG. 7D are
similar to those employed to arrive at the array structure 60d of FIG. 3D, except mn the
following ways. Referring to FIG. 7A, providing the lower stack includes providing a lower
conductive material over the substrate, a lower clectrode material over the lower conductive
material, and a sacrificial material over the lower electrode material. In addition, in FIG.
7A, etching the lower stack includes subtractively etching from the top, in the order of the
sacrificial material 34a, the lower elecirode material 32, and the lower conductive line
material 22, The lower material stack is selectively etched to form the lower line stack
extending in the x-direction, and comprises lower conductive lines 22, lower electrodes lines
32 on lower conductive lines 22, and sacrificial lines 34a on lower electrode lines 32, Once
the row ling stacks are formed, spaces between adjacent row ling stacks are filled with a
suitable isolation diglectric and chemical-mechanically polished to form isolation diglectric
regions 44, as described in FIG. 3A. Referring to the array stracture 100b of FIG. 7B, the
sacrificial linc 34a is removed to form gaps 34b, in a substantially similar manner as
described in connection with Fi(G. 3B. Referring to FIG. 7C, similar to FIG. 3C, after the
gaps 34b are created, the gaps 34b are filled with a chalcogenide material. Unlike FIG. 3C,
however, the gaps are filled with a lower chalcogenide material. As discussed in connection
with FIG. 1A-1C, whether an upper or a lower chalcogenide material serves as a storage
node or a selector node, and whether the storage node and/or the selector node is confined in

both x and y directions depends on the particolar implementation of the technology.  The

230,



WO 2015/148728 PCT/US2015/022576

array structure is subsequently planarized to form the resulting array structure 100c
comprising lower chalcogenide lines 34¢ (in contrast to upper chalcogenide hines 38¢ in FIG.
3y disposed on the lower electrode lines 32 and extending in the x-direction. The lower
chaicogenide line 34c¢ is clectrically confined in the y-direction by adjacent isolation
diclectric regions 44c¢.

[6083] In the array structure 100d of FIG. 7D, similar to FIG. 3D, subtractively
patterning the lower line stack additionally includes forming a middle electrode line 364 (in
contrast o the top electrode Hoe 40d in FIG. 3D) extending in the x~direction by replacing at
a portion of the lower chalcogenide material of the lower chaleogenide line 34¢ with a
middic clectrode material. Analogous to FIG. 3D, the resulting middie electrode Hine 36d is
disposed on the lower chalcogenide line 34d.

[6084] Referring to the array structure 100¢ of FIG. 7E, the method of fabricating
the memory array further includes subtractively patterning an upper line stack extending in
the y-direction. Subtractively patterning the upper line stack inchides providing an upper
stack inchuding an upper chalcogenide material on the lower line stack, providing an upper
clectrode material on the upper chalcogenide material, and providing an upper conductive
material on the upper clectrode material,  Subtractively patiterning the upper line stack
additionally includes ctching the upper stack to form an upper line stack extending in the y-
direction including an upper chalcogenide line 38¢ on the lower line stack, an upper
clectrode hine 40¢ on the upper chalcogenide line 38¢, and an upper conductive line 20e on
the upper electrode line 40c.  In addition, when middie clectrode lines 36¢ are formed as
ihustrated in FIG. 7D, subtractively patterning the upper line stack additionally inclndes
ctehing the middle electrode Hue 36¢ to form a two-dimensionally confined third electrodes
48¢. The upper chalcogenide material is paticroed into a chalcogenide line 38¢.

[BO8S] FIGS, BA-KE show three-dimensional depictions ilustrating a method of
fabricating a memory array according fo some other embodiments. The method includes
subtractively patterning 3 lower line stack extending in the x-direction. Subtractively
patterning the lower lne stack comprises providing a lower stack including a lower
conductive material and a first sacrificial material over the lower conductive material and
etching the lower stack to form the lower hine stack comprising a first sacrificial hine {(not

shown) over a lower conductive Hne 22. The method additionally includes forming a lower

-30-



WO 2015/148728 PCT/US2015/022576

chalcogenide line 34 extending in the first direction by selectively removing the first
sacrificial material of the first sacrificial Une and replacing with a lower chalcogenide
material.  The method additionally includes subtractively patterning an upper line stack
extending in the y-direction different from the x-dircction, comprising providing an upper
stack inchuding a second sacrificial material over an apper chalcogenide material and ctching
the apper stack to form the upper line stack comprising a second sacrificial ling 20b over an
upper chalcogenide line 38, The method further includes forming an upper conductive line
20¢ extending in the y-dircction by replacing the sccond sacrificial material of the second
sacrificial ling 20b with an upper conductive material,

8086 Referring to FIG. 8A, process steps involved in arriving at the array
structure 1 10a arc substantially simiiar to the method described in connection with arriving at
the array structare 100d of 7D, Similar to FIG. 7D, the resulting array structure 110a
comprises middle electrode lines 36a disposed on lower chalcogenide lines 34 formed by
seloctively removing and replacing the sacrificial line,

[B0RT] In addition, process steps involved in asriving at array structures 1i(b-
{10¢ of FIGS, 8B-8F are similar to and parallel the process steps involved 1o arriving at
array structures 90b-90¢ of FIGS, 6B-6E. Similar to the array structure 90¢ of FIG. 6K, the
resulting array structure 110¢ in FIG. 8E comprises upper conductive lines 20¢ disposed on
the upper chalcogenide elements 38 (similar to 38¢ of FIG. 6C) or upper clectrodes 40
{similar to 40¢ of FiG. 6C), and extend in the y-dircction.

[60KE] In some ¢mbodiments, a method of forming a memory cell comprises:
providing a lower line stack extending in a fivst direction, the lower line stack comprising a
sacrificial line over a lower conductive line; and forming a chalcogenide line extending in the
first direction by sclectively removing sacrificial material of the sacrificial line and replacing
the removed sacrificial material with a chalcogenide material. In some other embodiments,
the method providing the lower line stack comprises subtractively patterning the fower line
stack, subtractively patierning the lower line stack comprising: providing a lower stack
including a lower conductive material and the sacrificial material over the lower conductive
material; and etching the lower sacrificial material and the lower conductive material to form
the lower line stack. In some other embodiments, the wethod further comprises:

subtractively patterning an upper ling stack over the lower line stack and extending in a
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second direction crossing the first direction, where subtractively patterning the upper line
stack comprises: providing an upper stack comprising an upper conductive material over the
fower line stack; and eiching the upper conductive material to form the upper line stack
comprising an upper conductive line. in some other ombodiments, subtractively pattorning
the upper line stack further comprises etching the chalcogenide line to form a chalcogenide
clement clectrically isolated in both first and second directions. In some other embodiments,
subtractively patierning the lower Hne stack further includes providing and ctching a lower
chaicogenide material between the lower conductive material and the sacrificial material to
form a lower chalcogenide line over the fower conductive line. In some other embodiments,
subtractively patierning the lower hine stack further inchudes providing and ciching a lower
clectrode material between the lower conductive material and the lower chalcogenide
material to form a lower electrode line on the lower conductive line.

8089 In other embodiments, a method of forming a memory cell comprises:
providing a lower line stack extending in a first direction, the lower line stack comprising a
sacrificial line over a lower conductive ling; and forming a chalcogenide line extending in the
tfirst direction by selectively removing sacrificial material of the sacrificial line and replacing
the removed sacrificial material with g chalcogenide material. In some other embodiments,
the method providing the lower line stack comprises subtractively patterning the fower line
stack, subtractively patterning the lower line stack comprising: providing a lower stack
including a lower conductive material and the sacrificial material over the lower conductive
material; and etching the lower sacrificial material and the lower conductive material to form
the lower line stack. In some other embodiments, subtractively patterning the upper line
stack further comprises providing and ctching an upper chalcogenide material between the
upper counductive line and the chalcogenide line to form an upper chalcogenide line
extending in the second direction. In some other embodiments, subtractively patierning the
lower line stack comprises providing and etching a lower clectrode layer between the lower
conductive material and the sacrificial material to form a lower electrode line on the lower
conductive line. In some other embodiments, forming the chalcogenide hine further includes
selectively removing a portion of the chalcogenide material to form a second gap between
two spaces filled with a diclectrie, filling the second gap with a middle electrode material,

and planarizing to form a surface comprising aliernating widdle elecirode lines and
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chalcogenide lines. In some other embodiments, subtractively patterning the apper line stack
further comprises etching the middle electrode ine to form a middle electrode elecinically
isolated in both first and second dircctions,

(8090} In vet other ernbodiments, a method of forming a memory cell comprises
providing a lower line stack extending n a first divection, the lower line stack comprising a
chalcogenide line over a lower conductive line; providing an upper line stack over the lower
line stack and cxtending in a second direction crossing the first direction, the upper line stack
comprising a sacrificial line over the lower line stack; and forming an upper conductive Hoe
extending i the second direction by selectively removing sacrificial material of the
sacrificial line and replacing the romoved sacrificial material with an upper conductive
material. In some other embodiments, providing the lower line stack compriscs subtractively
paticrning the fower ling stack, subtractively patterning comprising: providing a lower stack
necluding a lower conductive material and a chalcogenide material over the lower conductive
material; and ctching the lower conductive material and the chalcogenide material to form
the lower line stack. In some other embodiments, providing the upper line stack comprises
subtractively paticrning the upper line stack, subtractively paticroing comprising: providing
an upper stack including the sacrificial material over the chalcogenide line; and etching the
upper stack to form the upper line stack. In some other embodiments, subtractively
patterning the lower line stack further includes: providing and etching an upper chalcogenide
material over the chalcogenide material; and eiching to form an upper chalcogenide hine over
the chalcogenide line and extending in the first direction. In some other embodiments,
subtractively patterning the upper line stack further includes etching the upper chalcogenide
line to form an upper chalcogenide clement electrically isolated in both first and second
directions. In sore other embodiments, subtractively patierning the lower line stack further
includes providing and etching a middle clectrode material interposed between the
chalcogenide material and the upper chalcogenide material to form a middic clectrode line on
the chalcogenide line and extending in the first direction. In some other embodiments,
subtractively patterning the upper line further inclades providing the sacrificial material over
an upper chalcogenide material and ctching the sacrificial material to form the upper linc

stack comprising a sacrificial line over a second chalcogenide line.
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(8091} In vet other embodiments, a method of forming a memory cell comprises:
providing a lower line stack cxtending in a first direction, the lower line stack comprising a
first sacrificial line over a lower conductive ling; forming a chalcogenide line extending in
the first direction by selectively removing first sacrificial material of the first sacrificial Hine
and replacing the reomoved first sacrificial material with a chalcogenide material; providing
an upper line stack extending in a second direction different from the first direction, the
apper line stack comprising a second sacrificial line; and forming an upper conductive line
extending in the sccond direction by selectively removing second sacrificial material of the
second sacrificial line and replacing the removed second sacrificial material with an upper
conductive material. In some other embodiments, providing the lower line stack comprises
subtractively patierning the fower line stack, subtractively patterning comprising: providing a
lower stack including a lower conductive material and the first sacrificial material over the
lower conductive material; and etching the lower conductive material and the first sacrificial
material to form the lower hine stack. In some other embodiments, providing the upper line
stack comprises subtractively patterning the upper line stack, subtractively patterning
comprising: providing an upper stack including the second sacrificial material over the
chalcogenide ling; and etching the second sacrificial material to form the upper line stack.

180924 In yet other embodiments, a method of forming a cross-point memory cell
comprises: providing a lower line stack extending in a first direction, the lower line stack
comprising a first sacrificial line over a first conductive line; forming a lower chalcogenide
line extending in the first direction by selectively removing first sacrificial material of the
first sacrificial line and replacing the removed first sacrificial material with a lower
chalcogenide material; providing an upper line stack extending i a second direction different
from the first direction, the upper line stack comprising a sccond sacrificial line over an
upper chalcogenide line; and forming an upper conductive line extending in the second
direction by selectively removing second sacrificial material of the second sacrificial ling and
replacing the removed second sacrificial material with an upper conductive material.  In
some other embodiments, providing the lower line stack comprises subtractively patterning
the lower line stack, subtractively patterning comprising: providing a fower stack including a
first conductive material and a first sacrificial material over the fower conductive material;

and etching the first condoctive material and the first sacrificial matenial to form the lower
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fine stack. In some other embodiments, providing the upper ling stack comprises
subtractively patterning the upper line stack, subtractively patterning comprising: providing
an upper stack including a sccond sacrificial material over an upper chalcogenide material;
and etching the sccond sacrificial material to form the upper line stack. In some other
embodiments, forming the lower chalcogenide line further includes sclectively removing a
portion of the lower chalcogenide material to form a gap between two spaces adjacent to the
tirst sacrificial line filled with a diclectric, filling the gap with a middic clectrode material,
and planarizing to form a surface comprising alternating middie clectrode lines and
chalcogenide lines, In some other embodiments, sabtractively patterning the apper line stack
further comprises etching the muddle electrode line to form a middle electrode elecinically
isolated in both first and sccond directions.

{38931 Although this invention has been described in terms of certain
embodiments, other embodiments that are apparent to those of ordinary skill in the art,
including embodiments that do not provide all of the foatures and advantages set forth herein,
are also within the scope of this invention. Moreover, the various embodiments deseribed
above can be combined to provide further embodiments. In addition, certain features shown
in the context of onc cmbodiment can be incorporated into other embodiments as well
Accordingly, the scope of the present invention is defined only by reference to the appended

claims.
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What 1s claimed 1s:

1. A method of forming a memory c¢ell, comprising:

providing a lower line stack extending in a first direction,

the lower line stack comprising a sacrificial line over a
lower conductive line: and

forming a chalcogenide line extending in the first direction

by selectively removing sacrificial material of the sacri-
ficial line and replacing the removed sacrificial material
with a stack of materials including a chalcogenide mate-
rial and another material.

2. The method of claim 1, wherein providing the lower line
stack comprises subtractively patterning the lower line stack,
subtractively patterning the lower line stack comprising:

providing a lower stack including a lower conductive mate-

rial and the sacrificial material over the lower conductive
material; and

etching the lower sacrificial material and the lower conduc-

tive material to form the lower line stack.

3. The method of claim 2, further comprising:

subtractively patterning an upper line stack over the lower

line stack and extending in a second direction crossing
the first direction, subtractively patterning the upper line
stack comprising;

providing an upper stack comprising an upper conductive

material over the lower line stack; and

etching the upper conductive material to form the upper

line stack comprising an upper conductive line.

4. The method of claim 3, wherein at least one of the lower
conductive line and the upper conductive line is subtractively
patterned using a pitch-multiplication process.

5. The method of claim 3. wherein subtractively patterning
the upper line stack further comprises etching the chalco-
genide line to form a chalcogenide element electrically iso-
lated in both first and second directions.
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6. The method of claim 5. wherein subtractively patterning
the lower line stack further includes providing and etching a
lower chalcogenide material between the lower conductive
material and the sacrificial material to form a lower chalco-
genide line over the lower conductive line.

7. The method of claim 6, wherein the lower chalcogenide
line serves as a selector element of the memory device.

8. The method of claim 6, wherein subtractively patterning
the lower line stack further includes providing and etching a
lower electrode material between the lower conductive mate-
rial and the lower chalcogenide material to form a lower
electrode line on the lower conductive line.

9. The method of claim 6, wherein subtractively patterning
the lower line stack further includes providing and etching a
middle electrode material between the lower chalcogenide
material and the sacrificial material to form a middle elec-
trode line on the lower chalcogenide line.

10. The method of claim 9, wherein subtractively pattern-
ing the lower line stack further includes forming spaces adja-
cent the lower line stack, and filling the spaces with a dielec-
tric material.

11. The method of claim 10, wherein subtractively pattern-
ing the upper line stack further comprises etching the middle
electrode line to form a middle electrode electrically isolated
in both first and second directions.

12. The method of claim 10, wherein forming the chalco-
genide line includes selectively removing the sacrificial mate-
rial to form a gap between two adjacent spaces filled with the
dielectric material, filling the gap with the chalcogenide
material, and planarizing to form a surface comprising alter-
nating chalcogenide lines and dielectric-filled spaces.
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13. The method of claim 12. wherein forming the chalco-
genide line further includes selectively removing a portion of
the chalcogenide material to form a second gap between two
adjacent spaces filled with the dielectric material, filling the
second gap with a third electrode material, and planarizing to
form a surface comprising alternating third electrode lines
and dielectric-filled spaces.

14. The method of claim 5, wherein the chalcogenide ele-
ment serves as a memory element of the memory device.

15. The method of claim 3, wherein subtractively pattern-
ing the upper line stack further comprises providing and
etching an upper chalcogenide material between the upper
conductive line and the chalcogenide line to form an upper
chalcogenide line extending in the second direction.

16. The method of claim 15, wherein the upper chalco-
genide line serves as the storage node of the memory device.

17. The method of claim 15, wherein the lower chalco-
genide line serves as the selector node of the memory device.

18. The method of claim 15, wherein subtractively pattern-
ing the lower line stack comprises providing and etching a
lower electrode layer between the lower conductive material
and the sacrificial material to form a lower electrode line on
the lower conductive line.

19. The method of claim 18, wherein forming the chalco-
genide line further includes selectively removing a portion of
the chalcogenide material to form a second gap between two
spaces filled with a dielectric, filling the second gap with a
middle electrode material, and planarizing to form a surface
comprising alternating middle electrode lines and chalco-
genide lines.

20. The method of claim 19, wherein subtractively pattern-
ing the upper line stack further comprises etching the middle
electrode line to form a middle electrode electrically isolated
in both first and second directions.
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21. The method of claim 1, wherein providing the sacrifi-
cial material includes providing at least one of graphitic car-
bon, polyimide, ALD silicon oxide, aluminum nitride, and
silicon.
22. The method of claim 1, wherein providing the sacrifi-
cial matenal includes providing graphitic carbon and a mate-
rial chosen from a group consisting polyimide, ALD silicon
oxide, aluminum nitride, and silicon.
23. The method of claim 1, wherein the chalcogenide mate-
rial comprises indium.
24. The method of claim 1, wherein the lower conductive
line comprises tungsten.
25. A method of forming a memory cell, comprising:
providing a lower line stack extending in a first direction,
the lower line stack comprising a chalcogenide line over
a lower conductive line;

providing an upper line stack over the lower line stack and
extending in a second direction crossing the first direc-
tion, the upper line stack comprising a sacrificial line
over the lower line stack; and

forming an upper conductive line extending in the second

direction by selectively removing sacrificial material of
the sacrificial line and replacing the removed sacrificial
material with an upper conductive material.

26. The method of claim 25, wherein providing the lower
line stack comprises subtractively patterning the lower line
stack, subtractively patterning comprising:

providing a lower stack including a lower conductive mate-

rial and a chalcogenide material over the lower conduc-
tive material; and

etching the lower conductive material and the chalco-

genide material to form the lower line stack.
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27. The method of claim 26, wherein providing the upper
line stack comprises subtractively patterning the upper line
stack. subtractively patterning comprising:

providing an upper stack including the sacrificial material

over the chalcogenide line; and

etching the upper stack to form the upper line stack.

28. The method of claim 27, wherein subtractively pattern-
ing the upper line further includes providing the sacrificial
material over an upper chalcogenide material and etching the
sacrificial material to form the upper line stack comprising a
sacrificial line over a second chalcogenide line.

29. The method of claim 26, wherein subtractively pattern-
ing the lower line stack further includes:

providing and etching an upper chalcogenide material over

the chalcogenide material; and

etching to form an upper chalcogenide line over the chal-

cogenide line and extending in the first direction.

30. The method of claim 29, wherein subtractively pattern-
ing the upper line stack further includes etching the upper
chalcogenide line to form an upper chalcogenide element
electrically isolated in both first and second directions.

31. The method of claim 30, wherein subtractively pattern-
ing the lower line stack further includes providing and etching
a middle electrode material interposed between the chalco-
genide material and the upper chalcogenide material to form
a middle electrode line on the chalcogenide line and extend-
ing 1in the first direction.

32. The method of claim 31, wherein subtractively pattern-
ing the upper line stack includes etching the middle electrode
line to form a middle electrode electrically 1solated in both

first and second directions.
33. The method of claim 25, wherein the sacrificial mate-

rial includes at least one of graphitic carbon, polyimide, ALD
silicon oxide, aluminum nitride, and silicon.

40



34. The method of claim 25, wherein the sacrificial mate-
rial includes graphitic carbon and a material chosen from a
group consisting polyimide, ALD silicon oxide, aluminum
nitride, and silicon.

35. A method of forming a memory cell, comprising:

providing a lower line stack extending in a first direction,

the lower line stack comprising a first sacrificial line
over a lower conductive line:
forming a chalcogenide line extending in the first direction
by selectively removing first sacrificial material of the
first sacrificial line and replacing the removed first sac-
rificial material with a chalcogenide material;

providing an upper line stack extending in a second direc-
tion different from the first direction, the upper line stack
comprising a second sacrificial line; and

forming an upper conductive line extending in the second

direction by selectively removing second sacrificial

material of the second sacrificial line and replacing the
removed second sacrificial material with an upper con-
ductive material.

36. The method of claim 35, wherein providing the lower
line stack comprises subtractively patterning the lower line
stack, subtractively patterning comprising:

providing a lower stack including a lower conductive mate-

rial and the first sacrificial material over the lower con-
ductive material; and

etching the lower conductive material and the first sacrifi-

cial material to form the lower line stack.

37. The method of claim 35, wherein providing the upper
line stack comprises subtractively patterning the upper line
stack, subtractively patterning comprising:

providing an upper stack including the second sacrificial

material over the chalcogenide line; and

etching the second sacrificial material to form the upper

line stack.
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38. A method of forming a cross-point memory cell, com-
prising:

providing a lower line stack extending in a first direction,

the lower line stack comprising a first sacrificial line
over a first conductive line;

forming a lower chalcogenide line extending in the first

direction by selectively removing first sacrificial mate-
rial of the first sacrificial line and replacing the removed
first sacrificial material with a lower chalcogenide mate-
rial;

providing an upper line stack extending in a second direc-

tion different from the first direction. the upper line stack
comprising a second sacrificial line over an upper chal-
cogenide line; and

forming an upper conductive line extending in the second

direction by selectively removing second sacrificial
material of the second sacrificial line and replacing the
removed second sacrificial material with an upper con-
ductive material.

39. The method of claim 38, wherein providing the lower
line stack comprises subtractively patterning the lower line
stack, subtractively patterning comprising:

providing a lower stack including a first conductive mate-

rial and a first sacrificial material over the lower conduc-
tive material; and

etching the first conductive material and the first sacrificial

material to form the lower line stack.

40. The method of claim 38, wherein providing the upper
line stack comprises subtractively patterning the upper line
stack, subtractively patterning comprising:

providing an upper stack including a second sacrificial

material over an upper chalcogenide material; and
etching the second sacrificial material to form the upper
line stack.
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41. The method of claim 40, wherein subtractively pattern-
ing the upper line stack further comprises etching the middle
electrode line to form a middle electrode electrically isolated
in both first and second directions.
42. The method of claim 38, wherein forming the lower
chalcogenide line further includes selectively removing a
portion of the lower chalcogenide material to form a gap
between two spaces adjacent to the first sacrificial line filled
with a dielectric, filling the gap with a middle electrode mate-
rial, and planarizing to form a surface comprising alternating
middle electrode lines and chalcogenide lines.
43. A method of forming a memory cell, comprising:
providing a material stack including a conductive material
and a sacrificial material over the conductive material;

etching the sacrificial material and the conductive material
to form a stack of lines, each stack separated by spaces
and comprising a line of'sacrificial material over a line of
conductive material;

filling the spaces with a dielectric material;

selectively removing the sacrificial material to form a gap

interposed between the adjacent spaces filled with the
dielectric material; and

forming a chalcogenide line by sequentially filling the gap

with a chalcogenide material followed by another mate-
rial.

44. The method of claim 43, wherein the chalcogenide
material comprises a phase change material. and the chalco-
genide line forms a storage element of the memory cell.

45. The method of claim 43, wherein the chalcogenide
material comprises an Ovonic threshold material and the
chalcogenide line forms a selector element of the memory
cell.
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46. A method of forming a memory cell, comprising:

providing a first plurality of stacks of lines of material
extending in a first direction, each of the stacks of the
first plurality comprising a chalcogenide line over a first
conductive line:

providing a sacrificial material over the first plurality of
stacks;

etching the sacrificial material to form a plurality of lines of
sacrificial material separated by spaces and extending in
a second direction crossing the first direction;

filling the spaces between the lines of sacrificial material
with a dielectric material;

selectively removing the lines of sacrificial material to
form gaps interposed between the dielectric material;
and

forming a second conductive line by filling the gap with a
conductive material.
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