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THERMALLY OPTIMIZED PHASE CHANGE MEMORY CELLS AND METHODS
OF FABRICATING THE SAME

FIELD
[0001] Subject matter disclosed herein relates to devices in integrated circuits

generally, and in particular, to devices incorporating chalcogenide materials.

BACKGROUND

[0002] Devices incorporating phase change materials, e.g., chalcogenide
materials, such as for example switches and storage elements, may be found in a wide range
of electronic devices. For example, devices incorporating phase change materials may be
used in computers, digital cameras, cellular telephones, personal digital assistants, etc.
Factors that a system designer may consider in determining whether and how to incorporate
phase change materials for a particular application may include, physical size, storage
density, scalability, operating voltages and currents, read/write speed, read/write throughput,
transmission rate, and/or power consumption, for example. Other example factors that may

be of interest to a system designer include cost of manufacture, and/or ease of manufacture.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1 is a three-dimensional illustration depicting a cross-point memory
array according one embodiment.

[0004] FIG. 2A is an illustration depicting a cross-section of a phase change
memory cell taken along a column line according to one embodiment.

[0005] FIG. 2B is an illustration depicting a cross-section of a phase change
memory cell taken along a row line according to one embodiment.

[0006] FIG. 3A is an illustration depicting a cross-section of a phase change
memory cell taken along a column line according to another embodiment.

[0007] FIG. 3B is an illustration depicting a cross-section of a phase change

memory cell taken along a row line according to another embodiment.
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[0008] FIG. 4A is an illustration depicting a cross-section of a phase change
memory cell taken along a column line according to another embodiment.
[0009] FIG. 4B is an illustration depicting a cross-section of a phase change

memory cell taken along a row line according to another embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0010] Devices incorporating phase change materials, e.g. memory devices, may
be found in a wide range of electronic devices. For example, devices incorporating phase
change materials may be used in computers, digital cameras, cellular telephones, personal
digital assistants, etc. Factors related to devices incorporating phase change materials that a
system designer may consider in determining the device’s suitability for a particular
application may include, physical size, storage density, scalability, operating voltages and
currents, read/write speed, read/write throughput, transmission rate, and/or power
consumption, for example. Other example factors that may be of interest to a system
designer include cost of manufacture, and/or ease of manufacture.

[0011] In particular, memory devices incorporating phase change materials 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; i.c., physical and clectrical states of the memory
devices change do not change substantially over a retention time (e.g., longer than one year)
without any external power supplied thereto. In addition, some phase change memory
devices can provide fast read and write access time (e.g., faster than 10 nanoseconds) and/or
high read and write access bandwidth (e.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 connected with local metallization.

[0012] Performance of a phase change memory device with respect to above-
described characteristics depends on many factors. In particular, having good thermal
isolation of the phase change material element within a memory device and low electrical
resistances between the phase change material element and interfacing electrodes can reduce

the energy required to program the device, as well as device-to-device thermal disturbance
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(i.e., thermal cross-talk). In addition, having low electrical resistance between the phase
change material and the interfacing electrodes can also improve the signal-to-noise ratio of
the memory device during a read operation. However, providing good thermal isolation can
result in a tradeoff with low interfacial resistance, and vice versa. For example, interfacing
electrodes often comprise metals, which can form low electrical resistance contacts with the
phase change material element. However, such low contact materials tend to also be good
thermal conductors, i.¢., provide poor thermal isolation. Thus, there is a need for a thermally
confined phase change memory device having a phase change material eclement having low
electrical resistance and good thermal isolation. While embodiments are described herein
with respect to memory arrays, it will be understood that a thermally confined phase change
memory device with reduced interfacial resistance as described herein can also have
application outside the memory array context.

[0013] FIG. 1 shows a portion of a cross-point memory array 10 having N x M
phase change memory cells according to one embodiment of the present invention. The
cross-point memory array 10 comprises first through Nth column lines 20-1, 20-2,..., and 20-
N, first through Mth row lines 22-1, 22-2,..., and 22-M, and a plurality of memory cells
disposed at at least a subset of the intersections formed by first through Nth column lines and
first through Mth row lines.

[0014] The cross-point memory array 10 includes access lines in the form of first
through Nth column lines 20-1, 20-2,..., and 20-N, which may be referred to digit lines, e.g.,
bit lines (BLs). The cross-point array 10 also includes crossing access lines in the form of
first through Mth row lines 22-1, 22-2,..., and 22-M, which may be referred to as word lines
(WLs). References to column lines and row lines, as well as their alternative designations,
are interchangeable. The coordinate axis marker 12 in this embodiment indicates that first
through Nth column lines 20-1, 20-2,..., and 20-N are extend along a y-direction (also
referred to herein as a column direction) and first through Mth row lines 22-1, 22-2,..., and
22-M are oriented in a x-direction (also referred to herein as a row direction). As illustrated,
first through Nth column lines 20-1, 20-2,..., and 20-N are substantially parallel to each
other. Similarly, the first through Mth row lines 22-1, 22-2.,..., and 22-M are substantially
parallel to ecach other. However, other embodiments are possible, and word lines and digit

lines can have non-perpendicular orientations. Typically row lines are parallel to one

3.



WO 2014/197172 PCT/US2014/037741

another and column lines are parallel to one another at an angle such that they cross with the
row lines. As used herein, the term “substantially” intends that the modified characteristic
needs not be absolute, but is close enough so as to achieve the advantages of the
characteristic.

[0015] The cross-point memory array 10 further includes a plurality of memory
cells disposed at at least a subset of the intersections formed by first through Nth column
lines and first through Mth row lines. In this configuration, the cross-point memory array 10
includes up to N x M memory cells. In FIG. 1, however, for clarity, only four phase change
memory cells are shown. As illustrated, the four phase change memory cells in the example
of FIG. 1 include first through fourth memory cells 30a-d at intersections of nth column line
20-n and mth row line 22-m, nth column line 20-n and (m+1)th row line 22-(m+1), (n+1)th
column line 20-(n+1) and mth row line 22-m, and (n+1)th column line 20-(n+1) and (m+1)th
row line 22-(m+1), respectively. In this example, it will be understood that each one of the
four memory cells 30a-d has two nearest neighboring cells in the x-direction, two nearest
neighboring cells in the y-direction, and four next nearest neighboring cells in the diagonal
direction between the x-direction and the y-direction. For example, in the x-direction, the
first cell 30a has two nearest neighboring cells, namely a fifth memory cell 30e (not shown)
at the intersection of (n-1)th column line 20-(n-1) and mth row line 22-m and the third
memory cell 30c at the intersection of (n+1)th column line 20-(n+1) and mth row line 22-m.
In addition, the y-direction, the first cell 30a has two nearest neighboring cells, namely an
eighth memory cell 30h (not shown) at the intersection of nth column line 20-n and (m-1)th
row line 22-(m-1) and the second memory cell 30b at the intersection of nth column line 20-n
and (m+1)th row line 22-(m+1). In addition, in the two diagonal directions, the first cell 30a
has four next nearest neighboring cells, namely the fourth memory cell 30d at the
intersection of (n+1)th column line 20-(n+1) and (m+1)th row line 22-(m+1), a sixth memory
cell 30f (not shown) at the intersection of (n-1)th column line 20-(n-1) and (m+1)th row line
22-(m+1), a seventh memory cell 30g (not shown) at the intersection of (n-1)th column line
20-(n-1) and (m-1)th row line 22-(m-1), and a ninth memory cell 301 (not shown) at the
intersection of (n+1)th column line 20-(n+1) and (m-1)th row line 22-(m-1).

[0016] In one embodiment, column lines may comprise a suitable conductive

and/or semi conductive material including n-doped poly silicon, p-doped poly silicon, metals
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including Al, Cu, and W, conductive metal nitrides including TiN, TaN, and TaCN. In
addition, top and bottom electrodes, described below, in various embodiments may comprise
suitable conductive materials including doped semiconductors, such as n-doped poly silicon
and p-doped poly silicon, and/or metallic materials, such as metals including C, Al, Cu, Ni,
Cr, Co, Ru, Rh, Pd, Ag, Pt, Au, Ir, Ta, and W; conductive metal nitrides 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 RuO,. In some embodiments, row lines may also comprise same or similar
conductive and/or semiconductive materials as column lines.

[0017] Each of the memory cells 30a-d in FIG. 1 according to one embodiment is
configured in a stack configuration to include first through fourth selector nodes 38a-d on
one of mth and (m+1)th row lines 22-m and 22-(m+1), first through fourth bottom electrodes
36a-d on selector nodes 38a-d, first through fourth storage nodes 34a-d on bottom electrodes
36a-d, and first through fourth top electrodes 32a-d on the storage nodes 34a-d. Other
embodiments of a stack configuration are possible. For example, the positions of storage
nodes 34a-d and selector nodes 38a-d within a stack configuration may be interchanged with
one another.

[0018] In one embodiment, each of the storage nodes 34a-d includes a phase
change material. Suitable phase change materials include chalcogenide compositions such as
an alloy including at least two of the elements within the indium(In)-antimony(Sb)-
tellurium(Te) (IST) alloy system, e.g., In.SbyTes, InjSb,Tes, IniSbsTe;, ctc., an alloy
including at least two of the elements within the germanium(Ge)-antimony(Sb)-tellurium(Te)
(GST) alloy system, e.g., GegSbsTeg, GeaSbrTes, GejSbaTes, GeSbaTes, GesSbaTes, etc.,
among other chalcogenide alloy systems. The hyphenated chemical composition notation, as
used herein, indicates the elements included in a particular mixture or compound, and is
intended to represent all stoichiometries involving the indicated elements.  Other
chalcogenide alloy systems that can be used in phase change storage nodes include Ge-Te,
In-Se, Sb-Te, Ga-Sb, In-Sb, As-Te, Al-Te, In-Ge-Te, Ge-Sb-Te, Te-Ge-As, In-Sb-Te, Te-Sn-
Se, Ge-Se-Ga, Bi-Se-Sb, Ga-Se-Te, Sn-Sb-Te, In-Sb-Ge, Te-Ge-Sb-S, Te-Ge-Sn-0, Te-Ge-
Sn-Au, Pd-Te-Ge-Sn, In-Se-Ti-Co, Ge-Sb-Te-Pd, Ge-Sb-Te-Co, Sb-Te-Bi-Se, Ag-In-Sb-Te,
Ge-Sb-Se-Te, Ge-Sn-Sb-Te, Ge-Te-Sn-Ni, Ge-Te-Sn-Pd, and Ge-Te-Sn-Pt, for example.
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[0019] When included in the memory cells 30a-d, selector nodes 38a-d may be
electrically coupled to storage nodes 34a-d through bottom electrodes 36a-d on one side and
electrically connected to row lines 22 on another side to form two terminal selector devices.

[0020] According to one embodiment, when selector nodes 38a-d comprise a
chalcogenide material, the two terminal selector device can be an Ovonic Threshold Switch
(OTS). In this embodiment, a selector node may include a chalcogenide composition
including any one of the chalcogenide alloy systems described above for a storage node. In
addition, the selector node may further comprise an element to suppress crystallization, such
as arsenic (As). When added, an element such as As suppresses crystallization by inhibiting
any non-transitory nucleation and/or growth of the alloy. Accordingly, a selector node 38a-d
may be configured to switch to a conductive state when a potential exceeding a threshold
voltage is applied across the selector node 38a-d. In addition, the conductive state can be
maintained while a sufficient holding current is maintained across the selector node.
Examples include Te-As-Ge-Si, Ge-Te-Pb, Ge-Se-Te, Al-As-Te, Se-As-Ge-Si, Se-As-Ge-C,
Se-Te-Ge-Si, Ge-Sb-Te-Se, Ge-Bi-Te-Se, Ge-As-Sb-Se, Ge-As-Bi-Te, and Ge-As-Bi-Se,
among others.

[0021] According to another embodiment, selector nodes 38a-d can form parts of
semiconductor-based selector devices such as bipolar junction transistors (BJT).  For
example, in one embodiment, each one of selector nodes 38a-d can be a p-type
semiconductor to form a p-type emitter region of a PNP BJT. Each one of selector nodes
38a-d can be connected to one of row lines 22, which can be an n-type semiconductor
forming an n-type base region of the PNP BJTs. Each one of row lines 22 can in turn be
disposed on a p-type semiconductor, e.g., p-type substrate, forming a p-type collector region
of the PNP BJT. In the embodiment of FIG. 1, selector nodes 38a and 38c forming p-type
emitter regions are connected by the row line 22-m forming a first common base region. The
first common base region can be contacted to an upper metal level at a first base contact (not
shown) farther along the x-direction. Similarly, selector nodes 38b and 38d forming p-type
emitter regions are connected by the row line 22-(m+1) forming a second common base
region. The second common base can be contacted to an upper metal level at a second base
contact (not shown) farther along the x-direction. A person skilled in the art will understand

that each of the row lines 22 can form a common base region connecting a suitable number
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of emitter regions. For example, the number of emitter regions in contact with a common
base region can be 4, 8, 16, 32, 64, or more. A person skilled in the art will also understand
that by analogy to a PNP BJT, an NPN BJT can also be formed in a similar fashion.
Additionally, in other embodiments, p-type emitter regions are not connected to common
base regions.

[0022] In one embodiment, any one of the memory cells disposed at an
intersection formed by any one of first through Nth column lines 20-1, 20-2,..., and 20-N
and first through Mth row lines 22-1, 22-2, . . ., 22-M may have a resistance state that may be
a relatively high resistance state, also known as the RESET state, which can represent the
state of a phase change material in a storage node 34 that includes a substantial amorphous
region. Similarly, any one of the memory cells may have a resistance state that may be a
relatively low resistance state, also known as the SET state, which can represent the state of a
phase change material in a storage node 34 that is substantially crystalline. Under this
implementation, high and low resistance states may correspond to the “1” state and a “0”
state in a single bit-per-cell memory system. However, the states “1” and “0” as they relate
to high and low resistance states may be used interchangeably to mean the opposite. For
example, a high resistance state may be referred to as a”0” state, and a low resistance state
may be referred to as a “1” state.

[0023] In other embodiments, any one of the memory cells disposed at an
intersection formed by any one of the column lines and row lines may have a resistance state
that may be an intermediate resistance state. For example, any one of the memory cells may
have a resistance state that is any one of first, second, third, and fourth resistance states,
wherein the first resistance state is more resistive than the second resistance state, the second
resistive state is more resistive than the third resistive state, and the third restive state is more
resistive than the fourth state. Under this implementation, first, second, third, and fourth
resistance states may correspond to the “11,” “10,” “01”, and “00” states in a two bits-per-
cell memory system. Yet other embodiments are possible, where first through eighth
resistance states represent the states in a three-bits-per cell memory system, and where first
through sixteenth resistance states represent the states in a four-bits-per cell memory system.

[0024] In one embodiment, cach one of the memory cells disposed at an

intersection formed by any one of first through Nth column lines 20-1, 20-2,..., and 20-N
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and any one of first through Mth row lines 22-1, 22-2,..., and 22-M may be accessed by an
access operation. An access operation may be a write access operation, an erase access
operation, or a read access operation. A write access operation, otherwise known as the
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, otherwise known as the 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
interchangeably to mean the opposite. 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.

[0025] In an embodiment, each one of the memory cells disposed at an
intersection formed by any of the column lines and row lines may be accessed individually in
a bit-addressable access mode. In a bit-addressable access mode, a memory to be accessed
may be a memory cell 30a located at an intersection formed by a selected nth column line 20-
n and a selected mth row line 22-m. An access voltage Vaccrss, which may be a SET access
voltage Vgsgr, a RESET access voltage Vygsgr, or a read access voltage Vggap, may be
applied across the memory cell 30a of this example by applying the access voltage across the
selected nth column line 20-n and the selected mth row line 22-m.

[0026] In one embodiment, a memory cell such as the memory cell 30a at the
intersection of the selected column line 20-n and the selected row line 22-m accessed while
preventing the remaining cells from getting accessed. This can be achieved by applying a
voltage Vaccess across the memory cell 30a while allowing for voltages substantially lower
than Vaccess to be applied across the rest of the cells, for example memory cells 30b-d. In
one embodiment, this is obtained by applying Vaccrss to one end of the selected column line
(nth column line 20-n in this example) while keeping one end of the selected row line (mth
row line 22-m in this example) at a low voltage Viow, which may be at ground potential.
Concurrently, a voltage Vceor wumir 18 applied across all remaining column lines (first
through 20-(n-1) and 20-(n+1) through 20-N column lines in this example). In addition, a
voltage Vrow mmiT 18 applied across all remaining row lines (first through 20-(m-1) and 20-
(m+1) through 20-M row lines in this example). Under this configuration, a voltage of about

Vaccrss is dropped between the nth column line 20-n and the mth row line 22-m across the
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memory cell 30a (which may be referred to hereinafter as a “target cell”). In addition, a
voltage of about (Vaccrss — Vrow mmisir) 18 dropped across inhibited cells such as the
memory cell 30b along the selected nth column line 20-n (which may be referred to
hereinafter as “A-type cells”), and a voltage of about Vor, inmisir 1S dropped across inhibited
cell such as the memory cell 30c along the selected mth row line 20-m (which may be
referred to hereinafter as “B-type cells”). In addition, a voltage approximately equal to
(Veor mumsir — Vrow nmsir) 18 dropped across all remaining deselected cells such as the
memory cell 30d (which may be referred to hereinafter as “C-type cells™).

[0027] In one particular embodiment, Vrow mvmsiT and Veor nmsir 18 selected to
be a voltage substantially equal to Vaccrss/2. In this implementation, a voltage substantially
equal to Vaccrss/2 is dropped across A-type cells (e.g. the memory cell 32b) and across B-
type cells (e.g. the memory cell 30c) while a voltage substantially equal to zero is dropped
across C-type cells (e.g. the memory cell 30d). This embodiment may be utilized, for
example, when the selector included in the memory cell is an Ovonic Threshold Switch
(OTNS).

[0028] In another particular embodiment, Vrow vursir 18 selected to be at Vacerss
and Vcor mmumir 1S selected to be at Viow (which may be at ground potential). In this
implementation, a voltage substantially equal to zero is dropped across type A cells (e.g. the
memory cell 32b) and across type B cells (e.g. the memory cell 30c) while a voltage
substantially equal to -Vaccrss is dropped across C-type cells (e.g. the memory cell 30d).
This embodiment may be utilized, for example, when the selector included in the memory
cell is a bipolar junction transistor (BJT).

[0029] Other embodiments are possible. For example, a voltage of Vaccrss
across the target cell can be obtained by applying a suitable positive fraction of Vaccrss such
as +1/2 Vaccess to one end of the selected column while applying a suitable negative fraction
of Vaccrss such as -1/2 Vaccrss is applied to one end of the selected row.  Similarly,
suitable fractions of Vaccrss can be chosen as Vrow inmisir and Veor inasir. A person skilled
in the art will recognize that choosing a bias scheme depends on many factors, such as the
selector device type, an overall cell current-voltage (IV) characteristics, number of columns,
number of rows, and the overall array size, among others. A person skilled in the art will

also recognize that the actual voltages that similarly situated cells receive may deviate from
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the voltage applied at one of the ends of a column or a row due to various parasitic
resistances and capacitances to which a particular cell may be subject to under a particular
access condition.

[0030] Figures 2A and 2B illustrate cross-sectional views of the cross point
memory array 10 of FIG. 1 viewed in a direction parallel to the x-direction and the y-
direction, respectively. The cross sectional views are annotated with circuit representations
demonstrating relevant resistive elements during an access operation of a target cell 30a as
described above.

[0031] In FIG. 2A, for clarity, only two phase change memory cells are shown
along a column line 20 in the y-direction. As illustrated, the two phase change memory cells
include the first and second memory cells 30a and 30b along a column line 20. As discussed
in FIG. 1, each of the first and second memory cells 30a and 30b is configured in a stack
configuration to include first and second selector nodes 38a and 38b on a row lines 22, first
and second bottom electrodes 36a and 36b on selector nodes 38a and 38b, first and second
storage nodes 34a and 34b on bottom clectrodes 36a and 36b, and first and second top
clectrodes 32a and 32b on storage nodes 34a and 34b.

[0032] Similarly, in FIG. 2B, for clarity, only two phase change memory cells are
shown along a row line 22 in the x-direction. As illustrated, the two phase change memory
cells include the first and third memory cells 30a and 30c along a row line 22. As discussed
in FIG. 1, each of the memory cells 30a and 30c is configured in a stack configuration to
include first and third selector nodes 38a and 38c on a row line 22, first and third bottom
electrodes 36a and 36¢ on selector nodes 38a and 38c, first and third storage nodes 34a and
34c on bottom electrodes 36a and 36¢, and first and third top electrodes 32a and 32c¢ on
storage nodes storage nodes 34a and 34c.

[0033] In addition, according to the illustrated embodiment in FIGS. 2A and 2B,
adjacent memory cells in the y-direction can be interposed by inter-column dielectric regions
48 and adjacent memory cells in the x-direction can be interposed by inter-row dielectric
regions 50. The inter-column dielectric regions 48 and inter-row dielectric regions 40 can be
filled with suitable insulating material such as SiO, and Si;N4. Under these configurations,
storage nodes are surrounded in X and y directions by dielectrics and the array process

architecture may be referred to as fully-confined array architecture. When selector nodes

-10-



WO 2014/197172 PCT/US2014/037741

38a-d include emitter regions of BJTs, the inter-column dielectric regions 48 and inter-row
diclectric regions 50 adjacent to the selector nodes 38a-d can include shallow trench isolation
dielectrics.

[0034] In the fully-confined array architecture of the cross-point memory array 10
in FIGS. 2A and 2B, when accessed in a bit-addressable access mode, the memory cell 30a to
be accessed (i.e., the target memory cell) may be memory cell 30a located at an intersection
formed by an nth column 20-n and an mth row 22-m. An access voltage Vaccgss, which may
be a SET access voltage Vser, a RESET access voltage Vgrgesgr, or a read access voltage
Vreap, may be applied across the target cell of this example by applying the access voltage
Vacess across the a first terminal 12a and a second terminal 12b of an access circuit path 12.
First and second terminals 12a and 12b can represent ends of the nth column 20-n and the
mth row 22-m. Vaccgss and the associated current [accrss will result in energy dissipation at
various points along the access circuit path 12.

[0035] The access circuit path 12 includes first through third resistors 42, 44, and
46 connected in electrical series between first and second terminals 12a and 12b. When the
storage node 34a is in the SET state, the first through third resistors 42, 44, and 46 can have
first through third low resistance state (LRS) resistances Rygsi, Rirs2, and Rygrss. When the
storage node 34a is in the RESET state, the first through third resistors 42, 44, and 46 can
have first through third high resistance state (HRS) resistances Rygrsi, Rursy, and Rpgss.
Contributions to LRS resistances Ryrsi, Rirse, and Ryrss and HRS resistances Rursi, Rirse,
and Ryrs3 can originate from various regions across the first memory cell 30a. For example,
regions that contribute to Ryrs; and Rygrs; can include a bulk material of the top electrode 32a
and a first interface between the top electrode 32a and the storage node 34a. Additionally,
regions that contribute to Rygs» and Rygrss can include a bulk material of the storage node
34a. Additionally, regions that contribute to Ry rs; and Rygrss can include a second interface
between the storage node 34a and the bottom electrode 36a and a bulk material of the bottom
electrode 36a. It is to be understood that while other regions may also contribute
substantially to the overall resistance between the first and second terminals 12a and 12b,
only first through third resistors 42, 44, and 46 are represented in the access circuit path 12
for clarity. In addition, other circuit paths can exist, for example, through the second

memory cell 30b, which are not shown nor discussed for clarity.
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[0036] As a person skilled in the art will understand, in some implementations, an
Ion/lopr Tatio can be an important consideration in designing a memory cell. An ON/OFF
ratio can be proportional to the ratio (Rgrsit RursotRurss) / (Rirsit RirsotRirss). When
Rurs? >> Ryrsi + Rurss and Rirs> >> Rigsi + Rirss, the ON/OFF ratio can be dominated by
the ratio Rprsy/Rrrss.  Under this circumstance, the ON/OFF ratio can be desirably
dominated by the resistance ratio of the bulk resistances of the storage node 34a in RESET
and SET states. On the other hand, when Rurs» << Rprsi + Rurss and Rigrgy << Rygst +
Rirs3, the ON/OFF ratio can be relatively independent of the ratio Ryrsa/Rirsz. Under this
circumstance, the ON/OFF ratio can be undesirably dominated by the resistance values of the
first and second interfaces between the storage node 34 and the top and bottom electrodes
32a and 36a and/or the resistance values of the bulk materials of the top and bottom
electrodes 32a and 36a. Thus, from an ON/OFF ratio point of view, relatively low LRS and
HRS resistances Rirsi1, Rirss, Rursi, and Rygrgs of the first and third resistors 42 and 46 and
relatively high LRS and HRS resistances Rigrs» and Ryrs» of the second resistor 44 can be
preferred.

[0037] The energy efficiency of SET and RESET operations can also be
proportional to heats generated at various regions of the memory cell. In some
implementations, it may be desirable to have self-heating of the storage node dominate over
heats generated in other regions. From this standpoint, it may be desirable to have Rygrgy >>
Rursi + Rurss and Rigrs» >> Rigrsi + Rirss. When a voltage Vcess 1S applied between the
first and second terminals 12a and 12b of the access circuit path 12, voltages proportional to
respective LRS and HRS resistances can drop across first, second, and third resistors 42, 44,
and 46. For example, when Vaccrss=Vreser is applied between the first and second
terminals 12a and 12b, first, second, and third voltages Vreseri, Vreser, and Vggsers can
drop across first, second, and third resistors 42, 44, and 46, respectively. The resulting
current Irgser=Vreser/(RrrsiHR1rs>tR1rs3) can result in generation of first, second, and third
RESET heats Qrsri=Ireser Rirsi and  Qrsto=Ireser Rirszs @nd  Qrsrs=Ireser Rirss,
respectively. Thus, for maximum energy efficiency of the RESET operation, it may be
desirable to have Rygrs» >> Ryrsi + Rirss such that more of the access energy is spent on self-

heating of the storage node 34a compared to heating the interfaces.
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[0038] Similarly, when Vaccrss=Vser is applied between the first and second
terminals 12a and 12b, first, second, and third voltages Vsgri, Vsere, and Vsgrs can drop
across first, second, and third resistors 42, 44, and 46, respectively. In addition, the resulting
current Isgr=Vser/(RursitRurs>Rurss) can result in generation of first, second, and third
SET heats Qspri=Iser Rurst and Qspro=Iser Rimrsz, and  Qsgrs=Iser Rurss, respectively.
Thus, for maximum energy efficiency of the SET operation, it may also be desirable to have
Rurs2 >> Rurs1 + Rurss such that more of the access energy is spent on self-heating of the
storage node 34a compared to the interfaces.

[0039] The energy efficiencies of SET and RESET operations can also be
proportional to confinement of heat in the storage node during SET and RESET operations.
Accordingly, the performance of a memory cell can be improved minimizing heat loss from
the storage node. As illustrated in FIG. 2A and 2B, there can be heat loss in six directions.
A first heat Q; can be lost from the storage node 34a in the z-direction towards the top
electrode 32a. A second heat Q, can be lost from the storage node 34a in the z-direction
towards the bottom clectrode 36a. A third heat Q3 can be lost from the storage node 34a in
opposite y-directions towards adjacent storage nodes 34b and 34h (not shown). A fourth
heat Q4 can be lost from the storage node 34a in opposite x-directions towards adjacent
storage nodes 34c¢ and 34¢ (not shown).

[0040] First through fourth lost heats Q;-Qs can depend on many factors.
Generally, one-dimensional heat flux can be expressed as being proportional to -k(dT/dx),
where dT/dx is the temperature gradient one dimension in the direction of the heat flow and
k is the thermal conductivity of the heat transfer medium, which is inversely proportional to
the thermal resistivity of the heat transfer medium. In this connection, first through fourth
heats Q;-Qs can be characterized as being inversely proportional to first through fourth
thermal resistances Rrm-Rs associated with first through fourth heats Q1-Qa4. In the fully-
confined array architecture of the cross-point memory array 10, contributions to first through
fourth thermal resistances Rypi-Rrps can originate from various regions connected to the first
memory cell 30a. For example, regions that contribute to Ryy can include a bulk material of
the top electrode 32a and a first interface between the top electrode 32a and the storage node
34a. Additionally, regions that contribute to Ry can include the second interface between

the storage node 34a and the bottom electrode 36a and a bulk material of the bottom
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electrode 36a. Additionally, regions that contribute to Rrys can include a third interface
between the storage node 34a and adjacent inter-column dielectric region 48 as well as a bulk
material of the inter-column dielectric region 48. Additionally, regions that contribute to
Rrhs can include a fourth interface between the storage node 34a and adjacent inter-column
dielectric region 50 as well as a bulk material of the inter-column dielectric region 50. It is
to be understood that while other regions may also contribute substantially to the overall
thermal resistance surrounding storage node 34a, only first through fourth thermal resistances
Rrui-Rrug are discussed for clarity.

[0041] Excessive loss of heat in the x and y directions can also lead to thermal
disturb of adjacent cells during programming a target cell (sometimes referred to as program
disturb). A program disturb occurs when the heat generated by performing a SET operation
or a RESET operation on the target memory cell results in a heat transfer to an adjacent
memory cell (sometimes referred to as a victim cell) such that an adjacent cell in a RESET
state at least partially transforms to a SET state. As a general rule, the time for phase
transformation t.ys of a storage node at a given temperature T can be governed by an

Arrhenius relationship

| EA
tcrj\m‘ o €Xp k T (1)
B

[0042] where E, is the activation energy, kg is the Boltzmann constant, and T is
the temperature of the victim cell. Due to the exponential nature of the crystallization
kinetics, a small increase in the temperature of the victim cell can lead to a substantial
degradation of program disturb time-to-fail. In addition, a time required to disturb a victim
cell can be cumulative; i.e., while a single RESET operation having a RESET pulse duration
of tresgr may not be sufficient to cause a significant program disturb, repetition of many
RESET operations can result in a program disturb. In this connection, minimizing loss of
third and fourth heats Q3 and Q4 in FIGS. 2A and 2B, which can be achieved by maximizing
Rrys and Ry discussed above, can lead to an improvement in program disturb performance
of the cross-point memory array 10.

[0043] In the embodiment of FIG. 2A, the column line 20, top electrodes 32a and
32b, storage nodes 34a and 34b, bottom electrodes 36a and 36b, sclector nodes 38a and 38D,
and row lines 22 have first through sixth lateral dimensions in the y-direction dj,, d»a, dsa, daa,

dsa, and dg,, respectively. In addition, a seventh lateral dimension in the y-direction d7,
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represents a spacing between adjacent memory cells 30a and 30b. The first lateral dimension
in the y-direction dj, represents a column length of column lines 20 of the cross-point
memory array 10. In one embodiment, a substantially similar second through sixth lateral
dimensions in the y-direction d»,, d3a, daa, dsa, and dg,, can result from patterning and etching
within a single photo mask level a stack between and including the top electrodes 32a and
32b and row lines 22.

[0044] Similarly, in the embodiment of FIG. 2B, the column lines 20, top
electrodes 32a and 32c, storage nodes 34a and 34c, bottom electrodes 36a and 36¢, sclector
nodes node 38a and 38c, and row line 22 have first through sixth lateral dimensions in the x-
direction djp, dab, d3b, dap, dsp, and dgp, respectively. In addition, a seventh lateral dimension
in the x-direction d7, represents the spacing between adjacent memory cells 30a and 30c in
the x-direction. The sixth lateral dimension in the x-direction d7, represents a row length of
row lines 22 in the cross-point memory array 10. In one embodiment, a substantially similar
first through fifth lateral dimensions in the x-direction djy, dab, dsb, dab, and ds, result from
patterning and etching within a single photo mask level a stack between and including the
columns 20 and storage nodes 32a and 32b.

[0045] The first lateral dimension in the y-direction d;, representing a column
length is a function of the number of row lines M the column line 20 traverses in the y-
direction. For example, in an array with M row lines where d;, represents the spacing
between adjacent memory cells in the y-direction, d;, may be at least (M x dg.)+(M x d7a).
Similarly, the sixth lateral dimension in the x-direction de, representing a row length is a
function of the number of column lines N the row line 22 traverses in the x-direction. For
example, in an array with N column lines where d;, represents the spacing between adjacent
memory cells in the x-direction, dg, may be at least (N x djp)+(N X d7p).

[0046] In the fully-confined array architecture of the cross-point memory array 10
according to one embodiment, d», — ds, in FIG. 2A can be selected to be the range between
about 40 nm and 60 nm, for example 50 nm. In another embodiment, d», — dg, can have
dimensions selected to be the range between about 25 nm and 40 nm, for example 35 nm. In
another embodiment, d», — dg, can have dimensions selected to be the range between about
18 nm and 25 nm, for example 20 nm. In yet another embodiment, d», — dea can have

dimensions selected to be the range between about 5 nm and 18 nm, for example 14 nm.
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Smaller dimensions are yet possible, limited only by the lithographic capability employed by
the person skilled in the art. Similar ranges of dimensions can be chosen for dy - dsp in FIG.
2B.

[0047] According to the embodiments of FIGS. 2A and 2B, column lines 20 have
a first thickness h;, the top electrodes 32a-c have a second thickness hs, the storage node 34a-
¢ have a third thickness hs, the bottom electrode 36a-c have a fourth thickness ha, the selector
nodes 38a-c have a fifth thickness hs, and row lines 22 have a sixth thickness hs. In one
embodiment, the first thickness h; has a thickness selected to be the range between about 10
nm and 100 nm, for example 35 nm, the second thickness h, has a thickness selected to be
the range between about 10 nm and 50 nm, for example 25 nm, the third thickness h; has a
thickness selected to be the range between about 5 nm and 50 nm, for example 25 nm, and
the fourth thickness hs has a thickness selected to be the range between about 10 nm and 100
nm, for example 25 nm. In embodiments where selector nodes 38a-c comprise chalcogenide
materials of OTS switches, the fifth thickness hs has a thickness selected to be the range
between about 5 nm and 50 nm, for example 25 nm, and the sixth thickness hs has a
thickness selected to be the range between about 10 nm and 100 nm, for example 50 nm.

[0048] In connection with the discussion above, a person having ordinary skill in
the art will understand that choosing materials coupled to storage nodes and selector nodes to
optimize the performance of a memory cell with respect to their electrical resistances and
thermal resistances can have tradeoffs. For example, in FIGS. 2A and 2B, choosing a
metallic material to serve as top and bottom electrodes 32a and 36a of the storage node 34a
can desirably reduce first and third LRS and HRS resistances Rygsi, Rirss, Rursi, and Rygss.
However, such a choice can undesirably reduce first and second thermal resistances Ryy; and
R, Embodiments that minimize such tradeoffs are now disclosed herein.

[0049] Figures 3A and 3B illustrate cross-sectional views of a portion of a cross-
point memory array 80 viewed from a direction parallel to the x-direction and the y-
direction, respectively. The cross-point memory array 80 is configured as fully-confined
array architecture described above. The cross sectional views are annotated with a circuit
representation demonstrating relevant resistive elements during an access operation of a

memory cell 50a as described above. Similar to the cross-point array 10 of FIGS. 2A and
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2B, the cross-point array 80 includes memory cells disposed between column lines 20 and
row lines 22.

[0050] According to the illustrated embodiment in FIGS. 3A and 3B, a memory
cell includes a bottom electrode, a chalcogenide material element disposed on the bottom
electrode, and a top electrode disposed on the chalcogenide material element. The top
celectrode includes a top thermally insulating region over the first electrode, where the
thermally insulating region comprises carbon and has a first thermal resistivity. Top
electrode additionally includes a top metallic contact region interposed between the
chalcogenide material element and the thermally insulating region, where the metallic
contact material has a second thermal resistivity lower than the first thermal resistivity.

[0051] Additionally, the chalcogenide material element has top and bottom
surfaces and first and second sidewalls extending between top and bottom surfaces, and the
memory cell further includes a plurality of sidewall thermal insulators formed over first and
second sidewalls.

[0052] In particular, the cross-point memory array 80 of FIGS. 3A and 3B
includes memory cells 50a-50c. Memory cells 50a-50c include bottom electrodes including
bottom thermally insulating regions 60a-60c and bottom metallic contact regions 58a-58c
disposed on row lines (not shown). In one embodiment, bottom thermally insulating regions
60a-60c are disposed on row lines 22 and may include carbon. Bottom thermally insulating
regions 60a-60c can include carbon in various forms, including graphitic carbon, diamond-
like carbon, and amorphous carbon, among others. Bottom thermally insulating regions 60a-
60c including carbon can be formed using various processing techniques, including chemical
vapor deposition, plasma-enhanced chemical vapor deposition, physical vapor deposition,
among others.

[0053] In another embodiment, bottom metallic contact regions 58a-58c are
disposed on thermally insulating regions 60a-60c and comprise metallic materials. Bottom
metallic contact regions 58a-58c include suitable conductive and/or semiconductive
materials including n-doped poly silicon and p-doped poly silicon, metals including Al, Cu,
Ni, Cr, Co, Ru, Rh, Pd, Ag, Pt, Au, Ir, Ta, and W, conductive metal nitrides including TiN,

TaN, WN, and TaCN, conductive metal silicides including tantalum silicides, tungsten
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silicides, nickel silicides, cobalt silicides, and titanium silicides, and conductive metal oxides
including RuQO».

[0054] In some embodiments, bottom thermally insulating regions 60a-60c are in
direct contact with bottom metallic contact regions 58a-58c. In other embodiments,
intervening regions may be present that can include materials in bottom thermally insulating
regions 60a-60c and bottom metallic contact regions 58a-58c.

[0055] Additionally, memory cells 50a-50c include chalcogenide material
elements 56a-56¢ disposed on bottom metallic contact regions 58a-58c. In one embodiment,
chalcogenide material elements 56a-56¢ can be storage nodes described in connection with
FIGS. 2A and 2B. In this embodiment, there can be selector nodes coupled elsewhere (not
shown in FIG. 3A and 3B), for example, coupled to bottom thermally insulating regions 60a-
60c. Selector nodes can be part of various selector devices described above, including, for
example, BJTs and OTSs. In another embodiment, chalcogenide material elements 56a-56¢
can be sclector nodes described in connection with FIGS. 1, 2A, and 2B. In this
embodiment, there can be storage nodes coupled elsewhere (not shown in FIG. 3A and 3B),
for example, coupled to bottom thermally insulating regions 60a-60c.

[0056] Additionally, memory cells 50a-50c include top clectrodes including top
thermally insulating regions 52a-52¢ and top metallic contact regions 54a-54c¢ disposed on
chalcogenide material elements 56a-56c. In one embodiment, top metallic contact regions
54a-54c are disposed on chalcogenide material elements 56a-56¢ and comprise metallic
materials. Top metallic contact regions 54a-54c¢ include suitable conductive and/or
semiconductive materials similar to bottom metallic contact regions 58a-58c described
above.

[0057] In another embodiment, top thermally insulating regions 52a-52c are
disposed on top metallic contact regions 54a-54c and include carbon. Top thermally
insulating regions 52a-52c¢ can include carbon in similar forms and be formed using similar
processing techniques as in bottom thermally insulating regions 60a-60c.

[0058] In some embodiments, bottom thermally insulating regions 60a-60c are in
direct contact with bottom metallic contact regions 58a-58c. In other embodiments,
intervening regions may be present that can include materials in bottom thermally insulating

regions 60a-60c and bottom metallic contact regions 58a-58c.
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[0059] In addition, in some embodiments, chalcogenide material elements S6a-
56c can be in direct contact with one or both of top and bottom metallic contact regions 54a-
54c¢ and 58a-58c. In other embodiments, intervening regions may be present that can include
materials in chalcogenide material elements 56a-56¢ and top and bottom metallic contact
regions 54a-54c¢ and 58a-58c.

[0060] According to the illustrated embodiment of FIG. 3A, chalcogenide
material elements 56a and 56b have top and bottom surfaces and first and second sidewalls
extending between top and bottom surfaces along the z-direction. In the fully-confined array
architecture of the cross-point memory array 80, first and second sidewalls are separated in
the y-direction by a distance spanning one cell dimension in the y direction (which is similar
to the third lateral dimension in the x-direction ds, in FIG. 2A, not illustrated here for
clarity). In this configuration, memory cells 50a and 50b include first sidewall thermal
insulators 72 formed over first and second sidewalls. The first sidewall thermal insulators
72 includes a plurality of sidewall materials, e.g., sidewall layers 72-1 to 72-n (not labeled
individually in FIG 3A for clarity), to provide sufficient thermal insulation to improve
programming efficiency of the chalcogenide material element of a target memory cell, and to
provide improved immunity against program disturb, as discussed above in connection with
FIGS. 2A and 2B. In the example embodiment of FIG. 3A, the chalcogenide material
element of the target cell can be 56a, and the chalcogenide material element of the victim cell
can be 56b adjacent to each other along a common column line 20. Each of the first sidewall
thermal insulators 72 includes first through nth sidewall layers. In the illustrated example, by
way of an example only, each of the first sidewall thermal insulators 72 includes first through
fifth sidewall layers 72-1 - 72-5 on the first and second sidewalls, where the first sidewall
layer 72-1 can be in contact with first and second sidewalls. According to one embodiment,
first and second sidewall layers comprise first and second dielectric materials D1 and D2,
where cach of the first and second sidewall layers have an atomic element not included in the
other sidewall layer. According to another embodiment, the sidewall layers can have an
alternating arrangement, such that each of first, third, and fifth sidewall layers comprise D1
and each of second and fourth sidewall layers comprise D2 (i.e., D1/D2/D1/D2/D1). Other

embodiments are possible, where cach third through fifth sidewall layers 72c-72¢ can
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comprise third through fifth dielectric materials D3-D5 that can be one of D1 or D2 or other
materials.

[0061] In one embodiment, each of the first through nth sidewall layers 72-1 to
72-n of first sidewall thermal insulators 72 can have a thickness ranging from about 1 to 10
nm, for instance about 2 nm. In another embodiment, each of the first through nth sidewall
layers 72-1 to 72-n of the first sidewall thermal insulators 72 can have a thickness ranging
from about 2 to 5 nm, for instance about 3.5 nm. In addition, in some embodiments, the
thicknesses of sidewall layers 72-1 to 72-n are substantially the same. In other embodiments,
the thicknesses of sidewall layers 72-1 to 72-n are substantially different from one another.

[0062] In one embodiment, first sidewall thermal insulators 72 can have 1 to 20
sidewall layers (i.e., n can be 1 to 20), for instance 10 sidewall layers. In another
embodiment, first sidewall thermal insulators 72 can have 2 to 10 sidewall layers (i.e., n can
be 2 to 10), for instance 6 sidewall layers. In yet another embodiment, first sidewall thermal
insulators 72 can have 3 to 7 sidewall layers (i.e., n can be 3 to 7), for instance 5 sidewall
layers.

[0063] In one embodiment, each of the first through nth sidewall layers of the
first sidewall thermal insulators 72 can include oxides such as Si0», ZrO,, HfO,, Al,Os, NiO,
TiO,, TayOs, ThO,, HfSiO4, ZrSi04, Mg>Si04, MgO, BeO, and oxides of lanthanide series,
among other oxides. In another embodiment, each of the first through nth sidewall layers of
the first sidewall thermal insulators 72 can include nitrides or carbides such as SisN4 and SiC,
among other nitrides and carbides.

[0064] Each of the first through nth sidewall layers of first sidewall thermal
insulators 72 can be formed using a suitable deposition technique. For example, the first
through nth sidewall layers can be formed using various processing techniques, including
atomic layer deposition, chemical vapor deposition, plasma-enhanced chemical vapor
deposition, physical vapor deposition, among others. A person skilled in the art will
understand that the choice of a processing technique depends on many factors, €.g., as the
availability of the precursor material, feature size and/or aspect ratio of an opening through
which the material to be deposited is to travel, cost, and conformality of the deposited

material, among others.
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[0065] Figure 3B similarly illustrates chalcogenide material elements S6a and 56¢
having top and bottom surfaces and third and fourth sidewalls extending between top and
bottom surfaces along the z-direction. In the fully-confined array architecture of the cross-
point memory array 80, third and fourth sidewalls are separated in the x-direction by a
distance spanning one cell dimension in the x direction (which is similar to the third lateral
dimension in the x-direction dsp, in FIG. 2B, not illustrated here for clarity). In addition, third
and fourth sidewalls are substantially perpendicular to first and second sidewalls. In this
configuration, memory cells 50a and 50c include second sidewall thermal insulators 74
formed over third and fourth sidewalls. Similar to first sidewall thermal insulators 72,
second sidewall thermal insulators 74 include a suitable number of sidewall materials, e.g.,
layers, to provide sufficient thermal insulation to improve programming cfficiency of the
chalcogenide material element of a target memory cell, and to provide improved immunity
against program disturb, as discussed above in connection with FIGS. 2A and 2B. In the
example embodiment of FIG. 3B, the chalcogenide material element of the target cell can be
56a, and the chalcogenide material element of the adjacent victim cell can be 56¢ along a
common row line 22. Each of the second sidewall thermal insulators 74 includes (n+1)th
through mth sidewall layers (not labeled individually in FIG 3B for clarity),. In the
illustrated example, by way of an example only, each of the second sidewall thermal
insulators 74 includes sixth through tenth sidewall layers 74-6 to 74-10 on third and fourth
sidewalls, where the sixth sidewall layer 74-6 can be in contact with third and fourth
sidewalls. The materials, thicknesses, and the number of (n+1)th through mth sidewall layers
of the second sidewall thermal insulators 74 can be similar to those described for first
sidewall thermal insulators 72. In addition, the sidewall layers of the second sidewall
thermal insulators 74 can be formed using similar techniques as those described for first
sidewall thermal insulators 72.

[0066] A person skilled in the art will understand that a choice of certain material
combinations for different regions of the memory cell and the array can be made to optimize
certain aspects of the performance of the memory cell. These aspects are discussed by
referring to a circuit path 14. In the fully-confined array architecture of the cross-point
memory array 80 in FIGS. 3A and 3B, the memory cell 50a may be accessed in a bit-

addressable mode by application of an access voltage Vaccrss across the a first terminal 14a
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and a second terminal 14b of the access circuit path 14. The first and second terminals can
represent an nth column 20 and a mth row 22. Vaccgss and the associated current Iaccrss
will result in energy dissipation at various points along the access circuit path 14.

[0067] The access circuit path 14 includes first through third resistors 62, 64, and
66 connected in electrical series between first and second terminals 14a and 14b. Similar to
the access circuit path 12 in FIGS. 2A and 2B, the first through third resistors 62, 64, and 66
can have first through third LRS resistances R’1rs1, R’1rs2, and R’y rg3 and HRS resistances
R’urs1, R’urs2, and R’yrss. Contributions to LRS and HRS resistances can originate from
various regions across the memory cell 50a, which is a target memory cell in this example.
For example, regions that contribute to R’y rs; and R’ grs; can include a bulk material of the
top thermally insulating region 52a, a bulk material of the top metallic contact region 54a,
and a first interface between the top metallic contact region 54a and the storage node 56a.
Additionally, regions that contribute to R’ rs; and R’prs> can include a bulk material of the
storage node 56a. Additionally, regions that contribute to R’ rs3 and R’prs3 can include a
second interface between the storage node S6a and the bottom metallic contact region 58a, a
bulk material of the bottom metallic contact region 58a, and a bulk material of the bottom
thermally insulating region 60a. It is to be understood that while other regions may also
contribute substantially to the overall resistance between the first and second terminals 14a
and 14b, only first through third resistors 62, 64, and 66 are represented in the access circuit
path 14 for clarity. In addition, other circuit paths can exist, for example, through the second
memory cell 50b, which are not shown nor discussed for clarity.

[0068] In the illustrated embodiment of FIG. 3A and 3B, by choosing a suitable
material for the top metallic contact region 54a as discussed above, the contribution of the
first interface between the top electrode and the storage node 56a to R’ rs; and R’yrs; can be
substantially reduced compared to embodiments that do not include the top metallic contact
region 54a. Similarly, by choosing a suitable material for the bottom metallic contact region
58a as discussed above, the contribution of the second interface between the bottom
electrode and the storage node 56a to R’rrss and R’prss can be substantially reduced
compared to embodiments that do not include the bottom metallic contact region 58a. This is
because interfaces formed by top and bottom thermally insulating regions 52a and 60a in

contact with the chalcogenide material element 56a can have substantially higher contact
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resistances compared interfaces formed by top and bottom metallic contact regions 54a and
58a in contact with the chalcogenide material element 56a.

[0069] In one embodiment, the contribution of interfacial resistances of first and
second interfaces to first and third LRS resistances R’1rs; and R’y rs3 and first and third HRS
resistances R’prs: and Rprs3 is below about 1x10° Ohm cm®. In another embodiment, the
contribution of interfacial resistances of first and second interfaces to first and third LRS
resistances R’ rs; and R’y rgs and first and third HRS resistances R’yrs1 and R’pgrss3 is below
about 1x10”7 Ohm c¢m”. In yet another embodiment, the contribution of interfacial resistances
of first and second interfaces to first and third LRS resistances R’1rs; and R’1rs3 and first
and third HRS resistances R’yrs; and R urs;3 is below about 5x10°* Ohm cm?.

[0070] By reducing contributions of first and second interfaces to LRS and HRS
resistances as described above in the embodiment of FIG. 3A and 3B, a higher ON/OFF ratio
can be achieved. This is because as discussed above, the ON/OFF ratio can be proportional
to the ratio (R’grs1+ R’ urs2TRrs3) / (R'Lrs1+ R’Lrs2TRLrs3), and when R’ prsa >> R prst +
R’yrss and R’pgrss >> R’irs1 + R’irss, the ON/OFF ratio can be dominated by the ratio
R’ursa/R’1rs>. Under this circumstance, the ON/OFF ratio can be desirably dominated by
the resistance values of the bulk resistance of the storage node 56a in SET and RESET states.
Thus, from an ON/OFF ratio point of view, an implementation exemplified in FIGS. 3A and
3B can desirably have relatively low LRS and HRS resistances R’ grsi, R’1rs3, R urs1, and
R’prs3 of the first and third resistors 62 and 66 and relatively high LRS and HRS resistances
R’1rs» and R’prs» of the second resistor 64.

[0071] Additionally, in the illustrated embodiment of FIG. 3A and 3B, by
choosing a suitable material for the top metallic contact region 54a as discussed above,
higher energy efficiencies of SET and RESET operations can also be achieved. This is
because it may be desirable to have self-heating of the storage node dominate over heats
generated in other regions. From this standpoint, it may be desirable to have R’ygrgy >>
R’urs1 + R’ugrss and R’prs» >> R’y rs1 + R’1rss. When a voltage Vcesss i applied between
the first and second terminals 14a and 14b of the access circuit path 14, voltages proportional
to respective LRS and HRS resistances can drop across first, second, and third resistors 62,
64, and 66. In particular, when Vaccrss=Vreser 1S applied between the first and second

terminals 14a and 14b, first, second, and third voltages V reser1, V' reser, and V ggsgrs can
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drop across first, second, and third resistors 62, 64, and 66, respectively. In addition, the
resulting current Ireser=Vreser/(R’Lrs1TR’Lrs2> TR’ 1rs3) can result in generation of first,
second, and third RESET heats Q’RESET1=IRESET2R’LR31 and Q’RST3=IRESET2R’LR33, and
Q’RST3=IRESET2R’LR33, respectively. Thus, by having R’ rs» >> R’ rs1 + R’1rs3, more of the
access energy is spent on self-heating the chalcogenide material element S6a compared to the
interfaces.

[0072] Similarly, when Vaccrss=Vser is applied between the first and second
terminals 14a and 14b, first, second, and third voltages V’sgri, V’sgm. and V’sgrs can drop
across first, second, and third resistors 62, 64, and 66, respectively. In addition, the resulting
current Isgr=Vspr/(R’urs1+R urs>+R 1rs3) can result in the generation of first, second, and
third SET heats Q’spri=Iser R'mrs1 and Q’sero=Iser'R'mrss, and  Q’sers=Iser R’mrss,
respectively. Thus, by having R’grs> >> R’grs1 + R’grs3. more of the access energy is spent
on heating the chalcogenide material element 56a versus the interfaces.

[0073] Furthermore, in the illustrated embodiment of FIG. 3A and 3B, by
choosing a suitable material for top and bottom insulating regions 52a and 60a and for first
and second sidewall thermal insulators 72 and 74 as discussed above still higher energy
efficiency of SET and RESET operations can be achieved by more efficiently confining the
heat generated in the storage node in response to dissipation of power during SET and
RESET operations. As illustrated in FIG. 3A and 3B, there can be heat loss in six directions.
A first heat Q’; can be lost from the storage node 56a in the z-direction towards the column
line 20. A second heat Q’» can be lost from the storage node 56a in the z-direction towards
the row line 22. A third heat Q’; can be lost from the storage node 56a in opposite y-
directions towards adjacent storage nodes 56b and 56h (not shown). A fourth heat Q’4 can
be lost from the storage node 56a in opposite x-directions towards adjacent storage nodes S4c
and 54e¢ (not shown).

[0074] First through fourth heats Q’;-Q’s can be characterized as being inversely
proportional to first through fourth thermal resistances R’ry1-R’ma.  In the fully-confined
array architecture of the cross-point memory array 80, contributions to first through fourth
thermal resistances R’ry;-R’ s can originate from various regions connected to the memory
cell 50a, which can be a target memory cell. For example, regions that contribute to R’ry;

and R’y can include bulk materials of the top and bottom thermally insulating regions 52a
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and 60a. Thus, by choosing a suitable material for top and bottom insulating regions 52a and
60a, c.g., a carbon-based material, Q’; and Q’» can be substantially reduced compared to
embodiments that do not include top and bottom insulating regions 52a and 60a.

[0075] In this connection, choosing materials having suitable thermal resistivities
can be important for minimizing Q’; and Q’». In one embodiment, a first ratio of the thermal
resistivity corresponding to top thermally insulating regions 52a-52¢ and the thermal
resistivity corresponding to top metallic contact regions 54a-54¢ has a range between about 1
and 500. In another embodiment, the first ratio has a range between about 1 and 200. In yet
another embodiment, the first ratio has a range between about 10 and 50. Similarly, a second
ratio of the thermal resistivity corresponding to bottom thermally insulating regions 60a-60c
and the thermal resistivity corresponding to bottom metallic contact regions 58a-58c can
have similar ranges and values as the first ratio.

[0076] Additionally, regions that contribute to R’ry3 can include interfaces and
bulk materials formed between the storage node 56a and sidewall layers 72-1 to 72-n of first
sidewall thermal insulators 72. Similarly, regions that contribute to R’rys can include
interfaces and bulk materials formed between the storage node 56a and sidewall layers 74-
(n+1) to 72m of second sidewall thermal insulators 74. Thus, by choosing suitable materials
and numbers of sidewall layers for first and second sidewall thermal insulators 72 and 74 as
discussed above, Q’; and Q’4 can be substantially reduced compared to embodiments that do
not include first and second sidewall thermal insulators 72 and 74.

[0077] A person skilled in the art will understand that having first and second
sidewall thermal insulators 72 and 74 including a plurality sidewall layers can increase R’y
and R’ by more than a mere linear sum proportional to thicknesses and thermal resistance
values of the individual layers. This is because the presence of interfaces can increase the
thermal resistance independently of the bulk material. For example, having first and second
sidewall layers of first and second dielectric materials having a combined first thickness can
have lower thermal resistance compared to first through tenth sidewall layers of alternating
first and second dielectric materials having a combined second thickness equal to the first
thickness.

[0078] Similarly, higher R’ryy3 and R’y resulting from having first and second

sidewall thermal insulators 72 and 74 can reduce program disturb of adjacent cells. As

25-



WO 2014/197172 PCT/US2014/037741

discussed above in connection with FIGS. 2A and 2B, program disturb of adjacent cells
depend on the increased temperature of the adjacent victim cell induced by programing a
target cell. In this connection, minimizing loss of third and fourth heats Q’; and Q’4 in FIGS.
3A and 3B, which can be achieved by maximizing R’ry3 and R’ 4 discussed above, can lead
to an improvement in program disturb performance of the cross-point memory array 80. .

[0079] According to the embodiments of FIGS. 3A and 3B, column lines 20 have
a first thickness h; and the storage node 56a-c have a third thickness h; similar to the first and
third thicknesses of FIGS. 2A and 2B. In addition, top thermally insulating regions 52a-c
and top metallic contact regions 54a-c have thicknesses h,a and hsp, respectively. In
addition, bottom metallic contact regions 58a-c and bottom thermally insulating regions 60a-
¢ have thicknesses haa and hap, respectively. In one embodiment, each of the thicknesses haa
and hyp of top and bottom thermally insulating regions 52a-c and 60a-c can be selected to be
in the range between 10 and 50 nm. In another embodiment, each of the thicknesses h,5 and
hsp of top and bottom thermally insulating regions 52a-c and 60a-c can be selected to be in
the range between 20 and 30 nm. In one embodiment, each of the thicknesses hog and hya of
top and bottom metallic contact regions 54a-¢ and 58a-c¢ can be selected to be in the range
between 5 and 30 nm. In another embodiment, each of the thicknesses hog and hsa of top
and bottom metallic contact regions 54a-c and 58a-c can be sclected to be in the range
between 10 and 20 nm. Other dimensions not illustrated, for example the fifth thickness hs
and the sixth thickness hg can be similar to the dimensions discussed above in connection
with FIGS. 2A and 2B.

[0080] Figures 4A and 4B illustrate cross-sectional views of a portion of a cross-
point memory array 110 viewed from a direction parallel to the x-direction and the y-
direction, respectively, according to another embodiment. Similar to the cross-point array 80
of FIGS. 3A and 3B, the cross-point array 110 includes memory cells disposed between
column lines 20 and row lines 22. In contrast to the fully-confined array architecture
described above in connection with FIGS. 3A and 3B, the array architecture in FIGS. 4A and
4B has a top thermally insulating region, a top metallic contact region, and a chalcogenide
material element forming a continuous line along with the column line 20. In addition, the

array architecture in FIGS. 4A and 4B has bottom clectrodes forming a thin wall structure
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extending in the row direction. The array architecture is referred to herein as a wall array
architecture.

[0081] According to the illustrated embodiment in FIGS. 4A and 4B, a memory
cell includes a bottom electrode, a chalcogenide material element disposed on the bottom
electrode, and a top electrode disposed on the chalcogenide material element. The top
celectrode includes a top thermally insulating region over the first electrode, where the
thermally insulating region comprises carbon and has a first thermal resistivity. Top
electrode additionally includes a top metallic contact region interposed between the
chalcogenide material element and the thermally insulating region, where the metallic
contact layer has a second thermal resistivity lower than the first thermal resistivity.

[0082] Additionally, the chalcogenide material element has top and bottom
surfaces and first and second sidewalls extending between top and bottom surfaces, and the
memory cell further includes a plurality of sidewall thermal insulators formed over first and
second sidewalls.

[0083] The cross-point memory array 110 of FIGS. 4A and 4B includes memory
cells 90a-90c. Memory cells 90a-90c¢ include bottom electrodes 98a and 98b disposed on
row lines (not shown). Bottom electrodes 98a and 98¢ in FIG. 4B form a thin wall extending
in the x-direction having a wall length similar to the fourth lateral dimension in the x-
direction d4, corresponding to the bottom electrodes 36a and 36¢ in FIG. 2B. However,
unlike FIG. 2B, the bottom eclectrodes 98a and 98b in FIG. 4A have a wall thickness
substantially thinner than the fourth lateral dimension in the y-direction ds, corresponding to
the bottom electrodes 36a and 36b in FIG. 2A. The wall thickness can be any suitable
thickness substantially less than the fourth lateral dimension ds, and chosen to dissipate
sufficient energy to as a heater for changing the phase of the chalcogenide material element
during either one or both of SET and RESET operations. For example, in one embodiment,
the wall thickness is between about 10% and about 50% of the fourth lateral dimension dsa.
In another embodiment, the wall thickness is between about 20% and about 40% of the
fourth lateral dimension dg,, for instance about 25%. Due to the thin wall configuration, the
bottom clectrodes 98a-98c¢ dissipates a substantial amount of energy in both SET and RESET

operations and can function as a heater for the chalcogenide material element.
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[0084] Additionally, in contrast to the fully-confined array architecture described
above in connection with FIGS. 3A and 3B, the wall array architecture in FIGS. 4A and 4B
has chalcogenide material elements 96a and 96¢ disposed on bottom clectrodes 98a and 98c,
top metallic contact regions 94a and 94c¢ disposed on chalcogenide material elements 96a and
96¢c, and top thermally insulating regions 92a and 92¢ disposed on metallic contact regions
94a and 94c¢. In this embodiment, chalcogenide material elements 96a and 96c¢, top metallic
contact regions 94a and 94c, and top thermally insulating regions 92a and 92¢ form
continuous lines along with the column line 20. In one embodiment, chalcogenide material
elements 96a-96¢ can be storage nodes In this embodiment, there can be selector nodes
coupled elsewhere (not shown in FIG. 4A and 4B), for example, coupled to bottom
electrodes 98a-98c. The selector nodes can be part of various selector devices described
above, including, for example, BJTs and OTSs.

[0085] Top metallic contact regions 94a-94c include suitable conductive and
semiconductive materials similar to top metallic contact regions of FIGS. 3A and 3B. In
addition, top thermally insulating regions 92a-92¢ can include carbon in similar forms as in
top thermally insulating regions of FIGS. 3A and 3B, and can be formed using similar
processing techniques.

[0086] According to the illustrated embodiment of FIG. 4B, chalcogenide
material elements 96a and 96¢ have top and bottom surfaces and first and second sidewalls
extending between top and bottom surfaces along the z-direction. In the wall array
architecture of the cross-point memory array 110, first and second sidewalls extend in the y-
direction to span one column line dimension in the y direction (which is similar to the first
lateral dimension in the y-direction d;, in FIG. 2A, not illustrated here for clarity). In this
configuration, memory cells 90a and 90b include a plurality of first sidewall thermal
insulators 104 formed over first and second sidewalls. Similar to FIG. 3B, the plurality of
first sidewall thermal insulators 104 includes a suitable number of layers to provide sufficient
thermal insulation to improve programming efficiency of the chalcogenide material element
of a target memory cell, and to provide improved immunity against program disturb, as
discussed above in connection with FIGS. 2A and 2B. In the example embodiment of FIG.
4B, the chalcogenide material element of the target cell can be 96a, and the chalcogenide

material element of the victim cell can be 96b along a common row line 22 (not shown).
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Each of the first sidewall thermal insulators 104 can include first through nth sidewall layers,
similar to as discussed in FIGS. 3A and 3B. In addition, the materials, thicknesses, and the
number of first through nth sidewall layers of the first sidewall thermal insulators 104 can be
similar to those described for the first sidewall thermal insulators in FIGS. 3A and 3B. In
addition, the sidewall layers of the second sidewall thermal insulators 104 can be formed
using similar techniques as those described for the first sidewall thermal insulators in FIGS.
3A and 3B.

[0087] 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 features and advantages set forth herein,
are also within the scope of this invention. Moreover, the various embodiments described
above can be combined to provide further embodiments. In addition, certain features shown
in the context of one embodiment 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 IS CLAIMED IS:

L. An electronic device comprising:

a first electrode;

a phase change material element disposed on the first electrode:

a second electrode disposcd on the phase change material clement, the second clectrode
comprising a thermally insulating region, the thermally insulating region comprising carbon and
having a first thermal resistivity, and a metallic contact region interposed between the phase change
material element and the thermally insulating region, the metallic contact region having a second
thermal resistivity lower than the first thermal resistivity,

wherein the first electrode, the sccond electrode, and the phase change material element have
dimensions and electrical resistivitics such that an electrical resistance of a bulk material of the phase
change material element is greater than a combined electrical resistance of a bulk material of the
thermally insulating region, & bulk material of the metallic contact region, and an interface between

the metallic contact region and the phase change material element.

2. The electronic device of Claim 1, wherein the phase change material element
comprises a chalcogenide material and the second thermal resistivity is lower than the first thermal

resistivity by a ratio of at least 10.

3. The electronic device of Claim 2, wherein the metallic contact region comprises
tungsten.
4. The electronic device of Claim 2, wherein the metallic contact region is in contact

with the thermally insulating region.

5. The electronic device of Claim 2, wherein the phase change material element is a

storage node of a memory cell.

6. The electronic device of Claim 5, further comprising a selector device clectrically

coupled to the storage node through the first electrode.

7. The clectronic device of Claim 6, wherein the selector device is a bipolar junction

iransistor.




. The electronic device of Claim 6, wherein the selector device is an ovonic threshold

switch.

9. An electronic device comprising:

a first electrode;

a phase change material disposed on the first electrode, wherein the phase change material
element is a selector node of a memory cell; and

a second electrode disposed on the phase change material element, the second electrode
comprising a thermally insulating region, the thermally insulating region comprising carbon and
having a first thermal resistivity, and a metallic contact region interposed between the phase change
material element and the thermally insulating region, the metallic contact region having a second

thermal resistivity lower than the first thermal resistivity.

10. The electronic device of Claim 9, further comprising a storage node electrically

coupled to the selector node through the first electrode.

11. The electronic device of Claim 2, wherein the phase change material element has a

first surface and a second surface, and the metallic contact region is in contact with the first surface.

12. The electronic device of Claim 11, wherein the metallic contact region in contact with

- - ~ . . . . o 2
the first surface forms a first interface having an interfacial resistance below about 10 Q-em?.

13. The electronic device of Claim 11, wherein the phase change material element has
first and second sidewalls extending between first and second surfaces, the clectronic device further

including sidewall thermal insulators formed over first and second sidewalls,

14. The electronic device of Claim 13, wherein sidewall thermal insulators include
plurality of sidewall layers, the sidewall layers including first sidewall layers on the first and second

sidewalls and second sidewall layers on first sidewall layers.

15. The electronic device of Claim 1, wherein the first electrode comprises a thermally
insulating region, the thermally insulating region comprising carbon and having a first thermal
resistivity, and wherein the first clectrode further comprises a metallic contact region interposed
between the phase change material element and the thermally insulating region, the metallic contact

region having a sccond thermal resistivity lower than the first thermal resistivity.




16. The electronic device of Claim 1, wherein the first electrode forms a wall structure
having a wall width along a first horizontal direction and a wall thickness along a second horizontal
direction substantially perpendicular to the first horizontal direction, wherein the wall thickness is

substantially smaller than the wall width.

17. The electronic device of Claim 1, wherein the first thickness is selected to be between
about 10nm and about 50nm, the second thickness is selected to be between about 5nm and about

30nm and the third thickness is between about 10nm and about 50nm.

18. An electronic device comprising:

a first electrode;

a phase change material element disposed on the first electrode;

a second electrode disposed on the phase change material element, the second electrode
comprising a thermally insulating region, the thermally insulating region comprising carbon and
having a first thermal resistivity, and a metallic contact region interposed between the phase change
material element and the thermally insulating region, the metallic contact region having a second
thermal resistivity lower than the first thermal resistivity; and

an access line disposed on the second electrode and extending in a first direction, wherein the
access line and at least the second electrode have a same nominal width measured in a second

direction crossing the first direction.

19. The electronic device of Claim 18, wherein the phase change material element and

the first electrode have the same nominal width.

20. The electronic device of Claim 18, further comprising:
a second access line disposed under the second electrode and extending in the second

direction.

21. The electronic device of Claim 18, wherein the access line and the second access line

are metallic lines.



