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ing resistive memory cells are described. In some embodiments, the resistive
memory cells are formed from a resistive memory precursor that includes a
switching layer precursor containing a plurality of oxygen vacancies that are
present in a controlled distribution therein, optionally without the use of an oxy-
gen exchange layer. In these or other embodiments, the resistive memory precurs-
v ors described may include a second electrode formed on a switching layer pre-
cursor, wherein the second electrode is includes a second electrode material that is
! conductive but which does not substantially react with oxygen. Devices including
resistive memory cells are also described.
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RESISTIVE MEMORY CELLS AND PRECURSORS THEREOF, METHODS OF MAKING THE SAME,
AND DEVICES INCLUDING THE SAME

FIELD
[0001] The present disclosure relates to resistive memory cell precursors and methods
of making the same. Devices including resistive memory cells manufactured from such

precursors are also described.

BACKGROUND

[0002] Resistive memory, such as resistive random access memory (ReRAM or
RRAM) generally includes a plurality of resistive memory cells. Such cells may be in the
form of a two terminal device in which a comparatively insulating switching layer or
medium is positioned between two conductive electrodes. In some instances, such
devices include one transistor (1T) or one diode (1D) along with one resistor (1R),
resulting in 1T1R or 1DIR configurations. The resistive memory cells of RRAM can
change between two different states in response to a voltage, namely a high resistance
state (HRS) which may be representative of an OFF or O state; and a low resistance state
(LRS) which may be representative of an ON or a 1 state.

[0003] Some resistive memory devices operate based on the formation and breakage
of filamentary channels (hereinafter, filaments) within the switching layer of individual
resistive memory cells. Such devices, referred to herein as filamentary resistive memory,
require the execution of an initial forming process, during which a relatively high voltage
stress (known as a forming voltage) is applied to a memory cell precursor. During the
application of the forming voltage, at least some vacancies within the switching layer
redistribute to form one or more filaments that provide a low resistance pathway between

the conductive electrodes of the cell. The resulting resistive memory cell may then be
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toggled between a high and low resistive state by the application of a reset and set
voltage, respectively.

[0004] As may therefore be appreciated, some filamentary resistive memory cells are
manufactured by applying a forming voltage to a switching layer precursor that includes
oxygen vacancies that are distributed therein. Although such processes have shown
promise, they generally rely on the use of cell precursors that offer limited control over
the distribution of oxygen vacancies in the switching layer precursor. As a result, such
processes also offer limited control over the geometry or other characteristics of the
filament(s) formed by application of the forming and/or SET voltage. Moreover in some
instances, such processes rely on precursors that include an oxygen exchange layer to
react with oxygen in the switching layer precursor to produce oxygen vacancies, €.g., in
an annealing process. Although effective to produce oxygen vacancies, in many
instances some portion of the OEL may remain unreacted after the annealing process.
When present the residual unreacted OEL may further react with oxygen in the switching
layer produced by the forming process, potentially changing the performance
characteristics of the resistive memory cell over time. This can be of particular concern
in instances where the OEL is manufactured from the same material as an overlying
electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Features and advantages of embodiments of the claimed subject matter will
become apparent as the following Detailed Description proceeds, and upon reference to
the Drawings, wherein like numerals depict like parts, and in which:

[0006] FIG. 1A is a block diagram of the structure of one example of a resistive
memory cell precursor structure.

[0007] FIG. 1B is a block diagram of the precursor of FIG. 1A, after a heat treatment
process.

[0008] FIGS. 2A-2D stepwise illustrate one example process for forming a resistive
memory cell.

[0009] FIG. 3 is a plot of vacancy concentration versus switching layer precursor

depth, for one example of a resistive memory cell precursor.
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[0010] FIG. 4 is a flow diagram of example operations of one example method of
making a resistive memory cell consistent with the present disclosure.

[0011] FIG. 5A is a block diagram of the structure of one example of a resistive
memory cell precursor consistent with the present disclosure.

[0012] FIG. 5B is a block diagram of the structure of the precursor of FIG. 5A, after
the performance of a heat treatment process.

[0013] FIG. 6 is a flow chart of example operations of one example method of
making a resistive memory cell precursor consistent with the structure of FIGS. SA and
SB.

[0014] FIG. 7A is a block diagram of the structure of another example of a resistive
memory cell precursor consistent with the present disclosure.

[0015] FIG. 7B is a block diagram of the structure of the precursor of FIG. 7A, after
the performance of a heat treatment process.

[0016] FIG. 8 is a flow chart of example operations of one example method of
making a resistive memory cell precursor consistent with the structure of FIGS. 7A and
7B.

[0017] FIG. 9 is a block diagram of the structure of another example of a resistive
memory cell precursor consistent with the present disclosure.

[0018] FIG. 10 is a flow chart of example operations of one example method of
making a resistive memory cell precursor consistent with the structure of FIG. 9.

[0019] FIGS. 11A-11E are plots of example vacancy concentration versus switching
layer precursor depth consistent with various embodiments of the present disclosure.
[0020] FIGS. 12A-12E stepwise illustrate the formation of an integrated circuit
including a resistive memory cell consistent with the present disclosure.

[0021] FIG. 13 depicts one example of a computing system including a resistive
memory including one or more resistive memory cells consistent with the present
disclosure.

[0022] Although the following Detailed Description will proceed with reference
being made to illustrative embodiments, many alternatives, modifications, and variations

thereof will be apparent to those skilled in the art.
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DETAILED DESCRIPTION

[0023] The terms “over,” “‘under,” between,” and ‘““on,” are often used herein to refer
to a relative position of one material layer or component with respect to other material
layers or components. For example, one layer disposed on (e.g., over or above) or under
(below) another layer may be directly in contact with the other layer, or may have one or
more intervening layers. Moreover one layer disposed between two other layers may be
directly in contact with the two other layers or may be separated by one or more of the
other layers, e.g., by one or more intervening layers. Similarly unless expressly indicated
to the contrary, one feature that is adjacent to another feature may be in direct contact
with the adjacent feature, or may be separated from the adjacent feature by one or more
intervening features. In contrast, the terms “directly on” or “directly below” are used to
denote that one material layer is in direct contact with an upper surface or a lower
surface, respectively, of another material layer. Likewise, the term “directly adjacent”
means that two features are in direct contact with one another.

[0024] As briefly explained in the background, interest has grown in the use of
resistive memory such as resistive random access memory (RRAM) for short or long
term storage of information. In general, resistive memory includes a plurality of resistive
memory cells that may transition between a high resistance state (HRS) or ON state and a
low resistance state (LRS) or OFF state, e.g., in response to the application of a voltage
(e.g., a set voltage or a reset voltage). Information may therefore be stored in such
devices in the form of logical 1’s and 0’s, e.g., by appropriately controlling the state of
the resistive memory cells in the device.

[0025] Some resistive memory cells include a bottom (first) electrode, a switching
layer formed on the first electrode, and top (second) electrode formed on the switching
layer. The first electrode may be connected to electrical ground, and the second electrode
connected to a voltage source, V. The voltage source may be supplied, for example, by a
transistor in a 1T1R or a diode in a ID1R configuration. In general, the switching layer is
formed of or includes a material that can be toggled between a high resistance and a low
resistance state, e.g., in response to an applied voltage. For example, in instances where a
resistive memory cell is a filamentary resistive memory cell, it may include a switching

layer that is formed from an oxide that contains a plurality of oxide vacancies. In some



10

15

20

25

30

WO 2016/105407 PCT/US2014/072330

embodiments and as will be described later, the switching layer may be fully or partially
formed from a sub-stoichiometric oxide, which may be understood as an oxide that does
not contain a stoichiometric amount of oxygen. In some embodiments, the term sub-
stoichiometric oxide is used herein to refer to an oxide that contains more oxygen
vacancies than a corresponding substantially or fully stoichiometric oxide, as generally
described above.

[0026] With the foregoing in mind, some filamentary resistive memory cells are
produced from a cell precursor that includes a switching layer precursor and an oxygen
exchange layer (OEL). One example of such a precursor is depicted in FIG. 1A. As
shown in, precursor 100 includes bottom (first) electrode 100, switching layer precursor
102, oxygen exchange layer (OEL) 103, and top (second) electrode 104. Switching layer
102 is formed on bottom electrode 102, and may be formed from or include any suitable
switching layer material. For example and as will be described later, in some
embodiments switching layer precursor 102 may be or include a substantially
stoichiometric oxide, which may be understood as an oxide that contains at least 99% (or
even at least 99.9%) of the fully stoichiometric amount of oxygen for the relevant oxide.
Without limitation, in some embodiments switching layer precursor 102 is a fully
stoichiometric oxide, which may be understood as an oxide that contains the fully
stoichiometric amount of oxygen.

[0027] OEL 103 generally includes or is formed from a layer of oxygen reactive
material. As used herein, the term “oxygen reactive material” refers to materials that can
react with switching layer precursor 102 (or, more specifically, with oxygen contained
therein), so as to convert at least a portion of switching layer precursor 102 to a sub-
stoichiometric oxide. This reaction may be facilitated, for example, by processing the
cell precursor, e.g., with the application of heat. In any case and as may be appreciated,
reaction of the oxygen reactive material with oxygen in switching layer precursor 102
may convert the oxygen reactive material to one or more corresponding oxide(S), while
at the same time converting at least a portion of switching layer 102 to a sub-
stoichiometric oxide.

[0028] The foregoing concept is illustrated in FIG. 1B, which illustrates the structure

of cell precursor 100 after it has been processed (e.g., by an annealing process) to cause
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the reaction of oxygen reactive material in OEL 103 with oxygen in switching layer
precursor 102. As shown, processed cell precursor 100” includes processed switching
layer precursor 102°, and a region of oxidized OEL 103’. In instances where the entirety
of OEL 103 is not reacted, processed cell precursor 100’ may also include a region of
unreacted oxygen reactive material, shown in FIG. 1B as OEL 103. Consistent with the
foregoing discussion all or a portion of processed switching layer 102’ includes a
plurality of vacancies (e.g., oxygen vacancies), and oxidized OEL 103’ includes one or
more oxides of the oxygen reactive material in OEL 103. As may be appreciated, OEL
103’ is formed from or includes one or more oxides that do not form filaments when
exposed to a forming voltage, or at least which does not form filaments in response to a
forming voltage that will cause the formation of filaments in a switching layer.

[0029] It is noted that while oxidized OEL 103’ is shown in FIG. 1B as a region that
is distinct from OEL 103, such structure is not necessary. Indeed in some embodiments
oxidized OEL 103’ may be in the form of one or more oxides of the oxygen reactive
material of OEL 103, wherein such oxides are distributed (e.g., randomly, homogenously,
inhomogenously, etc.) within unreacted oxygen reactive material of OEL 103. Indeed,
the present disclosure envisions embodiments wherein all or a portion of the sub-
stoichiometric oxide formed by the reaction of the oxygen reactive material of OEL 103
and oxygen in switching layer 102 is/are confined to one or more predetermined portions
of processed switching layer 102’, such as an inner region thereof. It is also noted that all
of switching layer precursor 102 need not be converted to a sub-stoichiometric oxide
during the processing of cell precursor 100. This concept is illustrated in FIG. 2A, which
illustrates processed switching layer precursor 102’ as including base material 202,
wherein base material 202 may in the form of an unreacted oxide of switching layer
precursor 102.

[0030] It is also noted that while OEL 103 and top electrode 104 are shown as distinct
regions of precursor 100, such a structure is not required. Indeed in some embodiments,
top electrode and OEL 103 may be formed a single layer of a material that is both
conductive and which is reactive with oxygen in switching layer precursor 102. One non-
limiting example of such a material is titanium, though other materials may of course be

used.
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[0031] As further shown in FIG. 2A and briefly described above, reaction of the
oxygen reactive material of OEL 103 with oxygen in switching layer precursor 102
results in the production of processed cell switching layer precursor 102°, which contains
a plurality of vacancies 201. In this case because OEL 103 was disposed over the entire
width of the upper surface of switching layer precursor 102 prior to processing (as shown
in FIG. 1A), the reaction of the oxygen reactive material in OEL 103 with the oxygen in
switching layer precursor 102 may be confined to the region proximate the upper surface
of switching layer precursor 102. As a result, the concentration of vacancies 201 may be
relatively high proximate the interface of processed switching layer precursor 102’ and
OEL 103 (or an oxide 103’ thereof), but may decrease with increasing distance from such
interface, i1.e., within regions of processed switching layer precursor 102’ that are
increasingly proximate the interface of processed switching layer precursor 102 and
bottom electrode 101. Put in other terms, vacancies 201 may be present in a gradient
distribution within processed switching layer precursor 102, wherein the concentration
of vacancies decreases with increasing distance from the interface of switching layer
precursor 102’ and OEL 103 (or an oxide 103’ thereof).

[0032] The foregoing concepts are illustrated in FIG. 3, which depicts an example
plot of the concentration of vacancies versus (processed) switching layer precursor depth,
assuming the OEL 103 is manufactured from either a highly oxygen reactive material, or
a moderately oxygen reactive material. In this context, “(processed) switching layer
depth” refers to the relative distance from the upper surface of a switching layer precursor
(or a processed switching layer precursor), prior to application of a forming voltage. As
may therefore be understood, (processed) switching layer depth may refer to a particular
region or regions within the thickness of the switching layer precursors described herein.
It is also noted that FIG. 3 depicts example distributions under the assumption that an
OEL is formed over the entire upper surface of a switching layer precursor, e.g., as shown
and described above with regard to FIGS. 1A, 1B, and 2A.

[0033] As shown in FIG. 3, when the OEL (e.g., OEL 103) is formed from material
exhibiting relatively high oxygen reactivity and the resultant structure is processed (e.g.,
by annealing), the resulting processed cell precursor may include a processed switching

layer precursor containing a plurality of vacancies, wherein the vacancies are present in a
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distribution 330 therein. In contrast when the OEL (103) is formed from material that
exhibits relatively moderate reactivity with oxygen and is processed, the resulting
processed cell precursor may include a plurality of vacancies that are present in a
distribution 340 therein. While the number of vacancies may vary between distributions
330 and 340, the overall distribution of vacancies in such distributions is substantially
similar. That is, both distributions 330, 340 indicate the presence of a gradient of
vacancies within a processed switching layer precursor, wherein the concentration of
such vacancies decreases with increasing (processed) switching layer depth.

[0034] Once oxygen vacancies are present in a switching layer precursor (as in the
case of processed switching layer precursor 102’), a forming process may be performed
to cause at least a portion of the vacancies therein to reorganize into one or more
filaments, resulting in the production of a switching layer. As used herein, the term
“forming process” refers to a process during which a (relatively high) voltage is applied
to a resistive cell precursor (or, more particularly, a switching layer precursor thereof), so
as to cause vacancies within the switching layer precursor to form one or more
filamentary channels. The parameters and manner of executing a forming process in the
context of resistive memory is well understood in the art, and therefore is not discussed in
detail herein. In any case, an outcome of a forming process may be understood to be the
formation of a resistive memory cell that includes a switching layer containing one or
more filaments. This concept is best illustrated in FIG. 2B, which illustrates the
production of filaments 203 of vacancies 201 in switching layer 102”’ in response to the
execution of a forming process on precursor 200. As may be understood, formation of
such filaments may provide low electrical resistance pathways between a bottom and top
electrode of a resistive memory cell, thus lowering the resistance of the cell and placing
the cell in a low resistance (e.g., ON) state.

[0035] Subsequent to the execution of the forming process, the resistive memory cell
may be toggled between an OFF state (HRS) and an ON state (LRS) by the application of
reset and set voltages, respectively. As shown in FIG. 2C, application of a reset voltage
to switching layer 102’ may break filaments 203, thereby increasing the resistance of
switching layer 102’ and placing the resistive memory cell in an OFF (HRS) state.

Subsequently and as shown in FIG. 2D, application of a set voltage to switching layer
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102°° may result in the reformation of filaments 203, thereby reducing the resistance of
switching layer 102°” and placing the resistive memory cell in an ON (LRS) state. The set
voltage may be the same or different as the reset voltage, and may be the same or
different polarity as the reset voltage, as understood in the art. In any case, the parameters
and manner of applying a set or reset voltage in the context of resistive memory is well
understood in the art, and therefore is not discussed in detail herein.

[0036] Moving on, the inventors have found that the distribution of vacancies within
a switching layer precursor prior to the execution of a forming process can impact the
physical and/or electrical characteristics of a resistive memory cell produced therefrom.
For example, the inventors have found that the distribution of vacancies in a (processed)
switching layer precursor can impact the number, profile, and/or dimensions of the
filament(s) formed in a switching layer produced by the application of a forming voltage
thereto. In this regard and as will be appreciated from the foregoing discussion, the
inventors discovered that cell precursors of the structure of FIGS. 1A offer relatively
limited control over the distribution of vacancies therein, prior to the application of a
forming voltage. As such, they also offer relatively limited control over the
characteristics of the filament(s) that may be formed in response to the application of a
forming voltage.

[0037] In addition the inventors have found that when a precursor of the structure of
FIG. 1A is used, in many instances some portion of OEL 103 will remain unreacted after
the precursor is subjected to a heat treating process (e.g., annealing), resulting in the
structure of FIG. 1B. This is particularly true in instances where OEL 103 and top
electrode 104 are formed from the same material. In any case, the presence of residual
(unreacted) OEL 103 material may be undesirable, as it may later react with oxygen in
switching layer of the resistive memory cell in which it is incorporated, thus potentially
altering the electrical properties of the cell over time.

[0038] With the foregoing in mind, the present disclosure generally relates to
resistive memory cells, devices, and methods of forming the same, wherein the
distribution of vacancies within a switching layer precursor is controlled prior to the
execution of a forming process. As will become apparent from the following discussion,

controlling the distribution of vacancies in the switching layer precursor may enable a
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forming processes that favor the formation of a predictable number of filaments within a
switching layer, and, in some cases, the formation of filaments having desired physical
and/or electrical characteristics such as width, profile, set voltage, reset voltage,
combinations thereof, and the like. As will be described in detail below, the methods
described herein afford significant control over the distribution of oxide vacancies in a
switching layer precursor, i.e., prior to the execution of a forming process, and therefore
can open avenues to the production of switching layers including one or more filaments
with desired physical or electrical characteristics. Moreover in some embodiments, the
methods described herein enable the production of precursors in which the distribution of
vacancies therein is preserved and/or locked in once the precursor is fabricated, limiting
or even preventing short or long term modification of the physical and/or electrical
properties of the switching layer.

[0039] With the foregoing in mind, one aspect of the present disclosure relates to cell
precursors and methods of forming resistive memory cells from such precursors. In this
regard reference is made to FIG. 4, which is a flow chart of example operations of a
generic method of making a resistive memory cell from a cell precursor consistent with
the present disclosure. As shown, method 400 begins as block 401. The method may
then proceed to block 402, wherein a cell precursor may be formed. As will be discussed,
the structure of the cell precursors described herein and the methods that may be used to
manufacture such precursors can vary considerably. For example, in some embodiments
the precursor may be of the structure shown in FIGS. 5A-5B, 7A-7B, or 9A-9B, each of
which will be described in detail later.

[0040] Once a cell precursor is provided the method may proceed to block 403,
wherein a forming process may be executed to convert a switching layer precursor in the
cell precursor to a switching layer containing one or more filaments. As discussed briefly
above, execution of the forming process generally involves applying a voltage (forming
voltage) to the precursor (or a switching layer precursor thereof). The switching layer
precursor may be configured such that, in response to application of the forming voltage,
at least a portion of the vacancies contained therein form one or more filaments. After
the forming process, the method may end, or optional reset and/or set processes may be

performed pursuant to optional blocks 404 and 405, respectively, to break and reform
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filaments generated by the execution of the forming process. In any case, the method may
end pursuant to block 406.

[0041] With the foregoing in mind attention is drawn to FIG. SA, which depicts one
example of a cell precursor consistent with the present disclosure. As shown, cell
precursor 500 includes a first (bottom) electrode 501, a switching layer precursor 502
formed on bottom electrode 501, an oxygen exchange layer (OEL) 503 on switching
layer precursor 502, and a top-electrode 504. In this example, bottom electrode 501 is
shown as connected to electrical ground, and top electrode 504 is shown as being
connected to a voltage source, V. It should be understood that this illustration is for the
sake of example only, and that electrical connections to cell precursor 500 may be made
in any suitable manner. Furthermore while FIGS. SA and B depict embodiments of cell
precursors in which OEL 503 is formed on an upper surface of switching layer precursor
502, it should be understood such structure is not required and that OEL 503 may be
formed at any suitable location. Indeed, the present disclosure envisions embodiments in
which OEL 503 is formed below switching layer precursor 502.

[0042] This thickness of bottom electrode 501 and top electrode 504 may be the same
or different, and electrodes of any suitable thickness may be used. In some embodiments,
the thickness of bottom electrode and top electrode each range from about 5 to about
100nm, such as from about 50 to about 50 nm. Likewise OEL 503 may have any suitable
thickness, and in some embodiments has a thickness ranging from about greater than 0 to
about 30 nm, such as about 2 to about 10 nm. Finally, switching layer precursor 502 may
have any suitable thickness, and in some embodiments has a thickness ranging from
about 2 to about 20 nm, such as about 2 to about 10 nm.

[0043] Bottom electrode 501 may be formed from a first electrode material, which
may be any suitable electrode material. As non-limiting examples of suitable first
electrode materials that may be used, mention is made of metals such as aluminum,
copper, titanium, tungsten, ruthenium, rhodium, palladium, silver, osmium, iridium,
platinum, and gold, metal nitrides such as titanium nitride, tantalum nitride, combinations
thereof, and the like. Without limitation, bottom electrode 502 in some embodiments is
formed from a conductive material that does not react (or does not substantially react)

with switching layer precursor 502 (or, more particularly, with the oxygen contained
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therein). Non-limiting examples of such materials include metallic nitrides, carbides, and
less reactive/noble metals such as platinum, gold, palladium, nickel, tungsten, iridium,
rhodium, rhenium, combinations thereof, and the like.

[0044] In the embodiment of FIG. SA, switching layer precursor 502 may be formed
from or include a substantially stoichiometric oxide. As used herein, the term
“substantially stoichiometric oxide” refers to an oxide that contains a fully stoichiometric
amount of oxygen, or in which the mole fraction of oxygen in the oxide differs from the
stoichiometric amount by less than about 0.5%, such as less than about 0.15, or even less
than about 0.01%. In instances where an oxide contains 100% of the stoichiometric
amount of oxygen, such oxide may be referred to herein as a “fully” stoichiometric oxide,
though it should be understood that fully stoichiometric oxides are encompassed by the
term, “substantially stoichiometric oxide.” Without limitation, switching layer precursor
502 preferably is formed from a fully stoichiometric oxide.

[0045] Non-limiting examples of suitable substantially stoichiometric oxides that
may be used to form switching layer precursor include substantially stoichiometric:
hafnium oxide (HfO,), tantalum oxide (Ta,0s), nickel oxide (NiO,), tungsten (II1)
oxide (W203), tungsten (IV) oxide (WO-.y), tungsten (VI) oxide (WQOs.), tungsten
pentoxide (W20s.), titanium oxide (TiO,), zirconium oxide (ZrO,.), vanadium oxide
(VO,x), copper (I) oxide (CuQO, ), aluminum oxide (Al,O;.x), combinations thereof, and
the like. In some embodiments, x is less than about 0.5%, less than about 0.1%, or even
less than about 0.01% of the fully stoichiometric oxygen content of the corresponding
stoichiometric oxide. Without limitation, in some embodiments switching layer
precursor 502 is one or more layers of fully stoichiometric oxide, i.e., one or more of the
above noted oxides, wherein x is 0. In specific non-limiting embodiments, switching
layer precursor 502 is one or more layers of substantially and/or fully stoichiometric
hafnium oxide (HfO, ), tantalum oxide (Ta;0s.), or a combination thereof.

[0046] OEL 503 is generally formed from one or more oxygen reactive materials, i.e.,
materials which may react with switching layer precursor 502 (or, more particularly,
oxygen therein) to form one or more oxides. Non-limiting examples of suitable oxygen
reactive materials that may be used to form OEL 503 include metals such as hafnium,

titanium, tantalum, and combinations thereof. Of course such materials are identified for
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the sake of example only, and other suitable materials may be used. In any case, it may
be appreciated that when the oxygen reactive materials of OEL 503 react with switching
layer precursor 502 they may form one or more of their corresponding oxides (e.g.,
hafnium oxide, titanium oxide, tantalum oxide, combinations thereof, and the like).
[0047] The thickness of OEL 503 may vary considerably, and an OEL of any suitable
thickness may be used. In some embodiments, the thickness of OEL 503 ranges from
greater than O to about 20nm, such as greater than O to about 15nm, or even greater than 0
to about 10nm. Without limitation, in some embodiments the thickness of OEL 503 is
set such that when cell precursor 500 is subject to a heat treatment process, all of the
oxygen reactive material in OEL 503 is converted to reacted oxygen reactive material, in
this case one or more oxides of the oxygen reactive material(s) forming OEL 503.

[0048] Top (second) electrode 504 may be formed from any suitable conductive
material. Without limitation, in some embodiments top electrode is formed from a
second electrode material, wherein the second electrode material is a conductive material
that does not or does not substantially react with oxygen. As used herein the term “does
not substantially react with oxygen” when used in connection with an electrode refers to a
conductive material that does not react/substantially react with oxygen in a switching
layer or precursor therefore under the conditions that may be applied to react oxygen
reactive material of an oxygen exchange layer with oxygen in a switching layer
precursor, under the normal operating parameters of a resistive memory cell, or a
combination thereof. Accordingly top electrode 504 may be configured such that it does
not reach with oxygen under the conditions applied when a heat treatment process is
applied to react the oxygen reactive material of OEL 503 with oxygen in switching layer
precursor 502 (as described below).

[0049] Non-limiting examples of suitable second electrode materials that may be
used as top electrode 504 include conductive metal nitrides (e.g., titanium nitride),
conductive metal carbides (e.g., titanium carbide), and less reactive metals such as
platinum, gold, palladium, nickel, tungsten, iridium, rhodium, rhenium, combinations
thereof, and the like. Without limitation, in some embodiments top electrode 504 is
formed from titanium, and OEL 503 is formed from hafnium oxide, tantalum oxide,

titanium oxide, or combinations thereof.
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[0050] In some embodiments in addition to being substantially non-reactive with
oxygen, the materials used to form top electrode 504 and/or bottom electrode 501 may be
fully or substantially oxygen impermeable. That is, in some embodiments top electrode
504 and/or bottom electrode 501 may be formed from materials that substantially limit or
even prevent the passage of oxygen there through. In such instances it may be
appreciated the top electrode 504 and/or bottom electrode 501 may insulate the other
layers (and in particular switching layer precursor 502 or a switching layer formed
therefrom) from exposure to oxygen, thereby locking in and/or preserving the amount and
distribution of vacancies that may be formed in a switching layer or a precursor thereof,
e.g., in response to the reaction of oxygen in switching layer precursor 502 and oxygen
reactive material in OEL 503.

[0051] In any case, it may be understood that in some embodiments, top electrode
504 and OEL 503 may be formed from different materials, wherein OEL 503 is formed
from one or more materials that is/are more reactive with oxygen than the material(s)
forming top electrode 504. Because top electrode 504 does not or does not substantially
react with oxygen, reactions between it and oxygen in switching layer precursor 502 (or a
switching layer formed therefrom) may be limited or even prevented.

[0052] Attention is now drawn to FIG. 6, which is a flow diagram of a method of
forming a resistive memory cell from a cell precursor consistent with the structure of
FIGS. 5A and B. As shown, method 400’ begins at block 401. The method may then
proceed to block 402°, wherein a cell precursor consistent with FIGS. 4A and 4B may be
formed. Formation of the cell precursor may begin at block 610, wherein a first (bottom)
electrode (i.e., bottom electrode 501 of FIG. 5SA) may be formed. In this regard, the first
electrode may be formed by depositing or otherwise forming a layer of a first electrode
material, wherein the first electrode material is a conductive material (such as those noted
above) via any suitable electrode forming process, such as via a metallization, chemical
vapor deposition, or other suitable process. In some embodiments, the first electrode may
be formed by metallizing or otherwise depositing a conductive material on a substrate.
[0053] The method may then advance to block 611, wherein a switching layer
precursor may be formed on the first (bottom) electrode. More specifically, the method

may proceed by depositing or otherwise forming switching layer precursor 502 on an
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upper surface of bottom electrode 501. In this regard, switching layer precursor may be
formed in any suitable manner. For example, switching layer precursor may be formed
by depositing one or more layer(s) of a substantially stoichiometric oxide on the first
(bottom) electrode, e.g., via chemical vapor deposition (CVD), metal organic CVD,
reactive CVD, atomic layer deposition (ALD), reactive sputtering, combinations thereof,
and the like. Without limitation, switching layer precursor in some embodiments is
formed by CVD, ALD, reactive sputtering, or a combination thereof.

[0054] Once the switching layer precursor has been formed, the method may proceed
to block 612, pursuant to which an oxygen exchange layer (OEL) may be formed, e.g., on
an upper surface of the switching layer precursor as shown in FIG. SA. Consistent with
the foregoing discussion, the OEL may be formed by depositing one or more layers of
oxygen reactive material (e.g., titanium, hatnium, tantalum, combination thereof, and the
like) via any suitable deposition process. For example, the oxygen reactive material(s) of
the OEL may be deposited by chemical CVD, PCD, ALD, MBE, sputtering,
combinations thereof, and the like. Without limitation, in some embodiments the OEL is
formed by sputter depositing an oxygen reactive material on an upper surface of
switching layer precursor 502. Alternatively, in other non-limiting embodiments the
OEL is formed by depositing oxygen reactive material via CVD on the upper surface of
switching layer precursor 502.

[0055] Following the formation of the OEL, the method may advance to block 613,
wherein a second (top) electrode may be formed. As shown in FIG. 5A and discussed
above, in some embodiments the second electrode is formed on an upper surface of the
oxygen exchange layer that was formed pursuant to block 612. In this regard, the second
(top) electrode may be formed by depositing or otherwise forming a layer of conductive
material that is does not or does not substantially react with oxygen on the OEL.
Regardless of its nature, the second electrode may be deposited or otherwise formed by
any suitable electrode forming process, such as via a metallization, chemical vapor
deposition, or other suitable process. In some embodiments, the second electrode may be
formed by metallizing or otherwise depositing a conductive material on the OEL. As
may be appreciated, following the formation of the second electrode, a cell precursor of

the structure shown in FIG. 5A may be attained.
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[0056] Once the second electrode is formed pursuant to block 613 the method may
advance to block 614, wherein the resulting structure (i.e., as shown in FIG. 5A) may be
processed to react oxygen reactive material in OEL 503 with oxygen in the switching
layer precursor 502. Consistent with the foregoing discussion and as shown in FIG. 6,
such processing may be performed by heat treating cell precursor 500 at a temperature
and for a time that is sufficient to cause the oxygen reactive material to react with oxygen
in switching layer precursor 502, resulting in the production of a processed cell precursor
502’ including oxidized OEL 503’ and processed switching layer precursor 502°, as
generally shown in FIG. 5B. In some embodiments, pursuant to block 614 precursor 500
may be processed by annealing in an inert or slightly reducing atmosphere, and at a
temperature ranging from about 300 to about 600 C. Without limitation, in some
embodiments the atmosphere is an inert atmosphere that includes one or more inert gases,
i.e., helium, neon, argon, krypton, xenon, radon, combinations thereof, and the like.
Alternatively, in some embodiments the atmosphere includes one or a combination of the
foregoing inert gases, as well as from greater than 0 to about 10% (e.g., about 5%) of
hydrogen and/or other forming gases that may produce a slightly reducing atmosphere.
[0057] In general, oxidized OEL 503’ includes one or more oxides of the oxygen
reactive material forming OEL 503, and processed switching layer 502" includes a sub-
stoichiometric oxide of the substantially stoichiometric oxide of switching layer precursor
502. Thus, for example, processed switching layer 502 * may include one or more sub-
stoichiometric metal oxides selected from sub-stoichiometric: hafnium oxide, tantalum
oxide, nickel oxide, tungsten (III) oxide, tungsten (IV) oxide, tungsten (VI) oxide,
tungsten pentoxide, titanium oxide, zirconium oxide, vanadium oxide, copper (II) oxide,
aluminum oxide, or a combination thereof. As such, processed switching layer 502’ may
include a plurality of oxygen vacancies therein, as previously described.

[0058] Notably, because the second (top) electrode (504) and/or first (bottom)
electrode 501 is/are is formed from a conductive material that does not or does not
substantially react with oxygen, processing the precursor of FIG. SA pursuant to block
614 may not result in the reaction of the material(s) of the first/second electrode with
oxygen in the switching layer precursor. Moreover, in instances where top electrode 504

and/or bottom electrode 501 is oxygen impermeable (e.g., in the case of metal
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nitrides/carbides such as TiN or TiC), it/they may limit or prevent the exposure of
processed switching layer precursor 502’ to oxygen in the atmosphere. This in turn can
limit or even prevent the occupation of the oxygen vacancies by oxygen in the
surrounding environment.

[0059] It is noted that FIG. 5B illustrates an embodiment in which during or in
response to processing/heat treatment, all of OEL 503 is converted to oxidized OEL 503°,
and all of switching layer precursor 502 is converted to processed switching layer
precursor 502°. It should be understood that this illustration is for the sake of example,
and that the present disclosure envisions embodiments in which some portion of OEL 503
and/or switching layer 502 remain unreacted after processing/heat treatment. Indeed in
some embodiments, processing of cell precursor 500 may result in a processed cell
precursor in which oxidized OEL 503’ (e.g., an oxide of the material(s) of OEL 503) and
processed switching layer precursor 502” (e.g., a sub-stoichiometric oxide of the
material(s) of switching layer 502) are localized to an region proximate the interface of
OEL 503 and switching layer precursor 502. In such instances, a region of (unreacted)
OEL 503 may exist above the region of oxidized OEL 503°. Alternatively or
additionally, a region of (unreacted) switching layer precursor 502 (i.e., substantially
stoichiometric oxide) may exist below the region of processed switching layer precursor
502°.

[0060] Returning to FIG. 6, once cell precursor 500 has been processed pursuant to
block 614, the method may proceed to block 403, wherein a forming process may be
executed on the resulting structure. More specifically, a forming voltage may be applied
to the resulting structure (e.g., FIG. 5B), e.g., via a voltage source, V, which may be
connected to top electrode 504. In such embodiments and as previously described,
bottom electrode 501 may be connected to ground. In response to the application of the
forming voltage, vacancies within processed switching layer precursor 502° may form
one or more filaments, resulting in the production of a resistive memory cell including a
switching layer with one or more filaments formed therein, resulting in the production of
a resistive memory cell.

[0061] At this point the method 400” may end, or the resistive memory cell may be
toggled between a low resistance (ON) and a high resistance (OFF) state by the
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application of a voltage, such as a reset and set voltage. In this regard, method 400’ may
proceed to optional block 404, pursuant to which an optional reset voltage may be applied
to the resistive memory cell. In general, the reset voltage may be any suitable voltage
that is sufficient to break the filament(s) within the switching layer of the cell, so as to
place the cell in a high resistance (e.g., OFF) state. Without limitation, in some
embodiments the applied reset voltage may range from less than O to about -12V, such as
from less than O to about -6V, from less than 0 to about -3V, or even from less than 0 to
about -1.5V. In some embodiments, a reset voltage ranging from 0 to about -1.5V may
be used to break filament(s) in the cell.

[0062] After the application of a reset voltage, method 400° may proceed from
optional block 404 to optional block 405, wherein a set voltage may be applied. As
discussed above, a set voltage may be any voltage that is sufficient to cause the
reformation of one or more filaments within the switching layer of a resistive memory
cell. Without limitation, in some embodiments the applied set voltage may be the same
or different from the applied reset voltage, in either or both polarity and intensity. In
some embodiments for example, the applied set voltage may range from greater than 0 to
about 12V, such as from greater than 0 to about 6V, from greater than 0 to about 3V, or
even from greater than 0 to about 1.5V. Without limitation, in some embodiments a set
voltage ranging from O to about 1.5V may be used to reform the filament(s) within
switching layers consistent with the present disclosure. Subsequent the application of a
reset and/or set voltage (or if such application is not required), method 400” may proceed
to block 406 and end.

[0063] Attention is now drawn to FIG. 7A, which depicts another example of a cell
precursor consistent with the present disclosure. As shown, cell precursor 700 includes a
first (bottom) electrode 701, a switching layer precursor 702 formed on bottom electrode
701, and a top-electrode 704 formed on an upper surface switching layer precursor 702.
The nature and characteristics of bottom electrode 701 and top electrode 704 are
generally the same as those described above in connection with bottom and top electrodes
501 and 504, respectively. A detailed description of bottom and top electrode 704 is
therefore not provided. It is noted, however, that in the embodiment of FIG. 7A, top

electrode 704 may be formed from any suitable electrode material, and is not limited to
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second electrode materials that are conductive and which do not substantially react with
oxygen.

[0064] As further shown in FIG. 7A, switching layer precursor 702 is in the form of a
multilayer structure that includes a plurality of alternating layers. Specifically, switching
layer precursor includes a plurality of oxide layers 7204, 720,, 720y, and a plurality of
oxygen exchange (OEL) layers 7301, 730,, where n and m are 0 or greater than or equal
to 2. In instances where n and/or m are 0, it should be understood that such layers are not
present in the multilayer structure of switching layer precursor 702. Thus in the
embodiment of FIG. 7A, switching layer precursor contains at least two oxide layers
7201, 720,, which are below and above, respectively, a single OEL layer 720,. However
as indicated in the figure, additional oxide and OEL layers may be present.

[0065] In instances where n or m are non-zero, it should be understood that they may
indicate the respective number of their corresponding oxide or OEL layer, and that they
may range from greater than or equal 2, such as from 2 to about 5, 2 to about 10, 2 to
about 15, 2 to about 20, etc. It should be furthermore understood that any suitable
number of oxide and OEL layers may be used, and that the present disclosure envisions
embodiment in which many tens, hundreds, or even thousands of oxide and/or OEL
layers are used.

[0066] It is also noted that for the sake of example, FIG. 7A illustrates an
embodiment in which switching layer precursor includes, at a minimum, a single OEL
layer (730;) that is formed between two oxide layers (7204, 720,), with the first oxide
layer (720;) being formed on bottom electrode 701. It should be understood that this
illustration is but one example configuration and that other configurations are possible
and envisioned by the present disclosure. Indeed, the present disclosure envisions
embodiments in which the order of the oxide layers and switching layers is reversed, e.g.,
such that at a minimum, the structure includes a single oxide layer that is between two
OEL layers, with the first OEL layer being formed on bottom electrode 701.

[0067] In any case, the oxide layers 720;, 720,, 720,, in switching layer precursor 702
may include or be formed from one or more substantially stoichiometric oxides, such as

those noted and described previously. Without limitation, in some embodiments oxide
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layers 7201, 720,, 720, are each formed from substantially stoichiometric hafnium oxide,
tantalum oxide, tungsten oxide, or a combination thereof.

[0068] OEL layers 7304, 730,, in switching layer precursor 702 may be formed from
or include oxygen reactive material, such as the oxygen reactive materials noted and
described previously. Without limitation, in some embodiments OEL layers 7304, 730,
are each include or are formed from the same oxygen reactive material, such as but not
limited to titanium, hafnium, tantalum, combinations thereof, and the like. In other non-
limiting embodiments, at least first and second OEL layers are used in the switching layer
precursor 702, wherein the first OEL layer is formed from first oxygen reactive material,
the second OEL layer is formed from a second oxygen reactive material, the first and
second oxygen reactive materials exhibit first and second oxygen reactivities,
respectively, and the first and second oxygen reactivities differ from one another. Thus,
for example, thermodynamics may favor the reaction oxygen with the first oxygen
reactive material more strongly than the reaction of oxygen with the second oxygen
reactive material, or vice versa. As will become apparent from the following discussion,
use of different oxygen reactive materials in such instance may provide some ability to
control the distribution of oxygen vacancies formed by reacting the materials of the OEL
layers with oxygen in an adjacent oxide layer.

[0069] As further shown in FIG. 7A, switching layer precursor may have a total
thickness Tsw, which may be any suitable thickness. Without limitation, Tsw in some
embodiments may range from greater than O to about 50 nm, such as about 5 to about 25
nm, or even about 5 to about 15nm.

[0070] As also shown in FIG. 7A, oxide layers 720, 720,, 720, have a thickness t1
and OEL layers 730;, 730, have a thickness t2. In general, t1 and t2 may range from
greater than O to about 30 nm, such as about 2 to about 20 nm, or even about 2 to about
10 nm, though it should be understood that the oxide and OEL layers of switching layer
precursor 702 may have any suitable thickness.

[0071] It is noted that FIG. 7A depicts an embodiment in which each oxide layer
(7201, 720,, 7205,) has the same thickness (i.e., where t1 for each oxide layer is the same),
and in which each OEL layer (730, 730,) has the same thickness (i.e., where t2 for each
OEL layer is the same). It should be understood that this illustration is for the sake of
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example only, and the thickness of the oxide and OEL layers may vary from one another.
For example in some embodiments a first and second oxide layer is included in switching
layer precursor 702, wherein the first oxide layer has a thickness t1;, the second oxide
layer has a thickness t1,, and t1; and t1, are the same or different. Likewise in some
embodiments first and second OEL layers are included in switching layer precursor 702,
wherein the first OEL layer has a thickness T2; and the second OEL layer has a thickness
T2,, wherein T2, and T2, are the same or different. In still further embodiments, the
oxide and OEL layers in switching layer precursor 702 may have a thickness t1 and t2,
respectively, wherein t1 and t2 are the same or differ from one another.

[0072] As will be described in detail later, precursor 700 may be processed, e.g., by
annealing or another heat treatment process to react the oxygen reactive material in OEL
layers 730, 730, with oxygen in adjacent oxide layers 720,, 720,. During such reaction,
at least a portion of the oxygen reactive material in OEL layers 730, 730y, is converted to
reacted oxygen reactive material, namely one or more oxides of the oxygen reactive
material. Likewise, at least a portion of the substantially stoichiometric oxide of oxide
layers 7204, 720, is converted to a corresponding sub-stoichiometric oxide. This concept
is illustrated in FIG. 7B, which depicts processed precursor 700’ as including processed
switching layer precursor 702’, which in turn includes alternating processed oxide (720,
720,”) and processed OEL (730,°, 730,’) layers. Processed oxide layers 720,°, 720,
include a sub-stoichiometric oxide (e.g., those noted above, e.g., for element 502”) and a
plurality of oxygen vacancies, whereas processed OEL layers 730;’, 730,” contain a
corresponding oxide of OEL layers 7301, 730,.

[0073] As may be appreciated, the distribution of vacancies within processed
switching layer precursors may be controlled by the appropriate selection of materials for
the oxide and OEL layers, by controlling the thickness of the oxide and OEL layers, or a
combination thereof. For example, by controlling such parameters a wide variety of
vacancy distributions may be obtained. In some embodiments, the oxide and switching
layers of switching layer precursor 702 may be configured such that in response to
processing (e.g., annealing or another heat treatment process), the resulting processed
switching layer includes controlled distribution of oxygen vacancies. In some instances

the controlled distribution may be a linear distribution, a parabolic distribution, a
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logarithmic distribution, an exponential distribution, a stepped distribution, a polynomial
distribution, an asymptotic distribution, or the like.

[0074] As one example of a linear distribution of oxygen vacancies reference is made
to FIG. 11A, which is a plot of vacancy concentration versus (processed) switching layer
precursor depth consistent with one example embodiment. It should be understood that
switching layer precursor depth refers to the distance from an upper surface of a
switching layer precursor, such as processed switching layer 702°. In the embodiment of
FIG. 11A, curve 1101 represents a linear distribution of oxygen vacancies, in which the
concentration of oxygen vacancies in the switching layer precursor decreases linearly as
switching layer precursor depth increases. For the sake of comparison, curves 330 and
340 (as described above in connection with FIG. 3) are also shown in FIG. 11A. Of
course, other linear distributions are possible, such as a linear distribution in which the
concentration of oxygen vacancies in the switching layer precursor increases with
increasing switching layer precursor depth.

[0075] As one example of a parabolic vacancy distribution reference is made to FIG.
11B, which is a plot of vacancy concentration versus (processed) switching layer
precursor depth consistent with another example embodiment of the present disclosure.
In the embodiment of FIG. 11B, curve 1102 represents a parabolic distribution of oxygen
vacancies, in which concentration of oxygen vacancies increases to a maximum between
a first switching layer precursor depth to an intermediate switching layer precursor depth,
and then decreases from the intermediate switching layer precursor depth to a third
switching layer precursor depth. Of course curve 1102 is representative of but one
example of a parabolic distribution, and other parabolic distributions such as the inverse
of curve 1102 are possible and are envisioned by the present disclosure. For the sake of
comparison, curves 330 and 340 (as described above in connection with FIG. 3) are also
shown in FIG. 11B.

[0076] As one example of a polynomial vacancy distribution reference is made to
FIG. 11C, which is a plot of vacancy concentration versus (processed) switching layer
precursor depth consistent with another example embodiment of the present disclosure.
In the embodiment of FIG. 11C, curve 1103 represents a polynomial distribution of

oxygen vacancies, in which concentration of oxygen vacancies may vary considerably
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between the upper (top) and lower (bottom) surfaces of a switching layer precursor. As
may be appreciated, a polynomial distribution may be achieved by appropriately setting
the thicknesses of OEL and oxide layers in a switching layer precursor, e.g., prior to
processing as discussed above. Of course, curve 1103 depicts but one example of a
polynomial distribution, and other polynomial distributions may be attained and are
envisioned by the present disclosure. For the sake of comparison, curves 330 and 340 (as
described above in connection with FIG. 3) are also shown in FIG. 11C.

[0077] As one example of an exponential vacancy distribution reference is made to
FIG. 11D, which is a plot of vacancy concentration versus (processed) switching layer
precursor depth consistent with another example embodiment of the present disclosure.
In the embodiment of FIG. 11D, curve 1104 represents an exponential distribution of
oxygen vacancies, in which concentration of oxygen vacancies may change exponentially
with increasing switching layer precursor depth. As may be appreciated, an exponential
distribution may be achieved by appropriately setting the thicknesses of OEL and oxide
layers in a switching layer precursor, e.g., prior to processing as discussed above. For
example, an exponential distribution such as curve 1104 may be attained by forming
switching layer precursor 702 from a plurality of alternating oxide and OEL layers,
wherein the thickness of the oxide layers (and potentially the OEL layers) is relatively
thick at the bottom of switching layer precursor 702, but is relatively thin near the top of
switching layer precursor 702. Of course, curve 1104 depicts but one example of an
exponential distribution, and other exponential distributions may be attained and are
envisioned by the present disclosure. For the sake of comparison, curves 330 and 340 (as
described above in connection with FIG. 3) are also shown in FIG. 11D.

[0078] As one example of a stepped vacancy distribution reference is made to FIG.
11E, which is a plot of vacancy concentration versus (processed) switching layer
precursor depth consistent with another example embodiment of the present disclosure.
In the embodiment of FIG. 11E, curve 1105 represents a stepped distribution of oxygen
vacancies, in which concentration of oxygen vacancies decreases in a stepwise manner
with increasing switching layer precursor depth. As may be appreciated, a stepwise
distribution may be achieved by appropriately setting the thicknesses of OEL and oxide

layers in a switching layer precursor, e.g., prior to processing as discussed above. For
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example, a stepped distribution such as curve 1105 may be attained by forming switching
layer precursor 702 from a plurality of alternating oxide and OEL layers, wherein the
thickness of the oxide layers (and potentially the OEL layers) is relatively thin at the
bottom of switching layer precursor 702, but is relatively thick near the top of switching
layer precursor 702. Of course, curve 1105 depicts but one example of a stepped
distribution, and other stepped distributions may be attained and are envisioned by the
present disclosure. For the sake of comparison, curves 330 and 340 (as described above
in connection with FIG. 3) are also shown in FIG. 11E.

[0079] Attention is now drawn to FIG. 8, which is a flow diagram of a method of
forming a resistive memory cell from a cell precursor consistent with the structure of
FIGS. 7A and 7B. As shown, method 400°” begins at block 401. The method may then
proceed to block 402°°, wherein a cell precursor consistent with FIGS. 7A and 7B may be
formed. Formation of the cell precursor may begin at block 810, wherein a first (bottom)
electrode (i.e., bottom electrode 701 of FIG. 7A) may be formed. In this regard, the first
electrode may be formed by depositing or otherwise forming a layer of a first electrode
material via any suitable electrode forming process, such as via a metallization, chemical
vapor deposition, or other suitable process. In some embodiments, the first electrode may
be formed by metallizing or otherwise depositing a conductive material on a substrate.
[0080] The method may then advance to block 811, wherein a switching layer
precursor may be formed on the first (bottom) electrode. In this embodiment, the
switching layer precursor may be formed by depositing alternating OEL and oxide layers,
such as those described above. In this regard, the oxide layers may be formed by
depositing a substantially stoichiometric oxide e.g., via chemical vapor deposition
(CVD), metal organic CVD, reactive CVD, atomic layer deposition (ALD), reactive
sputtering, combinations thereof, and the like. Without limitation, switching layer
precursor in some embodiments is formed by CVD, ALD, reactive sputtering, or a
combination thereof. The OEL layers may be formed in a similar manner, e.g., by
depositing one or more layers of an oxygen reactive material via chemical vapor
deposition (CVD), metal organic CVD, reactive CVD, atomic layer deposition (ALD),
reactive sputtering, combinations thereof, and the like. In some embodiments, the oxide

layers and switching layers may each be formed by sputtering, wherein a first (e.g.,
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metal) target is sputtered in an oxygen containing atmosphere to form substantially
(substantially stoichiometric) oxide layers, whereas a second (e.g., metal) target is
sputtered in an inert or other atmosphere to form OEL layers, e.g., of an oxygen reactive
material.

[0081] Once the switching layer precursor has been formed, the method may proceed
to block 812, pursuant to which a second (top) electrode may be formed. As shown in
FIG. 7A and discussed above, in some embodiments the second electrode is formed on an
upper surface of the switching layer precursor that was formed pursuant to block 811. In
this regard, the second (top) electrode may be formed by depositing or otherwise forming
a layer of conductive material (which may or may not substantially react with oxygen) on
the switching layer precursor. Regardless of its nature, the second electrode may be
deposited or otherwise formed by any suitable electrode forming process, such as via a
metallization, chemical vapor deposition, or other suitable process. In some
embodiments, the second electrode may be formed by metallizing or otherwise depositing
a conductive material on the switching layer precursor. As may be appreciated, following
the formation of the second electrode, a cell precursor of the structure shown in FIG. 7A
may be attained.

[0082] Once the second electrode is formed pursuant to block 812 the method may
advance to block 813, wherein the resulting structure (i.e., as shown in FIG. 7A) may be
processed to react oxygen reactive material in the OEL layers of the switching layer
precursor with oxygen in oxide layers of the switching layer precursor. Consistent with
the foregoing discussion and as shown in FIG. 8, such processing may be performed by
annealing or otherwise heat treating cell precursor 700 at a temperature and for a time
that is sufficient to cause the oxygen reactive material within the OEL layers to react with
oxygen in the oxide layers of switching layer precursor 702. The result of that reaction in
some embodiments is the production of a processed cell precursor 702’ including
processed OEL and oxide layers, wherein the processed OEL layers include oxidized
oxygen reactive material, and the oxide layers include a sub-stoichiometric oxide and a
plurality of oxygen vacancies, as generally shown in FIG. 7B. In some embodiments,
pursuant to block 813 precursor 700 may be processed by annealing in an inert or slightly

reducing atmosphere, as previously described above.
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[0083] Once cell precursor 700 has been processed pursuant to block 813, the method
may proceed to block 403, wherein a forming process may be executed on the resulting
structure. More specifically, a forming voltage may be applied to the resulting structure
(e.g., FIG. 7B), e.g., via a voltage source, V, which may be connected to top electrode
704. In such embodiments and as previously described, bottom electrode 701 may be
connected to ground. In response to the application of the forming voltage, vacancies
within processed switching layer precursor 702’ may form one or more filaments,
resulting in the production of a resistive memory cell including a switching layer with
one or more filaments formed therein, resulting in the production of a resistive memory
cell.

[0084] At this point the method 400°” may end, or the resistive memory cell may be
toggled between a low resistance (ON) and a high resistance (OFF) state by the
application of a voltage, such as a reset and set voltage. In this regard, method 400’ may
proceed to optional blocks 404 and 405, pursuant to which an optional reset or set voltage
may be applied. The nature and characteristics of the application the optional set and
reset voltages is the same as previously described, and therefore is not reiterated.

[0085] Attention is now drawn to FIG. 9, which depicts another example of a cell
precursor consistent with the present disclosure. As shown, cell precursor 900 includes a
first (bottom) electrode 901, a switching layer precursor 902 formed on bottom electrode
901, and a second (top) electrode 904 formed on an upper surface of switching layer
precursor 702. The features and characteristics of bottom and top electrodes 901, 904 are
generally the same as those of the bottom and top electrodes of FIGS. SA and 7A, and
therefore are not described again for the sake of brevity.

[0086] Consistent with the previously described processed switching layer precursors
(e.g., 502°, 702) switching layer precursor 902 includes a sub-stoichiometric oxide (such
as those noted above) and a plurality of oxygen vacancies, wherein the plurality of
oxygen vacancies are distributed in a controlled manner, such as in one of the
distributions previously described in connection with FIGS. 11A-11E.

[0087] One notable distinction from the previously described precursors however, is
that cell precursor 900 (and more specifically, switching layer precursor 902) does not

include any oxygen exchange layer(s), or any unreacted or reacted oxygen reactive
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material originating from an oxygen exchange layer. Rather, switching layer precursor
902 includes one or more layers, regions, etc. of sub-stoichiometric oxide that was
formed in situ, i.e., as switching layer precursor 902 is formed on bottom electrode 901.
In particular, switching layer precursor includes one or more layers, regions, etc. of sub-
stoichiometric oxide that was deposited by reactive sputtering or another suitable
technique on bottom electrode 901. As will be described in more detail below, reactive
sputtering (also referred to herein as reactive sputter deposition) is a process in which one
or more (e.g., metal) targets are sputtered in the presence of a gas (e.g., oxygen) or
mixture of gases that will react with the target material to form a reaction product (e.g.,
an oxide of the target material(s)), wherein the reaction product is formed as a layer on a
substrate of interest. Accordingly, reactive sputtering may be used to deposit layers of an
oxide of a target on a substrate (e.g., a bottom electrode), wherein the deposited oxide
layers have an oxygen content that may be controlled by adjusting the amount of oxygen
in the deposition atmosphere.

[0088] In some embodiments switching precursor may include a plurality of layers or
regions, wherein at least one of the plurality of layers/regions is formed from a
substantially stoichiometric oxide, and at least one of the plurality of layers/regions is
formed from a sub-stoichiometric oxide. In other non-limiting embodiments, the
plurality of layers/regions of switching layer precursor 902 may include at least two
layers/regions of a sub-stoichiometric oxide, at least two layers of a substantially
stoichiometric oxide, or a combination thereof. In any case, the thickness of the regions
of the sub-stoichiometric oxide may be the same or different, and the thickness of the
layers/regions substantially stoichiometric oxide may be the same or different. Likewise,
the thickness of the layers/regions of sub-stoichiometric oxide may be the same as or
differ from the thickness of the layers/regions of substantially stoichiometric oxide.
[0089] In one example embodiment, switching layer precursor 902 includes first
(e.g., lower) and second (e.g. upper) surfaces and includes a plurality (e.g., at least two)
layers/regions of a sub-stoichiometric oxide. In such embodiment, the plurality of
layers/regions of subs-stoichiometric oxide includes at first layer/region of sub-
stoichiometric oxide and a second layer/region of sub-stoichiometric oxide, wherein the

first and second layers/regions of sub-stoichiometric oxide are proximate the lower and
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upper surfaces, respectively, of switching layer precursor 902. In some instances, the
first and second layers/regions of sub-stoichiometric oxide may be separated by one or
more regions of a substantially stoichiometric oxide. In such instances, the thickness of
the first and second layers/regions of sub-stoichiometric oxide may be the same or
different. In some embodiments the thickness of the first layer/region of sub-
stoichiometric oxide is greater than the thickness of the second layer/region of sub-
stoichiometric oxide. In other embodiments, the thickness of the first layer/region of sub-
stoichiometric oxide is less than the thickness of the second layer/region of sub-
stoichiometric oxide.

[0090] Another notable distinction of precursor 900 is that unlike precursors 500 and
700, processing (e.g., by heat treatment) is not required to form oxygen vacancies, €.g.,
via the reaction of oxygen reactive material of an OEL layer and oxygen in a one or more
layers of substantially stoichiometric oxide. As may be appreciated, this can simplify the
production of a resistive memory cell by avoiding the need to anneal or otherwise heat
treat a cell precursor. Moreover in some embodiments, this may limit or avoid variations
and/or inconsistencies in the formation of oxygen vacancies within a switching layer
precursor that may be attributable to the heat treatment process.

[0091] Attention is now drawn to FIG. 10, which is a flow diagram of a method of
forming a resistive memory cell from a cell precursor consistent with the structure of
FIG. 9. As shown, method 400" begins at block 401. The method may then proceed to
block 402°’, wherein a cell precursor consistent with FIG. 9 may be formed. Formation
of the cell precursor may begin at block 1010, wherein a first (bottom) electrode (i.e.,
bottom electrode 901 of FIG. 9) may be formed. In this regard, the first electrode may
be formed by depositing or otherwise forming a layer of a first electrode material via any
suitable electrode forming process, such as via a metallization, chemical vapor
deposition, or other suitable process. In some embodiments, the first electrode may be
formed by metallizing or otherwise depositing a conductive material on a substrate.
[0092] The method may then advance to block 1011, wherein a switching layer
precursor may be formed on the first (bottom) electrode. In this embodiment, the
switching layer precursor may be formed by depositing one or more regions/layers of

sub-stoichiometric oxide on the first electrode, optionally in combination with one or
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more substantially stoichiometric oxide layers/regions, such as those described above. In
this regard, the sub-stoichiometric and/or substantially stoichiometric oxide layers may be
formed via any suitable deposition technique, such as via reactive sputter deposition,
atomic layer deposition, combinations thereof, and the like.

[0093] Without limitation, in some embodiments one or more regions of sub-
stoichiometric and/or substantially stoichiometric oxide are formed by reactive sputter
deposition, in which one or more metals are deposited in an oxygen containing
atmosphere. For example, in some instances a sub-stoichiometric oxide may be formed
by reactive sputter deposition, in which sputtering from one or more metal targets may be
performed in an oxygen containing atmosphere. Non-limiting examples of a suitable
oxygen containing atmosphere includes an atmosphere containing a partial pressure of
oxygen that ranges from greater than O to about 80% of the total pressure of the
deposition atmosphere, such as from greater than 0 to about 20%, or even from greater
than 0 to about 5% of the total pressure of the deposition atmosphere. The oxygen
containing atmosphere may also contain nitrogen or an inert gas (e.g. argon, krypton,
etc.), wherein the partial pressure of nitrogen and/or inert gas ranges from about 5 to
about 95% of the total pressure of the oxygen containing atmosphere. In any case, the
total pressure of the oxygen containing atmosphere may range from about 0.5 to about 20
mTorr, such as about 1 to about 5 mTorr.

[0094] As may be appreciated, the amount of oxygen in the deposited oxide may be
controlled by exerting control over the amount of oxygen contained in the atmosphere
used during deposition. For example, increasing the amount of oxygen in the deposition
atmosphere may increase the amount of oxygen in the deposited oxide. At or above an
upper threshold oxygen content (partial pressure), the deposited oxide may be in the form
of a fully stoichiometric oxide. As the amount of oxygen is decreased below the first
threshold, a sub-stoichiometric oxide (e.g. of the sputtering target(s) used) may be
deposited. At or below a lower threshold oxygen content (partial pressure), an oxide may
no longer be deposited. Rather, a metallic or substantially metallic layer may be formed.
The amount of oxygen in the atmosphere may be controlled by controlling the flow rate
of oxygen into the deposition chamber/atmosphere. In this regard, the flow rate of

oxygen into the deposition chamber/atmosphere may range for example, from greater
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than 0 to about 250 standard cubic centimeters per minute (SCCM), such as from about 1
to about 100 SCCM, from about 1 to about 75 SCCM, from about 1 to about 60SCCM, or
even from about 1 to about 50 SCCM.

[0095] Put in other terms, sub- stoichiometric and/or substantially stoichiometric
layers/regions may be formed by depositing one or more metals while controlling the
relative amount of oxygen in the surrounding deposition atmosphere. In the case of
sputtering or other deposition processes, the formation of sub-stoichiometric or
stoichiometric oxide in some embodiments may be determined or otherwise evidenced by
a measurement of the target voltage. When the oxygen flow rate during deposition is 0 or
low, the target voltage may be relatively high, indicating the formation of a metallic or
highly metallic film. As oxygen content/flow rate is increased above a first (lower)
threshold, sub-stoichiometric oxide may be deposited, and may be evidenced by a drop in
the target voltage. As oxygen content is increased above a second (upper) threshold flow
rate, substantially stoichiometric oxide may be deposited, as may be evidenced by a
significant drop in target voltage.

[0096] To illustrate the foregoing concept, in some embodiments the switching layer
includes one or more regions/layers of sub-stoichiometric hafnium oxide, which is/are
formed by sputtering a hafnium metal target in oxygen containing atmosphere. As shown
in table 1 below, a wide variety of sub-stoichiometric oxides may be sputter deposited by
appropriate adjustment of the oxygen flow rate.

Table 1: Reactive Sputter Deposition of Sub-Stoichiometric Hafnium Oxide from a
Hafnium Metal Target

Sample | Target | Atmosphere Deposited | % Hf | % O | O:Hf | Formula
Oxide ratio

1 Hf 18 SCCM Argon | HfO, 56.7 (433 |08 HfOy 3
and 20 SCCM O

2 Hf 18 SCCM Argon | HfO, 438 (562 |13 HfOy 3
and 30 SCCM O,

3 Hf 18 SCCM Argon | HfO, 385 (615 |16 HfO 6
and 50 SCCM O,

4 HF 18 SCCM Argon | HfO, 343 (657 |19 HfO
and 60 SCCM O,
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[0097] As may therefore be appreciated, by adjusting the amount of oxygen in the
deposition atmosphere, substantial control may be exercised over the oxygen content of
the resulting deposited oxide and thus the amount and distribution of oxygen vacancies (if
any) contained therein. Accordingly, through appropriate control of the oxygen
content/flow rate, switching layer 902 may be formed via the deposition of one or more
oxide layer(s) regions, wherein the amount of oxygen in each region (and hence the
concentration of oxygen vacancies) may be controlled so as to achieve a desired oxygen
vacancy distribution. For example, through appropriate control over the oxygen
content/flow rate, switching layer precursor 902 may be formed to include a plurality of
oxygen vacancies that are distributed in a linear distribution, a parabolic distribution, a
logarithmic distribution, an exponential distribution, a stepped distribution, a polynomial
distribution, an asymptotic distribution, and combinations thereof, as generally shown in

FIGS. 11A-E.

[0098] Once the switching layer precursor has been formed, the method may proceed
to block 1012, pursuant to which a second (top) electrode may be formed. As shown in
FIG. 9 and discussed above, in some embodiments the second electrode is formed on an
upper surface of the switching layer precursor that was formed pursuant to block 1011,
e.g., switching layer precursor 902. In this regard, the second (top) electrode may be
formed by depositing or otherwise forming a layer of conductive material (which may or
may not substantially react with oxygen) on the switching layer precursor. Regardless of
its nature, the second electrode may be deposited or otherwise formed by any suitable
electrode forming process, such as via a metallization, chemical vapor deposition, or
other suitable process. In some embodiments, the second electrode may be formed by
metallizing or otherwise depositing a conductive material on the switching layer
precursor. As may be appreciated, following the formation of the second electrode, a cell

precursor of the structure shown in FIG. 9 may be attained.

[0099] Once a cell precursor has been formed the method may proceed to block 403,
wherein a forming process may be executed. More specifically, a forming voltage may
be applied to the resulting structure (e.g., FIG. 9), e.g., via a voltage source, V, which
may be connected to top electrode 904. In such embodiments and as previously

described, bottom electrode 901 may be connected to ground. In response to the
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application of the forming voltage, vacancies within switching layer precursor 902 may
form one or more filaments, resulting in the production of a resistive memory cell
including a switching layer with one or more filaments formed therein, resulting in the

production of a resistive memory cell.

[00100] At this point the method 400°” may end, or the resistive memory cell may be
toggled between a low resistance (ON) and a high resistance (OFF) state by the
application of a voltage, such as a reset and set voltage. In this regard, method 400"’
may proceed to optional blocks 404 and 405, pursuant to which an optional reset or set
voltage may be applied. The nature and characteristics of the application the optional set
and reset voltages is the same as previously described, and therefore is not reiterated.
[00101]  To further explain the foregoing concepts the present disclosure will now
proceed to describe one example of a specific process of forming a resistive memory cell
in the context of an integrated circuit, a resistive random access memory, or another
device. Reference is therefore made to FIGS. 12A-E, which stepwise illustrate the
formation of a resistive memory cell consistent with the present disclosure on a substrate,
such as a substrate of an integrated circuit device.

[00102]  As shown in FIG. 12A, the method may being with the provision of a
substrate for the subsequent formation of resistive memory cells. In this example, the
substrate 1201 includes a trench 1202 formed therein. In general, substrate 1201 may
include or be in the form of one or more layers of dielectric or insulating material. Non-
limiting examples of suitable dielectric/insulating materials that may be used to form
substrate 1001 include insulating oxides such as silicon dioxide (Si0O,), carbon doped
oxide (CDOQ), silicon nitride (SiN), organic polymers such as polyflurocyclobutane or
polytetrafluoroethylene (PTFE), fluorosilicate glass (FSG), organosilicates such as
silsesquioxane and siloxane, organosilicate glass, combinations thereof, and the like.
Trench 1202 may be formed in substrate 1001 in any suitable manner. For example,
trench 1202 may be formed by etching substrate 1001 with a selective etching process.
[00103]  As further shown in FIG 12A, two levels of interconnects (M1, M2) are
formed in substrate 1201. In addition, an interconnect 1203 is formed within trench

1202. As shown, interconnects M1, M2 and 1203 are surrounded by the

dielectric/insulating material(s) forming substrate 1201. Interconnects M1, M2, and 1203

32



10

15

20

25

30

WO 2016/105407 PCT/US2014/072330

may be formed from conductive materials (e.g., metals such as copper, cobalt,
molybdenum, rhodium, beryllium, chromium, manganese, aluminum, silver, gold,
combinations thereof, and the like), which may be deposited or otherwise formed in any
suitable manner (e.g., via a metallization process). The dimensions of trench 1202,
interconnects M1, M2 and 1203 may be tailored to a given target application or end use.
Although not shown, interconnect 1203 in some embodiments may be connected or
otherwise coupled to electrical ground.

[00104]  Although only one trench 1202 is depicted in FIG. 12A, it should be
understood that such illustration is for the sake of example only and that any suitable
number of trenches 1002 may be formed. Indeed the present disclosure envisions
embodiments in which a plurality (e.g., hundreds, thousands, millions, or even billions)
of trenches 1202 are formed in substrate 1201, wherein each trench is to house a resistive
memory cell.

[00105]  Once a substrate is provided the method may proceed, and a bottom electrode
maybe formed. This concept is shown in FIG. 12B, which depicts bottom (first)
electrode 101 as being formed within trench 1202, and in this case on an upper surface of
interconnect 1203. Bottom electrode 101 may be formed from or include electrode
materials such as those described above in connection with the bottom electrodes of FIGS
S5A, 7A, and 9, and may be deposited in any suitable manner. For example, a conformal
deposition process may be used to form a conformal layer of bottom electrode 101 over
the surface of substrate 1201 and within trench 1202. Following such deposition, a
planarization process may be applied to remove the portion of the conformal layer from
the regions of substrate 1201 outside of trench 1202. If necessary, a selective etching
process may then be applied to etch bottom electrode 101 within trench 1202 to a desired
thickness, and/or to remove portions of bottom electrode 101 that may be formed on the
sidewalls of trench 1202.

[00106] Once a bottom electrode is provided the method may proceed, and a switching
layer precursor may be formed. This concept is shown in FIG. 12C, which depicts the
formation of switching layer precursor 1220 within trench 1202. Switching layer
precursor 1220 may be any suitable switching layer precursor, such as those described

above in connection with FIGS. 5A, 7A, and 9 (including any relevant OEL layers).
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Switching layer precursor 1220 may therefore include one or more layers/regions of sub-
stoichiometric and/or substantially stoichiometric oxide, optionally in combination with
one or more OEL layers. Switching layer precursor 1220 (and any relevant OEL layers)
may be deposited as previously described in connection with FIGS. 5A, 7A, and 9. Thus
for example, switching layer precursor 1220 may be formed by depositing a conformal
sub-stoichiometric, substantially stoichiometric, and/or OEL layers on bottom electrode
101 and the surface of substrate 1201, e.g., via a reactive sputtering or another suitable
deposition process. In such instances a planarization process may be applied to remove
the deposited conformal layer(s) from the upper surface of substrate 1201. A selective
etching or other removal process may also be applied to remove deposited switching
layer precursor material from the sidewall of trench 1202, resulting in the structure of
FIG. 12C.

[00107] The method may then proceed by the formation of a top electrode on the
switching layer precursor (or a relevant OEL layer thereof). This concept is illustrated in
FIG. 12D, which illustrates the formation of top electrode 103 on an upper surface of
switching layer precursor 1220. The nature of the materials that may be used to form top
electrode 103 are the same as those previously described, and so are not reiterated.
Likewise, top electrode 103 may be formed in much the same manner as bottom electrode
102. Thus for example, top electrode 103 may be formed by a metallization process that
creates a conformal layer of electrode material on substrate 1001 and the upper surface of
switching layer precursor 1220. Planarization and/or etching processes may then be used
to remove electrode material from the surface of substrate 1201 and, if desired/necessary,
from the sidewalls of trench 1202, resulting in the production of the structure shown in
FIG. 12D.

[00108] In instances where the cell precursor is consistent with the embodiment of
FIG. 9 discussed above, no further processing may be necessary before the execution of a
forming process. If the cell precursor is consistent with the embodiments of FIGS. 5A or
7A however, the structure of FIG. 12D may be processed (e.g., with an annealing or other
heat treatment process) to react oxygen reactive materials in relevant OEL layer(s) with
oxygen in relevant substantially stoichiometric oxide layer(s) to produce a sub-

stoichiometric oxide containing a plurality of vacancies, as previously described. In any
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case, the method may proceed with by the execution of a forming process, during which a
forming voltage may be applied. Consistent with the foregoing discussion, application of
the forming voltage may cause at least a portion of the oxygen vacancies within
switching layer precursor 1220 to reorganize, resulting in the production of a switching
layer 1220’ including one or more filaments, as shown in FIG. 12E. As noted previously,
reset and set voltages may then be applied to break and reform, respectively, one or more

of the filament(s) within switching layer 1220°.

[00109]  Another aspect of the present disclosure relates to computing systems
including an integrated circuit (e.g., a resistive memory device) including resistive
memory cells consistent with the present disclosure. In this regard reference is made to
FIG. 13, which illustrates a computing system 1300 implemented with integrated circuit
structures or devices formed using the techniques disclosed herein, in accordance with an
example embodiment. As can be seen, the computing system 1300 houses motherboard
1302. Motherboard 1302 may include a number of components, including, but not
limited to, processor 1304 and at least one communication chip 1306, each of which can
be physically and electrically coupled to motherboard 1302, or otherwise integrated
therein. As will be appreciated, motherboard 1302 may be, for example, any printed
circuit board, whether a main board, a daughterboard mounted on a main board, or the

only board of system 1300, etc.

[00110] Depending on its applications, computing system 1300 may include one or
more other components that may or may not be physically and electrically coupled to the
motherboard 1302. These other components may include, but are not limited to, volatile
memory (e.g., DRAM), non-volatile memory (e.g., ROM, ReRAM 1008, etc.), a graphics
processor, a digital signal processor, a crypto processor, a chipset, an antenna, a display, a
touchscreen display, a touchscreen controller, a battery, an audio codec, a video codec, a
power amplifier, a global positioning system (GPS) device, a compass, an accelerometer,
a gyroscope, a speaker, a camera, and a mass storage device (such as hard disk drive,
compact disk (CD), digital versatile disk (DVD), and so forth). Any of the components
included in computing system 1300 may include one or more integrated circuit structures
or devices (e.g., one or more resistive memory cells) formed using the techniques

described herein.
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[00111] Communication chip 1306 enables wireless communications for the transfer
of data to and from the computing system 1300. The term “wireless™ and its derivatives
may be used to describe circuits, devices, systems, methods, techniques, communications
channels, etc., that may communicate data through the use of modulated electromagnetic
radiation through a non-solid medium. The term does not imply that the associated
devices do not contain any wires, although in some embodiments they might not.
Communication chip 1306 may implement any of a number of wireless standards or
protocols, including, but not limited to, Wi-Fi (IEEE 802.11 family), WiMAX (IEEE
802.16 family), IEEE 802.20, long term evolution (LTE), Ev-25 DO, HSPA+, HSDPA+,
HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA, DECT, Bluetooth, derivatives thereof,
as well as any other wireless protocols that are designated as 3G, 4G, 5G, and beyond.
The computing system 1300 may include a plurality of communication chips 1006. For
instance, a first communication chip 1306 may be dedicated to shorter range wireless
communications such as Wi-Fi and Bluetooth and a second communication chip 1306
may be dedicated to longer range wireless communications such as GPS, EDGE, GPRS,

CDMA, WiMAX, LTE, Ev-DO, and others.

[00112]  Processor 1304 of the computing system 1300 includes an integrated circuit
die packaged therein. In some embodiments, the integrated circuit die of processor 1304
includes onboard circuitry that is implemented with one or more integrated circuit
structures or devices (e.g., one or more resistive memory cells) consistent with the
present disclosure. The term “processor” may refer to any device or portion of a device
that processes, for instance, electronic data from registers and/or memory to transform
that electronic data into other electronic data that may be stored in registers and/or

memory.

[00113] Communication chip 1306 also may include an integrated circuit die packaged
within the communication chip 1306. In accordance with some example embodiments,
the integrated circuit die of communication chip 1306 includes one or more integrated
circuit structures or devices (e.g., one or more resistive memory cells) consistent with the

present disclosure.

[00114] In various implementations, computing device 1300 may be a laptop, a

netbook, a notebook, a smartphone, a tablet, a personal digital assistant (PDA), an ultra-

36



10

15

20

25

30

WO 2016/105407 PCT/US2014/072330

mobile PC, a mobile phone, a desktop computer, a server, a printer, a scanner, a monitor,
a set-top box, an entertainment control unit, a digital camera, a portable music player, a
digital video recorder, or any other electronic device that processes data or employs one
or more integrated circuit structures or devices (e.g., one or more non-planar resistive

memory cells) consistent with the present disclosure.
EXAMPLES

[00115] Example 1 — According to this example there is provided a method of
forming a resistive memory cell, including: forming a cell precursor at least in part by:
providing a first electrode including a first electrode material; forming, without the use of
an oxygen exchange layer, a switching layer precursor on the first electrode, the
switching layer precursor including a sub-stoichiometric oxide and a plurality of oxygen
vacancies, wherein the oxygen vacancies have controlled distribution defined between a
first and second surface of the switching layer precursor; and forming a second electrode
on the switching layer precursor, the second electrode including a second electrode
material; and executing a forming process to convert the switching layer precursor to a
switching layer in which the oxygen vacancies form least one filament that provides a

low resistance pathway between the first electrode and the second electrode.

[00116] Example 2 — This example includes any or all of the features of example 1,
wherein the controlled distribution is selected from the group consisting of a linear
distribution, a parabolic distribution, a logarithmic distribution, an exponential
distribution, a stepped distribution, a polynomial distribution, an asymptotic distribution,

and combinations thereof.

[00117] Example 3 — This example includes any or all of the features of example 2,
wherein the controlled distribution is a stepped distribution, and forming the switching
layer precursor includes depositing a plurality of layers of the sub-stoichiometric oxide

and at least one corresponding substantially stoichiometric oxide layer.

[00118] Example 4 — This example includes any or all of the features of example 3,
wherein: the first and second surfaces are a lower and an upper surface, respectively, of
the switching layer precursor; the plurality of layers of the sub-stoichiometric oxide

includes at least a first sub-stoichiometric oxide layer proximate the lower surface and a
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second sub-stoichiometric oxide layer proximate the upper surface, the first and second
sub-stoichiometric oxide layers having respective first and second thicknesses; and the

first and second thicknesses are the same or different.

[00119] Example S — This example includes any or all of the features of example 4,

wherein the second thickness is greater than the first thickness.

[00120] Example 6 — This example includes any or all of the features of example 4,

wherein the first thickness is greater than the second thickness.

[00121] Example 7 — This example includes any or all of the features of example 2,

wherein the controlled distribution is a polynomial distribution.

[00122] Example 8 — This example includes any or all of the features of example 2,

wherein the controlled distribution is a linear distribution.

[00123] Example 9 — This example includes any or all of the features of example 2,
wherein the first surface is a lower surface of the switching layer precursor, and the

second surface is an upper surface of the switching layer precursor.

[00124] Example 10 — This example includes any or all of the features of example 1,
wherein forming the switching layer precursor includes sputter depositing a metal target
in an oxygen containing atmosphere so as to deposit the switching layer precursor on the
first electrode, and the method further includes controlling the amount of oxygen in the
oxygen containing atmosphere as the switching layer precursor is deposited, so as to

obtain the controlled distribution of oxygen vacancies.

[00125] Example 11 — This example includes any or all of the features of example 1,
wherein the sub-stoichiometric oxide is one or more sub-stoichiometric metal oxides
selected from the group consisting of sub-stoichiometric: hafnium oxide, tantalum oxide,
nickel oxide, tungsten (III) oxide, tungsten (IV) oxide, tungsten (VI) oxide, tungsten
pentoxide, titanium oxide, zirconium oxide, vanadium oxide, copper (II) oxide, aluminum

oxide, or a combination thereof.

[00126] Example 12 — This example includes any or all of the features of example 1,
wherein after execution of the forming process, the method further includes executing a

reset process to break the at least one filament.
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[00127] Example 13 — This example includes any or all of the features of example 12,
wherein after execution of the reset process, the method further includes executing a set

process to reform the at least one filament.

[00128] Example 14 — This example includes any or all of the features of example 1,
wherein forming the cell precursor further includes providing a substrate including a
dielectric material having a trench formed therein, wherein: at least a portion of the first
electrode is provided in the trench; depositing the switching layer precursor includes
depositing, via the reactive sputter deposition, one or more layers of a sub-stoichiometric
oxide within the trench, such that first and second sides of the switching layer precursor
respectively contact opposing sidewalls of the trench; and forming the second electrode
includes depositing the second electrode material on the second surface of the switching
layer precursor, the second surface being an upper surface of the switching layer

precursor.

[00129] Example 15 — This example includes any or all of the features of example 1,
wherein the second electrode material includes a conductive material that does not
substantially react with oxygen in the switching layer, the switching layer precursor, or a

combination thereof.

[00130] Example 16 — According to this example there is provided a resistive memory
cell precursor, including: a first electrode including a first electrode material; a switching
layer precursor on the first electrode, the switching layer precursor having opposing first
and second surfaces; and a second electrode on the switching layer precursor, the second
electrode including a second electrode material; wherein the switching layer precursor
includes a sub-stoichiometric oxide and a plurality of oxygen vacancies, the oxygen
vacancies being present in a controlled distribution between about the first and second
surfaces without the use of an oxygen exchange layer; and wherein the switching layer
precursor is configured such that, in response to application of a forming voltage, the
switching layer precursor converts to a switching layer in which at least a portion of the
plurality of oxygen vacancies form at least one filament providing a low resistance

pathway between the first electrode and the second electrode.

[00131] Example 17 — This example includes any or all of the features of example 16,

wherein the controlled distribution is selected from the group consisting of a linear
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distribution, a parabolic distribution, a logarithmic distribution, a stepped distribution, a

polynomial distribution, an asymptotic distribution, and combinations thereof.

[00132] Example 18 — This example includes any or all of the features of example 17,
wherein the controlled distribution is a stepped distribution, and the switching layer
precursor includes a plurality of layers of the sub-stoichiometric oxide and at least one

corresponding substantially stoichiometric oxide layer.

[00133] Example 19 — This example includes any or all of the features of example 18,
wherein: the first and second surfaces are a lower and an upper surface, respectively, of
the switching layer precursor; the plurality of layers of the sub-stoichiometric oxide
includes at least a first sub-stoichiometric oxide layer proximate the lower surface and a
second sub-stoichiometric oxide layer proximate the upper surface, the first and second
sub-stoichiometric oxide layers having respective first and second thicknesses; and the

first and second thicknesses are the same or different.

[00134] Example 20 — This example includes any or all of the features of example 19,

wherein the second thickness is greater than the first thickness.

[00135] Example 21 — This example includes any or all of the features of example 19,

wherein the first thickness is greater than the second thickness.

[00136] Example 22 — This example includes any or all of the features of example 17,

wherein the controlled distribution is a polynomial distribution.

[00137] Example 23 — This example includes any or all of the features of example 17,

wherein the controlled distribution is a linear distribution.

[00138] Example 24 — This example includes any or all of the features of example 16,
wherein the first and second surfaces are a lower and an upper surface, respectively, of

the switching layer precursor.

[00139] Example 25 — This example includes any or all of the features of example 16,
wherein the sub-stoichiometric oxide is one or more sub-stoichiometric metal oxides
selected from the group consisting of sub-stoichiometric: hafnium oxide, tantalum oxide,
nickel oxide, tungsten (III) oxide, tungsten (IV) oxide, tungsten (VI) oxide, tungsten
pentoxide, titanium oxide, zirconium oxide, vanadium oxide, copper (II) oxide, aluminum

oxide, or a combination thereof.
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[00140] Example 26 — This example includes any or all of the features of example 16,
further including a substrate including a dielectric material having a trench formed
therein, wherein: at least a portion of the switching layer precursor is disposed within the

trench.

[00141] Example 27 — This example includes any or all of the features of example 16,
wherein the second electrode material includes a conductive material that does not

substantially react with oxygen.

[00142] Example 28 — According to this example there is provided a method of
forming a resistive memory cell, including: forming a cell precursor at least in part by:
providing a first electrode including a first electrode material; forming a switching layer
precursor on the first electrode, the switching layer precursor including a plurality of
alternating oxide and oxygen exchange layers, the oxide layer including a substantially
stoichiometric oxide, the oxygen exchange layers including an oxygen reactive material;
forming a second electrode on the switching layer precursor, the second electrode
including a second electrode material; and executing a heat treatment process to convert
at least a portion of the substantially stoichiometric oxide to a sub-stoichiometric oxide
including a plurality of oxygen vacancies, and to convert at least a portion of the oxygen
reactive material to reacted oxygen reactive material, the oxygen vacancies having a
controlled distribution defined between a first and second surface of the switching layer
precursor; and executing a forming process to convert the switching layer precursor to a
switching layer in which at least a portion of the oxygen vacancies form least one
filament that provides a low resistance pathway between the first electrode and the

second electrode.

[00143] Example 29 — This example includes any or all of the features of example 28,
wherein the controlled distribution is selected from the group consisting of a linear
distribution, a parabolic distribution, a logarithmic distribution, a stepped distribution, a

polynomial distribution, an asymptotic distribution, and combinations thereof.

[00144] Example 30 — This example includes any or all of the features of example 28,
wherein: the plurality of alternating oxide and oxygen exchange layers includes at least a
first and second oxide layers having respective first and second oxide layer thicknesses;

and the first and second oxide layer thicknesses are the same or different.
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[00145] Example 31 — This example includes any or all of the features of example 30,
wherein: the first and second surfaces are a lower and upper surface, respectively, of the
switching layer precursor; the first oxide layer is proximate the lower surface; the second
oxide layer is proximate the upper surface; the first and second oxide layer thicknesses

are different; and the controlled distribution is a stepped distribution.

[00146] Example 32 — This example includes any or all of the features of example 31,

wherein the first oxide layer thickness is less than the second oxide layer thickness.

[00147] Example 33 — This example includes any or all of the features of example 31,

wherein the first oxide layer thickness is greater than the second oxide layer thickness.

[00148] Example 34 — This example includes any or all of the features of example 28,
wherein: the plurality of alternating oxide and oxygen exchange layers includes at least a
first and second oxygen exchange layers having respective first and second OEL layer

thicknesses; and the first and second OEL layer thicknesses are the same or different.

[00149] Example 35 — This example includes any or all of the features of example 34,
wherein the first and second surfaces are a lower and upper surface, respectively, of the
switching layer precursor; the first oxygen exchange layer is proximate the lower surface;
the second oxygen exchange is proximate the upper surface; and the first and second

OEL layer thicknesses are different.

[00150] Example 36 — This example includes any or all of the features of example 28,
wherein: the plurality of alternating oxide and oxygen exchange layers includes at least
four oxide layers and at least three oxygen exchange layers; and each of the oxygen

exchange layers is between at least two of the oxide layers.

[00151] Example 37 — This example includes any or all of the features of example 28,
wherein: the reacted oxygen reactive material is an oxide of the oxygen reactive material;
and during the heat treatment process, substantially all of the oxygen reactive material in

the oxygen exchange layers is converted to the oxide of the oxygen reactive material.

[00152] Example 38 — This example includes any or all of the features of example 37,
wherein during the heat treatment process, all of the oxygen reactive material in the

oxygen exchange layers is converted to the oxide of the oxygen reactive material.
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[00153] Example 39 — This example includes any or all of the features of example 28,
wherein the sub-stoichiometric oxide is one or more sub-stoichiometric metal oxides
selected from the group consisting of sub-stoichiometric: hafnium oxide, tantalum oxide,
nickel oxide, tungsten (III) oxide, tungsten (IV) oxide, tungsten (VI) oxide, tungsten
pentoxide, titanium oxide, zirconium oxide, vanadium oxide, copper (II) oxide, aluminum

oxide, or a combination thereof.

[00154] Example 40 — This example includes any or all of the features of example 28,
wherein after execution of the forming process, the method further includes executing a

reset process to break the at least one filament.

[00155] Example 41 — This example includes any or all of the features of example 40,
wherein after execution of the reset process, the method further includes executing a set

process to reform the at least one filament.

[00156] Example 42 — This example includes any or all of the features of example 28,
wherein forming the cell precursor further includes providing a substrate including a
dielectric material having a trench formed therein, wherein: at least a portion of the first
electrode is provided in the trench; forming the switching layer precursor includes
depositing the plurality of alternating oxide and oxygen reactive layers within the trench,
such that first and second sides of the switching layer precursor respectively contact
opposing sidewalls of the trench; and forming the second electrode includes depositing

the second electrode material on the oxygen exchange layer.

[00157] Example 43 — This example includes any or all of the features of example 28,
wherein the second electrode material includes a conductive material that does not

substantially react with oxygen.

[00158] Example 44 — According to this example there is provided a resistive memory
cell precursor including: a first electrode including a first electrode material; a switching
layer precursor on the first electrode; and a second electrode on the switching layer
precursor and including a second electrode material; wherein the switching layer
precursor includes a plurality of alternating oxide and oxygen exchange layers, the oxide
layer including a substantially stoichiometric oxide, the oxygen exchange layers

including an oxygen reactive material; and wherein the switching layer precursor and the
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oxygen exchange layer are configured such that: in response to the execution of a heat
treatment process, at least a portion of the substantially stoichiometric oxide is converted
to a sub-stoichiometric oxide including a plurality of oxygen vacancies, and at least a
portion of the oxygen reactive material is converted to reacted oxygen reactive material,
the oxygen vacancies having a controlled distribution defined between a first and second
surface of the switching layer precursor; and in response to the execution of a forming
process, the switching layer precursor is converted to a switching layer in which at least a
portion of the oxygen vacancies form a low resistance pathway between the first

electrode and the second electrode.

[00159] Example 45 — This example includes any or all of the features of example 44,
wherein the controlled distribution is selected from the group consisting of a linear
distribution, a parabolic distribution, a logarithmic distribution, a stepped distribution, a

polynomial distribution, an asymptotic distribution, and combinations thereof.

[00160] Example 46 — This example includes any or all of the features of example 44,
wherein: the plurality of alternating oxide and oxygen exchange layers includes at least a
first and second oxide layers having respective first and second oxide layer thicknesses;

and the first and second oxide layer thicknesses are the same or different.

[00161] Example 47 — This example includes any or all of the features of example 46,
wherein: the first and second surfaces are a lower and upper surface, respectively, of the
switching layer precursor; the first oxide layer is proximate the lower surface; the second
oxide layer is proximate the upper surface; the first and second oxide layer thicknesses

are different; and the controlled distribution is a stepped distribution.

[00162] Example 48 — This example includes any or all of the features of example 47,

wherein the first oxide layer thickness is less than the second oxide layer thickness.

[00163] Example 49 — This example includes any or all of the features of example 47,

wherein the first oxide layer thickness is greater than the second oxide layer thickness.

[00164] Example 50 — This example includes any or all of the features of example 44,
wherein: the plurality of alternating oxide and oxygen exchange layers includes at least a
first and second oxygen exchange layers having respective first and second OEL layer

thicknesses; and the first and second OEL layer thicknesses are the same or different.
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[00165] Example 51 — This example includes any or all of the features of example 50,
wherein the first and second surfaces are a lower and upper surface, respectively, of the
switching layer precursor; the first oxygen exchange layer is proximate the lower surface;
the second oxygen exchange layer is proximate the upper surface; and the first and

second OEL layer thicknesses are different.

[00166] Example 52 — This example includes any or all of the features of example 44,
wherein: the reacted oxygen reactive material is an oxide of the oxygen reactive material;
and during execution of the heat treatment process, substantially all of the oxygen
reactive material in the oxygen exchange layers is converted to the oxide of the oxygen

reactive material.

[00167] Example 53 — This example includes any or all of the features of example 52,
wherein during the heat treatment process, all of the oxygen reactive material in the

oxygen exchange layers is converted to the oxide of the oxygen reactive material.

[00168] Example 54 — This example includes any or all of the features of example 44,
wherein the sub-stoichiometric oxide is one or more sub-stoichiometric metal oxides
selected from the group consisting of sub-stoichiometric: hafnium oxide, tantalum oxide,
nickel oxide, tungsten (III) oxide, tungsten (IV) oxide, tungsten (VI) oxide, tungsten
pentoxide, titanium oxide, zirconium oxide, vanadium oxide, copper (II) oxide, aluminum

oxide, or a combination thereof.

[00169] Example 55 — This example includes any or all of the features of example 44,
further including a substrate including a dielectric material having a trench formed
therein, wherein: at least a portion of the switching layer precursor is disposed within the
trench, such that first and second sides of the switching layer precursor respectively
contact opposing sidewalls of the trench.

[00170] Example 56 — This example includes any or all of the features of example 44,
wherein the second electrode material includes a conductive material that does not
substantially react with oxygen.

[00171] Example 57 — According to this example there is provided a method of
forming a resistive memory cell, including: forming a cell precursor at least in part by

providing a first electrode including a first electrode material; forming a switching layer
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precursor on the first electrode, the switching layer precursor including a substantially
stoichiometric oxide; forming an oxygen exchange layer on the switching layer precursor,
the oxygen exchange layer including an oxygen reactive material; forming a second
electrode including a second electrode material on the switching layer precursor, wherein
the second electrode material includes a conductive material that does not substantially
react with oxygen; executing a heat treatment process to convert at least a portion of the
substantially stoichiometric oxide to a sub-stoichiometric oxide containing a plurality of
oxygen vacancies, and to convert at least a portion of the oxygen reactive material to
reacted oxygen reactive material; and executing a forming process to convert the
switching layer precursor to a switching layer in which the oxygen vacancies form least
one filament that provides a low resistance pathway between the first electrode and the

second electrode.

[00172] Example 58 — This example includes any or all of the features of example 57,
wherein the second electrode material is a metal nitride, a metal carbide, or a combination

thereof.

[00173] Example 59 — This example includes any or all of the features of example 58,

wherein the second electrode material is titanium nitride or titanium carbide.

[00174] Example 60 — This example includes any or all of the features of example 57,
wherein forming the oxygen exchange layer includes depositing the oxygen reactive
material to an OEL thickness, wherein the OEL thickness is set such that in response to
the execution of the heat treatment process, substantially all of the oxygen reactive
material is converted to the reacted oxygen reactive material.

[00175] Example 61 — This example includes any or all of the features of example 60,
wherein the OEL thickness is set such that in response to the execution of the heat
treatment process, all of the oxygen reactive material is converted to the reacted oxygen
reactive material.

[00176] Example 62 — This example includes any or all of the features of example 57,

wherein: the reacted oxygen reactive material is an oxide of the oxygen reactive material.

[00177] Example 63 — This example includes any or all of the features of example 57,

wherein the sub-stoichiometric oxide is one or more sub-stoichiometric metal oxides
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selected from the group consisting of sub-stoichiometric: hafnium oxide, tantalum oxide,
nickel oxide, tungsten (III) oxide, tungsten (IV) oxide, tungsten (VI) oxide, tungsten
pentoxide, titanium oxide, zirconium oxide, vanadium oxide, copper (II) oxide, aluminum

oxide, or a combination thereof.

[00178] Example 64 — This example includes any or all of the features of example 57,
wherein after execution of the forming process, the method further includes executing a

reset process to break the at least one filament.

[00179] Example 65 — This example includes any or all of the features of example 64,
wherein after execution of the reset process, the method further includes executing a set

process to reform the at least one filament.

[00180] Example 66 — This example includes any or all of the features of example 57,
wherein forming the cell precursor further includes providing a substrate including a
dielectric material having a trench formed therein, wherein: at least a portion of the first
electrode is provided in the trench; forming the switching layer precursor includes
depositing the substantially stoichiometric oxide within the trench such that first and
second sides of the switching layer precursor respectively contact opposing sidewalls of
the trench; forming the oxygen exchange layer includes depositing the oxygen reactive
material on the switching layer precursor; and forming the second electrode includes

depositing the second electrode material on the oxygen exchange layer.

[00181] Example 67 — According to this example there is provided a resistive memory
cell precursor including: a first electrode including a first electrode material; a switching
layer precursor on the first electrode, the switching layer precursor including a
substantially stoichiometric oxide; an oxygen exchange layer on the switching layer
precursor, the oxygen exchange layer including an oxygen reactive material; and a second
electrode including a second electrode material on the switching layer precursor, the
second electrode material including a conductive material that does not substantially react
with oxygen; wherein the switching layer precursor and the oxygen exchange layer are
configured such that: in response to the execution of a heat treatment process, at least a
portion of the substantially stoichiometric oxide is converted to a sub-stoichiometric
oxide including a plurality of oxygen vacancies, and at least a portion of the oxygen

reactive material is converted to reacted oxygen reactive material, the oxygen vacancies
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having a controlled distribution defined between a first and second surface of the
switching layer precursor; and in response to the execution of a forming process, the
switching layer precursor is converted to a switching layer in which at least a portion of
the oxygen vacancies form a low resistance pathway between the first electrode and the

second electrode.

[00182] Example 68 — This example includes any or all of the features of example 67,
wherein the second electrode material is a metal nitride, a metal carbide, or a combination

thereof.

[00183] Example 69 — This example includes any or all of the features of example 68,

wherein the second electrode material is titanium nitride or titanium carbide.

[00184] Example 70 — This example includes any or all of the features of example 67,
wherein: the oxygen exchange layer has an OEL thickness; and the OEL thickness is set
such that in response to the execution of the heat treatment process, substantially all of

the oxygen reactive material is converted to the reacted oxygen reactive material.

[00185] Example 71 — This example includes any or all of the features of example 70,
wherein the OEL thickness is set such that in response to the execution of the heat
treatment process, all of the oxygen reactive material is converted to the reacted oxygen

reactive material.

[00186] Example 72 — This example includes any or all of the features of example 67,

wherein the reacted oxygen reactive material is an oxide of the oxygen reactive material.

[00187] Example 73 — This example includes any or all of the features of example 67,
wherein the sub-stoichiometric oxide is one or more sub-stoichiometric metal oxides
selected from the group consisting of sub-stoichiometric: hafnium oxide, tantalum oxide,
nickel oxide, tungsten (III) oxide, tungsten (IV) oxide, tungsten (VI) oxide, tungsten
pentoxide, titanium oxide, zirconium oxide, vanadium oxide, copper (II) oxide, aluminum

oxide, or a combination thereof.

[00188] Example 74 — This example includes any or all of the features of example 67,
further including a substrate including a dielectric materials having a trench formed

therein, wherein: at least a portion of the switching layer precursor is disposed within the
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trench, such that first and second sides of the switching layer precursor respectively
contact opposing sidewalls of the trench.

[00189] The terms and expressions which have been employed herein are used as
terms of description and not of limitation, and there is no intention, in the use of such
terms and expressions, of excluding any equivalents of the features shown and described
(or portions thereof), and it is recognized that various modifications are possible within
the scope of the claims. Accordingly, the claims are intended to cover all such
equivalents. Various features, aspects, and embodiments have been described herein.
The features, aspects, and embodiments are susceptible to combination with one another
as well as to variation and modification, as will be understood by those having skill in the
art. The present disclosure should, therefore, be considered to encompass such

combinations, variations, and modifications.
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CLAIMS
What is claimed is:

What is claimed is:
1. A resistive memory cell precursor, comprising:

a first electrode comprising a first electrode material;

a switching layer precursor on the first electrode, the switching layer precursor
having opposing first and second surfaces; and

a second electrode on the switching layer precursor, the second electrode
comprising a second electrode material;

wherein the switching layer precursor comprises a sub-stoichiometric oxide and a
plurality of oxygen vacancies, said oxygen vacancies being present in a controlled
distribution between about the first and second surfaces without the use of an oxygen
exchange layer; and

wherein the switching layer precursor is configured such that, in response to
application of a forming voltage, said switching layer precursor converts to a switching
layer in which at least a portion of said plurality of oxygen vacancies form at least one
filament providing a low resistance pathway between said first electrode and said second

electrode.

2. The resistive memory cell precursor of claim 1, wherein said controlled
distribution is selected from the group consisting of a linear distribution, a parabolic
distribution, a logarithmic distribution, a stepped distribution, a polynomial distribution,

an asymptotic distribution, and combinations thereof.

3. The resistive memory cell precursor of claim 2, wherein said controlled
distribution is a stepped distribution, and said switching layer precursor comprises a
plurality of layers of said sub-stoichiometric oxide and at least one corresponding

substantially stoichiometric oxide layer.

4. The resistive memory cell precursor of claim 3, wherein:
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said first and second surfaces are a lower and an upper surface, respectively, of
said switching layer precursor;

said plurality of layers of said sub-stoichiometric oxide comprises at least a first
sub-stoichiometric oxide layer proximate said lower surface and a second sub-
stoichiometric oxide layer proximate the upper surface, the first and second sub-
stoichiometric oxide layers having respective first and second thicknesses; and

the first and second thicknesses are the same or different.

S. The resistive memory cell precursor of claim 4, wherein the second thickness is

greater than the first thickness.

6. The resistive memory cell precursor of claim 4, wherein the first thickness is

greater than the second thickness.

7. The resistive memory cell precursor of claim 2, wherein said controlled

distribution is a polynomial distribution.

8. The resistive memory cell precursor of claim 2, wherein said controlled

distribution is a linear distribution.

9, The resistive memory cell precursor of claim 1, wherein said first and second

surfaces are a lower and an upper surface, respectively, of said switching layer precursor.

10. The resistive memory cell precursor of claim 1, wherein said sub-stoichiometric
oxide is one or more sub-stoichiometric metal oxides selected from the group consisting
of sub-stoichiometric: hafnium oxide, tantalum oxide, nickel oxide, tungsten (III) oxide,
tungsten (IV) oxide, tungsten (VI) oxide, tungsten pentoxide, titanium oxide, zirconium

oxide, vanadium oxide, copper (II) oxide, aluminum oxide, or a combination thereof.

11. The resistive memory cell precursor of claim 1, further comprising a substrate

comprising a dielectric material having a trench formed therein, wherein:
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at least a portion of said switching layer precursor is disposed within said trench.

12. The resistive memory cell precursor of claim 1, wherein said second electrode

material comprises a conductive material that does not substantially react with oxygen.

13. A method of forming a resistive memory cell, comprising:
forming a cell precursor at least in part by:
providing a first electrode comprising a first electrode material;
forming, without the use of an oxygen exchange layer, a switching layer
precursor on said first electrode, said switching layer precursor comprising a sub-
stoichiometric oxide and a plurality of oxygen vacancies, wherein said oxygen vacancies
have controlled distribution defined between a first and second surface of said switching
layer precursor; and
forming a second electrode on said switching layer precursor, the second
electrode comprising a second electrode material; and
executing a forming process to convert said switching layer precursor to a
switching layer in which said oxygen vacancies form least one filament that provides a

low resistance pathway between said first electrode and said second electrode.

14. The method of claim 13, wherein said controlled distribution is selected from the
group consisting of a linear distribution, a parabolic distribution, a logarithmic
distribution, an exponential distribution, a stepped distribution, a polynomial distribution,

an asymptotic distribution, and combinations thereof.

15. The method of claim 14, wherein said controlled distribution is a stepped
distribution, and forming said switching layer precursor comprises depositing a plurality
of layers of said sub-stoichiometric oxide and at least one corresponding substantially

stoichiometric oxide layer.
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16. The method of claim 15, wherein:

said first and second surfaces are a lower and an upper surface, respectively, of
said switching layer precursor;

said plurality of layers of said sub-stoichiometric oxide comprises at least a first
sub-stoichiometric oxide layer proximate said lower surface and a second sub-
stoichiometric oxide layer proximate the upper surface, the first and second sub-
stoichiometric oxide layers having respective first and second thicknesses; and

the first and second thicknesses are the same or different.

17. The method of claim 16, wherein the second thickness is greater than the first
thickness.

18. The method of claim 14, wherein said controlled distribution is a polynomial
distribution.

19. The method of claim 14, wherein said controlled distribution is a linear
distribution.

20. The method of claim 14, wherein said first surface is a lower surface of said

switching layer precursor, and said second surface is an upper surface of said switching

layer precursor.

21. The method of claim 13, wherein forming said switching layer precursor
comprises sputter depositing a metal target in an oxygen containing atmosphere so as to
deposit said switching layer precursor on said first electrode, and the method further
comprises controlling the amount of oxygen in said oxygen containing atmosphere as
said switching layer precursor is deposited, so as to obtain said controlled distribution of

oxygen vacancies.

22. The method of claim 13, wherein said sub-stoichiometric oxide is one or more

sub-stoichiometric metal oxides selected from the group consisting of sub-stoichiometric:
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hafnium oxide, tantalum oxide, nickel oxide, tungsten (III) oxide, tungsten (IV) oxide,
tungsten (VI) oxide, tungsten pentoxide, titanium oxide, zirconium oxide, vanadium

oxide, copper (II) oxide, aluminum oxide, or a combination thereof.

23. The method of claim 13, wherein after execution of said forming process, the

method further comprises executing a reset process to break said at least one filament.

24. The method of claim 13, wherein forming said cell precursor further comprises
providing a substrate comprising a dielectric material having a trench formed therein,
wherein:

at least a portion of said first electrode is provided in said trench;

depositing said switching layer precursor comprises depositing, via said reactive
sputter deposition, one or more layers of a sub-stoichiometric oxide within said trench,
such that first and second sides of said switching layer precursor respectively contact
opposing sidewalls of said trench; and

forming said second electrode comprises depositing the second electrode material
on said second surface of said switching layer precursor, said second surface being an

upper surface of said switching layer precursor.
25. The method of claim 13, wherein said second electrode material comprises a

conductive material that does not substantially react with oxygen in said switching layer,

said switching layer precursor, or a combination thereof.
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