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layer coupled to the first electrode, a capping layer coupled to the switching
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layer, and a second electrode coupled to the capping layer. The switching lay-
er may include a matrix having a first, relatively insulating phase of a trans-
ition metal oxide; a second, relatively conducting phase of the transition met-
al oxide dispersed in the matrix; and a catalyst, located within the matrix, to
interact with the first phase of the transition metal oxide to selectively form
and position the second phase of the transition metal oxide within the matrix.
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MULTIPHASE SELECTORS

BACKGROUND

[0001] Selectors are devices that may control the electrical properties of electronic
devices containing said selectors. Selectors may be combined with memristors to form
crossbar arrays of memory devices. Memristors are devices that can be programmed to
different resistive states by applying a programming energy, such as a voltage. Large
crossbar arrays of memory devices can be used in a variety of applications, including
random access memory, non-volatile solid state memory, programmable logic, signal
processing control systems, pattern recognition, and other applications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] The following detailed description references the drawings, wherein:

[0003] FIG. 1A is a cross-sectional view of an example multiphase selector, according

to an example;

[0004] FIG. 1B is a cross-sectional view of a switching layer of the example multiphase
selector of FIG. 1A, according to an example;

[0005] FIG. 2 is a block diagram of an example memory device having a memristor and
a multiphase selector, according to an example;

[0006] FIG. 3A is a flowchart of an example method for manufacturing a multiphase
selector, according to an example;

[0007] FIG. 3B is a flowchart of an example method for manufacturing a multiphase
selector including scattering atoms, ejecting oxygen, and thermal annealing a switching
layer, according to an example;

[0008] FIG. 4 is a schematic of a cross-sectional view of an example multiphase selector
during the execution of the method of FIG. 3B, according to an example;

[0009] FIG. 5A, on coordinates of current (in A) and voltage (in V), is an example |-V plot
of a selector without a multiphase switching layer, according to an example;
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[0010] FIG. 5B, on coordinates of current (in A) and voltage (in V), is an example |-V plot

of a multiphase selector, according to an example.

DETAILED DESCRIPTION

[0011] Memristors are devices that may be used as components in a wide range of
electronic circuits, such as memories, switches, radio frequency circuits, and logic circuits
and systems. In a memory structure, a crossbar array of memory devices having memristors
may be used. When used as a basis for memory devices, memristors may be used to store
bits of information, 1 or 0. The resistance of a memristor may be changed by applying an
electrical stimulus, such as a voltage or a current, through the memristor. Generally, at least
one channel may be formed that is capable of being switched between two states—one in
which the channel forms an electrically conductive path (“ON”) and one in which the channel
forms a less conductive path (“OFF”). In some other cases, conductive paths represent
“‘OFF” and less conductive paths represent “ON”.

[0012] Using memristors in crossbar arrays may lead to read or write failure due to sneak
currents passing through the memory cells that are not targeted—for example, cells on the
same row or column as a targeted cell. Failure may arise when the total current through the
circuit from an applied voltage is higher than the current through the targeted memristor due
to current sneaking through untargeted neighboring cells. Using a transistor coupled in
series with each memristor has been proposed to isolate each cell and overcome the sneak
current. However, using a transistor with each memristor in a crossbar array limits array
density and increases cost, which may impact commercialization. As a result, effort has
been spent to investigate using a nonlinear selector coupled in series with each memristor
in order to increase the current—voltage nonlinearity of each memory cell of a crossbar array.
One type of selector being investigated exhibits so called insulator-to-metal transition,
meaning that a selector transitions from an electrically insulating state to an electrically

conducting state similar to a metal.

[0013] However, some proposed selectors allow excessive leakage current in the
insulator (“unselected”) state. In other words, some selectors may not be resistive enough,

or too conducting, in the unselected state. On the flip side, some proposed selectors
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transition at relatively high threshold voltages. In other words, a high voltage may need to
be applied in order to switch the selector from the unselected, insulating state to the
selected, conducting state. The combination of these two issues presents a challenge for
currently proposed solutions because selectors with the desired resistance in the unselected

state typically have a relatively high threshold voltage for switching.

[0014] Examples herein provide for multiphase selectors. In example implementations,
a multiphase selector has a switching layer, which includes a matrix of a first, relatively
insulating phase of a transition metal oxide; a second, relatively conducting phase of the
metal oxide dispersed in the matrix; and a catalyst located within the matrix to interact with
the first phase of the transition metal oxide to selectively form and position the second phase
within the matrix. When a voltage greater than a threshold voltage is applied, the second
phase of the metal oxide may form conducting channels for current to travel through the
switching layer, thereby allowing the transition of the switching layer from an unselected
state to a selected state. By having a switching layer with an insulating matrix and a more
conducting second phase, a multiphase selector may exhibit a desired high resistance in
the unselected state due to the prominence of the first phase in the matrix, and it may have
a lower threshold voltage due to the dispersion of the second phase in the matrix.
Accordingly, multiphase selectors herein may be desirable for use in conjunction with

memristors or other memory devices in a crossbar or other memory structure.

[0015] Referring now to the figures, FIG. 1A depicts a cross-sectional view of an example
multiphase selector 100. Multiphase selector 100 may have a first electrode 110, a switching
layer 120, a capping layer 130, and a second electrode 140. Switching layer 120 may be
coupled to first electrode 110, and switching layer 120 may have a matrix 122 of a first,
relatively insulating phase of a transition metal oxide; a second, relatively conducting phase
124 of the transition metal oxide dispersed in matrix 122; and a catalyst 126 located within
matrix 122 to interact with the first phase of the transition metal oxide to selectively form and
position second phase 124 within matrix 122.

[0016] Multiphase selector 100 may be an electrical component placed in series with
other components, such as memristors, that controls the overall electrical properties of

resulting combination devices. Multiphase selector 100 may have switching layer 120 which
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may have a plurality of phases of various materials, including materials that exhibit insulator-
to-metal transition in certain voltage ranges. In other words, a material may switch from
behaving as an insulator to behaving as a conducting metal when a voltage greater than a
threshold voltage is applied. Correspondingly, the material may behave as an insulator when
a voltage less than a threshold voltage is applied or if no voltage is applied. Accordingly, due
to the abrupt change in conductivity at a threshold voltage, multiphase selector 100 may
exhibit nonlinear current-voltage behavior in certain voltage ranges. In other words, when a
voltage greater than a threshold voltage is applied across multiphase selector 100, the
current passing through multiphase selector 100 changes by an amount greater than the
proportional increase in voltage. In some implementations, the threshold voltage for
multiphase selector 100 may be within a voltage range of interest, such as, for example, the

voltage ranges used for reading or writing memory devices in crossbar arrays.

[0017] As described above, multiphase selector 100 may have switching layer 120
coupled to first electrode 110. As used herein, components may be coupled by forming an
electrical connection between the components. For example, switching layer 120 may be
coupled to first electrode 110 by forming a direct, surface contact between the two. First
electrode 110 may be an electrical conductor that, in some implementations, serve as the
connection for multiphase 100 to other components. For example, first electrode 110 may
connect multiphase selector 100 to lines of a crossbar array. Non-limiting example materials
for first electrode 110 include Pt, Ta, Hf, Zr, Al, Co, Ni, Fe, Nb, Mo, W, Cu, Ti, TiN, TaN,
TazN, WN2z, NbN, MoN, TiSiz, TiSi, TisSis, TaSiz, WSi2, NbSiz2, VsSi, electrically doped
polycrystalline Si, electrically doped polycrystalline Ge, and combinations thereof.

[0018]  Switching layer 120 may be the active region within multiphase selector 100 that
provides the switching properties of multiphase selector 100. Switching layer 120 may have
matrix 122, which contains a transition metal oxide in a first, relatively insulating phase.
Matrix 122 may be the principal structure of switching layer 122, and in some
implementations, matrix 122 may make up the entirety of switching layer 120. In some other
examples, matrix 122 may make up a portion of switching layer 120. Switching layer 120
may be generally insulating due to the predominant first phase of the transition metal oxide

in matrix 122. The metal that forms the metal oxide may be selected from a number of
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suitable candidates, including niobium (Nb), tantalum (Ta), vanadium (V), titanium (Ti),
chromium (Cr). In one particular example, the first phase in matrix 122 may be niobium
pentoxide (Nbz20s).

[0019]  Switching layer 120 may be nonhomogeneous and may also have second phase
124 of the transition metal oxide dispersed in matrix 122. Second phase 124 may be
relatively conducting compared to the first phase of matrix 122. In some examples, second
phase 124 may be less oxygen-rich than the first phase. In a particular example, second
phase 124 may be niobium dioxide (NbOz2). In some examples, second phase 124 may be
formed within the matrix 122 out of the first phase. In other words, switching layer 120 may
be formed, for example, by first forming a matrix 122 made of Nb20s. A chemical reaction
may then be promoted where NbOz2 is formed out of the Nb20s matrix. From such reactions,
second phase 124 may tend to form in clusters of varying sizes, including clusters of single
molecules and clusters several nanometers across or larger. In some examples, the
average size of the clusters of second phase 124 within matrix 122 may be two nanometers

or less.

[0020] The presence of second phase 124 within matrix 122 may be the cause of the
insulator-to-metal transition ability of switching layer 120. Because second phase 124 is
more conducting than the first phase of the transition metal oxide, a current channel may be
formed in matrix 122 at a lower voltage than would be normally required through matrix 122
without second phase 124. Second phase 124 may be distributed throughout matrix 122 to
allow current channels to form through all of switching layer 120 and create a continuous
electrical path through switching layer 120.

[0021] In addition to second phase 124, catalysts 126 may be located within matrix 122
to interact with the first phase of the transition metal oxide to selectively form and position
second phase 124 within matrix 122. A catalyst may be a material that increases the rate of
a chemical reaction due to its presence or participation in the reaction. In examples herein,
catalyst 126 may promote the formation of second phase 124 out of the first phase within
matrix 122. In a specific example, catalyst 126 may be silicon, which may act as an acceptor
for oxygen atoms. Other examples materials include Al, Hf, Zr, Ca, Mg, Sc, Sm, Er, Gd, Ho,

Dy, Y, Sr, and Ba. Generally, catalyst 126 may reduce the first phase of matrix 122 to form
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an electrically insulating oxide that is more thermodynamically stable than the oxides of the
transition metal of matrix 122. For the specific example, silicon may attract oxygen atoms
from the first phase Nb20s of matrix 122 to form silicon oxide (SiO2). Removing oxygen
atoms from the first phase may form second phase 124, which may be NbOa.

[0022] Catalyst 126 may be distributed within matrix 122 in such as manner as to
selectively form and position second phase 124. In some examples, catalyst 126 may be
introduced into matrix 122 after capping layer 130 has been coupled to switching layer 120.
Details of the processes of introducing catalyst 126 are described in detail below.

[0023] Capping layer 130 may be coupled to switching layer 120. In some examples,
switching layer 120 may contain materials which may be difficult to manufacture and
maintain a proper stoichiometry particularly when exposed to environments such as the
atmosphere. Capping layer 130 may cover switching layer 120 and may protect the
materials of switching layer 120 from exposure to the external environment or other
materials. Capping layer 130 may have a number of materials, including metals,
semiconductors, or combinations of materials. Examples of capping layer materials include
Ta, Ti, Si, Ge, TaSiz, and TiSi2. In some implementations, capping layer 130 may include
multiple layers of different materials. In the particular example described above, capping
layer 130 may have niobium. In addition to covering switching layer 120, capping layer 130
may provide additional advantages, details of which are described below.

[0024] Second electrode 140 may be coupled to capping layer 130. Like first electrode
110, second electrode 140 may be an electrical conductor that, in some implementations,
serve as the connection for multiphase 100 to other components. For example, Second
electrode 140 may connect multiphase selector 100 to lines of a crossbar array. Non-limiting
example materials for second electrode 140 include Pt, Ta, Hf, Zr, Al, Co, Ni, Fe, Nb, Mo,
W, Cu, Ti, TiN, TaN, TazN, WN2, NbN, MoN, TiSiz, TiSi, TisSis, TaSi2, WSi2, NbSiz, VsSi,
electrically doped Si polycrystalline, electrically doped Ge polycrystalline, and combinations
thereof.

[0025] Catalysts 126 may be introduced into matrix 126 by a variety of processes,
including processes performed after the structure of multiphase selector 100 described

above has been manufactured. In some examples, each of first electrode 110, switching
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layer 120, capping layer 130, and second electrode 140 may be formed by sequential
deposition. For example, switching layer 120 may be deposited on top of first electrode 110,
capping layer 130 may then be deposited on switching layer 120, and then second electrode
140 may be deposited on capping layer 130. Switching layer 120 may be deposited with
matrix 122 having only the first phase of the transition metal oxide. Because it is easier to
form second phase 124 out of the first phase compared to directly forming a matrix with two
phases, catalysts 126 may be introduced after capping layer 130 has been coupled to
switching layer 120 in order to promote the formation of second phase 124.

[0026] In some implementations, catalysts 126 may be implanted within matrix 122 by
bombarding multiphase selector 100 with atoms of catalyst 126. Controlling the
bombardment of atoms may allow the penetration of a controllable amount of catalyst 126
into matrix 122. Generally, bombarding catalyst 126 atoms may pass through second
electrode 140 and capping layer 130. The presence of second electrode 140 and capping
layer 130 may prevent some or many of the bombarding catalyst 126 atoms from reaching
matrix 122. However, when atoms of catalyst 126 collide with some atoms of capping layer
130, some of the atoms of capping layer 130 may be recoiled and scattered into matrix 122
of switching layer 120. In instances where capping layer 130 includes the same metal as
the metal of the transition metal oxide of matrix 122, the scattered atoms of capping layer
130 may interact with the first phase of the transitional metal oxide to form second phase
124. For a specific example, Nb atoms of capping layer 130 may be recoiled into matrix 122
having Nb20s as the first phase. The extra Nb atoms may react with Nb20s to form clusters
of NbOz2 as second phase 124. Such reactions may produce additional oxygen atoms, such
as by dislodging oxygen atoms from the first phase of the transition metal oxide, and in some
examples, some of these oxygen atoms may be ejected out of matrix 122, leaving oxygen

vacancies in matrix 122.

[0027] Because it is desirable to have catalyst 126 pass through second electrode 140
and collide with some atoms of capping layer 130, second electrode 140 may contain a
material with a scattering cross-section that is less than the scattering cross-section of a
material of capping layer 130. A scattering cross-section may represent an area of scattering

centers within a medium which affects the likelihood of a scattering collision when a particle
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is traveling through the medium. Specifically, when catalyst 126 atoms, such as Si, are
bombarding multiphase selector 100, bombarding atoms may more likely be scattered by
atoms of capping layer 130 than by atoms of second electrode 140 due to the larger
scattering cross-section of capping layer 130.

[0028] Lastly, implanting catalysts 126 may cause heating within matrix 122. Heating
may occur due to the collisions of atoms and particles during bombardment of catalyst 126
atoms. In some examples, such heating may promote an annealing effect in matrix 122. An
annealing effect may stimulate reactions such as the formation of second phase 124 out of
the first phase. For a specific example, a heat annealing effect may promote the reaction of
Nb20s with additional Nb or catalyst 126 atoms to form NbO:z. Further details of the
implantation of catalyst 126 and the formation of second phase 124 out of the first phase of
matrix 122 are described in further detail below in relation to FIG. 4.

[0029] FIG. 1B depicts a cross-sectional view of an example switching layer 150, which
may be switching layer 120 of example multiphase selector 100 depicted in FIG. Switching
layer 150 may include matrix 160 having a first, relatively insulating phase of a transition
metal oxide, such as Nb20s. Matrix 160 may contain second phase 162 dispersed
throughout matrix 160. Second phase 162 may be a second, more conducting phase of the
transition metal oxide, such as NbO2. Second phase 162 may be formed out the first phase,
where the reaction may be stimulated by catalysts 164 located within matrix 160.

[0030] Catalysts 164 may be implanted within matrix 160 by bombardment methods
such as described in relation to FIG. 1A. Such processes may introduce scattered atoms
166 of the metal of the capping layer, which may be the same metal as that of matrix 160.
In a specific example, Nb atoms 166 may be scattered from the capping layer into matrix
160, where the atoms 166 may interact with the first phase of matrix 160. For example, the
extra Nb may react with Nb2Os to form NbO2 as second phase 164. Accordingly, processes
for implanting catalyst 164 may also introduce oxygen vacancies 168 in matrix 160 by
gjecting out oxygen atoms released during the formation reaction of second phase 162.

[0031] Due to the presence of second phase 162, switching layer 150 may form a current
channel 170 when a voltage greater than a threshold voltage is applied. While FIG. 1B

shows one current channel 170 formed through switching layer 150, it should be noted that
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there may be multiple current channels formed, some of which may extend through all of
switching layer 150 and some of which may terminate within matrix 160. Due to the
predominant presence of the first, more insulating phase, switching layer 150 may have a
relatively high resistance in the unselected state. However, the presence of current channel
170 formed by second phase 162 allows switching layer 150 to switch to a conducting
(“selected”) state at a lower threshold voltage than a switching layer without second phase
162. This transition may be referred to as the insulator-to-metal transition mentioned above.

[0032] FIG. 2 depicts a memory device 200 having a memristor 210 and a multiphase
selector 220. Multiphase selector 220 may have a first electrode 222, a switching layer 224,
a capping layer 226, and a second electrode 228. Switching layer 224 may be coupled to
first electrode 222, and switching layer 224 may have a matrix 224A of a first, relatively
insulating phase of a transition metal oxide; a second, relatively conducting phase 224B of
the transition metal oxide dispersed in matrix 224A; and a catalyst 224C located within
matrix 224A to interact with the first phase of the transition metal oxide to selectively form
and position second phase 224B within matrix 224A.

[0033] Similar to multiphase selector 100 of FIG. 1A, multiphase selector 220 may be an
electrical component placed in series with other components—such as memristor 210—that
controls the overall electrical properties of resulting combination devices, such as memory
device 200. Multiphase selector 220 may exhibit insulator-to-metal transition at a threshold
voltage, which may be controlled by switching layer 224. Switching layer 224 may include
matrix 224A having the first phase of the transition metal oxide. Second phase 224B and
catalyst 224C may be dispersed within matrix 224A, where catalyst 224C may have been
introduced into matrix 224A to interact with the first phase to form second phase 224B. In
some examples, catalyst 224C may be implanted into matrix 224A after capping layer 226
has been coupled to switching layer 224. In such instances, matrix 224A may contain other
components, such as atoms of the capping layer and oxygen vacancies. Capping layer 226
may contain a variety of materials, including metals, semiconductors, or multiple materials.
In some examples, capping layer 226 may contain the same metal as that of the transition
metal oxide of matrix 224A.
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[0034] Due to the presence of second phase 224B, switching layer 224 may form a
current channel when a voltage greater than a threshold voltage is applied. Due to the
predominant presence of the first, more insulating phase in matrix 224A, switching layer 224
may have a relatively high resistance in the unselected state. However, the presence of the
current channels formed by second phase 224B allows switching layer 224 to transition to
a conducting state at a lower threshold voltage than a switching layer without second phase
224B. Accordingly, multiphase selector 220 may be effectively used in a memory device

with memristor 210.

[0035] Memristor 210 may be an electrical device that has a resistance that changes
with an applied voltage across or through memristor 210. Furthermore, memristor 210 may
“‘memorize” its last resistance. In this manner, memory device 200 having memristor 210
may be set to at least two states. Memory device 200 may be one of many devices in a
larger structure, such as a crossbar array. For example, each memory device 200 may be
a single memory cell in an array. An array of multiple memory devices 200, which has
memristor 210 and multiphase selector 220, may be utilized, for example, in nonvolatile

resistive memory.

[0036] Memristor 210 may be based on a variety of materials. Memristor 210 may be
oxide-based, meaning that at least a portion of the memristor is formed from an oxide-
containing material. Memristor 210 may also be nitride-based, meaning that at least a
portion of the memristor is formed from a nitride-containing composition. Furthermore,
memristor 210 may be oxy-nitride based, meaning that a portion of the memiristor is formed
from an oxide-containing material and that a portion of the memristor is formed from a
nitride-containing material. In some examples, memristor 210 may be formed based on
tantalum oxide (TaOx) or hafnium oxide (HfOx) compositions. Other example materials of
memristor 210 may include titanium oxide, yttrium oxide, niobium oxide, zirconium oxide,
aluminum oxide, calcium oxide, magnesium oxide, dysprosium oxide, lanthanum oxide,
silicon dioxide, or other like oxides. Further examples include nitrides, such as aluminum
nitride, gallium nitride, tantalum nitride, and silicon nitride. In addition, other functioning
memristors may be employed in the practice of the teachings herein. For example,

memristor 210 may have multiple layers that include electrodes and dielectric materials.
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[0037] FIG. 3A is a flowchart depicting an example method 300 for manufacturing a
multiphase selector. Method 300 may include block 310 for coupling a switching layer to a
first electrode, block 315 for coupling a capping layer to the switching layer, block 320 for
coupling a second electrode to the capping layer, and block 325 for implanting catalysts into
a matrix of the switching layer. Although execution of method 300 is herein described in
reference to multiphase selector 100 of FIG. 1A, other suitable parties for implementation of
method 300 should be apparent.

[0038] Method 300 may start in block 305 and proceed to block 310, where switching
layer 120 is coupled to first electrode 110. Coupling may mean forming an electrically-
conducting connection between components. For example, selector 260 may be placed in
physical contact with first electrode 290. First electrode 110 may be an electrical conductor
that, in some implementations, serve as the connection for multiphase selector 100 to other
components. For example, first electrode 110 may connect multiphase selector 100 to lines
of a crossbar array. In a particular example, first electrode 110 may be made of titanium
nitride (TiN).

[0039] Switching layer 120 may be the active region within multiphase selector 100 that
provides the switching properties of multiphase selector 100. Switching layer 120 may have
matrix 122, which contains a transition metal oxide in a first, relatively insulating phase.
Switching layer 120 may be generally insulating due to the predominant first phase of the
transition metal oxide in matrix 122. Switching layer 120 may also have second phase 124
of the transition metal oxide dispersed in matrix 122. Second phase 124 may be relatively
conducting compared to the first phase of matrix 122. In some examples, second phase 124
may be formed within the matrix 122 out of the first phase via a chemical reaction. From
such reactions, second phase 124 may tend to form in clusters of varying sizes, including
clusters of single molecules and clusters several nanometers across or larger. In a specific
example, second phase 124 may have clusters having an average size of two nanometers

or less.

[0040] The presence of second phase 124 within matrix 122 may cause insulator-to-
metal transition ability of switching layer 120. Because second phase 124 is more

conducting than the first phase of the transition metal oxide, a conducting channel may be
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formed in matrix 122 at a lower voltage than would be normally required through matrix 122
without second phase 124. Second phase 124 may be distributed throughout matrix 122 to
allow conducting channels to form through all of switching layer 120 and create a continuous
electrical path through switching layer 120.

[0041] In addition to second phase 124, catalysts 126 may be located within matrix 122
to interact with the first phase of the transition metal oxide to selectively form and position
second phase 124 within matrix 122. In examples herein, catalyst 126 may promote the
formation of second phase 124 out of the first phase within matrix 122. Catalyst 126 may be
distributed within matrix 122 in such a manner as to selectively form and position second
phase 124. Catalyst 126 may be introduced into matrix 122 after capping layer 130 has
been coupled to switching layer 120, which may take place in block 325 of method 300.

[0042]  After coupling first electrode 110 and switching layer 120, method 300 may
proceed to block 315, where capping layer 130 is coupled to switching layer 120. Capping
layer 130 may cover switching layer 120 and may protect the materials of switching layer
120 from exposure to the external environment or other materials. Capping layer 130 may
have a number of materials, including metals, semiconductors, or combinations of materials.
In some examples, a metal of capping layer 130 may be the same metal as the metal
forming the transition metal oxide of switching layer 120.

[0043] After coupling switching layer 120 and capping layer 130, method 300 may
proceed to block 320, where second electrode 140 is coupled to capping layer 130. Similar
to first electrode 110, second electrode 140 may be an electrical conductor that may serve
as the connection for multiphase selector 100 to other components. For example, second
electrode 140 may connect multiphase selector 100 to lines of a crossbar array. In a
particular example, second electrode 140 may be made of titanium nitride (TiN).

[0044]  After coupling capping layer 130 and second electrode 140, method 300 may
proceed to block 325, where catalysts 126 are implanted into matrix 122 of switching layer
120. In some implementations, catalysts 126 may be implanted within matrix 122 by
bombarding multiphase selector 100 with atoms of catalyst 126. Controlling the
bombardment of atoms allows the penetration of a controllable amount of catalyst 126 into

matrix 122. Further details of processes for implanting catalysts 126 are described in further
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detail below in relation to method 350 as depicted in FIG. 3B. After implanting catalysts 126,
method 300 may proceed to block 330, wherein method 300 may stop.

[0045] FIG. 3B is a flowchart depicting an example method 350 for manufacturing a
multiphase selector, which may include block 360 for coupling a switching layer to a first
electrode, block 365 for coupling a capping layer to the switching layer, block 370 for
coupling a second electrode to the capping layer, block 375 for implanting catalysts into a
matrix of the switching layer, block 380 for scattering atoms of the capping layer into the
matrix of the switching layer, block 385 for ejecting oxygen atoms out of the matrix of the
switching layer, and block 390 for thermally annealing the switching layer. Although
execution of method 350 is herein described in reference to multiphase selector 100 of FIG.
1A, other suitable parties for implementation of method 350 should be apparent.

[0046] Method 350 may start in block 355 and proceed to block 360, where switching
layer 120 is coupled to first electrode 110. Block 360 may be similar to block 310 of method
300. Method 350 may then proceed to block 365, where capping layer 130 is coupled to
switching layer 120. Block 365 may be similar to block 315 of method 300. Method 300 may
then proceed to block 370, where second electrode 140 is coupled to capping layer 130.
Block 370 may be similar to block 320 of method 300.

[0047]  After coupling capping layer 130 and second electrode 140, method 300 may
proceed to block 375, where catalysts 126 are implanted into matrix 122 of switching layer
120. In some implementations, catalysts 126 may be implanted within matrix 122 by
bombarding multiphase selector 100 with atoms of catalyst 126. Controlling the
bombardment of atoms allows the penetration of a controllable amount of catalyst 126 into
matrix 122. Generally, bombarding catalyst 126 atoms may pass through second electrode
140 and capping layer 130. The presence of second electrode 140 and capping layer 130
may prevent some or many of the bombarding catalyst 126 atoms from reaching matrix 122.
However, when atoms of catalyst 126 collide with some atoms of capping layer 130, method
300 may proceed to block 380, where some of the atoms of capping layer 130 may be
scattered into matrix 122 of switching layer 120.

[0048] Furthermore, in instances where capping layer 130 includes the same metal as

the metal of the transition metal oxide of matrix 122, the recoiled atoms of capping layer 130
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may interact with the first phase of the transitional metal oxide in matrix 122 to form second
phase 124. For a specific example, Nb atoms of capping layer 130 may be recoiled into
matrix 122 having Nb20Os as the first phase. The extra Nb atoms may react with Nb20s to
form clusters of NbO2 as second phase 124. Such reactions may produce additional oxygen
atoms, and in some examples, method 300 may proceed to block 385, where some of these
oxygen atoms may be ejected out of matrix 122, leaving oxygen vacancies in matrix 122.

[0049] As mentioned above, because it is desirable to have catalyst 126 pass through
second electrode 140 but collide with some atoms of capping layer 130, in some examples,
second electrode 140 may contain a material with a scattering cross-section that is less than
the scattering cross-section of a material of capping layer 130. Specifically, when catalyst
126 atoms, such as Si, are bombarding multiphase selector 100, bombarding atoms may
more likely be scattered by atoms of capping layer 130 than by atoms of second electrode

140 due to the larger scattering cross-section of capping layer 130.

[0050] Finally, method 350 may proceed to step 390, where switching layer 120 is
thermally annealed. An annealing effect may stimulate reactions such as the formation of
second phase 124 out of the first phase. For a specific example, a heating anneal effect
may promote the reaction of Nb20s with additional Nb to form NbO2z. The heat may be
generated by the processes described in relation to blocks 375, 380, and 385. Alternatively
or in addition, heat may be provided to stimulate annealing. After thermally annealing
switching layer 120, method 350 may proceed to block 395 to stop. It should be noted that
although blocks 380, 385, and 390 are described herein as occurring sequentially, these
blocks of method 350 may occur in any order as a result of the execution of 375 or not at all
depending on the implementation.

[0051] FIG. 4 depicts a cross-sectional view of an example multiphase selector 400
during the execution of method 350 of FIG. 3B. Multiphase selector 400 may be similar to
multiphase selector 100 of FIG. 1A and may have a first electrode, a switching layer, a
capping layer, and a second electrode, each of which may be formed and coupled by the
execution of blocks 360, 365, and 370 of method 350. During the execution of block 375 to
implant catalysts into the matrix of the switching layer, multiphase selector 400 may be

bombarded by catalyst atoms 410.
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[0052]  During the bombardment of catalyst atoms 410, some or most of the bombarding
atoms may pass through the second electrode, which is depicted as the top-most layer of
multiphase selector 400, because the second electrode may have a material with a relatively
small scattering cross section. Due to the relatively larger scattering cross section of the
capping layer, less catalyst atoms 410 may pass through the capping layer. In FIG. 4, atoms
that failed to pass through the second electrode and capping layer are depicted in 415.
Catalyst atoms 410 that successfully pass through the second electrode and the capping
layer and are implanted into the matrix are depicted as 420.

[0053] Some catalyst atoms 410 may collide with atoms of the capping layer during
bombardment. As described in relation to block 380 of method 350, some of the atoms of
the capping layer may be scattered from the capping layer into the matrix of the switching
layer, which is depicted in FIG. 4 as 425. Furthermore, when additional oxygen atoms are
produced from certain reactions that form the second phase of the transition metal oxide
from the first phase, some of the additional oxygen atoms may be ejected out of the matrix.
Some of these ejected oxygen atoms may then settle in the capping layer, as depicted by
430 in FIG. 4, or other locations, including outside of multiphase selector 400. Finally, it
should be noted that the bombardment of catalyst atoms 410 may cause a chain reaction
as depicted by 435, including a sequence of implanting catalyst atoms into the matrix,
scattering atoms from the capping layer into the matrix, and ejecting oxygen atoms out of

the matrix.

[0054] FIG. 5A depicts, on coordinates of current (A) and voltage (V), an example |-V
plot showing the switching behavior of an example selector with a switching layer that does
not contain multiple phases when a voltage is applied across the selector. Specifically, the
selector may have a structure containing a first and second electrode and a switching layer
with a transition metal oxide. However, because a second phase was not introduced in the
switching layer, the |-V characteristics of the selector has not been modified from that of the
switching layer. As shown in FIG. 5A, the selector experiences an insulator-to-metal
transition when a voltage over roughly 3.0 volts (the threshold voltage) is applied, as
indicated by the sharp jump in the amount of current that is passing through the selector.
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[0055] FIG. 5B depicts, on coordinates of current (A) and voltage (V), an example |-V
plot showing the switching behavior of an example multiphase selector, such as multiphase
selector 100 of FIG. 1A, when a voltage is applied across the multiphase selector. Due to
the presence of a second, more conducting phase of a transition metal oxide in the switching
layer of the multiphase selector, the insulator-to-metal transition threshold voltage may be
lower than that of the selector of FIG. 1A. As described above, the second phase may form
current channels at lower voltage levels than the first phase. Accordingly, FIG. 5B shows
that the multiphase selector experiences an insulator-to-metal transition when a voltage
greater than roughly 2.2 volts is applied, as indicated by the sharp jump in the amount of
current that is passing through the multiphase selector. This may indicate a lower threshold

voltage for the insulator-to-metal transition.

[0056] The foregoing describes a number of examples for multiphase selectors. It
should be understood that the multiphase selectors described herein may include
additional components and that some of the components described herein may be
removed or modified without departing from the scope of the multiphase selector or its
applications. It should also be understood that the components depicted in the figures are
not drawn to scale and thus, the components may have different relative sizes with
respect to each other than as shown in the figures.
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CLAIMS

What is claimed is:

1. A multiphase selector, comprising:

a first electrode;

a switching layer coupled to the first electrode, wherein the switching layer
comprises: a matrix comprising a first, relatively insulating phase of a transition metal
oxide; a second, relatively conducting phase of the transition metal oxide dispersed in the
matrix; and catalysts, located within the matrix, to interact with the first phase of the
transition metal oxide to selectively form and position the second phase of the transition
metal oxide within the matrix;

a capping layer coupled to the switching layer; and

a second electrode coupled to the capping layer.

2. The selector of claim 1, wherein the switching layer exhibits insulator-to-metal
transition.
3. The selector of claim 1, wherein the catalysts are implanted within the matrix of the

switching layer after the capping layer has been coupled to the switching layer.

4. The selector claim 3, wherein implanting the catalysts causes heating to promote
an annealing effect.

5. The selector of claim 1, wherein the capping layer comprises a metal, a

semiconductor, or multiple materials.

6. The selector of claim 5, wherein the matrix further comprises at least one of:
scattered atoms of a material of the capping layer; and

oxygen vacancies.
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7. The selector of claim 1, wherein the second electrode comprises a scattering
cross-section that is less than that of the capping layer.

8. The selector of claim 1, wherein the second phase of the transition metal oxide

comprises clusters having an average size of two nanometers or less.

9. The selector of claim 1, wherein:
the first phase comprises niobium pentoxide;
the second phase comprises niobium dioxide; and
the capping layer comprises niobium.

10. A memory device, comprising a memristor coupled in electrical series to a
multiphase selector, wherein the selector comprises:

a first electrode;

a switching layer coupled to the first electrode, wherein the switching layer
comprises: a matrix comprising a first, relatively insulating phase of a transition metal
oxide; a second, relatively conducting phase of the transition metal oxide dispersed in the
matrix; and catalysts, located within the matrix, to interact with the first phase of the
transition metal oxide to selectively form and position the second phase of the transition
metal oxide within the matrix;

a capping layer coupled to the switching layer; and

a second electrode coupled to the capping layer.

11. A method for manufacturing a multiphase selector, comprising:
coupling a switching layer to a first electrode, wherein the switching layer
comprises a matrix of a first, relatively insulating phase of a transition metal oxide;
coupling a capping layer to the switching layer, wherein the capping layer
comprises a metal that is the same as the metal of the transition metal oxide of the
switching layer;

coupling a second electrode to the capping layer;
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implanting catalysts into the matrix of the switching layer, wherein the catalysts
interacts with the first phase of the transition metal oxide to selectively form and position

a second phase of the transition metal oxide.

12.  The method of claim 11, further comprising at least one of:

scattering atoms of the material of the capping layer into the matrix of the switching
layer; and

ejecting oxygen atoms out of the matrix of the switching layer.

13.  The method of claim 11, further comprising thermally annealing the switching layer.

14.  The method of claim 11, wherein the switching layer exhibits insulator-to-metal

transition.

15.  The method of claim 11, wherein the first electrode and the second electrode each
comprises titanium nitride, and wherein the second phase of the transition metal oxide
comprises clusters of the second phase having an average size of two nanometers or

less.
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