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SELECTOR WITH POROUS OXIDE LAYER

BACKGROUND
[0001] Memory devices are used to store data. A memory device may be made
up of multiple memory cells. In some cases, a memory cell may be a semiconductor
device that can have two different stales. The two different states can be associated
with a respeactive binary logic value, such as 0 or 1. Data may be stored to a mermory
cell by assigning a logic value to that memory cell, and manipulating the memaory ceall
i cause it to take the associated state. Further, the logic value of the memory cell
may be gueried by determining its stale. Data assignment and query operations may
be referred to as write and read operations, respectively. A group of memory cells
can be used to store a binary dataset by assigning a respective logic value 10 each

cell in the group such that each cell stores a bit of the datasel.

[0002]  Various iechnologies have been used in the design and implementation of
memory devices. In some cases, a chip includes multiple semiconductor memory
celis that are connected o a set of driving and measurement lines that can be used t©
address individual memory cells or subsets of the memory cealis. A control system
can then use those lines to perform read and write operations by applying energy o
the individual cells via the lines. For example, reading data from a memory cell may
involve applying a read voitage 1o that memory cell while measuring curent (or vice
versa) to determine the state of the cell. Similarly, writing data to a memaory cell may
involve applying a write voltage (or current) to that memory cell which seis the

memory cell’s state,

Brier DESCRIPTION OF THE DRAWINGS

[0003]  The following detailed description references the drawings, wherein:

100047  FiG. 1A is g block diagram of an example memory cell including a selector

in series with a memristor;
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{0005  FHiG. 1B is a chart of an example curent and voltage for an example

memory cell;

[00068] FiG. 2 is a block diagram of an example crossbar array having multiple

memory cells that each have a selector in series with a memristor;

{00077 FiG. 3Ais a flowchart of an example process for writing data {0 a memory

cell;

{0008 FHiG. 3B is a flowchart of an example process for reading data from a

memory cell;

{00081 HG. 4A is a diagram of a side cross-seclional view of an example selector

in a non-conductive state;

[0010] HG. 48 is a diagram of a side cross-sectional view of an example selector

in a conductive state,;
{00111 FiG. BA is a flowchart of an example process for fabricating a selector; and

(00121 FiG. 5B is a flowchart of an example process for fabricating a selector.

DeETALED DESCRIPTION
{00131  The following description makes reference (o the accompanying drawings,
in which similar symbols identify similar components, unless confext dictates
otherwise. The descriptions herein, as well as the drawings, present examples of the
subject matter of the present disclosure and are in no way limiting in regard to the
subject matter disclosed herein. Throughout the description, the singular forms of a7,
“an’, and “the” mean “one or more”. Thus, various examples in which a component is
described in singular form also apply to examples having multiple of those
components. Moreover, some aspects of the examples presented herein may be
modified, re-arranged, re-ordered substituted, combined, andior separaled in a
variety of different configurations without departing from the subject matier of the

present disclosure.
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[0014] A memaory device may include an aray of memory celis. A crossbar array
of memary cells may include a grid of control fines arranged in rows and columns.
Memaory cells may be situated atl the intersections of the row and column lings such
that a given memory cell can be addressed by a combination of the row and colurmn
fines. One example of a memory cell that may be used in such a crossbar aray is a

memristor.

[0015] A memristor s a passive, non-volatile device with an electrical resistance
that depends on the history of current conveyed through the memristor. A memristor
may be used to siore data using ifs resistance state. For example, a low-
resistance siate of the memyristor may be associated with a first logical value and a
high-resistance state of the memrisior may be associated with a second logical
value. Thus, a memristor may be used to store a bit of data {e.g., alogical O or 1),
The resistance state may be modified o write dala to the memrisior by appiying
sufficient energy {o the memristor. For example, applying a voltage pulse may
place the memristor in a low-resistance state and applyving a voltage pulse of a
different polarity, or different value, may piace the memrisior in a high-resistance
staie. In some examples, applying a voltage between about 1-2 volis (V) may
cause a memristor to swilch s resistance state. The energy o change the state of
the memristor may alsc be provided by a curent source. To delermine the
resistance siate of a memvistor, a read voltage may be applied to the memyristor. A
current may be coliected and used fo determine the resistance stale of the
memristor.  In some examples, the determination may involve comparing the
measured current fo a reference current.  For example, if the output current is
greater than the reference current, then the memristor may be determined {0 be in
a low resistance state. On the other hand, if the output current is less than the
reference current, then the memristor may be determined to be in a high resistance

stats.

[0018]  Memristors may be implemented using a number of different materials

and fabrication technigues. As used herein, the term “memvristor” may refer toc a

Lo
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passive fwo-terminal circuit slement that changes its electrical resistance under
sufficient electrical bias. A memirisior may receive a read voliage o generate a
current that can be measured o determing the resistance state of the memristor. A
memristor may also receive a write vollage that sets the resistance state of the
memrisior. In one example, a memwistor may have two layers: one that includes an
electrically insulaling material and one that includes an electrically conduclive
material. As used herein, the terms insulaling and conductive are relative terms.
That is, they refer {0 relative exients of electrical conductivily between the two
materials.  Thus, the two layers of the memrisior include one that is more
conductive than the other. In operation, a memyristor may transition between states
of resistivity via drift of ions or vacancies between the two layers. For example, the
two lavers may be oxide films in which one is more conductive than the other due
o oxygen vacancies providing a conductive channel through the depleted layer.
Under sufficient bias, oxygen vacancies may form in the non-depleted layer so a3
o effectively decrease the thickness of the conductive layer relative to the
insulating laver. The resistance of the memrisior can then be approximated as the
wnneling resistance through the non-depleted oxide layer, which decreases with
the decreasing thickness of the insulating layer. Other examples of non-volatile,
variable-resistance materials that transition between resistance stales in response
to application of an elecitrical bias or other transition energy may also be used to

implement a memristor.

100171 In & crossbar array of memristors, the ferm “target” may refer 1o a
memrisior that is {0 be written 1o or read from. A target row line and a target
column line may be the row and column lines that correspond to the target
memristor in a crossbar array. Non-target row lines and non-target column lines
may be row lines and column lines that are not the target row or column line. The
terms "row lines” and “column lines” may refer to distinct conductive lines, such as
conductive traces, wires, sic., that are used to apply voltages ¢ memistors in a

crossbar array and/or to measure currents through mermristors.
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[0018]  In some examples, row lines and column linegs for non-selecled
memristors may be held at a fixed voltage, and the row and column lines for the
target memristor can be set to apply a voltage across the target memvistor,
Applying voltage(s) o the larget row ling and target column ling may cause other
mermrisiors coupled (o the same row/column lines 1o experience a vollage change.
For example, a read voltage Vr may be applied to a target memristor by selling the
target row and farget column lines to -% Vr and  +'%2 Vg, respectively, with the
remaining lines set to 0. In such an example, the non-target memyristors on the
same column and row as the target may experience a bias of about half that
applied to the target {e.g., about 2 Vr). While the voltage change is generally lass
than the vollage applied to the target meamyrisior, the voltage across these partially-
selected, non-target memristors may induce current that reaches the target column
ine. Such current paths that do not pass through the target memristor are referred
to as sneak currents. Sneak currents may lead o a number of issues such as
inaccurate memyristor queries due o sneak current coniributions from neighboring
low resistance state memrisiors, salurating the current of driving transistors, and
increasing power consumption. In some examples, noise from sneak currents may

cause inaccurate or ineffective memory reading and writing operations.

(0019}  In some examples, a selector may be coupled serially with a memristor.
The selecior may be a two-terminal highly non-linear circuit element that becomes
conductive upon application of a threshold voltage. Below the threshoid voltage,
current flow through the selector, and the memristor, is minimal. To help mitigate
the effect of sneak currents, the selecior may have a threshold voltage that is not
activated by the voliages applied to non-target memristors on the same row or
column as a tfarget memristor.  As such, while some sneak current may be
inevitable, series-coupled selectors may help mitigate the sneak current from non-
target memristors described above. In some systems, a memory device includes a

crossbar array of row and column lines arranged in a grid. A selector and a

O
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mermristor coupled in series can be situated at intersections ¢of the row and column

lines.

[0020]  The present disclosure relates 1o an arrangement for a selector that may
be coupled in series with a memristor. The selector may be a metal-insulator-metal
semiconductor device. For example, the selector may include conductive top and
bottom electrodes that sandwich an insulator layer. The insulator layer may be an
oxide film or ancther material that iransitions between a non-conductive state and a
conductive state.  The insulalor layer becomes conductive in response to a
threshold vollage being applied across the top and bottom electrodes. When the
applied voltage is less than the threshold voltage, the insulalor layer does not allow

current to flow between the top and botiom slecirodes.

(0217 In some examples, one or both of the selecior slectrodes may include
cation metal and/or cation metal oxides that can migrate into the insulator layer.
Upon application of sufficient voltage, the cation metal may be driven into the
insulator layer and become arranged within the insulator layer so as to creale a
conductive channel for a current path between the electrodes. The insulator layer
may be a porous oxide layer having a latlice structure that supporis the porous
material. In some examples, the porous oxide may be nano-porous silicon dioxide.
The porous structure may allow cation metal and/or cation metal oxide to migrale
into the insulator layer. For instance, in comparison with a dense oxide laver,
cation metal and/or cation metal oxides may migrate inlo a porous oxide layer to a
greater depth andfor in grealer numbers at a given electrical bigs. The porous
oxide layer may include vacant defect centers distribuied throughout its lattice
framework, and the defects may help facilitate passage of diffusing and/or drifting

cation metsl.

10022]  The disclosed selector device may allow for design trade-offs {o adjust
the threshold voltage. For instance, increasing the thickness of the porous oxide

layer may increase the threshold voltage required {o transition the selector 1 a
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conductive state. Further, doping the porous oxide with a conductive material may

decrease the threshold voltage.

{00231 FHiG. 1A is a block diagram of an example memory cell 100 including a
selector 110 electrically coupled in series with a mermristor 120, In some examples,
the memory cell 100 may be coupled between control lines at nodes 102 and 104,
For example, the control lines may be lines in a crossbar array that includes many

additional memory cells, such as at each intersection of the control lines.

[024]  The selector 110 includes a first electrode 112, a selector layer 114, and
a second electrode 116, The memyristor 120 includes a first electrode 122, a
variable resistance layer 124, and a second electrode 1286, In some examples, the
first 112, 116 and second electrodes 122, 126 may be referred to as top and
botiom electrodes, respectively. The selector 110 may exhibit a non-linear change
in its conductivity in response {0 changing an applied voltage. For instance, the
selector layer 114 may be characterized by a high-resistance state {ow
conductivity state) when the applied voltage is less than a threshold voltage, and a
low-resistance state (high conductivity state) when the applied voltage exceeds the

threshold voltage.

(00251  The selector layer 114 of the selector 110 may include a porous oxide
material that receives drifting cation metal and/or calion metal oxides from one or
both electrodes 112, 116 upon application of an electrical bias. When the applied
voltage reaches a threshold voltage, the drifting cation metal and/or cation metal
oxides may become arranged within the porous oxide selector layer 114 so as fo
create a conductive channel between the electrodes 112, 118. In some examples,
the selector layer 114 may be a layer of nano-porous silicon dioxide or another
porous oxide that provides a lattice framework with defect centers distributed
throughout the layer. Cation meials may occupy defects within such latlice or
otherwise become arranged within the material of the selector laver. In some
cases, the selector laver 114 may be an insulaling material that is doped with
conductive material, for example. At voltages less than the threshold voliage, the
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cation metal ions do not create significant conductive channels through the selector
layer 114, Although in some examples, some current flow through the selecior
tayer 114 may occur at voltages less than the threshold voliage of the selector 110,
such sub-threshold current flow may be due to fewer conductive channels and/or
channels with less current-carrying capacity than occurs above the threshold
voltage. As a consequence, the selector 110 may be substantially non-conductive
{e.9., have a high resistance} for volltages below its threshold voltage and be
substantially conductive (e.g., have a low resistance) for voliages above iis

threshold voltage.

[0026] Electrode 112 andior electrode 116 may include cation metal such as
Cu, Au, Ag, Ni and/or their oxides which can then diffuse and/or drift into the
porous oxide of the selector laver 114, In some examples, electrode(s) 112 andfor
118 may include a layer or film of cation metal disposed on a surface that faces the
insulator layer 114. In some examples, slecirode(s) 112 andior 116 may be
substantially formed of cation metal. Electrode 112 and/or 116 therefore provide a
source of cation metal and/or cation metal oxides that diffuse andfor drift into the
porous oxide of the selector layer 114 to cause the selector 110 o transition from
non-conductive [0 conductive. Additional details of an example arrangement for a
selector including a porous oxide selector layer are provided in connection with
FIGS. 4A and 4B.

(0027}  The memristor 120 may have a resistance that depends on the history of
energy applied across itz elecirodes 122, 126. For instance, the variable
resistance layer 124 may transition between a high-resistance state and a low-
resistance state upon application of state-changing energy, such as a voltage pulse
of sufficient magnitude and/or duration. Further, the variable resistance layer 124
may remain in s mostrecently established resistance state until application of a
subseguent state-changing voltage puise. As such, the resistance state may be
used for non-volatile information storage with the two possible resistance states

corresponding to a binary bit of information.
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[0028] Both the selector 110 and the memristor 120 are two-terminal devices
and they are coupled in series between nodes 102 and 104, As shown in the block
diagram of FIG. 1A, node 102 is slectrically coupled {0 the first electrode 112 of the
selector 110. The second electrode 1186 of the selector 110 is electrically coupled
o the first electrode 122 of the memrisior 120, The second electrode 126 of the
memristor 120 is coupled to the node 104, FIG. 1A illustrates these electrical
couplings schematically as wires, however the electrical couplings belween
electrodes and other components may be implemented in 8 varicus ways
depending on fabrication, materials, and other facitors. For instance, in some
examples, the electrodes 116 and 122 of the selector 110 and memristor 120 may
be implemented as a single layer of conductive material situated between the
selector layer 114 and the variable resistance layer 124, In some examples, the
glectrodes 112 and 126 proximate the nodes 102 and 104, respectively, may be
implemented as control lines with multiple seleclor layers andfor variable

resistance layers paiternad thereon.

(00291 FIG. 1B is a chart of an example current and voltage for an example
memory cell.  The curreni-voltage chart of FIG. 1B schematically lllustrates an
example relationship between current passed through the memory cell 100 and the
voltage applied across the memory cell 100, Referring to the positive voltage region
of the chart, right of the axis, it can be seen that the current remains very low below a
threshold voltage Vr. The threshold voltage Vv may be the threshold voltage of the
selector 110, which exhibiis a high electrical resistance for voliages below Vr, but
fransitions to a conductive stale at voltages above V1. Moreover, at sub-threshold
voltages, the resistance of the selecior 110 may be greater than the resistance of the
memristor 120 such that the selector 110 dominates the resistance of the memory
cell 100 for voltages below V1. In some examples, the selector 110 may exhibit
similar behavior at negative vollages: high resistance for voltages greater than —-Vr

and conductive for voltages less than -Vr, which is portrayved in the example
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relationship shown in FiG. 1B, The region of the charl in which the behavior of the

memory cell 100 is dominated by the selector is labelled as the “Selecior Region.”

[0030]  For voltages above Vr {or less than —V71) the selector 110 is conductive,
and so the resistance of the memory cell is dominated by the memristor 120, As
shown in FIG. 18, above Vr, the IV curve may proceed along two different paths,
depending on whether the memyistor 120 is in a high resistance state (HRS3) or a low
resistance state (LRS). To distinguish between the two paths in FIG. 1B, the paths
are shown with dashed line for the HRS behavior and a solid fine for the LRS
behavior. Thus, If the memristor 120 is in the HRS, current through the memaory cell
100 follows the dashed path at voltages above Vr. On the other hand, if the
merristor 120 is in the LRS, current through the memory cell follows the solid path at

voliages above V.

[0031]  As noted above, 1o detlermine the state of the memiistor 120, a read
volfage Vr may be applied (o the memory cell 100, As shown in FIG. 1B, if the
memristor 120 is in HRS {dashed path), then applying Vr resulls in a first current k.
On the other hand, if the memristor 120 iz in LRS (solid path), then applying VR
results in a second current . Reading the resistance stale may be performed by
measuring the current through the memory cell 100 while Vr i applied across the
terminals 102, 104. For insiance, the resulting current may be collected and
compared 1o a reference current value, which reference may be between b and b,

and the state of the memory cell 100 may be determined based on the comparison.

100321  In some examples, Vs may be applied by setlling one terminal of a target
memory cell to about 72 Vr and the other terminal to about -2 Ve, In a crossbar
array, applying Vs in this way using a target row line and farget column ling, with all
other row/column lines set to O results in all non-target memory cells that share either
the target row or target column receiving a voltage of ¥z Vr. As such, many memory
celis in a crossbar array will regularly receive a voltage of about ¥2 Vr. Current drawn
at ¥2 Vs may contribute {0 sneak current, introduce noise in the current measurement,

and cause excess power consumption. Reducing current at V2 Vr to near zero may

10
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help miligate these issues. In praclice, this may be achieved by selecting Vs to be
less than 2 Vr, such that 2 VR is within the Selector Region shown in FIG. 1B, In
addition, the value of Vr may be selecied 1o be greater than Vv by some margin o
ensure that the two currents |1 and bz are measurable and distinguishable from one
another. Balancing these concerns may result in selecting Vr {0 satisfy the following

relation: V2 Ve < Vr < Vr.

[0033]  Further, to set the resistance state of the memristor 120, a set voltage Vs
may be applied 1o the memaory celi 100, The set volfage Vs may be a voliage that
causes the memristor to fransition from HRSE to LRSS, as illustrated by the arrow in
FiG. 1B from the HRS dashed path to the LRS solid path. For example, the transition
between states may involve a change in distribution of ions, vacancies, and/or defects
within the variable resistance layer 124 of the memristor 120, Applying a pulse at the
set voltage Vs may set the memristor 120 o LRS and applying a pulse at a reset
voliage voltage -Vs may reset the memyristor 120 to HRS. Other examples of
hysteresis curves are possible in which a given memristor’s resistance state may be

set and/or reset by application of suitable voltage pulses.

[0034]  Note that the I-V chart described above in connection with FiG. 1B is
provided for example purposes only to lliusirate one example of behavior that may be
exhibited by some memory cells. Other memristor devices may exhibit different
hysteresis curves, including some in which the ransition between resistance states
may be initiated by voltages of the same polarity. The chart in FIGG. 1B is therefore
provided for example purposes only. Other examples applicable to the present
disclosure may include memory cells that exhibit alternative hysteresis curves to that
shown in FIG. 1B.

[0035]  FiG. 2 is a block diagram of an example crossbar array 200 having multiple
memory cells that each have a selector 110 in series with a memristor 120 in 181R
configuration.  Ekach of the selectors 110 include a selector layer 114 situated
between two electrodes. The selector layers 114 of the selectors 110 may be similar
o the selector layer described above in connection with FIGS. 1A-1B. For example,

"
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the selector layers 114 of the selectors 110 may each include a porous oxide
material that receives drifting cation metal and/or cation metal oxides from one or
both electrodes upon application of an electrical bias.  Upon application of a
threshold voltage across a given selector layer 114, the drifting cation metal and/or

cation metal oxide may form a conductive channel through that selector layer 114,

[B036] The crossbar array 200 shown in FIG. 2 demonstrales a layout with two
row lines 210, 212 and two column lines 220, 222. In some examples, the row lines
210, 212 may be parailel with one ancther and orthogonal to the conductive lines
220, 222, which are themselves paraliel with one ancther. Memory cells are located
at the intersections of the row lines and column lines such that a given memaory cell is
connected between one row line and one column ling, which lines may be used o
conirol that memaory cell. As shown in FIG. 2, memory cell 202 is electrically coupled
between row line 210 and column line 220; memory cell 204 is electrically coupled
between row ling 210 and column line 222; memory cell 206 is elecinically coupled
between row ling 212 and column line 220; and memory cell 208 is electrically
coupled between row line 212 and column line 222, Each of the ~-memory celis 202-
208 includes a selector 110 electrically coupled in series with a memristor 120,
Example operations that may be performed using the crossbar array -200 are
described in connection with FIGS. 3A and 38,

100377 FiG. 3A is a flowchart of an example process 300 for wriling dala o a
memory cell. FIG. 3B is a flowchart of an example process 310 for reading data from
a memory cell. Processes 300 and 310 may be described below as being executed
or performed by a system, for exampie, the crossbar array 200 of FIG. 2. QOther
suitable systems and/or computing devices may be used as well. Processes 300 and
310 may be implemented in the form of executable insiructions stored on at least one
machine-readable storage medium of the system and executed by al least one
processor of the system.  In some examples, processes 300 and 310 may be
implemented in the form of electronic circuitry (e.¢., hardwareg). The processes 300
and 310 are depicted with a series of blocks in the flowcharts of FIGE. A and 38. In

12
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some cases, one or maore blocks of processes 300 andior 310 may be executed
substantially concurrently or in a different order than shown in FIGS. 3A and 3B. In
some cases, processes 300 and 310 may include more or less blocks than are
shown in FIGS. 3A and 3B. In some examples, one or more of the blocks of

processes 300 and/or 310 may, at certain times, be ongoing and/or may repeat.

[0038] Referring to FIG. 3A, at block 302, an indication may be received {0 wrile
data to a target memory celll For example, a control system associated with the
crossbar array 200 of FIG. 2 may receive an indication that a data value should be
written {0 memory cell 202.

(G038 At block 304, a write voltage pulse may be applied to the target memory
cell. The wrile voliage pulse may cause the memory cell {o transition to g resistance
state associated with the data to be wiilten to the target memory cell. For example, a
control system associated with the crossbar array 200 of FIG. 2 may select the row
and column line combination that corresponds o memory cell 202: row line 210 and
column line 220, and apply a write voltage pulse across those lines 210, 220 sc as to
zet {o the resistance state of memory cell 202

[0040] Referring to FIG. 3B, at block 312, an indication to read data from a target
Imemory cell may be received. For example, a control system associaled with the
crossbar array 200 of FIG. 2 may receive an indication that a data value shouid be
read from memory cell 202.

[0041] At block 314, a read voltage may be applied (o the target memory cell. The
read voltage may be greater than a threshold voltage of a selector in the memaory cell
{o aliow the resistance slate of the memristor to be determined. For example, the row
and column lines for the target menwistor: row line 210 and column line 220 may be

sel to +72 Vr and -2 Vg, respectively.

[Q0421 At block 316, the current that flows through the target memory cell may be
measured while the read vollage is applied. For example, current may be collected
along the column line 220.

13
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{00437 Al block 318, the data value of the target memory cell may be determined
based on the measured current. For example, if the current exceeds a threshold,
then the memory cell may be determined o be in a low resistance state and
otherwise may be determined {o be in a high resistance state.

{00447  FiG. 4Ais a diagram of a side cross-sectional view of an example selector
430 in a non-conductive state.  The selector 400 includes a bottom electrode 402, a
selector layer 404, and a top electrode 408, The selector laver 404 may be
sandwiched between the top elecirode 408 and the botlom electrode 402, The
selector layer 404 may be a porous oxide material, such a8 nano-porous silicon
dioxide. The top electrode 406 may include cation metal such as Cu, Ay, Ag, Ni, etc.
and/or cation metal oxide. Al least some of the cation metal may be situated along a
surface of the {op electrode 406 that faces the selector laver 404, The op electrode
406 may provide a source of cation metal and/or cation metal oxides that diffuse
and/or drift into the seleclor layer to thereby transition the selector 400 to a conductive
state. In the non-conductive slate shown in FiG. 44, cation metal from the top
electrode 406 has not diffused and/or drifted into the porous oxide material enough {o
create conductive channels therein. In some examples, while the selector 400 is non-
conductive, cation metal may remain substantially within the top electrode 406,
leaving the selector layer 404 substantially void of cation metal. Without the cation
metal, the porous oxide material is not a conductive material and does not allow for

significant current to flow between the elecitrodes 402, 4006.

[0045]  FiG. 4B is a diagram of a side cross-sectional view of an example selector
400 in a conductive state. A vcitage may be applied across the top and bottom
electrodes 402, 406. The applied voltage is represented in FIG. 4B as a voltage
source 418. Upon application of a threshold voltage, cation metal ions 420 from the
top electrode 406 may drift info the porous oxide of the selector layer 404 so as fo
create conductive channels therein, In the diagram of FIG. 4B, the migrating cation
metal ions 420 are depicted as circles that may cccupy locations within the porous

oxide of the selecior layer 404 {e.q., at vacant defect centers). The cation metal ions

14
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420 will drift into the porous oxide material 5o as o form a conductive channel for
current o flow between the electrodes. For instance, in a case where the cation
metal ions 420 are able to become aligned in a series of adjacent or near ions that
stretch between the two slectrodes, current may flow along the resulting conductive
channel. The diagram of FIG. 4B provides a schematic iliustration of two such
conductive channels within the selector layer 404 formed by the diffusing and/or

drifting cation metal ions 420.

[0046] In some examples, a sidewall structure may be formed arcund the
sidewalls of the selector layer 404, The sidewall structure may be formed of an
electrically insulating malerial that extends between the two electrodes, for
example. In some cases, such a sidewall structure may insulate the selector layer
404 therein from electrical andfor thermal vanations. In some exampies, a sidewall
may also provide some structural stability to the sandwich structure of the selector
device 400.

(00477  FiG. 4A and 48 provide diagrams lustrating an example structure and
arrangement for selector 400 and {0 help enhance understanding. However, these
diagrams are not rendered to scale, and the relative thicknesses and/or dimensions
of the elecirodes, selector layer, and/or cation metal{s) depicted therein are not
representative of a physical arrangement or in any way serve to limit the physical

dimensions, ratios, etc., of selector devices presented herein.

[0048] FIGS. 5A and 5B are a flowcharts of example processes 500 and 510 for
fabricating a selector. Processes 500 and 510 may be described below as being
executed or performed by a system, such as a micro-fabrication sysiem and/or
computing device. Processes 500 and 510 may be implemented in the form of
executable instructions stored on at least one machine-readable storage medium of
the system and executed by ai least one processor of the system. In some
examples, processes 500 and 510 may be implemenied in the form of elecironic

circuitry {e.g., hardware)

e

The processes 500 and 510 are depicted with a series of
blocks in the flowcharts of FIGS. 5A and 58. In some cases, one or more blocks of

15



WO 2017/052546 PCT/US2015/051882

processes 500, 510 may be executed substantially concurrently or in a different order
than shown in FIGS. 5A and 5B, In some cases, processes 500, 510 may include
more or less blocks than are shown in FIGS. 5A and 5B, In some examples, one or
more of the blocks of processes 500, 510 may, at cerlain times, be ongoing and/or

may repeat.

(049 At block 502, a first electrode including a cation metal and/or cation metal
oxide may be formed. The electrode may be formed by a conductive material that is
patterned onto a particular region at a desired thickness. For instance, the conducive
material may be eleciroplated over a seed level. In some examples, the conductive
material of the first electrode may be a cation metal, such as Cu, Au, Ag, Ni, eic. In
some examples, the first electrode may include multiple layers, and the last-formed
layer may include a cation metal andfor cation metal oxide. For example, the first
glectrode may include a layer of Ti, Pt Ta, TiN, TaN, andior Pd (or another
conductive material), with a layer of Au (or another calion melal and/or cation metal
oxide) formed thereon. As such, the top surface of the first slectrode includes at least
some cation metal and/or calion metal oxide, which can then be used as a source (o

diffuse and/or drift into the insulator layer.

[A0501 At block 504, an insulator fayer including porous oxide may be formed over
the first electrode. The porous oxide may be a layer of nanc-porous silicon dioxide,
for example. In some examples, the porous oxide may be formed by depositing
material over the first electrode, such as via a chemical vapor deposition process
{e.g., plasma enhanced chemical vapor deposition, plasma assisted chemical vapor
deposition, efc.). In some examples, the porous oxide material may be patterned to
occupy a particular area and at a desired thickness using various technigues such as
masking, resists, etc. In some examples, a porous oxide layer may be formed by
another micro-fabrication technigue, such as spin coating. In some examples, the
porous oxide material may be formed directly on a surface of the first slectrode that
includes at least some cation metal and/or cation metal oxide material that can

mobilize info the porous oxide material responsive (o application of an electrical bias.
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For instance, there may not be a material that impedes migration of cation metal,
such as an electrode barrier or the like, that is situated between the first electrode and
the insulator laver. In some examples, however, such a barrier may be placed
between the insulator and the second elecirode which may help prevent migrating
cations from penelrating the entlirety of the porous oxide insulator layer and thereby

ensuring their ability to migrate back to the first electrode.

[0051] Al block 508, a second electrode may be formed over the insulator layer.
The second eleclrode may be a conductive material that is patterned on a region of
ihe insulator layer so as o occupy a region opposite the first electrode. The second
electrode may be formed by palterning 2 seed layer and electroplating a suitable
conductive material, or by another micro-fabrication technique. The second electrode
may or may not include cation metal and/or cation metal oxides. Once formed, the

second electrode and the first elecirode may sandwich the insulator laver.

(0521  Referring t© FIG. 8B, ancther process 510 for fabricating an example
selector is described. Process 510 is similar to process 500 in some respecis,
however the second-formed electrode includes calion metal andfor cation metal
oxides rather than the first-formed electrode. Thus, for a selector formed according to
process 510, the sscond-formed electrode may provide a source of cation metal

and/or cation meial oxide that migrate into the insulator laver.

[0053] At block 512, a first electrode may be formed. The first electrode may be a
conductive material thal is paltemed in a particular area and thickness. The first
electrode may be formed by patterning a seed layer and electroplaling a suitable
conductive material, or by another micro-fabrication technigue. The first electrode

may or may not include cation metal and/or cation metal oxides.

(00547 Al block 514, an insulator layer including porous oxide may be formed over
the first electrode. The porous oxide may be a layer of nano-porous silicon dicxide,
for example. In some examples, the porcus oxide may be formed by depositing
material over the first electrode, such as via a chemical vapor deposition process

{(8.9., plasma enhanced chemical vapor deposition, plasma assisted chemical vapor
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deposition, efc.). In some exampies, the porous oxide material may be patterned to
cccupy a particular area and at a desired thickness using varicus techniques such as
masking, resists, etc. In some examples, a porous oxide layer may be formed by

another micro-fabrication technigue, such as spin coating.

[0055] Al biock 516, a second electrode including a cation metal and/or cation
metal oxide may be formed over the insulator layer so as o occupy a region opposite
ihe first slectrode. The electrode may be formed by a conductive material that is
patterned onio a particular region at a desired thickness. Once formed, the second
glectrode and the first slectrode may sandwich the insulator layer. The conducive
material may be electroplated over a seed level. In some examples, the conductive
material of the second electrode may be a cation metal, such as Cu, Au, Ag, Ni, elc.
In some examples, the second electrode may include multiple layers, and the first-
formed layer may include a cation metal and/or cation melal oxide. For example, the
second eleclrode may include a layer of Au {or another cation melal and/or cation
metal oxide) formed directly on the insulator layer. Alayer of Ti, Pt, Ta, TiN, TaN, Pd,
etc., or another conductive material may be formed on the calion metal layer. As
such, the bottom surface of the second electrode includes al least some cation metal
and/or cation metal oxide, which can then be used as a source to diffuse and/or drift
into the insulator laver.

[00568]  In some examples, a portion of the second electrode that includes at least
some cation metal and/or cation metal oxide material may be formed directly on a
surface of the porous oxide material. As such, the cation metal may mobilize into the
porous oxide material responsive {o application of an eleclrical bias. For instance,
there may not be a material that impedes migration of cation metal, such as an
glectrode barrier or the like, that is situated between the second electrode and the
insulator layer. In some examples, however, such a barrier may be placed between
the insulator and the first electrode which may help prevent migrating cations from
penetrating the entirety of the porous oxide insulator layer and thereby ensuring their
ability o migrate back to the second electrode.
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[0057] Some examples disclosed here relate o selector devices for being
glectrically coupled in serigs with a memristor device o form a memaory cell
However, the selector devices described herein may be used in other contexis as
well, For instance, in a crossbar array, selectors that include insulator layers formed
of porous oxide to receive diffusing and/or drifting cation metal andfor cation metsl
oxide from at least one electrode may be eleclnically coupled in series with other two-
ferminal memory elements o help inhibit application of voliage below a threshold
value {o such memory elements. Moreover, seleclors described herein may be
applied in a varely of electrical contexts {0 help regulate voltage(s) applied t© various

components and/or current(s) through various componeants.
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Crams

1. A selector device comprising:
a first slectrode comprising a cation metal;
a second electrode; and
a porous oxide layer disposed between the first and second electrodes, the

porous oxide layer comprising a framework supporting a porous siruciure.

2. The device of claim 1, wherein the porous oxide laver is {0 receive, in
response {o application of a threshold vollage across the first and second
glectrodes, drifting cation metal from the first electrode that form a conductive

channel.

3. The device of claim 2, wherein the drifting cation metal causes the porous

oxide layer to transition from a high-resistance slale to a low-resistance state.
4, The device of claim 1, wherein the cation metal of the first electrode
comprises a film of gold or copper disposed on a side of the first electrode facing

the porous oxide layer.

5. The device of claim 1, wherein the porous oxide layer comprises a layer of

nano-porous silicon dioxide having defect centers distributed throughout the layer.

8. The device of claim 1, wherein the porous oxide laver is deposited on the

first or second electrode via plasma enhanced chemical vapor deposition.

7. The device of claim 1, wherein the second electrode comprises the cation

metal.
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8. The device of claim 1, wherein the porous oxide layer includes a conductive
dopant.
a. A method of fabricating a selector device, the method comprising:

forming a first electrode;

forming a porous oxide layer over the first electrode, the porous oxide layer
comprising a framework supporting a porous structure; and

forming a second electrode over the insulator layer such that the insulator
fayer is disposed between the first and second electrodes; and

wherein al least one of the first and second electrodes comprises a cation

metal

10. The method of claim 9, wherein forming the porous oxide layer comprises
depositing a porous oxide material on the first electrode via plasma enhanced
chemical vapor deposition.

11, The method of claim 3, wherein the porous oxide layer comprises a layer of

nano-porous silicon dioxide having defect centers distributed throughout the layer.

12. A system comprising:

a memyistor device having two terminals and a variable resistance laver
disposed between the two terminals, the variable resistance layer o ifransition
between resistance states responsive to application of a transition energy; and

a selector device electrically coupled in series with the memristor device, the
selector device comprising:

{H a first electrode comprising a cation metal;

{ii) a second slectrode; and

(i} a porous oxide laver disposed between the first and second

electrodes, the porous oxide layer comprising a framework supporting a

porous structure.
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13, The system of claim 12, wherein the porous oxide layer is to receive, in
response o application of a threshold voltage across the first and second

electrodes, drifting cation metal from the first electrode.

14. The systemn of claim 13, wherein the drifting calion metal causes the porous

oxide layer to transition from a high-resistance siale to a low-resistance state.

15, The system of claim 12, wherein the porous oxide layer comprises a layer of
nano-porous silicon dioxide having defect centers distributed throughout the layer.
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