wo 2016/122576 A1 | 1IN0 00RO O A A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

Organization é 0 00 O OO

International Bureau ) L.
_").//)/ (10) International Publication Number

\

(43) International Publication Date WO 2016 /1 22 576 Al
4 August 2016 (04.08.2016) WIPO I PCT
(51) International Patent Classification: (74) Agents: ZHANG, Shu et al.; Hewlett Packard Enterprise,
HO1L 27/04 (2006.01) 3404 E. Harmony Road, Mail Stop 79, Fort Collins, CO
80528 (US).

(21) International Application Number:
PCT/US2015/013724 (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
30 January 2015 (30.01.2015) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(25) Filing Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
. HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(71) Applicant: HEWLETT PACKARD ENTERPRISE DE- MK, MN, MW, MX, MY, MZ, NA, NG, NL, NO, NZ, OM,
VELOPMENT LP [US/US]; 11445 Compaq Center Drive PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
West, Houston, TX 77070 (US). SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(72) Imventor: CHO, Hans S.; 1501 Page Mill Road, Palo
Alto, California 94304 (US).

[Continued on next page]

(54) Title: COMPOSITE SELECTOR ELECTRODES

(57) Abstract: A composite selector electrode includes a switching

layer coupled in electrical parallel with a conducting layer. The

switching layer is electrically insulating when the temperature of the
110 switching layer is below a threshold temperature. The switching lay-
er exhibits insulator-metal transition at the threshold temperature.
The switching layer is electrically conducting when the temperature
of the switching layer is above the threshold temperature.

150

%
2%
55
245

o
LSteete!
S
&5
3%
o)

b
e
2%

o
5
o
6]
T
el
J
e
S
|
o
L,

P

&5
e
&
e
oy
*
&5
5

&
o
‘i
e
,‘,ﬁ'
s
e
55
55
s
o
%!

120

25
25
!
~
5
55
oo
L ¥,
o
T
&
5
L,

5
alele
% etele
Do B
heteelel
S
vetels!
il
ity
I .
S5
eritele!

55
S
5
25
&2
e

L
4
L
et
L
L
A

W
ety
505
£
S5
St
<,
55
IS0
Fud
£
ity
4303
e

%
S
#41 S

125

ah*:‘

S
2
oelolviet
2%
!
LS
5
iy
S
S

i

g
gu:*

R
s

2%
e
&5
g
o
batelelelely
S5
25
525
bolel
o5,
G
S

1

&
ate!
2505

L
¥

25

ot
S5
it R

L

130

FIG. 1B



WO 2016/122576 A1 W00V 0 A OO

(84) Designated States (unless otherwise indicated, for every Declarations under Rule 4.17:
kind of regional protection available): ARTIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, — as to applicant’s entitlement to apply for and be granted
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, a patent (Rule 4.17(ii))
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, Published:
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, ’
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, —  with international search report (4rt. 21(3))
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

— as to the identity of the inventor (Rule 4.17(i))



WO 2016/122576 PCT/US2015/013724

COMPOSITE SELECTOR ELECTRODES

BACKGROUND
[0001] Selectors are passive two terminal devices that may control the electrical
properties such as the conductivity of electronic devices containing said selectors. Selectors
may be combined with memristors to form crossbar arrays of memory devices. Memristors
are passive two terminal 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, programmabile 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 diagram of a cross-sectional view of an example composite selector
electrode when a switching layer is below a threshold temperature and when a voltage is

applied across the composite selector electrode;

[0004] FIG. 1B is a diagram of a cross-sectional view of the example composite selector

electrode of FIG. 1A when the switching layer is above the threshold temperature;

[0005] FIG. 2 is a diagram of a cross-sectional view of an example memristor having a

composite selector electrode;

[0006] FIG. 3Ais a diagram of a cross-sectional view of an example memristor having a
composite selector electrode when a switching layer of the composite selector electrode is
below a threshold temperature and when a voltage is applied across the composite selector

electrode;

[0007] FIG. 3B is a diagram of a cross-sectional view of the example memristor of FIG.
3A when the switching layer is above the threshold temperature;
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[0008] FIG. 4 is aflowchart of an example method of manufacturing a composite selector

electrode.

DETAILED DESCRIPTION
[0009] 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”.

[0010] 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-metal transition (IMT),
meaning that a selector transitions, at a threshold temperature or a threshold voltage level,
from an electrically insulating state to an electrically conducting state similar to a metal.

[0011] 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. Furthermore, a selector is desired to have a high
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nonlinearity so that larger currents may flow at higher voltages. The combination of these
two issues presents a challenge for currently proposed solutions because selectors with the
desired resistance in the unselected state may not be conducting enough at higher voltages.
In other words, these selectors may not be nonlinear enough.

[0012] Examples herein provide for composite selector electrodes for improving the
performance of memristor devices. In example implementations, a composite selector
electrode has a switching layer coupled in electrical parallel with a conducting layer with a
relatively narrow cross sectional area, where the switching layer is electrically insulating
when the switching layer is below a threshold temperature, the switching layer exhibits
insulator-metal transition at the threshold temperature, and the switching layer is electrically
conducting when its temperature is above the threshold temperature.

[0013] In this manner, composite selector electrodes may provide high nonlinearity.
When the switching layer is below the threshold temperature, the current flowing through
the composite selector primarily flows through the conducting layer, and is proportional to
the inverse of the resistance of the conducting layer. The conducting layer may be thin to
allow low current levels. When the temperature of the switching layer is increased so that it
goes through IMT, the current may flow through the switching layer, increasing the cross-
sectional area available for current flow. The conductivity of the composite selector electrode
may increase nonlinearly until the entirety of the switching layer becomes conductive. There
may be two mechanisms causing this effect. First, the resistive heating generated by the
current flow through the conducting layer may increase the temperature of the adjacent
switching layer, triggering insulator-metal transition that enables negative differential
resistance current flow. Second, the voltage itself may increase above the threshold voltage
for the switching layer, which itself may be a function of the temperature, and switch the
layer from an insulating state to a conducting state. Generally, increasing the temperature
of a selector decreases the threshold voltage for the onset of IMT. Accordingly, composite
selector electrodes herein may be desirable for use in conjunction with memristor devices

to increase the overall nonlinearity of the memiristor.

[0014] Referring now to the figures FIG. 1A is a diagram of a cross-sectional view of an

example composite selector electrode 100 when a switching layer 110 is below a threshold
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temperature and when a voltage is applied across the composite selector electrode 100.
Composite selector electrode 100 may have a switching layer 110 coupled in electrical
parallel with a conducting layer 120. A metal electrode 130 may be coupled in electrical
series with both switching layer 110 and conducting layer 120. As used herein, components
may be coupled by forming an electrical connection between the components. For example,
switching layer 110 may be coupled to conducting layer 120 by forming a direct, surface
contact between the two. When the temperature of switching layer 110 is below the
threshold temperature, current 125 may primarily flow from metal electrode 130 through
conducting layer 120, and not significantly through switching layer 110. In other words, prior
to IMT, switching layer 110 may be significantly less conductive than conducting layer 120.
Alternatively or in addition, the voltage applied across composite selector electrode 100 may
be greater than a temperature-dependent threshold voltage for the switching layer 110.

[0015] Heat may be generated by the joule heating effects of conducting layer 120. For
example, the current 125 delivered through conducting layer 120 may generate heat that
may heat up switching layer 110. When the voltage is small, the current levels 125 through
conducting layer 120 may not generate enough heat to heat switching layer 110 above its
threshold temperature. When the voltage applied is larger, current 125 may generate
enough joule heating in conducting layer 120 to promote the IMT of switching layer 110.

[0016] Composite selector electrode 100 may be an electrical device that may be used
in memristor devices to provide desirable electrical properties. For example, composite
selector electrode 100 may be a 2-terminal device or circuit element that admit a nonlinearly
variable current dependent on the applied voltage across the terminals. In some examples,
composite selector electrode 100 may be coupled in series with memristors or active regions
of memristor devices. Furthermore, composite selector electrode 100 may be coupled in
series with a conventional series selector to increase the overall nonlinear characteristics of
the memristor beyond what may be possible with only a conventional selector. In some
examples, composite selector electrode 100 may serve as an electrical connection for a

memristor device.

[0017]  Switching layer 110 may be an active region that exhibits switching properties

depending on its temperature or on the level of voltage applied across it. For example,
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switching layer 110 may be electrically insulating when it is below a threshold temperature
or when a voltage below a threshold voltage is applied. Threshold temperature may be a
temperature or temperature range where switching layer 110 or a material of the switching
layer undergoes IMT. Threshold voltage may be a particular voltage or voltage range where
switching layer 110 or a material of the switching layer undergoes IMT. For example,
switching layer 110 may be electrically conducting when it is above the threshold
temperature or when a voltage above the threshold voltage is applied.

[0018]  Switching layer 110 may include a number of materials. In some implementations,
switching layer 110 may have a metal oxide. Non-limiting examples of viable metals for
forming the metal oxide of switching layer 110 include niobium (Nb), tantalum (Ta),
vanadium (V), titanium (Ti), and chromium (Cr). In some implementations, switching layer

110 may include niobium oxide.

[0019] Conducting Layer 120 may include an electrically conducting material. In some
implementations, conducting layer 120 may be a thin film coupled to a larger switching layer
110. For example, the cross-sectional area of conducting layer 120 may be smaller than the
cross-sectional area of switching layer 110. Thus, when a voltage is applied and switching
layer 110 is in the insulating state, current 125 may be conducted through conducting layer
120. Due to the relative thinness of conducting layer 120, the total conducted current through
composite selector electrode 100 may be small. Example materials for conducting layer 120
may 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, NbSiz, VsSi, electrically doped Si polycrystalline,
electrically doped Ge polycrystalline, and combinations thereof. In some implementations,
conducting layer 120 may include titanium nitride.

[0020] Metal Electrode 130 may be an electrically conducting material that conducts
current to composite selector electrode 100. In some examples, as described further below,
metal electrode 130 may serve as a connection between composite selector electrode 100
and other components. For example, metal electrode 130 may connect composite selector
electrode 100 with lines of a crossbar array, or it may, for example, itself serve as a line of
the array. Example materials for metal electrode 130 may include conducting materials such
as Pt, Ta, Hf, Zr, Al, Co, Ni, Fe, Nb, Mo, W, Cu, Ti, TiN, TaN, TazN, WNz, NbN, MoN, TiSiz,
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TiSi, TisSis, TaSiz, WSiz, NbSi2, V3Si, electrically doped Si polycrystalline, electrically doped
Ge polycrystalline, and combinations thereof.

[0021] FIG. 1B is a diagram of a cross-sectional view of the example composite selector
electrode 100 of FIG. 1A when the switching layer is above the threshold temperature.
Switching layer 110 may undergo IMT at a threshold temperature, and switching layer may
be electrically conducting at temperatures above the threshold. In such conditions, the total
current through composite selector electrode 100 may nonlinearly increase, by the addition
of current 115 following through switching layer 110 to the current 125 already flowing

through conducting layer 120.

[0022] Insomeimplementations, composite selector electrode 100 may exhibit nonlinear
current-voltage (IV) behavior. This may be a result of the IMT of switching layer 110. For
example, typical materials may follow Ohm’s law, where the current through them is
proportional to the voltage. For composite selector electrode 100, the current through it may
be linearly proportional to the inverse of the resistance of the conducting layer 120, and
therefore small, at low applied voltages. As the voltage is increased and the current with it,
the conducting layer 120 may progressively undergo resistive heating, which may
subsequently increase the temperature of the adjacent switching layer 110. When switching
layer 110 reaches a threshold temperature, it may undergo an IMT transition and become
conducting. The current may therefore flow through the heated portions of the switching
layer 110 as well as the conducting layer 120, and the heating-induced increase in
conductance rapidly accelerates, in a self-reinforcing feedback loop. The cross-sectional
area available for current flow may increase from that which included only the conducting
layer 120 to the combined cross-sectional areas of the conducting layer 120 and switching
layer 110. The overall current flow may increase nonlinearly until the full cross section is

conductive. As a result, the IV behavior in this voltage range may be highly nonlinear.

[0023] FIG. 2 is adiagram of a cross-sectional view of an example memristor 200 having
a composite selector electrode. The composite selector electrode may be formed on a
substrate 210, and may include a switching layer 220 coupled in electrical parallel with a
conducting layer 230, a metal electrode 240 coupled in electrical series with switching layer
220 and conducting layer 230, and a dielectric 250. Memristor 200 may also have a
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memristive layer 260 coupled in electrical series with switching layer 220 and conducting
layer 230, and a selector 270 coupled in electrical series with memiristive layer 260 and the
switching layer 220 and conducting layer 230 of the composite selector electrode.

[0024] In some implementations, memristor 200 may be one of a plurality of memristors
that form a larger device, such as a crossbar array. For example, substrate 210 may be a
circuit board or other structure that supports the crossbar array. In such instances, metal
electrode 240 may function as the conducting lines of the array, that transports current to
and the rest of memristor 200. A dense crossbar array of memristors, for example, may

serve as the basis for devices such as memory.

[0025] The composite selector electrode may be similar to example composite selector
electrode 100 of FIG. 1A. For example, switching layer 220, conducting layer 230, and metal
electrode may be analogous to switching layer 110, conducting layer 120 and metal
electrode 130 of FIG. 1A. Substrate 210 may be a material and/or surface onto which
memristor 200 may be formed. For example, substrate 210 may be a thin slice of material
such as silicon, silicon oxide, and generally other semiconductors or insulators.
Furthermore, dielectric 250 may serve as an electrical insulator to isolate components from
other components that may otherwise electrical interfere with each other’s operations. For
example, dielectric 250 may include oxides, nitrides, and carbon-doped materials.

[0026] Memristive layer 260 may be coupled in electrical series with switching layer 220
and with conducting layer 230. Memristive layer 260 may have a resistance that changes
with an applied voltage or current. Furthermore, memristive layer 260 may “memorize” its
last resistance. In this manner, memristor 200 having memristive layer 260 may be set to at
least two states. Memristive layer 260 may be based on a variety of materials. Memristive
layer 260 may be oxide-based, meaning that at least a portion of the layer is formed from
an oxide-containing material. Memristive layer 260 may also be nitride-based, meaning that
at least a portion of the layer is formed from a nitride-containing composition. Furthermore,
Memristive layer 260 may be oxy-nitride based, meaning that a portion of the layer is formed
from an oxide-containing material and that a portion of the layer is formed from a nitride-
containing material. In some examples, memristive layer 260 may be formed based on

tantalum oxide (TaOx) or hafnium oxide (HfOx) compositions. Other example materials of
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memristive layer 260 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 memristive materials may be employed in the practice of the teachings herein.
For example, memristive layer 260 may have multiple layers that include electrodes and

dielectric materials.

[0027] Selector 270 may be coupled in electrical series with memristive layer 260 and
with switching layer 220 and conducting layer 230 of the composite selector electrode. FIG.
2 shows selector 270 coupled to a face of memristor 260 that is opposite the face of
memristor 260 that is coupled to switching layer 220 and conducting layer 230. However,
the orientation may vary. For example, in some implementations, selector 270 may be
sandwiched between memristor 260 and the switching layer and conducting layer. Selector
270 may be an electrical component placed in series with other components, such as
memristor 260, that controls the overall electrical properties of the resulting devices. Selector
270 may provide nonlinearity, which may be further boosted by the effects of composite

selector electrodes as taught herein.

[0028] Selector 270 may include a number of materials, including metal oxides and metal
nitrides. Non-limiting examples include niobium oxide, tantalum oxide, vanadium oxide,
titanium oxide, and chromium oxide. In addition, selector 270 may include a variety of other
features and orientations. For example, selector 270 may include electrodes, dielectrics,
and other materials. In some implementations, selector 270 may be coupled to or include
another metal electrode which may serve as another line in the crossbar array.

[0029] During operation, a voltage applied to memristor 200 may deliver a current via
metal electrode 220. When the temperature of the switching layer 220 is below its threshold
temperature, a relatively small amount of current may travel through the relatively thin
conducting layer 230 to be delivered to memristor 260. After the IMT of the switching layer
220, such by raising the temperature of switching layer 220 above its threshold temperature,
current will also travel through the thicker switching layer, therefore increasing the total
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current delivered to memristor 260. Furthermore, selector 270 may behave similarly to the
switching layer, thereby further increasing the total nonlinearity of the combined device.

[0030] FIG. 3A diagram of a cross-sectional view of an example memristor 300 having a
composite selector electrode when a switching layer 310 of the composite selector electrode
is below a threshold temperature and when a voltage is applied across the composite
selector electrode. FIG. 3A shows a different configuration than FIG. 2, but the general
principles remain the same. Furthermore, FIG. 3B is a diagram of a cross-sectional view of
the example memristor 300 of FIG. 3A when the switching layer 310 is above the threshold

temperature.

[0031] Memristor 300 may include a metal electrode 305. A switching layer 310 is
coupled in series to metal electrode 305. A conducting layer 315 may be coupled in parallel
to switching layer 310 and in series with metal electrode 305. In some implementations,
conducting layer 315 may be thinner than switching layer 310. A dielectric material 320 may
also be present to provide electrical insulation, structural support, and other properties.
Memristor 325 may be coupled in electrical series to both switching layer 310 and
conducting layer 315. Other components, such as a selector, may be included in memristor
300, but has been omitted from FIG. 3A for simplicity. The orientation of memristor 300 as
shown in FIG. 3A may be formed by deposition of the layers, as further described herein
relation to FIG. 4.

[0032] When the temperature of switching layer 310 is below the threshold temperature,
very little current may travel through the composite selector electrode due to the switching
layer being in an insulating state. However, some current 330 may tunnel through switching
layer 310 and be delivered to memristor 325 by the part of current 335 being delivered
through conducting layer 315. As a result, when a voltage below the threshold voltage is

applied, the delivered current may be relatively very small.

[0033] On the other hand, when the switching layer 310 is above the threshold
temperature, a much larger amount of current may travel through the composite selector
electrode due to the switching layer being in a conducting state. This is illustrated in FIG.
3B, as a relatively large amount of current 340 is shown to be conducted through switching

layer 310, in addition to the current 335 being delivered through conducting layer 315. As a
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result, after insulator-metal transition of switching layer 310, the delivered current may be
disproportionately larger, thereby causing |-V nonlinearity.

[0034] FIG. 4 is a flowchart of an example method 400 of manufacturing a memristor.
Method 400 may include block 410 for coupling a conducting layer with a metal electrode,
block 420 for coupling a switching layer with the conducting layer so that the conducting
layer and switching layer are in electrical parallel and so that the conducting layer and the
switching layer are both in electrical series with the metal electrode, and block 430 for
coupling a memristor with the conducting layer and with the switching layer so that the
memristor is in electrical series with both the conducting layer and the switching layer.
Although execution of method 400 is herein described in reference to memristor 200 of FIG.
2, other suitable parties for implementation of method 400 should be apparent, including
examples provided in FIG. 1A, FIG. 1B, FIG. 3A, and FIG. 3B.

[0035] Method 400 may start in block 405 and proceed to block 410, where conducting
layer 230 is coupled with metal electrode 240. Coupling may mean forming an electrically-
conducting connection between components. For example, conducting layer 230 may be
placed in physical contact with metal electrode 240. In some implementations, conducting
layer 230 may be deposited as a thing film onto metal electrode 240. For example, metal
electrode 240 may be provided in a trench or hole of substrate 210. Conducting layer 230
may then be subsequently deposited to conform to the surface of metal electrode 240 and
to the walls of the trench or the hole. The layer of material of conducting layer 230 that
confirms to the vertical walls of the trench or hole forms the series connection that will later
be coupled to memristor 260.

[0036]  After coupling conducting layer 230 with metal electrode 240, method 400 may
proceed to block 420, where switching layer 220 is coupled with the conducting layer 230
so that the conducting layer 230 and switching layer 220 are in electrical parallel with each
other and so that conducting layer 230 and switching layer 220 are both in electrical series
with metal electrode 240. In some implementations, switching layer 220 may be coupled by
depositing the material as a film onto conducting layer 230. Similar to the deposition of
conducting layer 230, the switching layer 220 may conform to the surface of conducting

layer 230, including the vertical walls. The layer of material of switching layer 230 that
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conforms to the vertical walls forms the series connection between metal electrode 240 and
memristor 260. In some implementations, switching layer 220 may be thicker or significantly
thicker than conducting layer 230.

[0037] Switching layer 220 may be electrically insulating when the switching layer is
below a threshold temperature. Threshold temperature may be a particular temperature or
temperature range where switching layer 220 or a material of the switching layer undergoes
insulator-metal transition. For example, switching layer 220 may be electrically conducting
when it is above the threshold temperature. In some implementations, the threshold
temperature may be within a temperature range of interest, such as, for example, the typical
temperature ranges experienced during reading or writing of the memristor 200 in a crossbar

array.

[0038] Aiter coupling the switching layer with the conducting layer, method 400 may
proceed to block 430, where memiristor 260 is coupled with conducting layer 230 and with
switching layer 220 so that memristor 260 is in electrical series with the both the conducting
layer and the switching layer. In some implementations, memristor 260 may be deposited
onto the substrate 210 at the location of conducting layer 230 and switching layer 220.
Memristor 260 may be deposited by a variety of methods. Furthermore, as described above
in reference to FIG. 2, a dielectric layer 250 may provide additional structure support and
electrical insulation to memristor 200. Additionally, other components, such as selector 270
may be included in the final device.

[0039]  Atter coupling memristor 260 with switching layer 220 and conducting layer 230,
method 400 may proceed to block 435 to stop.

[0040] The foregoing describes a number of examples for composite selector
electrodes. It should be understood that the composite selector electrodes 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 composite
selector electrodes or their 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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[0041] It should be noted that, as used in this application and the appended claims,

the singular forms “a,” “an,” and “the” include plural elements unless the context clearly

dictates otherwise.
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CLAIMS
What is claimed is:
1. A composite selector electrode, comprising a switching layer coupled in electrical

parallel with a conducting layer, wherein:

the switching layer is electrically insulating when the temperature of the switching
layer is below a threshold temperature;

the switching layer exhibits insulator-metal transition at the threshold temperature;
and

the switching layer is electrically conducting when the temperature of the switching
layer is above the threshold temperature.

2. The composite selector electrode of claim 1, wherein the switching layer comprises

a metal oxide.

3. The composite selector electrode of claim 2, wherein the switching layer comprises

niobium oxide, and the conducting layer comprises tantalum nitride or titanium nitride.

4. The composite selector electrode of claim 1, wherein the composite selector

electrode exhibits nonlinear current-voltage behavior.

5. The composite selector electrode of claim 4, wherein the switching layer exhibits

negative differential resistance.

6. The composite selector electrode of claim 1, further comprising a metal electrode
coupled in electrical series with both the switching layer and the conducting layer.

7. The composite selector electrode of claim 1, wherein the switching layer exhibits
insulator-metal transition at a threshold voltage.
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8. A nonlinear memristor, comprising:

a composite selector electrode, wherein the composite selector electrode
comprises a switching layer coupled in electrical parallel with a conducting layer, and a
metal electrode coupled in electrical series with the switching layer and the conducting
layer;

a memristive layer coupled in electrical series with the switching layer and the
conducting layer of the composite selector electrode; and

a selector coupled in electrical series with the memristive layer and the switching

layer and the conducting layer of the composite selector electrode.

9. The memristor of claim 8, wherein:

the switching layer of the composite selector electrode comprises a metal oxide;

the switching layer is electrically insulating when the temperature of the switching
layer is below a threshold temperature;

the switching layer exhibits insulator-metal transition at the threshold temperature;
and

the switching layer is electrically conducting when the temperature of the switching
layer is above the threshold temperature.

10.  The memristor of claim 9, wherein the switching layer exhibits negative differential

resistance.

11.  The memristor of claim 9, wherein the switching layer of comprises niobium oxide,
and the conducting layer of the composite selector electrode comprises tantalum nitride

or titanium nitride.

12.  The memristor of claim 8, wherein the memristive layer comprises a metal oxide,

and the selector comprises a metal oxide.

13. A method of manufacturing a memristor, comprising:

coupling a conducting layer with a metal electrode;
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coupling a switching layer with the conducting layer so that the conducting layer
and switching layer are in electrical parallel and so that the conducting layer and the
switching layer are both in electrical series with the metal electrode; and

coupling a memristor with the conducting layer and with the switching layer so that

the memristor is in electrical series with both the conducting layer and the switching layer.

14. The method of claim 13, wherein the metal electrode is provided in a trench or a
hole of a substrate, and wherein the conducting layer is deposited to conform to a vertical

wall of the trench or the hole.

15.  The method of claim 13, wherein:

the switching layer is electrically insulating when the temperature of the switching
layer is below a threshold temperature;

the switching layer exhibits insulator-metal transition at the threshold temperature;
and

the switching layer is electrically conducting when the temperature of the switching

layer is above the threshold temperature.



PCT/US2015/013724

WO 2016/122576

1/4

ocl

GZl

0cl

gl "Old

fetet
oo
ooty

< e
:*
*“!"
S

i

e

S5
S
e
e

0
‘_"F‘
ol
"F’*““
55

&
45
T
S

&5
4
A

ﬂ*

falelatelatele’
Semete
assTatety
ol

ol

S
TR
LSS

&5

=

55

&
&5
TI*

el

E.
g
b

e
s

L
2
o

L7
L
L7

ofeteleloratelolely!
R R
&

S B R b b S e

f:‘
:::
:'::
..i*.h

55
0
g30%
S5
555
e

&
&
&
&
&
&
&
&
&
S5
&
&
&
&
&
&
&

':'I
::
o

L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L

eleeel
&35

&
v
5%

g
4
e
L
L7
A

oS
ettt

S
ot
55
ol
&
55
ole
ole!
ole
55
S
33

555

oLl

Shi

0sl

ocl

GZl

0cl

Vi "Old

Lttt
S 5

e
.i.*

L

S5

KEKLS
5

Y,

K
o,

S

&

&
355
o
e

SRR
e S
eaTstare e iete ety
o

SRS
SN

d

&
sretetel

ettt Nttt
lslatetatetetetetetatatel
Rttt
eteteteieteteleletelelels
Ao a et ettt

oLl

00}



PCT/US2015/013724

2/4

WO 2016/122576

¢ Old

ove

g P B P P P P 0 P P e P P P
Eeteetetetatatete ettt et ettt ety

LA

0

002



PCT/US2015/013724

3/4

WO 2016/122576

g€ ‘Old vE€ "Old

|0 R R ] ore
R
ove —] Sie 0€e ﬂnuuuu##¢++++¢+¢++¢++¢+¢+++& GLe
o0
0ze
SE€ — | Gee 0z€

T4 mmm1\\\\|

0G¢ 00¢



WO 2016/122576

4/4

400

START 405

COUPLE CONDUCTING LAYER WITH
METAL ELECTRODE

PCT/US2015/013724

|

COUPLE SWITCHING LAYER WITH
CONDUCTING LAYER

|_— 420

|

COUPLE MEMRISTOR WITH CONDUCTING
LAYER AND SWITCHING LAYER

435
STOP

FIG. 4



International application No.

A A AR
INTERNATIONAL SEARCH REPORT PCT/US2015/013724

A. CLASSIFICATION OF SUBJECT MATTER
HO1L 27/04(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOI1L 27/04, HO1L 45/00; HO1L 47/00; HO1L 21/02; HO1L 33/00; HO1L 21/62; HO1L 33/40

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & keywords: MIT, selector, metal-to-insulator transition element, memristor, crossbar

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2013-0134382 A1 (IMEC et al.) 30 May 2013 1-3
See abstract, paragraphs [0039]-[0068], claim 1 and figure 10.

Y 4-5,7

A 6,8-15

Y ZHENG YANG et al. "Oxide Electronics Utilizing Ultrafast Metal-Insulator 4-5.7
Transitions", Annual Review of Materials Research, 30 March 2011, Vol. 41,
pp 337-367, DOI: 10.1146/annurev-matsci-062910-100347
See abstract, pages 339-349 and figures 1-5.

A US 2014-0027700 A1 (JANICE H. NICKEL et al.) 30 January 2014 1-15
See abstract, paragraphs [0027]-[0036] and figure 1C.

A US 2014-0027705 A1 (JIANHUA YANG et al.) 30 January 2014 1-15
See abstract, claims 1-15 and figure 1.

A US 2010-0193824 A1 (HYUN TAK KIM et al.) 05 August 2010 1-15
See abstract, paragraphs [0008]-[0043] and claim 1.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E"  earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

'

myn

ng"

Date of the actual completion of the international search
27 October 2015 (27.10.2015)

Date of mailing of the international search report

28 October 2015 (28.10.2015)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-10, Seo-gu, Daejeon Metropolitan City, 35208,
Republic of Korea

Facsimile No, +82-42-472-7140

Authorized officer

CHOI, Sang Won

Telephone No. +82-42-481-8291

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/013724
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2013-0134382 Al 30/05/2013 EP 2597647 Al 29/05/2013
JP 2013-115437 A 10/06/2013
US 2014-0027700 Al 30/01/2014 US 8658463 B2 25/02/2014
US 2014-0027705 Al 30/01/2014 US 8921960 B2 30/12/2014
US 2010-0193824 Al 05/08/2010 AT 502404 T 15/04/2011
CN 101673804 A 17/03/2010
CN 1722489 A 18/01/2006
DE 602004031827 D1 28/04/2011
EP 1617482 A2 18/01/2006
EP 1617482 A3 23/07/2008
EP 1617482 B1 16/03/2011
EP 2219243 Al 18/08/2010
EP 2315288 A2 27/04/2011
EP 2315288 A3 06/07/2011
JP 2006-032898 A 02/02/2006
JP 2010-161413 A 22/07/2010
KR 10-0609699 Bl 08/08/2006
KR 10-2006-0006195 A 19/01/2006
US 2006-0011942 Al 19/01/2006
US 7728327 B2 01/06/2010

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - wo-search-report
	Page 23 - wo-search-report

