wo 2017/111813 A1 [N A 0000 O 0

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

—~
é

\\

(10) International Publication Number

WO 2017/111813 Al

29 June 2017 (29.06.2017) WIPO I PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HOIL 45/00 (2006.01) HOIL 45/02 (2006.01) kind of national protection available): AE, AG, AL, AM,
. L AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/US2015/000369 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
26 December 2015 (26.12.2015) KZ, IA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
. MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant: INTEL CORPORATION [US/US]; 2200 , o
Mission College Boulevard, Santa Clara, California 95054 (84) Designated States (uniess otherwise indicated, for every
(US). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(72) Inventors: PILLARISETTY, Ravi; 925 NW Hoyt Street, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
APT 226, Portland, Oregon 97209 (US). MAJHI, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Prashant; 1754 Indigo Oak Lane, San Jose, California DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
95121 (US). SHAH, Uday; 13409 NW Keeton Park Lane, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK,
Portland, Oregon 97229 (US). MUKHERJEE, Niloy; SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
16781 NW Vetter Dr, Portland, Oregon 97229 (US). GW, KM, ML, MR, NE, SN, TD, TG).
KARPOV, Elijah V.; 4386 Lakeshore Dr, Santa Clara, i
California 95054 (US). Declarations under Rule 4.17:
(74) Agents: RICHARDS, IL, E.E. Jack ct al; Trop, Pruner & 5 10 the identity of the inventor (Rule 4.17(1))

Hu, P.C., 1616 S. Voss Rd., Ste. 750, Houston, Texas
77057-2631 (US).

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

[Continued on next page]

(54) Title: HIGH RETENTION RESISTIVE RANDOM ACCESS MEMORY

(57) Abstract: An embodiment includes a resistive random access memory
(RRAM) comprising: top and bottom electrodes; first and second oxygen ex-

H'IIIIII”‘
| 201
EIectrode
LT /211
0p00
%0 244 y241
245
RRAM ° \243 .
Oxide 0000 22521
221 o
TTITTTTTTT
Bottom | 231
Flectrode

FIG. 2

change layers (OELs) between the top and bottom electrodes; an oxide layer
between the first and second OELs; wherein (a) first oxygen vacancies are
within an upper third of the oxide layer at a first concentration, (b) second
oxygen vacancies are within a lower third of the oxide layer at a second con-
centration, and (c) third oxygen vacancies are within a middle third of the ox-
ide layer at a third concentration that is less than either of the first and second
concentrations. Other embodiments are described herein.
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HIGH RETENTION RESISTIVE RANDOM ACCESS MEMORY

Technical Field

[0001] Embodiments of the invention are in the field of semiconductor devices and,

in particular, non-volatile memory.

Background
[0002] Resistive random access memory (RRAM or ReRAM) relies on a class of

materials that switch in a one-time event from a virgin insulating state to a low
resistive state by way of a “forming” event. In the forming event, the device goes
through “soft breakdown” in which a localized filament forms in a dielectric layer
located between two electrodes. This filament shunts current through the filament to
form a low resistance state. The RRAM switches from a low to a high resistive state
(by disbanding the filament) and from a high to a low resistive state (by reforming the
filament) by applying voltages of different polarities to the electrodes to switch the
state. Thus, conventional RRAM can serve as a memory.

Brief Description of the Drawings

[0003] Features and advantages of embodiments of the present invention will
become apparent from the appended claims, the following detailed description of
one or more example embodiments, and the corresponding figures. Where
considered appropriate, reference labels have been repeated among the figures to

indicate corresponding or analogous elements.

Figure 1 includes a conventional RRAM stack;

Figure 2 includes a RRAM stack in an embodiment of the invention;

Figures 3a-3e include a method of forming a RRAM stack in an embodiment
of the invention; and

Figures 4 and 5 include system each including an embodiment of the RRAM
stack.

Detailed Description

[0004] Reference will now be made to the drawings wherein like structures may be

provided with like suffix reference designations. In order to show the structures of
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various embodiments more clearly, the drawings included herein are diagrammatic
representations of semiconductor/circuit structures. Thus, the actual appearance of
the fabricated integrated circuit structures, for example in a photomicrograph, may
appear different while still incorporating the claimed structures of the illustrated
embodiments. Moreover, the drawings may only show the structures useful to
understand the illustrated embodiments. Additional structures known in the art may
not have been included to maintain the clarity of the drawings. For example, not
eVery layer of a semiconductor device is necessarily shown. “An embodiment”,
“various embodiments” and the like indicate embodiment(s) so described may
include particular features, structures, or characteristics, but not every embodiment
necessarily includes the particular features, structures, or characteristics. Some
embodiments may have some, all, or none of the features described for other
embodiments. “First”, “second”, “third” and the like describe a common object and
indicate different instances of like objects are being referred to. Such adjectives do
not imply objects so described must be in a given sequence, either temporally,
spatially, in ranking, or in any other manner. “Connected” may indicate elements are
in direct physical or electrical contact with each other and “coupled” may indicate
elements co-operate or interact with each other, but they may or may not be in direct

physical or electrical contact.

[0005] Figure 1 includes a conventional RRAM stack 100 including top electrode
101, oxygen exchange layer (OEL) 111 (e.g., Hf, Ti, and the like), oxide 121 (e.g.,
HfOx), and bottom electrode 131. Oxygen vacancies 144 have a higher
concentration in region 141 and a relatively lower concentration in region 142. The
vacancies collectively form a filament that serves as a memory. As addressed
above, a “soft breakdown” occurs whereby, for example, an anneal takes place such
that oxygen is scavenged by OEL 111 thereby producing vacancies 144. The

" vacancies cluster near the OEL/oxide interface (interface between layers 111 and
121) because that is where the scavenging takes place. Biasing electrodes 101, 131
with one polarity may purposely remove vacancies in area 143 to disband or disrupt
the filament and create a high resistance state (a “0” memory state). Reversing the
bias to electrodes 101, 131 with an opposite polarity may reform vacancies in area

143 to reform the filament and create a low resistance state (a “1” memory state).
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[0006] Applicant determined the “1” state is at times not “retained” as the vacancies
disband over time once bias is removed from electrodes 101, 131. As such, any
memory based on stack 100 is unstable—a quality undesirable for non-volatile

memories.

[0007] However, Applicant has addressed the retention issue. Figure 2 includes an
embodiment of an RRAM memory thin film stack with improved reliability and
switching properties. In particular, the embodiment uses a Dual OEL RRAM stack
having two OELs. In a conductive state the conductive filament has an “hourglass”
filament shape (although such a shape is not necessarily present in all
embodiments). The invention allows the RRAM switching to occur in the bulk of the
RRAM film (e.g., middle third of the oxide layer) away from any interfaces with any
OEL. This can provide improved retention/endurance considering interfaces between
layers, such as the interface between layers 131 and 121, can be subject to uneven
surfaces, fractures, and general imperfections that can lead to inconsistencies in
holding a memory state. Thus, the embodiment of Figure 2 provides for high
retention (of the filament oxygen vacancies) properties. Such an embodiment
improves the reliability of filamentary based RRAM memory and makes the memory

more suitable for, as an example, embedded nonvolatile memory.

[0008] Figure 2 includes RRAM memory stack 200 comprising top electrode 201,
bottom electrode 231, OEL 211, OEL 251, and oxide layer 221. A first plurality of
oxygen vacancies 241 are adjacent OEL 211 at a first concentration, a second
plurality of oxygen vacancies 242 are adjacent OEL 251 at a second concentration,
and a third plurality of oxygen vacancies 245 are between pluralities 241, 242 and at
a third concentration that is less than the first and second concentrations. “Adjacent’
or “immediately adjacent”, as used herein, are relative terms. Thus, vacancies 242
are adjacent layer 251 but not layer 211 and vacancies 241 are adjacent layer 211
but not layer 251.

[0009] In an embodiment OEL 211 and OEL 251 each include a metal such as one
or more of the following: Copper (Cu), Hafnium (Hf), Titanium (Ti), Ruthenium (Ru),
Aluminum (Al), and Silver (Ag).



WO 2017/111813 PCT/US2015/000369

4

[0010] In an embodiment the oxide layer 221 includes at least one of HfO,, SiO,, -
AL O3, TiOz, SrTiO3, Cr-SrTiO3, NiO, CuOx, ZrO2, Nb,Os, MgO, Fe;03, Taz0s, ZnO,
Co0O, CuMnOx, CuMoOx, InZnO, Cr-SrZrO3, PrCaMnQO3, SrLaTiO3, LaSrFeOs,
(Pr,Ca)MnO3, Nb-SrTiO3, and LaSrCoO3. In an embodiment top electrode 201
includes at least one of Hf, Ti, Ta, Pd, W, Mo, and Pt (e.g., TiN) and the bottom
electrode 231 includes at least one of Hf, Ti, Ta, Pd, W, Mo, and Pt (e.g., TiN).
Additionally, electrodes 201, 231 may include multiple layers of materials with

differing properties.

[0011] In an embodiment the oxide layer 221 directly contacts OELs 211, 251 to
allow for scavenging of oxygen from oxide layer 221 and the resultant creation of

vacancies 244.

[0012]) RRAM stack 200 is a functioning nonvolatile memory in that in a first state
(when energy is applied to the top electrode at a first polarity) the first, second, and
third pluralities of oxygen vacancies form a first filament having a first electrical
resistance; and in a second state (when energy is applied to the top electrode at a
second polarity, which is opposite the first polarity) the first, second, and third
pluralitiés of oxygen vacancies form a different filament configuration or discontinuity

thereby causing the higher resisti\)ity.

[0013] In the second state the third plurality of oxygen vacancies 245 is at a low
concentration (third concentration) and in the first state the third plurality of oxygen

vacancies 245 is at a concentration that is greater than the third concentration.

[0014] Figures 3a-3e include a method of forming a RRAM stack in an embodiment
of the invention. In Figure 3a the bottom electrode 331 is formed. In Figure 3b the
OEL 351 is deposited on the bottom electrode. Next oxide 321 is formed (Figure 3c)
followed by OEL 311 and top electrode 301 (Figure 3d). Finally, patterning and
etching occur to form the RRAM cell and an anneal is performed to produce filament
245 composed of oxygen vacancies (Figure 3e).

[0015]) Various embodiments disclosed herein have addressed RRAM stacks. Any
such RRAM stack may be used in a memory cell by coupling one portion or node of
the stack (e.g., top electrode of Figure 2) to a bit-line and another node of the stack
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(e.g., bottom electrode of Figure 2) to a source or drain node of a switching device,
such as a selection transistor. The other of the source and drain node of the
selection transistor may be coupled to a source line of the memory cell. The gate of
the selection transistor may couple to a word-line. Such a memory céll may utilize
resistance to store memory states. Embodiments provide smaller and more power
efficient memory cells that can be scaled below, for example, 22 nm CD. The
RRAM stack may couple to a sense amplifier. A plurality of the RRAM memory cells
may be operably connected to one another to form a memory array, wherein the
memory array can be incorporated into a non-volatile memory device. It is to be
understood that the selection transistor may be connected to the top electrode or the
bottom electrode of a RRAM stack.

[0016] Referring now to Figure 4, shown is a block diagram of an example system
with which embodiments can be used. As seen, system 900 may be a smartphone or
other wireless communicator or any other internet of things (loT) device. A
baseband processor 905 is configured to perform various signal processing with
regard to communication signals to be transmitted from or received by the system.

In turn, baseband processor 905 is coupled to an application processor 910, which
may be a main CPU of the system to execute an OS and other system software, in
addition to user applications such as many well-known social media and multimedia
apps. Application processor 910 may further be configured to perform a variety of
other computing operations for the device.

[0017] In turn, application processor 910 can couple to a user interface/display 920
(e.g., touch screen display). In addition, application processor 910 may couple to a
memory system including a non-volatile memory, namely a flash memory 930 and a
system memory, namely a DRAM 935. In some embodiments, flash memory 930
may include a secure portion 932 in which secrets and other sensitive information
may be stored. As further seen, application processor 910 also couples to a capture
device 945 such as one or more image capture devices that can record video and/or

still images.

[0018] A universal integrated circuit card (UICC) 940 comprises a subscriber

identity module, which in some embodiments includes a secure storage 942 to store
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secure user information. System 900 may further include a security processor 950
(e.g., Trusted Platform Module (TPM)) that may couple to application processor 910.
A plurality of sensors 925, including one or more multi-axis accelerometers may
couple to application processor 910 to enable input of a variety of sensed information
such as motion and other environmental information. In addition, one or more
authentication devices 995 may be used to receive, for example, user biometric input

for use in authentication operations.

[0019] As further illustrated, a near field communication (NFC) contactless interface
960 is provided that communicates in a NFC near field via an NFC antenna 965.
While separate antennae are shown, understand that in some implementations one
antenna or a different set of antennae may be provided to enable various wireless

functionalities.

[0020] A power management integrated circuit (PMIC) 915 couples to application
processor 910 to perform platform level power management. To this end, PMIC 915
may issue power management requests to application processor 910 to enter certain
low power states as desired. Furthermore, based on platform constraints, PMIC 915
may also control the power level of other components of system 900.

[0021] To enable communications to be transmitted and received such as in one or
more loT networks, various circuitries may be coupled between baseband processor
905 and an antenna 990. Specifically, a radio frequency (RF) transceiver 970 and a
wireless local area network (WLAN) transceiver 975 may be present. In general, RF
transceiver 970 may be used to receive and transmit wireless data and calls
according to a given wireless communication protocol such as 3G or 4G wireless
communication protocol such as in accordance with a code division multiple access
(CDMA), global system for mobile communication (GSM), long term evolution (LTE)
or other protocol. In addition a GPS sensor 980 may be present, with location
information being provided to security processor 950 for use as described herein
when context information is to be used in a pairing process. Other wireless
communications such as receipt or transmission of radio signals (e.g., AM/FM) and

other signals may also be provided. In addition, via WLAN transceiver 975, local
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wireless communications, such as according to a Bluetooth™ or IEEE 802.11

standard can also be realized.

[0022] System 900 may include hundreds or thousands of the above described
memory cells/stacks (stack 200 of Figure 2) and be critical to memory functions in
system 900. The stability and power efficiency of such memory cells accumulates
when the memory cells are deployed in mass and provides significant performance
advantages (e.g., longer memory state storage in a broader range of operating
temperatures) to such computing nodes. Memory 935, 932, 930, 942, 950 and other

non-labeled memories may include memory stacks described herein.

[0023] Embodiments may be used in environments where |oT devices may include
wearable devices or other small form factor loT devices. Referring now to Figure 5,
shown is a block diagram of a wearable module 1300 in accordance with another
embodiment. In one particular implementation, module 1300 may be an Intel®
Curie™ module that includes multiple components adapted within a single small
module that can be implemented as all or part of a wearable device. As seen,
module 1300 includes a core 1310 (of course in other embodiments more than one
core may be present). Such core may be a relatively low complexity in-order core,
such as based on an Intel Architecture® Quark™ design. In some embodiments,
core 1310 may implement a TEE as described herein. Core 1310 couples to various
components including a sensor hub 1320, which may be configured to interact with a
plurality of sensors 1380, such as one or more biometric, motion environmental or
other sensors. A power delivery circuit 1330 is present, along with a non-volatile
storage 1340 (which includes embodiments of the RRAM described herein). In an
embodiment, this circuit may include a rechargeable battery and a recharging circuit,
which may in one embodiment receive charging power wirelessly. One or more
input/output (10) interfaces 1350, such as one or more interfaces compatible with
one or more of USB/SPI/I2C/GPIO protocols, may be present. In addition, a wireless
transceiver 1390, which may be a Bluetooth™ low energy or other short-range
wireless transceiver is present to enable wireless communications as described
herein. Understand that in different implementations a wearable module can take

many other forms. Wearable and/or loT devices have, in comparison with a typical
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general purpose CPU or a GPU, a small form factor, low power requirements,

limited instruction sets, relatively slow computation throughput, or any of the above.

[0024] Various embodiments include a semiconductive substrate. Such a substrate
may be a bulk semiconductive material that is part of a wafer. In an embodiment, the
semiconductive substrate is a bulk semiconductive material as part of a chip that has
been singulated from a wafer. In an embodiment, the semiconductive substrate is a
semiconductive material that is formed above an insulator such as a semiconductor
on insulator (SOI) substrate. In an embodiment, the semiconductive substrate is a

prominent structure such as a fin that extends above a bulk semiconductive material.
[0025] The following examples pertain to further embodiments.

[0026] Example 1 includes a memory comprising: a top electrode and a bottom
electrode; a first bxygen exchange layer (OEL) between the top and bottom
electrodes; a second OEL between the first OEL and the bottom electrode; and an
oxide layer between the first and second OELs; wherein (a) a first plurality of oxygen
vacancies are within the oxide layer and are adjacent the first OEL at a first
concentration, (b) a second plurality of oxygen vacancies are within the oxide layer
and are adjacent the second OEL at a second concentration, (c) a third plurality of
oxygen vacancies are within the oxide layer and between the first and second
pluralities of oxygen vacancies, and (d) the third concentration is less than both of

the first and second concentrations.

[0027] “Top” and “bottom” are relative terms and may change based on the
orientation of the stack. OEL is a term of art known to those of ordinary skill in the
art. The OEL may also be referred to as a “metal cap layer’. The OEL may include
a metal such that, when the OEL is adjacent or contacting an oxygen source (e.g.,
oxide layer), the OEL facilitates “oxygen exchange” with the oxygen source. In an
embodiment, OELs 211, 251 may include substoichiometric oxide or metal that is not
fully oxidized.

[0028] In example 2 the subject matter of the Example 1 can optionally include
wherein the oxide layer directly contacts both of the first and second OELs.

[0029] The direct contact may preclude barrier layers and the like.
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[0030] In example 3 the subject matter of the Examples 1-2 can optionally include
wherein the first OEL directly contacts the upper electrode and the second OEL
directly contacts the bottom electrode.

[0031] In example 4 the subject matter of the Examples 1-3 can optionally include
wherein the memory is a resistive random access memory (RRAM).

[0032] In example 5 the subject matter of the Examples 1-4 can optionally include
wherein the first OEL includes a metal and the second OEL also includes the metal.

© [0033] In example 6 the subject matter of the Examples 1-5 can optionally include
wherein the metal includes at least one member selected from the group comprising:
Hafnium (Hf), Titanium (Ti), Tantalum (Ta), Erbium (Er), and Gadolinium (Gd).

[0034] In example 7 the subject matter of the Examples 1-6 can optionally include
wherein the oxide layer includes at least one member selected from the group -
comprising HfOx, SiOx, Al,Ox,TiOx, TaOx, GdOx, ErOx, NbOx, WOx, ZnOx, and
InGaZnOx.

[0035] In example 8 the subject matter of the Examples 1-7 can optionally include
wherein the top electrode includes at least one member selected from the group
comprising TiN, TaN, W, Ru, Ir, Pd, Pt, Mo, TiAIN, and TaAIN and the bottom

electrode also includes the at least one member.

[0036] In an embodiment the top and bottom electrodes include different materials.
In an embodiment, the “top” electrode may be a metal or alloy of metals (TiN, TaN,
W, Ru, Ir, TiAIN, or other good barrier materials) while the “bottom” electrode is a
high work function metal” (W, Pd, Pt, Ru, Mo, TiN or other high work function metal).

[0037] In example 9 the subject matter of the Examples 1-8 can optionally include
wherein the first plurality of oxygen vacancies are immediately adjacent the first OEL
and the second plurality of oxygen vacancies are immediately adjacent the second
OEL.

[0038] By “immediately adjacent” some of the vacancies may be in direct contact
with an OEL.
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[0039] In example 10 the subject matter of the Examples 1-9 can optionally include
wherein: in a first state when energy is applied to the top electrode at a first polarity
the first, second, and third pluralities of oxygen vacancies form a first filament having
a first electrical resistance; and in a second state when energy is applied to the top
electrode at a second polarity, which is opposite the first polarity, the first, second,
and third pluralities of oxygen vacancies form a secdnd filament having a second

electrical resistance that is greater than the first electrical resistance.

[0040] In example 11 the subject matter of the Examples 1-10 can optionally
include wherein in the second state the third plurality of oxygen vacancies is at the
third concentration and in the first state the third plurality of oxygen vacancies is at
an additional concentration that is greater than the third concentration.

[0041] In example 12 the subject matter of the Examples 1-11 can optionally
include wherein: in the first state the first filament has an hour glass shape with a first
width adjacent the first the OEL, a second width adjacent the second OEL, and a
third width between the first and second widths; and the third width is less than the
first and second widths.

[0042] In example 13 the subject matter of the Examples 1-12 can optionally
include wherein in an initial forming state when energy is applied to the top electrode
at the first polarity the first, second, and third pluralities of oxygen vacancies form the,

first filament; wherein the initial forming state precedes the first and second states.

[0043] In example 14 the subject matter of the Examples 1-13 can optionally
include wherein: in a first state when energy is applied to the top electrode at a first
polarity the first, second, and third pluralities of oxygen vacancies form a first
filament having a first electrical resistance; and in a second state when energy is
applied to the top electrode at a second polarity, which is opposite the first polarity,
the first, second, and third pluralities of oxygen vacancies form a path between the
top and bottom electrodes having a second electrical resistance that is greater than

the first electrical resistance.

[0044] The second electrical resistance may be very high when the path is

incomplete due to an absence of vacancies at area 243.



WO 2017/111813 PCT/US2015/000369

11

[0045] In example 15 the subject matter of the Examples} 1-14 can optionally
include wherein the first OEL has a first maximum vertical thickness and the second
OEL has a second maximum vertical thickness that is substantially equal to the first

maximum vertical thickness.

[0046] In example 16 the subject matter of the Examples 1-15 can optionally
include wherein the first OEL has a first maximum vertical thickness and the second
OEL has a second maximum vertical thickness that is unequal to the first maximum
vertical thickness.

[0047] For example, in an embodiment the one of the OEL is 3%, 5%, 10%, 15%,
20% or more thicker than the other of the OELs.

[0048] In example 17 the subject matter of the Examples 1-16 can optionally
include wherein the first OEL includes a first metal and the second OEL includes a

second metal different from the first metal.

[0049] By saying the second metal is different from the first metal the first metal
may include only “A” while the second metal includes “B” or A,B1.x.where only Ais
different than AxB1.x.

[0050] In example 18 the subject matter of Examples 1-17 can optionally include a
system comprising: a processor; a memory, coupled to the processor, according to
any one of examples claims 1 to 17; and a communication module, coupled to the

processor, to communicate with a computing node external to the system.
[0051] A version of Example 18 is shown in Figures 4 and 5.

[0052] Example 19 includes a resistive random access memory (RRAM) |
comprising: top and bottom electrodes; first and second oxygen exchange layers
(OELs) betweeri the top and bottom electrodes; an oxide layer between the first and
second OELs; wherein (a) first oxygen vacancies are within an upper third of the
oxide layer at a first concentration, (b) second oxygen vacancies are within a lower
third of the oxide layer at a second concentration, and (c) third oxygen vacancies are
within a middle third of the oxide layer at a third concentration that is less than either

of the first and second concentrations.
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[0053] In example 20 the subject matter of the Examples 19 can optionally include
wherein the oxide layer directly contacts both of the first and second OELs.

[0054] In example 21 the subject matter of the Examples 19-20 can optionally
include wherein: in a first state when energy is applied to the top electrode at a first
polarity the first, second, and third pluralities of oxygen vacancies form a first path
having a first electrical resistance; and in a second state when energy is applied to
the top electrode at a second polarity, which is opposite the first polarity, the first,
second, and third pluralities of oxygen vacancies form a second path between the
top and bottom electrodes having a second electrical resistance that is greater than

the first electrical resistance.

[0055] Example 22 includes a method comprising: forming a bottom electrode;
forming a second oxygen exchange layer (OEL) on the bottom electrode; forming an
oxide layer on the second OEL; forming a first OEL on the oxide layer; forming a top
electrode on the first OEL; patterning the first and second OELs and the oxide layer
to form a resistive random access memory (RRAM) cell; and annealing the RRAM

cell to produce a filament, composed of oxygen vacancies, in the oxide layer.

[0056] In example 23 the subject matter of the Example 22 can optionally include

wherein the oxide layer directly contacts the first and second OELs.

[0057] Example 24 includes a resistive random access memory (RRAM)
comprising: top and bottom electrodes; first and second oxygen exchange layers
(OELs) between the top and bottom electrodes; an oxide layer between the first and
second OELs; wherein in a first state when energy is applied to the top electrode at a
first polarity first, second, and third pluralities of oxygen vacancies form a first path
having a first electrical resistance; wherein in a second state when energy is applied
to the top electrode at a second polarity, which is opposite the first polarity, the first,
second, and third pluralities of oxygen vacancies form a second path between the
top and bottom electrodes having a second electrical resistance that is greater than
the first electrical resistance; wherein in the first state: (a) the first oxygen vacancies
are within an upper third of the oxide layer at a first concentration, (b) the second

oxygen vacancies are within a lower third of the oxide layer at a second
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concentration, and (c) the third oxygen vacancies are within a middle third of the
oxide layer at a third concentration that is less than either of the first and second

concentrations.

[00588] Thus, example 24 applies to, for example, arrays of memory that have not
yet experienced an initiation or filament forming event but will once put into testing or

general use.

[0059] In example 25 the subject matter of Example 24 can optionally include
wherein the first oxygen vacancies are within the upper third of the oxide layer at the -
first concentration, (b) the second oxygen vacancies are within the lower third of the
oxide Iéyer at the second concentration, and (c) the third oxygen vacancies are

within the middle third of the oxide layer at the third concentration.

[0060] The foregoing description of the embodiments of the invention has been
presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise forms diéclosed. This description
and the claims following include terms, such as left, right, top, bottom, over, under,
upper, lower, first, second, etc. that are used for descriptive purposes only and are
not to be construed as limiting. For example, terms designating relative vertical
position refer to a situation where a device side (or active surface) of a substrate or
integrated circuit is the "top" surface of that substrate; the substrate may actually be
in any orientation so that a "top" side of a substrate may be lower than the "bottom"
side in a standard terrestrial frame of reference and still fall within the meaning of the
term "top." The term "on" as used herein (including in the claims) does not indicate
that a first layer "on" a second layer is directly on and in immediate contact with the
second layer unless such is specifically stated; there may be a third layer or other
structure between the first layer and the second layer on the first layer. The
embodiments of a device or article described herein can be manufactured, used, or
shipped in a number of positions and orientations. Persons skilled in the relevant art
can appreciate that many modifications and variations are possible in light of the
above teaching. Persons skilled in the art will recognize various equivalent

combinations and substitutions for various components shown in the Figures. It is
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therefore intended that the scope of the invention be limited not by this detailed
description, but rather by the claims appended hereto.
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What is claimed is:

1. A memory comprising:

a top electrode and a bottom electrode;

a first oxygen exchange layer (OEL) between the top and bottom electrodes;

a second OEL between the first OEL and the bottom electrode; and

an oxide layer between the first and second OELs;

wherein (a) a first plurality of oxygen vacancies are within the oxide layer and
are adjacent the first OEL at a first concentration, (b) a second plurality of oxygen
vacancies are within the oxide layer and are adjacent the second OEL at a second
concentration, (c) a third plurality of oxygen vacancies are within the oxide layer and
between the first and second pluralities of oxygen vacancies, and (d) the third

concentration is less than both of the first and second concentrations.

2. The memory of claim 1, wherein the oxide layer directly contacts both of the
first and second OELs.

3. The memory of claim 2, wherein the first OEL directly contacts the upper
electrode and the second OEL directly contacts the bottom electrode.

4, The memory of claim 3, wherein the memory is a resistive random access
memory (RRAM).
5. The memory of claim 3, wherein the first OEL includes a metal and the

second OEL also includes the metal.

6. The memory of claim 5, wherein the metal includes at least one member
selected from the group comprising: Hafnium (Hf), Titanium (Ti), Tantalum (Ta),
Erbium (Er), and Gadolinium (Gd).

7. The memory of claim 6, wherein the oxide layer includes at least one member
selected from the group comprising HfOx, SiOx, Al,Ox,TiOx, TaOx, GdOx, ErOx,
NbOx, WOx, ZnOx, and InGaZnOx.
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8. The memory of claim 6, wherein the top electrode includes at least one
member selected from the group comprising TiN, TaN, W, Ru, Ir, Pd, Pt, Mo, TiAIN,
and TaAIN and the bottom electrode also includes the at least one member.

9. The memory of claim 2, wherein the first plurality of oxygen vacancies are
immediately adjacent the first OEL and the second plurality of oxygen vacancies are
immediately adjacent the second OEL.

10. The memory of claim 2, wherein:

in a first state when energy is applied to the top electrode at a first polarity the
first, second, and third pluralities of oxygen vacancies form a first filament having a
first electrical resistance; and

in a second state when energy is applied to the top electrode at a second
polarity, which is opposite the first polarity, the first, second, and third pluralities of
oxygen vacancies form a second filament having a second electrical resistance that

is greater than the first electrical resistance.

11.  The memory of claim 10, wherein in the second state the third plurality of
oxygen vacancies is at the third concentration and in the first state the third plurality
of oxygen vacancies is at an additional concentration that is greater than the third

concentration.

12. The memory of claim 10, wherein:

in the first state the ﬁrst‘ﬂlament has an hour glass shape with a first width
adjacent the first OEL, a second width adjacent the second OEL, and a third width
between the first and second widths; and

the third width is less than the first and second widths.

13.  The memory of claim 10, wherein in an initial forming state when energy is
applied to the top electrode at the first polarity the first, second, and third pluralities
of oxygen vacancies form the first filament; wherein the initial forming state precedes
the first and second states.
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14.  The memory of claim 2, wherein:

in a first state when energy is applied to the top electrode at a first polarity the
first, second, and third pluralities of oxygen vacancies form a first filament having a
first electrical resistance; and

in a second state when energy is applied to the top electrode at a second
polarity, which is opposite the first polarity, the first, second, and third pluralities of
oxygen vacancies form a path between the top and bottom electrodes having a

second electrical resistance that is greater than the first electrical resistance.

16.  The memory of claim 2, wherein the first OEL has a first maximum vertical
thickness and the second OEL has a second maximum vertical thickness that is

substantially equal to the first maximum vertical thickness.

16. The memory of claim 2, wherein the first OEL has a first maximum vertical
thickness and the second OEL has a second maximum vertical thickness that is

unequal to the first maximum vertical thickness.

17.  The memory of claim 2, wherein the first OEL includes a first metal and the
second OEL includes a second metal different from the first metal.

18. A system comprising:

a processor,

a memory, coupled to the processor, according to any one of claims 1 to 17;
and

a communication module, coupled to the processor, to communicate with a

computing node external to the system.

19. Avresistive random access memory (RRAM) comprising:

top and bottom electrodes;

first and second oxygen exchange layers (OELs) between the top and bottom
electrodes;

an oxide layer between the first and second OELs;

wherein (a) first oxygen vacancies are within an upper third of the oxide layer

at a first concentration, (b) second oxygen‘ vacancies are within a lower third of the
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oxide layer at a second concentration, and (c) third oxygen vacancies are within a
middle third of the oxide layer at a third concentration that is less than either of the

first and second concentrations.

20. The RRAM of claim 20, wherein the oxide layer directly contacts both of the
first and second OELs.

21.  The RRAM of claim 21, wherein:

in a first state when energy is applied to the top electrode at a first polarity the
first, second, and third pluralities of oxygen vacancies form a first path having a first
electrical resistance; and '

in a second state when energy is applied to the top electrode at a second
polarity, which is opposite the first polarity, the first, second, and third pluralities of
oxygen vacancies form a second path between the top and bottom electrodes having
a second electrical resistance that is greater than the first electrical resistance.

22. A method comprising:

forming a bottom electrode;

forming a second oxygen exchange layer (OEL) on the bottom electrode;

forming an oxide layer on the second OEL;

forming a first OEL on the oxide layer;

forming a top electrode on the first OEL;

patterning the first and second OELs and the oxide layer to form a resistive
random access memory (RRAM) cell; and

annealing the RRAM cell to produce a filament, composed of oxygen

vacancies, in the oxide layer.

23. The method of claim 22, wherein the oxide layer directly contacts the first and
second OELs.

24. A resistive random access memory (RRAM) comprising:

top and bottom electrodes;

first and second oxygen exchange layers (OELs) between the top and bottom
electrodes; an oxide layer between the first and second OELs;



0 N O O

11
12
13
14
15
16
17

A B O N =

WO 2017/111813 PCT/US2015/000369

19

wherein in a first state when energy is applied to the top electrode at a first
polarity first, second, and third pluralities of oxygen vacancies form a first path
having a first electrical resistance;

wherein in a second state when energy is applied to the top electrode at a
second polarity, which is opposite the first polarity, the first, second, and third
pluralities of oxygen vacancies form a second path between the top and bottom
electrodes having a second electrical resistance that is greater than the first
electrical resistance;

wherein in the first state: (a) the first oxygen vacancies are within an upper
third of the oxide layer at a first concentration, (b) the second oxygen vacancies are
within a lower third of the oxide layer at a second concentration, and (c) the third
oxygen vacancies are within a middle third of the oxide layer at a third concentration

that is less than either of the first and second concentrations.

25. The RRAM of claim 24, wherein the first oxygen vacancies are within the
upper third of the oxide layer at the first concentration, (b) the second oxygen
vacancies are within the lower third of the oxide layer at the second concentration, .
and (c) the third oxygen vacancies are within the middle third of the oxide layer at the

third concentration.
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