wo 2014/193586 A1 I} I A0 00 OO OO

(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 2014/193586 A1l

4 December 2014 (04.12.2014) WIPO | PCT
(51) International Patent Classification: (74) Agent: HELMS, JR., Aubrey L.; 3011 North First Street,
G11C 11/00 (2006.01) San Jose, California 95134 (US).
(21) International Application Number: (81) Designated States (uniess otherwise indicated, for every
PCT/US2014/035937 kind of national protection available). AE, AG, AL, AM,
22) Tnt tional Filine Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(22) Imternational Filing Date: ) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
29 April 2014 (29.04.2014) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(25) Filing Language: English HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
. KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(26) Publication Language: English MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(30) Priority Data: OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
13/903,656 28 May 2013 (28.05.2013) Us SC, SD, SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(71) Applicants: INTERMOLECULAR, INC. [US/US]; 3011 ZW.
North First Street, San Jose, California 95134 (US). KA- . L
BUSHIKI KAISHA TOSHIBA [JP/JP], 1_1, Shibaura 1- (84) D.es1gnated. States (unletss O[he?"WlS@ lndlcated, fO}" every
Chome, Minato-Ku, Tokyo, Japan 105-8001 (JP). kind of regional protection available): ARIPO (BW, GH,
SANDISK 3D LLC [US/US]; 601 McCarthy Boulevard, GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
Milpitas, California 95035 (IJS) UG, ZM, ZW), Furasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Inventors: WANG, Yun; 1487 Lakeshore Circle, San EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

Jose, California 95131 (US). CHIANG, Tony; 1335 West-
mont Ave., Campbell, California 95008 (US).
PRAMANIK, Dipankar;, 12667 Cheverly Court,
Saratoga, California 95070 (US).

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: RERAM MATERIALS STACK FOR LOW-OPERATING-POWER AND HIGH-DENSITY APPLICATIONS

52

.200%0]
"f\"@ fo R Q “s11
(Moo LTI TIT

203

U.J

FIG. 5
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between a layer of high-k high-ionicity variable-resistance
(VR) material and a layer of low-k low-ionicity VR material.
The high-ionicity layer may be crystalline and the low-ion-
icity layer may be amorphous. The consistent break-point
and characteristics of the low-ionicity layer facilitate lower-
power operation. The defects (e.g., oxygen or nitrogen va-
cancies) that constitute the filament originate either in the
high-ionicity VR layer or in a source electrode. The elec-
trode nearest to the low-ionicity layer may be intrinsically in-
ert or may be rendered effectively inert. Some electrodes are
rendered effectively inert by the creation of the low-ionicity
layer over the electrode.
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RERAM MATERIALS STACK FOR LOW-OPERATING-POWER
AND HIGH-DENSITY APPLICATIONS

Background

Related fields include semiconductor devices and their fabrication; in particular,
thin-film components included in individual cells of non-volatile memory based on
resistive switching (ReRAM).

Nonvolatile memory elements are used in computers and other devices requiring
persistent data storage (e.g., cameras, music players). Some traditional nonvolatile
memory technologies (e.g., EEPROM, NAND flash) have proven difficult to scale
down to smaller or higher-density configurations. Therefore, a need has developed for
alternative nonvolatile memory technologies that can be scaled down successfully in
terms of performance, reliability, and cost.

In resistive-switching-based nonvolatile memory, each individual cell includes a
resistor that is bistable; it can be put into either of two states (low-resistance or high-
resistance), and will stay in that state until receiving the type of input that changes it to
the other state. The state of the bistable memory cell represents a bit value (e.g., the
low-resistance state may represent “1” and the high-resistance state may represent
“0”). The cell is thus “written” to by changing its resistance value. The cell is “read”
by measuring its resistance in a way that does not change it. Ideally, write and read
operations should require as little power as possible, both to conserve energy and to
avoid generating unwanted heat.

FIG. 1A is a perspective view of an example memory array. Such a memory array
may be part of a larger device, such as a system-on-a-chip. Multiple memory arrays
may be stacked in a vertical fashion to make multilayer memory array structures. The
memory array includes multiple ReRAM cells 100. Each cell 100 includes a switching
stack 112 formed from multiple thin-film material layers 114. Material layers 114
typically include one or more bistable variable resistance (VR) layers between two or
more electrode layers. Electrical signals flow from one electrode to the other through
the VR layer(s) to read or write the cell.

Connections 102 and connections 118, sometimes called “bit-lines” and “word-
lines” respectively, interconnect the cells in the array and connect the array to other

circuit elements, such as power sources and read/write circuitry (not shown). In some
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arrays, connections 102 and connections 118 serve as the electrodes for the ReRAM
cells; in others, the connections are connected to separately-formed electrodes in the
material layers of each cell 100.

FIG. 1B is a simplified electrical schematic of the example memory array showing
the ReRAM cells 100 connected by bit-lines 102 and word-lines 118. Each cell 100
can be read or written individually through the word-line 118 and bit line 102 that
intersect at that particular cell 100. In some memory arrays, a ReRAM cell 100 may
include a current-steering element 116 (e.g., a diode, or some other element that
similarly constrains a direction of current flow) connected in series with switching
stack. Current-steering element 116 constrains current to flow through only those
ReRAM cells 100 for which the intersecting word-lines 118 and bit-lines 102 are
selected. The current-steering elements, if present, are also fabricated from thin films
and are included in material layers 114 in FIG. 1A.

FIG. 1C is an example “I-V curve” of measured current I (on a logarithmic scale)
plotted against applied voltage V for ReRAM cell 100. The bistable VR layer(s) in
switching stack 112 may be placed either of two stable states: a low-resistance state
(R=Ry) or a high-resistance state (R=Ry). Each state yields a different I-V curve:
curve 120 is produced when R=Ry and curve 124 is produced when R=Ry;.

A write operation may either “set” (126) the resistance of switching stack 112
from its high state to its low state or “reset” (128) the resistance from its low state to its
high state. A “set” switching pulse of voltage V. applied to ReRAM cell 100 induces
a high-to-low resistance transition, which in turn causes the current flowing through
the cell to drop from I(Ve,Rp) to I(Ve,Ry), following arrow 126 on the graph.
Similarly, a “reset” switching pulse of voltage Vet applied to ReRAM cell 100
induces a low-to-high resistance transition, which in turn causes the current flowing
through the cell to drop from I(Vieset, R1) 10 I Vieser,Rp), following arrow 128. This
example uses bipolar switching; the set and reset pulses are of opposite polarity. Some
ReRAM designs use unipolar switching, with set and reset pulses of the same polarity.

To read the resistance state of ReRAM cell 100, a voltage pulse may be applied
and the resulting current (which depends on the cell’s resistance state) may be
measured. A read operation senses the resistance state of ReRAM cell 100 without
changing it. Accordingly, the magnitude Vg 0f a read pulse is significantly smaller
than the write voltages Vg and Vi (€.2., a read pulse may only be 1/8-1/3 of the
voltage of a write pulse). When a V.,.q pulse is applied to ReRAM cell 100, the
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measured current will either be I(Vieaq,Ri) 01 I(Viead,R1), depending on the cell’s
resistance state. If the logic value “0” is assigned to the high-resistance state and the
logic value “1” is assigned to the low-resistance state, then a response of I(Viead,Ry) to
a Vieaq pulse will be interpreted as a stored “0” and a response of 1(Vie.q,R1,) will be
interpreted as a stored “1.” In this example, Vi eq 18 positive, but a negative Vie,q of
sufficiently small magnitude could alternatively be used.

According to working hypotheses that seem to fit empirical data so far, in at least
some types of ReRAM the resistance change in the VR layer of a cell is not
homogeneous throughout the layer. In the low-resistance state, charge carriers (e.g.,
oxygen or nitrogen vacancies) in the VR layer(s) are assembled into a “filament”
traversing the entire VR layer. The filament provides a localized lower-resistance path
for current. In the high-resistance state, the filament is incomplete or absent. This
means that the set pulse must create or assemble the filament and the reset pulse must
break, disperse, or destroy it.

To predispose the VR layer to create a filament, a “forming voltage” pulse, with a
magnitude much larger than a set or reset pulse, may be applied to newly fabricated
ReRAM cells. The forming pulse creates defects (e.g., oxygen vacancies) in the VR
layer(s) or at the interface of a VR layer and an electrode made of an oxidizable
material (a “source electrode” acting as a cathode), and drives them through the stack
to the other electrode (often made of a noble or inert material) that acts as an anode.

FIGs. 2A-2F conceptually illustrate filament behavior in a simple ReRAM
switching stack with a single metal-oxide (“MeOy”) VR layer. In FIG 2A, the stack of
source electrode 201, VR layer 202, and inert electrode 203 has just been fabricated.
VR 202 is typically crystalline; many of the high-k transition-metal oxides (e.g. HfOx,
TiOy) crystallize after the annealing steps required to fabricate other layers (e.g., the
750C anneal required in the fabrication of some current-steering elements). At this
point, the as-fabricated resistance Ry of VR layer 202 is at least as high as its operating
high-resistance state Ry will be; in many cases, higher.

In Fig 2B, forming voltage 210 has just been applied between electrodes 201 and
203. Source electrode 201 acts as the cathode; oxygen vacancies 211 begin to develop
where source electrode 201 meets VR layer 202. The reaction near that interface may
be, for example, MeO, + 2x¢” 2 MeO,.+x0% . Inert electrode 203 acts as the anode;

the reaction near that interface may be, for example, 20> 02+4¢".
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In FIG. 2C, the forming operation is being completed and forming voltage pulse
210 is about to end. More oxygen vacancies 211 have been created and/or pushed
through the VR layer, constituted into filament 212C -- a chain of charge-carriers
reaching from the vicinity of source electrode 201 to the vicinity of inert electrode 203.
Filament 212C is a path of least resistance for current flowing from source electrode
201 to inert electrode 203; electrons may “hop” between vacancies that are sufficiently
close to each other. Electron diffraction and other measurements have revealed room-
temperature-conductive Magneli phase compounds localized in some filaments. The
presence of complete filament 212C changes the effective resistance of VR layer 202
to its low-resistance state Ry. Tunneling electron microscopy (TEM) and other
techniques have revealed that partial filaments 213 may also develop during the
forming operation.

In FIG. 2D, a reset pulse 220D has been applied to the stack. The illustrated
example uses bipolar switching; the reset pulse has a polarity opposite that of the
forming pulse and set pulse, so that inert electrode 203 becomes the cathode and
source electrode 201 becomes the anode. Because inert electrode 203 does not oxidize
easily, the reset pulse did not create more vacancies 211, but instead destroyed or
dispersed those vacancies 211 nearest to inert electrode 203. Tt is believed that
filament destruction by the reset pulse in bipolar-switching ReRAM results from a
heat-assisted electrochemical reaction. Filament 212C was narrowest at the tip near
inert electrode 203; perhaps 3nm wide or less. A few microamps, when concentrated
in such a small area, can create a current density on the order of 10’-10° A/cm®. This
is a very intense field that can dissipate a great deal of heat.

Filament 212C is not completely destroyed, however. Instead it has been reduced
to a partial filament, somewhat similar to partial filament 213. Electrons can now only
hop between vacancies as far as filament break-point 214D. The remaining path
between break-point 214D and inert electrode 203 is through substantially vacancy-
free, and therefore less conductive, VR material with a local R~Ry. The high-
resistance state Ry of the VR layer depends in part on both Ry and the depth of break-
point 214D.

In FIG. 2E, a set pulse 230 has been applied. Set pulse 230 has the same polarity
as forming pulse 210, causing source electrode 201 to again function as the cathode.
As a result, more vacancies 211 are created and pushed through VR layer 202 until

they constitute another filament 212E. Because current can now flow through a
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completed filament 212E, the VR layer has returned to a low-resistance state Ry. Note
that set pulse 230 did not need to form filament 212E through the entire thickness of
VR layer 202; it only needed to bridge the thinner gap between break-point 214D and
inert electrode 203.

In FIG. 2F, a subsequent reset pulse 220F has been applied to the stack. Filament
214D has been reduced to a partial filament with break-point 214F. Ideally, break-
point 214F would be at the same location as break-point 214D, but in practice it is
often different. This means that each set pulse may have to bridge a gap of a different
size to create a filament. There may be some circumstances where a new filament
originates from a different place, such as terminus 215 of pre-existing partial filament
213. These break-point variations occur not only from write-cycle to write-cycle in a
single ReRAM cell, but from cell to cell in a memory array.

In addition, variation in the location of the filament break-point from cycle to
cycle causes a corresponding variation in Ry, and Ry. This in turn causes a variation in
I(Viead,R1) and 1(Vieaq,Ryg). Too much variation in each of these currents, when added
to tolerances in the rest of the device, may result in mistaken readings (e.g., a “0” is
read from a cell where a “1” is stored). Referring back to FIG. 1C, the probability of a
mistaken reading can be reduced by increasing the magnitude of V4, because the
curves diverge with increasing magnitude of voltage. However, this means that
operation consumes more power, which is undesirable.

Therefore, a need exists for a ReRAM design in which the filament break-point is
controllable, predictable, repeatable from cycle to cycle in a single ReRAM cell, and
consistent between ReRAM cells in a memory array and from array to array in
production. A need also exists for a ReRAM design that can operate with reduced

power consumption compared to the current state of the art.

Summary

The following summary presents some concepts in a simplified form as an
introduction to the detailed description that follows. It does not necessarily identify
key or critical elements and is not intended to reflect a scope of invention.

Embodiments of a ReRAM switching stack include a variable-resistance bi-layer
between a pair of electrodes. The bi-layer has a high-ionicity layer and a low-ionicity

layer.



10

15

20

25

30

WO 2014/193586 PCT/US2014/035937

The high-ionicity layer is a “high-k” layer with a dielectric constant greater than
about 9. It may be crystalline. Its bandgap may be less than about 6 eV. The high-
ionicity layer may have a high intrinsic density of charge-carrying defects (e.g.,
oxygen or nitrogen vacancies). Alternatively, the high-ionicity layer may initially be
fabricated with a low density of defects, but be made of a material in which defects can
easily be created, or through which defects can easily move (e.g., a material dominated
by ionic bonds). The high-ionicity layer may initially be formed with its intended
operating lattice structure. Alternatively, the operating lattice structure may develop
after a subsequent fabrication step (e.g., annealing, such as the 750C anneal required
for some current-steering elements). Examples of materials for the high-ionicity layer
include, but are not limited to, oxides of transition metals such as hafnium oxide
(HfOy), zirconium oxide (ZrOy), tantalum oxide (TaOy), titanium oxide (TiOx),
vanadium oxide (V,0s), nickel oxide (NiO), niobium oxide (Nb,Os), and lanthanum
oxide (La0y,).

The low-ionicity layer is a “low-k” layer with a dielectric constant less than about
9 or 10 (in any event, selected to be lower than that of the high-k material selected for
the high-ionicity layer). It may be amorphous. Its bandgap may be more than about 6
eV. The low-ionicity layer has a very low density of intrinsic defects, and comprises a
material in which defects are difficult to form (e.g., low-ionicity, dominated by
covalent bonds). The low-ionicity layer may be ~10-50A thick. The low-ionicity layer
may comprise a material that remains amorphous after subsequent fabrication steps,
such as a 750C anneal of a current-steering element. Materials for the low-ionicity
layer may include oxides, nitrides, and oxynitrides of metalloids or metal-metalloid
combinations. Non-limiting examples include silicon oxide (SiOy), aluminum oxide
(AlOy), silicon nitride (SiNy), silicon oxynitride (SiOxNy), hafnium aluminum oxide
(HfAIOy), and materials describable as [A][B]N where [A] may be tantalum (Ta),
tungsten (W), or molybdenum (Mb) and [B] may be aluminum (Al) or silicon (Si).

In operation, the transition between material properties (e.g., dielectric constant,
crystallinity, or lattice structure) at the interface between the low-ionicity layer and the
high-ionicity layer may provide a natural break-point for the filament. This break-
point may be repeatable for multiple cycles and consistent for multiple cells. Its
location is controllable by selecting the location of the interface between the high-
ionicity and low-ionicity layers. A forming operation (that is, applying the forming

pulse) constitutes a filament through both layers. A reset operation may largely
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destroy the part of the filament in the low-ionicity layer, but leave the part of the
filament in the high-ionicity layer largely undisturbed. A set operation may move
vacancies from the high-ionicity layer into the low-ionicity layer to restore the
filament.

Embodiments of a ReRAM switching stack include the VR bi-layer between two
conductive layers operable as electrodes.

The electrode nearest to the low-ionicity layer (“L-electrode”) may be effectively
inert: very low in intrinsic defects (such as oxygen or nitrogen vacancies),
unsusceptible to defect creation, resistant to defect diffusion, and unlikely to react with
other nearby materials. An inert electrode may be made of intrinsically inert material
(e.g., platinum (Pt), gold (Au), or iridium (Ir)). Alternatively, an inert electrode may
be made of an intrinsically non-inert material such as polycrystalline silicon (poly-Si),
aluminum (Al) or tantalum nitride (TaN) that is rendered inert by passivation or barrier
layers.

If the high-ionicity layer is sufficiently high in intrinsic defects, the electrode
nearest to the high-ionicity layer (“H-electrode™) may also be inert. Alternatively, the
H-clectrode may be a source electrode with a high density of intrinsic defects such as
oxygen or nitrogen defects (or be highly susceptible to their creation). Non-limiting
examples of materials for source electrodes include titanium nitride capped with
tungsten (TiN/W), tungsten nitride (WN), laminates of tantalum nitride and titanium
nitride (TaN/TiN) and tantalum nitride oxidized to increase defects (TaN(O)). Use of a
source electrode may relax the requirement for high defect density or susceptibility in
the high-ionicity layer.

Embodiments of the layers of a ReRAM switching stack with a VR bi-layer may
be created by a number of methods, including without limitation physical vapor
deposition (PVD), chemical vapor deposition (CVD), and atomic layer deposition
(ALD). If the H-electrode is to function as a source electrode, its material may be
deposited in an oxygen atmosphere or with oxygen precursors to ensure a high density
of oxygen vacancies (or similarly with nitrogen for nitrogen vacancies). If the L-
electrode layer is created before the low-ionicity VR layer, the low-ionicity VR layer
may be grown on the L-electrode by epitaxy or by native oxide formation. Non-
limiting examples include a SiOx low-ionicity layer on a poly-Si L-electrode, an Al,Os
low-ionicity layer on an Al L-electrode, and a tungsten oxide (WOy) low-ionicity layer

on a W L-electrode. These electrode materials are not intrinsically inert, but the oxide
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growth passivates the electrode and makes them inert, as well as providing the low-
ionicity VR layer. Similarly, silicon and aluminum oxides deposited on a tantalum
nitride L-electrode can both render the electrode inert and function as the low-ionicity

VR layer.

Brief Description of Drawings

FIG. 1A is a perspective view of an example memory array.

FIG. 1B is a simplified electrical schematic of the example memory array.

FIG. 1C is an example “I-V curve” of measured current vs. applied voltage for a
ReRAM cell.

FIGs. 2A-2F conceptually illustrate filament behavior in a simple ReRAM
switching stack with a single VR layer.

FIGs. 3A and 3B conceptually illustrate the effect of annealing on a
crystalline/amorphous VR bi-layer.

FIGs. 4A-4E conceptually illustrate filament behavior in a ReRAM stack with a
source electrode, an inert electrode, and a high-ionicity/low-ionicity VR bi-layer.

FIG. 5 conceptually illustrates an embodiment with two inert electrodes and a

vacancy-rich high-ionicity VR layer.

Detailed Description of Example Embodiments

In embodiments of ReRAM stacks with high-ionicity/low-ionicity VR bi-layers,
some of the advantages of high-k and low-k VR materials may be combined and some
of their disadvantages may be canceled out. Benefits of some embodiments include
(1) arepeatable, consistent, controllable filament break-point at the interface of the
high-ionicity and low-ionicity bi-layers (2) low-power operation, and (3) good data
retention.

High-k materials (e.g., HfOx, ZrOx, TaOx, TiOx, V205, NiO, Nb,Os, LaO,) have
been used as VR layers in ReRAM cells because they readily exhibit switching
behavior; the forming pulse easily creates the vacancies required to constitute a
filament. However, the same material properties that make the filament easy to
constitute make it difficult to destroy, so that the reset operations consume an

undesirably large amount of power. Moreover, the intrinsically high ionicity of high-k
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materials, and the attendant free motion of charge carriers, can make it difficult for
ReRAM cells based wholly on high-k VR layers to retain data.

If the filament break-point inside a high-k single VR layer is not consistent from
cycle to cycle or from cell to cell, the set pulse must be strong enough to re-constitute
the filament over the longest expected distance from the inert electrode to the break-
point, which is overly strong for any of the shorter distances. An overly strong set
pulse (or an overly strong forming pulse) can constitute an overly large filament that
cannot be sufficiently dispersed or destroyed by the reset pulse; in this case, the cell
can no longer be rewritten. In an extreme case, excessive forming current may damage
the interface of the high-k VR layer with the inert electrode.

In low-k materials (e.g., SiOy, AlOy, HfAIO,, SiNy, SiOxNy), the low ionicity,
high work function and prevalence of covalent bonds suggests a potential for good data
retention. Filaments in low-k materials can be destroyed or dispersed with much less
reset power than their high-k counterparts require. However, the initial forming of the
filaments can be difficult because these materials, at least as usually encountered, have
few to no intrinsic charge-carrying defects (such as oxygen or nitrogen vacancies) and
resist their creation and motion. Low-k layers need to be thin (10-50A) to be both set
and reset at desirably low power levels. However, pairs of electrodes separated only
by a 10-50A dielectric tend to create unwanted multiple filaments and assorted
structural defects.

FIGs. 3A and 3B conceptually illustrate the effect of annealing on a
crystalline/amorphous bi-layer. FIG. 3A represents the stack and surrounding
elements before the highest-temperature treatment that follows the creation of the bi-
layer in the device fabrication process. Substrate 300 may have multiple other layers
including electrodes, barriers, embedded resistors, and the like. Low-k dielectric layer
322 is created (deposited, grown, implanted, etc.) over substrate 300. High-k dielectric
layer 302 is created over low-k dielectric layer 322. Alternatively, the order of
creating high-k dielectric layer 302 and low-k dielectric layer 322 may be reversed.
Overlayers 350 are created over the uppermost of dielectric layers 302 and 322.
Overlayers 350 may have multiple other layers including electrodes, barriers,
embedded resistors, and the like. Some of the substrate layers, dielectric layers, or
overlayers may be shaped, patterned, or textured, or otherwise processed into localized

structures.
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In some devices, the highest-temperature treatment is the 750C anneal of the
current-steering element to activate one or more dopants. In FIG. 3A, unactivated
dopants 351 are included in overlayers 350.

FIG. 3B shows the stack after the highest-temperature treatment. Dopants 351
have been activated. High-k layer 302 has crystallized. Low-k layer 322 is
amorphous. Therefore, any current passing through dielectric layers 302 and 322 will
encounter a structural discontinuity in the crystalline lattice at bi-layer interface 332, as
well as a discontinuity in dielectric constant.

FIGs. 4A-4E conceptually illustrate filament behavior in a ReRAM stack with a
source electrode, an inert electrode, and a high-ionicity/low-ionicity VR bi-layer. In
FIG. 4A, the stack of source H-electrode 401, VR bi-layer of high-ionicity layer 402
and low-ionicity layer 422, and inert L-electrode 403 is newly fabricated. The
illustrated embodiment shows vacancies 411 “pre-loaded” in source H-electrode 401,
either by its intrinsic material properties or by processes such as PVD in an oxygen
atmosphere or ALD with water and/or ozone precursors. All the fabrication steps are
done including any anneals of current-steering elements (not shown), leaving layer 402
crystalline and layer 422 amorphous.

Low-ionicity layer 422 may be proportionally much thinner than in the
illustration; yet, due to the presence of high-ionicity layer 402 between low-ionicity
layer 422 and source H-electrode 401, the electrodes are far enough apart that multiple
filaments and structural damage are unlikely. In this way, high-ionicity layer 402 acts
as a buffer for low-ionicity layer 422.

In FIG. 4B, forming pulse 410 is applied. This pulse drives vacancies 411 from
source H-electrode 401 into high-ionicity layer 402, which readily accepts them and,
depending on the high-ionicity material, may add some of its own vacancies. Because
most of the path for filament 412B is through high-ionicity layer 402, the stack takes
advantage of the easy filament formation of the high-k material in the high-ionicity
layer. The formation of filament 412B slows when it encounters the defect-resistant
low-ionicity layer, which acts as a brake to prevent overshoot and possible damage to
inert L-electrode 403. The filament may be thinner or more tapered in low-ionicity
layer 422 than it would have been in a similar thickness of high-ionicity layer 402 or
another layer of a different high-ionicity high-k material.

The division of voltage between high-ionicity layer 402 and low-ionicity layer

422 depends on the layers’ relative resistivity. Physical thickness, dielectric constant
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(k), and the density of vacancies or other defects all influence the relative resistivity.
Since low-ionicity layer 422 is selected for low k and low defect density, it has a high
effective oxide thickness (EOT) despite its small physical thickness. Therefore, most
of the total voltage applied to the stack by forming, set, or reset may be localized to
low-ionicity layer 422. Thus the strongest electric field may be concentrated, and the
most heat dissipated, in low-ionicity layer 422.

In FIG. 4C, a reset pulse 420C has been applied. The high dielectric constant
and/or small number of vacancies in low-ionicity layer 422 confines the electric field
and heat from reset pulse 420C to easily destroy that part of the filament, thus taking
advantage of the properties of the low-k material in low-ionicity layer 422. Because of
the discontinuity at the interface between the low-ionicity and high-ionicity layers, and
the greater conductivity of the high-ionicity layer, the reset pulse can apply sufficient
field strength and heat to destroy the part of the filament in the low-ionicity layer with
little to no effect on the part of the filament in the high-ionicity layer. Therefore,
filament break-point 414C naturally occurs at the bi-layer interface 432.

In FIG. 4D, a set pulse 430 has been applied. The set pulse only has to
reconstitute the part of the filament in thin low-ionicity layer 422. Thus, high-ionicity
layer 402 now acts as a “virtual electrode.” The actual switching behavior occurs in
low-ionicity layer 422, with the advantages of low operating power and good data
retention.

In FIG. 4E, a subsequent reset pulse 420E has been applied. Once again, the
filament break-point 414E is located at bi-layer interface 432. This discontinuity in
both crystalline structure and dielectric constant at bi-layer interface 432 is a natural
break point for the filament after every cycle, in every cell of the array. Therefore, Ry,
and Ry are much more repeatable than in in stacks with a variable break-point. This
repeatability reduces the error margin in read operations.

In some embodiments, the discontinuity in dielectric constant, ionicity, or lattice
structure at the bi-layer interface may be sufficient to produce the repeatable break-
point and localization of heat and electric field in the low-ionicity layer, even if both
layers are crystalline (e.g., with different lattice structures and a discontinuity at the
interface), or if both layers are amorphous , or if one or both layers are partially
crystallized, or if one layer has a higher crystallinity temperature than the other.

FIG. 5 conceptually illustrates an embodiment with two inert electrodes and a

vacancy-rich high-ionicity VR layer. The stack has been fully fabricated, but the
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forming pulse has not yet been applied. If the high-ionicity VR layer 502 has
sufficient intrinsic defects 511 to constitute a filament through low-ionicity layer 522
when a forming (or, later, a set) pulse is applied, the H-electrode 523 may optionally
be an inert electrode, similar or identical to L-electrode 503.

The inert electrode(s) may be constructed of a material that is intrinsically inert,
such as a noble metal (e.g., Au, Pt, Ir). Alternatively, they may be made of a material
that is not intrinsically inert, but becomes inert after a further processing step such as
passivation or overcoating with a barrier layer. In some embodiments, the passivation
or barrier overcoating may be provided by the creation of the low-ionicity layer of the
VR bi-layer.

For example, some native oxides such as silicon oxide (SiOy) and aluminum oxide
(AlOx) may have the low k, low intrinsic defect density, and persistent amorphous
structure after anneal that may be preferred for the low-ionicity layer of the VR bi-
layer. Polycrystalline silicon (poly-Si), aluminum (Al), and tungsten (W) are used as
electrode materials but are not intrinsically inert. They become effectively inert,
however, when a layer of native oxide grows on the exposed surface. Thus a native
oxide that has the desired properties of the low-ionicity layer can perform the functions
of that layer as well as enabling the host material to perform the functions of an inert
electrode.

Alternatively, a non-native oxide deposited on a non-inert conductive material
may both render the conductive material effectively inert and serve as the low-ionicity
layer of the VR bi-layer. Non-limiting examples include SiOy or AlOy deposited on
tantalum nitride (TaN).

One or more intervening layers may be placed between the high-ionicity layer and
the low-ionicity layer. The device operation would still have a reliable filament break-
point, as long as there was a sufficient discontinuity in crystalline structure or
dielectric constant between the high-ionicity layer and the low-ionicity layer.

Although the foregoing examples have been described in some detail to aid
understanding, the invention is not limited to the details in the description and
drawings. The examples are illustrative, not restrictive. There are many alternative
ways of implementing the invention. Various aspects or components of the described
embodiments may be used singly or in any combination. The scope is limited only by

the claims, which encompass numerous alternatives, modifications, and equivalents.
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Claims

What is claimed is:
A ReRAM stack, comprising:
a first conductive layer;
a second conductive layer;
a high-ionicity layer between the first conductive layer and the second
conductive layer; and
a low-ionicity layer between the first conductive layer and the second
conductive layer;
wherein the first conductive layer and the second conductive layer are
operable as electrodes; and
wherein the high-ionicity layer has a higher dielectric constant than the low-
ionicity layer.
The ReRAM stack of claim 1, wherein the high-ionicity layer is crystalline and
the low-ionicity layer is amorphous.
The ReRAM stack of claim 1, wherein the conductive layer nearest to the low-
ionicity layer is effectively inert.
The ReRAM stack of claim 1, wherein the conductive layer nearest to the high-
ionicity layer acts as a source of vacancies during the forming operation and the
set operation.
The ReRAM stack of claim 1, wherein the conductive layer nearest to the high-
ionicity layer is effectively inert; and wherein the high-ionicity layer acts as a
source of vacancies during the forming operation and the set operation.
The ReRAM stack of claim 1, wherein the diclectric constant of the high-ionicity
layer is greater than about 9; and wherein a dielectric constant of the low-ionicity
layer is less than about 10.
The ReRAM stack of claim 1, wherein a bandgap of the high-ionicity layer is
greater than about 6eV; and wherein a bandgap of the low-ionicity layer is less
than about 6 eV.
The ReRAM stack of claim 1, wherein the high-ionicity layer comprises an oxide

of a transition metal.
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9. The ReRAM stack of claim 1, wherein the high-ionicity layer comprises hafnium
oxide (HfOy), zirconium oxide (ZrOy), tantalum oxide (TaOy), titanium oxide
(TiOy), vanadium oxide (V,0s), nickel oxide (NiO), niobium oxide (Nb,Os), and
lanthanum oxide (LaO,).

10. The ReRAM stack of claim 1, wherein the low-ionicity layer comprises an oxide,
a nitride, or an oxynitride of either a metalloid or a metal-metalloid combination.

11. The ReRAM stack of claim 1, wherein the low-ionicity layer comprises silicon
oxide (SiOx), aluminum oxide (AlOx), hafnium aluminum oxide (HfA1Ox),
silicon nitride (SiNx), silicon oxynitride (SiOxNy), or a material describable as
[A][BIN;

wherein [A] comprises tantalum (Ta), tungsten (W), or molybdenum (Mb);
and
wherein [B] comprises aluminum (Al) or silicon (Si).

12. The ReRAM stack of claim 1, wherein the low-ionicity layer is between about
10A and 50A thick.

13. The ReRAM stack of claim 1, wherein the low-ionicity layer is amorphous and
the high-ionicity layer is crystalline after a 750C anneal.

14. A method of fabricating a ReRAM stack, the method comprising:

creating a first conductive layer;

creating a variable-resistance dielectric bi-layer; and

creating a second conductive layer;

wherein the first conductive layer and the second conductive layer are
operable as electrodes;

wherein the variable-resistance dielectric bi-layer is between the first and
second conductive layers;

wherein the variable-resistance dielectric bi-layer comprises a high-ionicity
layer and a low-ionicity layer;

wherein the high-ionicity layer has a higher dielectric constant than the low-
ionicity layer; and

wherein the variable-resistance dielectric bi-layer is operable as a switching
layer with a repeatable filament break-point at an interface between the
high-ionicity layer and the low-ionicity layer.

15. The method of claim 14, wherein the first conductive layer or the second

conductive layer acts as an effectively inert conductive layer during operation.
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The method of claim 15, further comprising passivating a layer of intrinsically
non-inert conductive material to make the effectively inert conductive layer.

The method of claim 16, wherein the intrinsically non-inert conductive material is
passivated by the creating of the low-ionicity layer.

The method of claim 14, wherein the low-ionicity layer comprises a native oxide
grown on the first conductive layer or the second conductive layer.

The method of claim 14, wherein the low-ionicity layer comprises a passivating
oxide deposited on the first conductive layer or the second conductive layer.

The method of claim 14, further comprising pre-loading the first conductive layer
or the second conductive layer with oxygen vacancies; wherein the pre-loading
comprises physical vapor deposition in an oxygen atmosphere or atomic layer

deposition with an oxygen precursor.
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