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Filament size and shape in a ReRAM stack can be controlled
by doping layers of a variable-resistance stack to change the
crystallization temperature. This changes the density of the
grain boundaries that form during annealing and provide
minimal-resistance paths for the migration of charged
defects. Hf, Zr, or Ti decreases the crystallization temperature
and narrows the filament, while Si or N increases the crystal-
lization temperature and widens the filament. Tapered fila-
ments are of interest: The narrow tip requires little energy to
break and re-form, enabling the cell to operate at low power,
yet the wider body and base are insensitive to entropic behav-
ior of small numbers of defects, enabling the cell to retain data
for long periods.
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SHAPING RERAM CONDUCTIVE
FILAMENTS BY CONTROLLING
GRAIN-BOUNDARY DENSITY

BACKGROUND

[0001] Related fields include semiconductor devices and
their fabrication; in particular, thin-film components of resis-
tive-switching non-volatile memory (ReRAM).

[0002] Nonvolatile memory elements are used in comput-
ers 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 alterna-
tive nonvolatile memory technologies that can be scaled
down successfully in terms of performance, reliability, and
cost.

[0003] In resistive-switching-based nonvolatile memory,
each individual cell includes a variable resistor. It can be put
into either of at least two states (e.g., a low-resistance state
and a high-resistance state), where it will stay until receiving
a signal input that changes it to the other state (a “write,” “‘set,”
or “reset” signal). The resistive state of the variable resistor
corresponds to a bit value; e.g., the low-resistance state may
represent logic “1” and the high-resistance state may repre-
sent logic “0”. The cell is written by applying a signal that
changes the resistance of the variable resistor, and is read by
sensing its present resistance without changing it.

[0004] Many ReRAM devices change resistance by creat-
ing and destroying, or lengthening and shortening, one or
more conductive paths through a variable-resistance layer or
stack while the bulk material remains substantially static
(e.g., it does not change phase). The bulk material is often a
highly insulating dielectric. The conductive paths (also
known as “percolation paths”) are formed when an electric
field organizes conductive or charged defects or impurities
into a filament stretching from one interface to the other, with
sufficient defect density that charge carriers can easily
traverse the layer by tunneling from defect to defect. To return
the variable resistor to the high-resistive state, it is often not
necessary to destroy the entire filament, but only to introduce
a gap too wide for tunneling somewhere along the filament’s
length. Some of the types of defects that have been used
include metal clusters and oxygen (or nitrogen) vacancies.
[0005] Preferably, write and read operations should require
as little power as possible, both to conserve energy and to
avoid generating waste heat. Preferably, the different resis-
tance states should be easily distinguishable by sensing with
a low current. Repeatability and cell-to-cell consistency of
the resistance values contribute to certainty in sensing the
resistive state; variations from cycle to cycle or cell to cell put
“error bars” around the resistance values and make them less
distinguishable.

[0006] Preferably, the different resistance states should be
stable over long periods (e.g., years). Therefore, there should
only be significant movement of defects in the cell when a
write signal is applied. If defects migrate in an uncontrolled
manner between write signals, even very slowly, the written
data will eventually be lost.

[0007] So far, meeting all these goals in a single design has
been challenging. Therefore, a need exists for ReRAM cell
designs and fabrication methods that enable low-power
operation, reduce the potential for reading errors by improv-
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ing cycle-to-cycle repeatability and cell-to-cell consistency,
and preserve stable resistance states over long time periods.

SUMMARY

[0008] The following summary presents some concepts ina
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.
[0009] The local size, and thereby the shape, of a conduc-
tive filament in a polycrystalline variable-resistance compo-
nentofa ReRAM cell can be modified by controlling the local
grain size and grain-boundary density. The higher the grain-
boundary density (i.e., the smaller the grains), the wider the
conductive filament. This technique can produce tapered fila-
ment shapes that are easy to breaking and re-form in a narrow
region (for low-power operation, cycle-to-cycle repeatability,
and cell-to-cell consistency) and are stable over time in a
wider region (for long-term data retention).

[0010] Embodiments of a resistance-switchable device
may include a first layer (first electrode) formed over a sub-
strate, a second layer (second electrode) formed over the first
electrode, and a variable-resistance stack (“VR stack™)
between the first electrode and the second electrode. The VR
stack may include a small-grain VR layer with high grain-
boundary density, a large-grain VR layer with low grain-
boundary density, and a medium-grain layer between the
small-grain VR layer and the large-grain VR layer. In some
embodiments, one of the electrodes may be a source electrode
and the small-grain VR layer may be the nearest VR layer to
the source electrode.

[0011] In some embodiments, the VR layers may be made
of different materials. Alternatively, two or more of the VR
layers may be made of the same host material (e.g., a metal
oxide, nitride, or oxynitride), with different doping to modu-
late the size of the polycrystalline grains that form after
annealing by modulating the crystallization temperature of
the material. The dopant composition, the amount of doping,
or both may differ between the VR layers. In some embodi-
ments, one of the VR layers may be undoped. For example,
the medium-grain VR layer may be undoped, the small-grain
layer may be doped with hafnium (Hf), tantalum (Ta), tita-
nium (1), or zirconium (Zr), and the large-grain layer may be
doped with silicon (Si) or nitrogen (N). Optionally, one or
more intervening layers may be between the VR stack and
either or both electrodes.

[0012] Some embodiments of the device have only two VR
layers with different grain sizes produced by doping at least
one of the layers to modify its crystallization temperature.
[0013] Embodiments of a method for fabricating the resis-
tance-switchable device may include forming a first layer (a
first electrode) over a substrate; forming a second layer (a
high-crystallization-temperature variable-resistance (“HXT-
VR”) layer) over the first electrode; forming a third layer (a
medium-crystallization-temperature variable-resistance
(“MXT-VR”)layer) over the HXT-VR layer; forming a fourth
layer (a low-crystallization-temperature variable-resistance
(“LXT-VR”) layer) over the MXT-VR layer; forming a sec-
ond layer (a second electrode) over the LXT-VR layer; and
annealing the substrate at a temperature of at least the high
crystallization temperature (“HXT”’) before or after forming
the second electrode.

[0014] In some embodiments, forming one or more of the
VR layers may include doping. The doping may include ion
implantation; co-deposition during PVD, CVD, or ALD; or
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inserting a dopant layer during PVD, CVD, or ALD. The
dopant(s) may include Hf, Ta, Ti, Zr, Si, or N. In some
embodiments, one or more of the VR layers may be undoped.
Optionally, one or more intervening layers may be formed
before or after forming the VR stack. In some embodiments,
the duration of the annealing may be long enough to crystal-
lize at least 30% of the HX'T-VR layer.

[0015] Some embodiments of the method form only two
VR layers with different doping conditions to vary the crys-
tallization temperature.

BRIEF DESCRIPTION OF DRAWINGS

[0016] The accompanying drawings may illustrate
examples of concepts, embodiments, or results. They do not
define or limit the scope of invention. They are not drawn to
any absolute or relative scale. In some cases, identical or
similar reference numbers may be used for identical or simi-
lar features in multiple drawings.

[0017] FIGS. 1A-B conceptually illustrate initial filament
formation in a variable-resistance layer of a ReRAM cell.

[0018] FIG.2isanexamplel-V plot forreading and writing
a ReRAM cell.

[0019] FIGS. 3A-C illustrate example filaments in a VR
layer.

[0020] FIGS. 4A and 4B are conceptual diagrams of a

ReRAM cell designed to form a tapered filament.

[0021] FIG. 5 is a flowchart of an example process for
fabricating a ReRAM cell designed to form a tapered fila-
ment.

[0022] FIGS. 6A-D conceptually illustrate the crystalliza-
tion of LXT, MXT, and HXT layers in the VR stack.

[0023] FIGS. 7A-C conceptually illustrate VR stacks with
doping variants.
[0024] FIGS. 8A and 8B conceptually illustrate two-layer

VR stack embodiments.

[0025] FIG. 9 is a flowchart of an example process for
fabricating a ReRAM cell with two VR layers of different
grain sizes.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

[0026] A detailed description of one or more example
embodiments is provided below. To avoid unnecessarily
obscuring the description, some technical material known in
the related fields is not described in detail. Semiconductor
fabrication generally requires many other processes before
and after those described; this description omits steps that are
irrelevant to, or that may be performed independently of, the
described processes.

[0027] As used herein, the following terms shall have the
following meanings unless associated text or context indi-
cates an exception:

[0028] “A.” “an,” and singular nouns: May include plural
variations, e.g., “a layer” may mean “one or more layers.”

[0029] “About” or “approximately”: Within £10% varia-
tion.
[0030] “Above” and “over: Either directly contacting or

separated by intervening elements; may conform to an under-
lying 3D structure.

[0031] “Amorphous”: Exhibits less than 30% crystallinity
as measured by a technique such as x-ray diffraction (XRD).
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[0032] “Between” (range of values): Both boundary values
and any value between the boundaries can be within the
scope.

[0033] “Conductive:” Resistivity <le-5 Q'm at the
intended operating temperature.

[0034] “Crystalline”: Exhibits at least 30% crystallinity as
measured by a technique such as x-ray diffraction (XRD).
[0035] “Dopant™ A minor constituent (generally <30
atomic %) intentionally added (not a residue or impurity from
imperfect constituents or processes). May or may not be
electrically active.

[0036] “Film” and “layer’: Interchangeably describe a por-
tion of a stack; may include multiple sub-layers (e.g., a nano-
laminate).

[0037] “First,” “second,” and other ordinals: For differen-
tiation only, rather than imposing any specific spatial or tem-
poral order.

[0038] “In situ”: Without an intervening vacuum break or
other exposure to an uncontrolled environment; in the same
process chamber as a previous process, or in another chamber
with vacuum access to the chamber used for the previous
process (e.g., in a multi-chamber cluster tool).

[0039] “Insulating” or “dielectric: Resistivity >1e8 Q-m at
the intended operating temperature.

[0040] “Low”, “medium,” and “high” crystallization tem-
peratures are relative terms for each stack. For example, the
“low” crystallization temperature may be at least 10 C lower,
and the “high” crystallization temperature may be at least 10
C higher, than the “medium” crystallization temperature.
[0041] “On™: Directly contacting; may conform to an
underlying 3D structure.

[0042] “Operable” (for a specific purpose): Would satisfac-
torily fulfill that purpose given suitable connections, signals,
or other external conditions.

[0043] “Or” in a list: Any, all, or any subset of list may be
used.
[0044] “Oxide” (of an element): May include additional

components besides the element and oxygen, including but
not limited to a dopant or alloy.

[0045] “Substantially”: Within up to +5% variation.
[0046] “Substrate”: A wafer or any other workpiece on
which formation or treatment of material layers is desired.
Non-limiting examples include silicon, germanium, silica,
sapphire, zinc oxide, SiC, AIN, GaN, Spinel, silicon on oxide,
silicon carbide on oxide, g

[0047] “Surface” Boundary between the ambient environ-
ment and a feature of the substrate.

[0048] “Variable resistance” (in a ReRAM resistive-
switching layer): Resistance that is reversibly switched
between at least two stable states by “write” signals, but
remains approximately constant in response to “read” sig-
nals.

[0049] FIGS. 1A and 1B conceptually illustrate initial fila-
ment formation in a variable-resistance layer of a ReRAM
cell. FIG. 1A is a schematic representation of layers in a
ReRAM cell before any filaments are formed. Although some
ReRAM cells include additional layers, the illustration is
simplified to show only substrate 101 (which may include
other structures and layers), electrodes 102 and 112, and VR
layer 104 between the electrodes. Electrodes 102 and 112 are
generally conductive layers, although the conductivity may
sometimes be less than that of typical electrodes in other
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devices. In such embodiments, a current-limiting embedded
resistor may be integrated with one or both of the electrodes
to prevent over-forming.

[0050] In this example, first electrode 102 is a reactive or
“source” electrode that may act as a source or reservoir of
electrically active defects 108. In this example, second elec-
trode 112 is an inert electrode that does not react with, or
exchange material or defects with, VR layer 104. In some
embodiments, the first electrode may be inert and the second
electrode may be reactive. Inert electrodes may be made of
inert materials (e.g., noble metals) or may be rendered inert
by abarrier layer between the electrode and the VR layer (e.g.,
polycrystalline silicon with a silicon oxide barrier layer).
Reactive electrodes may be made of any sufficiently conduc-
tive material that provides the desired mobile defects; for
example, titanium nitride for oxygen vacancies, or silver or
copper for metal ions.

[0051] Defects 108 may travel through “reactive interface”
124 between reactive electrode 102 and VR layer 104, e.g.,
when mobilized by an electric field from an applied voltage.
Defects 108 may be, by way of non-limiting example, metal
ions, vacancies (e.g., 0Xygen vacancies), interstitial atoms, or
stress-induced lattice dislocations. Either alternatively or in
addition, VR layer 104 may be formed with defects 108. If
sufficient defects to form a filament are available in VR layer
104, both electrodes may be inert electrodes. VR layer 104
may be a high-k or low-k dielectric, a dielectric stack or, in
some embodiments, a low-conductivity semiconductor. With
no filament formed, the position, number, and distribution of
defects 108 is not conducive to electron tunneling between
first electrode 102 and second electrode 112.

[0052] InFIG. 1B, a voltage source 110 applies a forming-
voltage pulse to electrodes 102 and 112, mobilizing defects
108 to form a filament 118 in VR layer 104. The defects may
be gathered from an original distribution throughout the bulk
of VR layer 104, or they may enter VR layer 104 from a
reactive electrode 102 (or some other type of defect-access
layer), or they may be created in VR layer 104 by interaction
of'the electric field with another feature of the material, or any
combination. In filament 118, the defects are sufficiently
close together that electrons may tunnel from defect to defect
through the VR layer from one electrode to the other. In some
embodiments, the forming operation includes heating to
enhance mobility of the defects within ReRAM cell 100.
[0053] In general, the forming operation is a one-time fab-
rication step that converts the original dielectric of VR layer
104 to a variable resistive material. Afterward, in operating
the ReRAM cell, a lesser “reset” voltage may be applied to
break at least the weak part of the filament and raise the
resistance of the VR layer to a high resistance state (HRS); a
lesser “set” voltage may be applied to restore the broken part
of the filament and lower the resistance of the VR layer to a
low resistance state (LRS); and an even lesser “read” voltage
may be applied to sense the resistance of the VR layer without
changing it. Moving, creating, or destroying the defects
requires energy, but leaving them in place does not; therefore,
the VR layer is non-volatile, retaining its written LRS or HRS
state if the cell is unpowered. In some embodiments, the
resistance values of the HRS and LRS are repeatable within
*+20% or less.

[0054] FIG.2isanexampleI-V plot forreading and writing
a ReRAM cell. Specifically,

[0055] FIG.2 is aplot of current passing through a unipolar
ReRAM cell as a function of applied voltage according to
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some embodiments. The cell’s response when the VR layer is
in its HRS, with a broken filament 228 ending at break-point
214, is plotted as curve 232. The cell’s response when the VR
layerisinits LRS, with a restored filament 218 connecting the
two electrodes, is plotted as curve 234.

[0056] With two possible resistive states, the cell can store
one bit of data. Some ReRAM cells may have three or more
resistance states to enable multi-bit storage in a single cell. To
change the stored value, a write voltage Vg, 0r Vypopr 18
applied to the cell. Vo breaks complete filament 218 at
break-point 214 into broken filament 228, and V ., restores
broken filament 228 to a complete filament 218. In a unipolar
cell as illustrated here, V gz -and V z o have the same polar-
ity. In a bipolar cell, V- and V.- have opposite polari-
ties.

[0057] To read the stored value, a sensing or “read” voltage
Vizean 15 applied across the cell and the output current is
measured. Because of Ohm’s law, V=IR, for a given V5,
the output current I depends on the cell resistance R, which
depends on whether the VR layer is in its LRS or its HRS. In
the illustrated example, the LRS corresponds to logic “1” and
the HRS corresponds to logic “0,” although some embodi-
ments may reverse the correspondences.

[0058] ReRAM cells may be switched between LRS and
HRS (rewritten) many times. Between switching events, any
number of read operations may be performed. In some
embodiments, the set voltage (Vsz,) is between about 100
mV and 10V; e.g., between about 500 mV and 5V. The length
of set voltage pulses (t5z,) may be less than about 100 milli-
seconds, less than about 5 milliseconds, or less than about 100
nanoseconds. The read voltage (Vz.,,) may be between
about V1o and %2 of V ¢z, In some embodiments, the currents
sensed during read operations are greater than about 1 mA, or
even greater than about 5 mA to allow for a fast detection of
the logic state by small sense amplifiers. The length of a read
voltage pulse (tzz, ) may be comparableto the length of a set
voltage pulse (tz,) or may be shorter. ReRAM cells prefer-
ably can switch between LRS and HRS at least about 10°
times or, more desirably at least about 107 times without
failure. They preferably retain their data for at least about 5
years or, more desirably, at least about 10 years at tempera-
tures up to 85° C. under constant application of V., . In
some embodiments, low current leakage, such as less than
about 40 A/cm? measured at 0.5 V per 20 A of oxide thickness
in HRS, may also be preferred.

[0059] In a homogeneous VR layer, break-point 214 may
be in a different place in each cell, and may also be in a
different place after every cycle of the same cell. Inconsis-
tency and lack of repeatability in break-point 214 cause simi-
lar inconsistencies and lack of repeatability in HRS and LRS
resistances, which may cause uncertainty in reading data
stored in the cells.

[0060] Electrodes may be made from conductive materials,
such as n-doped polysilicon, p-doped polysilicon, titanium
nitride, ruthenium, iridium, platinum, and tantalum nitride.
Electrodes may be less than about 100 nm thick, less than
about 50 nm thick, or even less than about 10 nm thick. Even
thinner electrodes may be made by ALD. Either or both
electrodes may be made of an inert material that does not react
with neighboring layers.

[0061] Insomeembodiments, one ofthe electrodes may be
made of a reactive material to act as a source, reservoir, or sink
for defects in the variable resistance layer. Defects may travel
through the interface between the reactive electrode and the
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VR layer during forming, set, or reset operations. For
example, titanium nitride is an oxygen-scavenging material
and can create oxygen vacancies in a neighboring oxide layer.
[0062] The VR layer may be fabricated from a dielectric
material, such as a metal oxide material or other similar
material that can be reversibly switched between two or more
stable resistive states. In some embodiments, the VR layer is
fabricated from a high bandgap material, e.g., a material that
has a bandgap of at least about 4 electron volts (eV). Some
examples of such materials include hafnium oxide (Hf,0,),
tantalum oxide (Ta,0,), aluminum oxide (Al,O,), lanthanum
oxide (La,0,), yttrium oxide (Y,0O,), dysprosium oxide
(Dy,0,), ytterbium oxide (Yb,O,) and zirconium oxide
(Zr,0,). The high bandgap materials may improve data reten-
tion in ReRAM cell 300 and reduce the current leakage since
the amount of trapped charge in these materials is less than a
lower bandgap material. Furthermore, the high bandgap
materials create a large barrier height that the carriers have to
cross during the read, set, and reset operations. Other suitable
materials for the VR layer include titanium oxide (TiO,),
nickel oxide (NiO, ), and cerium oxide (CeO,). Furthermore,
semiconducting metal oxides (p-type or n-type), such as zinc
oxides (Zn,0,), copper oxides (Cu,O,), and their nonsto-
ichiometric and doped variants can be used for the VR layer.
[0063] The VR layer may have a thickness of between
about 1nm and about 100 nm, such as between about 2 nm and
20 nm or between about 5 nm and 10 nm. Thinner VR layers
may be deposited using ALD, while thicker VR layers may be
deposited using ALD as well as physical vapor deposition
(PVD) and, in some embodiments, chemical vapor deposition
(CVD).

[0064] FIGS. 3A-C illustrate example filaments in a VR
layer. Each illustrated ReRAM cell has a VR 304 of a homo-
geneous host material between electrode 302 and electrode
304. Each of the cells is shown in a low-resistance state with
a completely formed filament of defects 308.

[0065] InFIG.3A, filament 318.1 is narrow and includes a
small number of defects. It can be broken or re-formed by
moving, creating, or destroying only a few defects 308, which
takes only a small amount of energy. This allows the cell to
operate at very low power. However, this advantage in opera-
tional power is a disadvantage in data retention. Because so
few defects need to be modified to change the resistance state,
uncontrolled creation, destruction, or migration of defects
under heat or over time have an appreciable probability of
causing a spontaneous state change; i.e., an unwanted write
event. Moreover, the thickness of filament 318.1 is fairly
uniform; since VR layer 308 is homogeneous, the filament
break-point may be anywhere. Therefore the break-point
uncertainty ABP, is the entire length of filament 318.1.
[0066] In FIG. 3B, filament 318.2 is wide and includes a
large number of defects. Its data retention is probably very
good, because one or two defects joining or leaving the fila-
ment would be highly unlikely to change the resistance state.
On the other hand, precisely because a resistance change
would require the modification of a large number of defects,
this cell will need fairly high power to operate. Again, though,
the roughly uniform filament thickness and the homogeneity
of'the VR layer 308 cause all possible break-point locations to
be equally likely. Therefore the break-point uncertainty ABP,
is the entire length of filament 318.2.

[0067] In FIG. 3C, filament 318.3 is tapered from a wide
base near electrode 302 to a narrow tip near electrode 312.
Because most of tapered filament 318.3 is fairly wide, the
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resistance state is expected to be more tolerant of entropic
modification of isolated defects than narrow filament 318.1,
indicating that the data retention will probably be better in the
conical filament. However, because the tip oftapered filament
318.3 is the narrowest point, it is also the weakest point and
therefore a predictably most-probable location for a break-
point. Breaking or re-forming the narrow tip of tapered fila-
ment 318.3 requires less energy than breaking or re-forming
the thickness of thick filament 318.2, so the cell with the
tapered filament is expected to operate at fairly low power.
Finally, the high probability of the tapered filament’s break-
ing at the tip rather than anywhere else reduces the break-
point uncertainty ABP; to a small fraction of the filament’s
length.

[0068] FIGS. 4A and 4B are conceptual diagrams of a
ReRAM cell designed to form a tapered filament. FIG. 4A
shows the cell in a low-resistance state with a complete fila-
ment 418. Substrate 401 may include other layers or struc-
tures underlying those shown. For example, substrate 401
may include selectors, current steering devices, word-lines,
bit-lines, other interconnects, or other devices independent
of, or peripheral to, the illustrated structures. On substrate
401, a ReRAM cell includes a VR stack 404 between first
electrode 402 and second electrode 412. In some embodi-
ments, the cell may also include one or more intervening
layers between one or both ofthe electrodes and the switching
stack, illustrated as optional layers 403.1 and 403.2. The
intervening layer(s) may include a barrier layer, an adhesion
layer, a coupling layer, a current-limiting layer, or other func-
tional layers known in the ReRAM art.

[0069] VR stack 404 includes multiple layers of switchable
material (e.g., a metal oxide, nitride, or oxynitride) with dif-
ferent polycrystalline morphologies. Illustrated are small-
grain VR layer 404.1, medium-grain layer 404.2, and large-
grain VR layer 404.3. The fill patterns in the illustrations are
not meant to be realistic—polycrystals are more random than
they are shown—but merely to differentiate between layers
with different properties.

[0070] Polycrystalline materials contain numerous crystal-
lites (“grains™) 407 of different sizes and orientations, grown
from different nuclei. The distribution of orientations may be
random, or may be directed by conditions during growth and
processing. Grain boundaries (e.g., 409.2 in medium-grain
layer 404.2) are the interfaces between grains 407, where the
lattices of the neighboring grains generally are mismatched.
In a dielectric crystal, the grain boundaries are significantly
more conductive than the bodies of the grains. Charge carriers
or charged defects 408, when impelled to migrate (e.g., by an
electric field or temperature gradient) will preferentially
travel along any available grain boundaries because of the
higher conductivity.

[0071] The smaller the grain size in a polycrystalline mate-
rial, the higher the grain boundary density. Dense grain
boundaries provide many closely-spaced alternative paths for
migrating charge carriers or charged defects. In the illustrated
example, filament-forming defects 408 originate in bottom
electrode 402 (a “source electrode” made of a reactive mate-
rial such as titanium nitride (TiN). The other electrode 412
may be an inert electrode made of a noble metal or a less-
reactive electrode made of a binary or ternary nitride of a
heavier metal (e.g., Ta, Mo, W), which does not provide a
source of defects. Preferably, any intervening layers 403.1
between the source electrode 402 and the VR stack 404 are
defect-permeable.
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[0072] Actuated by a forming pulse or a “set” signal,
defects 408 may migrate from source electrode 402 into
small-grain VR layer 404.1 at many locations through the
abundant, closely spaced grain boundaries 409.1. In medium-
grain VR layer 404.2, there are fewer path choices because the
grain boundaries 409.2 are less dense. This causes filament
418 to taper as the defect distribution becomes more concen-
trated into a path of least resistance. When the narrower group
of'migrating defects reaches large-grain VR layer 404.3, there
may be only a few of the low-density grain boundaries 409.3
connected to the ends of the defect-occupied paths. This
causes filament 418 to taper even more so that the tip near the
top interface of large-grain VR layer 404.3.

[0073] FIG. 4B shows the cell in a high-resistance state
with the filament broken at break-point 414. The tip of the
taper in large-grain VR layer 404.3 is a natural weak point
where the filament is slender. Not many defects 408 need to be
moved or re-absorbed to break filament 418 at or near break-
point 414. By contrast, the wider parts of the filament in
medium-grain VR layer 404.2 and small-grain VR layer
404.1 take much more energy to break because of the larger
number of defects in the wider parts of the taper. Thus, the
filament break-point is likely to be repeatable on the order of
the thickness of large-grain VR layer 404.3, which is control-
lable by the fabrication process.

[0074] One way to control relative grain size in multiple
layers within the same stack is to use materials with different
crystallization temperatures. These can be different materi-
als, or a single host material can be doped in localized regions
to raise or lower the local crystallization temperature. For
ease of description, the examples have three layers: a low-
crystallization-temperature VR (LXT-VR) layer, a medium-
crystallization-temperature VR (MXT-VR) layer, and a high-
crystallization (HXT-VR) layer. However, any VR stack with
two or more layers crystallizing at different temperatures may
be within the scope.

[0075] FIG. 5 is a flowchart of an example process for
fabricating a ReRAM cell designed to form a tapered fila-
ment. Step 501 of preparing the substrate may include clean-
ing, degassing, other treatments, or the formation of layers
and structures that precede those formed by this process. Step
502 of forming a first electrode over a substrate may include
any suitable method for the selected material, which in some
embodiments may include without limitation PVD, CVD,
ALD, plasma-enhanced or UV-assisted variants of CVD or
ALD, electrochemical deposition, electroless deposition,
evaporation, or the like.

[0076] Step 504.1 of forming the HXT-VR layer is fol-
lowed by step 504.2 of forming the MXT-VR layer, and then
by step 504.3 of forming the LXT-VR layer. Alternatively, the
VR layers may be formed in the order indicated by dotted-line
connectors 510: first the LXT-VR layer, then the MXT-VR
layer, then the HXT-VR layer. In some embodiments, the
order may be selected to position the HXT-VR layer closest to
a source electrode and the LXT-VR layer closest to an inert or
less-reactive electrode.

[0077] All three VR layers may be differently doped ver-
sions of the same host material. The host material may be, for
example, a metal oxide, a metal nitride, or a metal oxynitride.
Two of the layers may be doped and one may be undoped, or
all three of the layers may be doped. For example, the MXT-
VR layer may be undoped, the LXT-VR layer may be doped
with an X T-decreasing dopant such as Hf, Ta, Ti or Zr, and the
HXT-VR layer may be doped with an XT-increasing dopant
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such as Si or N. Alternatively, the LXT-VR layer may be
undoped, the MXT-VR layer may be doped with an XT-
increasing dopant, and the HXT-VR layer may be more
heavily doped with the XT-increasing dopant. As another
alternative, the HXT-VR layer may be undoped, the MXT-VR
layer may be doped with an XT-decreasing dopant, and the
HXT-VR layer may be more heavily doped with the XT-
decreasing dopant. Any variation of materials or dopants that
resultin an MXT-VR layer between an LXT-VR layer and an
HXT-VR layer can be within the scope. The differently doped
VR layers may have discrete interfaces with each other, cre-
ated by abruptly starting or stopping the doping, or gradient
interfaces created by gradually increasing or decreasing the
dopant concentration.

[0078] Insomeembodiments, the doping may be combined
with deposition of the host material by co-deposition methods
such as co-sputtering (PVD) or mixing precursors (CVD or
ALD). Alternatively, the doping may include pausing the
deposition of the host material one or more times to deposit a
thin layer (e.g., <3 nm thick) of dopant before continuing to
deposit the host material. Annealing may be used to interdif-
fuse the dopant layers and host layers. As another alternative,
the dopant(s) may be added by ion implantation after the host
layers are partially or fully formed.

[0079] Step 512 of forming a second electrode follows the
formation of the three VR layers 504.1-504.3. Step 506 of
annealing the substrate at a temperature greater than or equal
to XT,, may be done either before or after the forming of the
second electrode. Annealing 506 may continue for a suffi-
ciently long duration to crystallize at least 30% of the HXT-
VR layer. Optional step 503 of forming an intervening layer
(e.g., a barrier layer, an adhesion layer, a coupling layer, a
current-limiting layer, or the like) may be inserted before or
after the formation of the three VR layers 504.1-504.3. After-
ward, next step 599 may commence.

[0080] FIGS. 6A-D conceptually illustrate the crystalliza-
tion of LXT, MXT, and HXT layers in the VR stack. For
clarity, underlying layers are not shown and are implicit in
substrate 601. Overlying layers are also not shown, and may
or may not have been formed at this stage. The fill patterns in
the illustrations are not meant to be realistic—polycrystals
are more random than they are shown—but merely to differ-
entiate between layers with different properties.

[0081] In FIG. 6A, VR layers 604.1, 604.2, and 604.3 are
as-deposited. In this example, the three layers have a common
host material, such as a metal oxide, nitride, or oxynitride.
LXT-VR layer 604.3 is doped with XT-decreasing dopant,
symbolized by “downward” arrows 624. MXT-VR layer
604.2 is undoped. HXT-VR layer 604.1 is doped with XT-
increasing dopant, symbolized by “upward” arrows 634. As-
deposited, the example layers materials are amorphous with
no significant grain boundaries. Some processes involving
high-temperature deposition may result in partially crystal-
lized as-deposited films.

[0082] FIG. 6B shows the effect of annealing at a tempera-
ture above the crystallization temperature L of LXT-VR layer
604.3 but below the crystallization temperature M of MXT-
VR layer 604.3. LXT-VR layer 604.3 forms small crystallites
with high-density grain boundaries 609.3B, while MXT-VR
layer 604.2 and HXT-VR layer 604.1 do not become signifi-
cantly more crystalline than they were as-deposited.

[0083] FIG. 6C shows the effect of annealing at a tempera-
ture above the crystallization temperature M of MXT-VR
layer 604.2 but below the crystallization temperature H of
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HXT-VR layer 604.1. LXT-VR layer 604.3 forms medium
crystallites with medium-density grain boundaries 609.3C
and MXT-VR layer 604.2 forms small crystallites with high-
density grain boundaries 609.2C, while HXT-VR layer 604.1
does not become significantly more crystalline than it was
as-deposited.

[0084] FIG. 6D shows the effect of annealing at a tempera-
ture above the crystallization temperature H of HXT-VR
layer 604.1 but below any upper limit, such as a damage
threshold, imposed by the most heat-sensitive component
formed on the substrate. This temperature range is used in
step 506 of the method described with reference to FIG. 5.
LXT-VR layer 604.3 forms large crystallites with low-density
grain boundaries 609.3D, MXT-VR layer 604.2 forms
medium crystallites with dense grain boundaries 609.2C, and
HXT-VR layer 604.1 forms small crystallites with high-den-
sity grain boundaries 609.1D. The duration of the annealing
may need to be optimized for different host materials and
dopants, but this is not expected to require undue experimen-
tation.

[0085] FIGS. 7A-C conceptually illustrate VR stacks with
doping variants. For simplicity, only the VR layers are shown;
substrate 701 may include underlying layers or structures. In
FIG. 7A, LXT-VR layer 704.3 is relatively heavily doped
with XT-decreasing dopant 724, MXT-VR layer 704.2 is
relatively lightly doped with XT-decreasing dopant 724, and
HXT-VR layer 604.1 is undoped. In FIG. 7B, LXT-VR layer
704.3 is undoped, MXT-VR layer 704.2 is relatively lightly
doped with XT-increasing dopant 734, and HXT-VR layer
704.1 is relatively heavily doped with X T-increasing dopant
734. FIG. 7C illustrates a dopant gradient, where the transi-
tions between differently doped layers are gradual. In this
example, relatively heavy doping with X T-decreasing dopant
724 in LXT-VR layer 704.3 gradually becomes lighter doping
and disappears near the undoped center of MXT-VR layer
704.2. In the lower part of MXT-VR layer 704.2, light doping
with XT-increasing dopant 734 is introduced and increases to
become relatively heavy doping in HXT-VR layer 704.1.
[0086] FIGS. 8A and 8B conceptually illustrate two-layer
VR stack embodiments. These examples have two layers with
different grain sizes instead or three, which also causes some
tapering of the filament. The grains in the bi-layer may be any
paired subset of small (e.g., 809.1), medium (e.g., 809.2) and
large (e.g., 809.3). As with the three-layer embodiments, one
layer may be doped and the other undoped, or both may be
doped with different dopants or different concentrations of
the same dopant. The relative layer thicknesses may be dis-
tributed in any convenient way; nearly equal as in stack 804 A,
or one layer significantly thicker than the other as in stack
804B.

[0087] FIG. 9 is a flowchart of an example process for
fabricating a ReRAM cell with two VR layers of different
grain sizes. Step 901 of preparing the substrate may include
cleaning, degassing, other treatments, or the formation of
layers and structures that precede those formed by this pro-
cess. Step 902 of forming a first electrode over a substrate
may include any suitable method for the selected material,
which in some embodiments may include without limitation
PVD, CVD, ALD, plasma-enhanced or UV-assisted variants
of CVD or ALD, electrochemical deposition, electroless
deposition, evaporation, or the like.

[0088] Step 904.1 of forming a VR layer with a first crys-
tallization temperature XT), is followed by step 904.2 of form-
ing another VR layer with a second crystallization tempera-
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ture XT, that is different (either higher or lower) than XT1. In
some embodiments, the order may be selected to position the
VR layer with the higher crystallization temperature closest
to a source electrode and the VR layer with the lower crys-
tallization temperature closest to an inert or less-reactive elec-
trode.

[0089] The two VR layers may be differently doped ver-
sions of the same host material. The host material may be, for
example, a metal oxide, a metal nitride, or a metal oxynitride.
One of the layers may be doped and one may be undoped, or
both of the layers may be doped. For example, the first VR
layer may be undoped and the second VR layer may be doped
with an XT-decreasing dopant such as Hf, Ta, Ti or Zr, or
alternatively with an XT-increasing dopant such as Si or N.
Alternatively, the first VR layer may be doped with an XT-
increasing dopant and the second VR layer may be more
heavily doped with the XT-increasing dopant. As another
alternative, the first VR layer may be doped with an XT-
decreasing dopant and the second VR layer may be more
heavily doped with the XT-decreasing dopant. Any variation
of materials or dopants that result in two VR layers having
different crystallization temperatures can be within the scope.
The differently doped VR layers may have a discrete interface
created by abruptly starting or stopping the doping, or a
gradient interface created by gradually increasing or decreas-
ing the dopant concentration.

[0090] Insomeembodiments, the doping may be combined
with deposition of the host material by co-deposition methods
such as co-sputtering (PVD) or mixing precursors (CVD or
ALD). Alternatively, the doping may include pausing the
deposition of the host material one or more times to deposit a
thin layer (e.g., <3 nm thick) of dopant before continuing to
deposit the host material. Annealing may be used to interdif-
fuse the dopant layers and host layers. As another alternative,
the dopant(s) may be added by ion implantation after the host
layers are partially or fully formed.

[0091] Step 912 of forming a second electrode follows the
formation of the two VR layers 904.1 and 904.2. Step 906 of
annealing the substrate at a temperature greater than or equal
to the higher of XT, and XT, may be done either before or
after the forming of the second electrode. Annealing 906 may
continue for a sufficiently long duration to crystallize at least
30% of'the VR layer with the higher crystallization tempera-
ture. Optional step 903 of forming an intervening layer (e.g.,
a barrier layer, an adhesion layer, a coupling layer, a current-
limiting layer, or the like) may be inserted before or after the
formation of the two VR layers 904.1 and 904.2. Afterward,
next step 999 may commence.

[0092] 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 alter-
native ways of implementing the invention. Various aspects or
components of the described embodiments may be used sin-
gly or in any combination. The scope is limited only by the
claims, which encompass numerous alternatives, modifica-
tions, and equivalents.

1-10. (canceled)

11. A device, comprising:

a first layer formed over a substrate, the first layer operable
as a first electrode;

a second layer formed over the first layer, the second layer
operable as a second electrode; and
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a variable-resistance stack formed between the first layer
and the second layer;

wherein the variable-resistance stack comprises
a first variable-resistance layer;
a second variable-resistance layer formed over the first

variable-resistance layer;

wherein the first variable-resistance layer has a first grain
boundary density; and

wherein the second variable-resistance layer has a second
grain boundary density different from the first grain
boundary density; and

a third variable-resistance layer between the second vari-
able-resistance layer and the second layer;

wherein the third variable-resistance layer has a third grain
boundary density different from both the first grain
boundary density and the second grain boundary den-
sity; and

wherein the second grain boundary density is between the
first grain boundary density and the third grain boundary
density.

12. The device of claim 11, wherein the first variable-

resistance layer and the second variable-resistance layer com-
prise a same host material.
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13. The device of claim 12, wherein one of the first vari-
able-resistance layer or the second variable-resistance layeris
an undoped layer of the same host material.

14. The device of claim 11, wherein the first variable-
resistance layer or the second variable-resistance layer com-
prises one of hafhium, tantalum, titanium, zirconium, silicon,
or nitrogen.

15. The device of claim 11, wherein the first layer or the
second layer is operable as a source electrode; and wherein
the one of the first variable-resistance layer or the second
variable-resistance layer having a highest grain density is
nearer to the source electrode than the other one of the first
variable-resistance layer or the second variable-resistance
layer.

16. (canceled)

17. The device of claim 11, wherein the variable-resistance
stack comprises at least two doped layers.

18. The device of claim 17, wherein the at least two doped
layers comprise different dopants.

19. The device of claim 17, wherein the at least two doped
layers comprise different concentrations of a same dopant.

20. The device of claim 11, wherein the second variable-
resistance layer is undoped.
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