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RESISTIVE SWITCHING DEVICES CONTAINING LITHIUM TITANATE,
AND ASSOCIATED SYSTEMS AND METHODS

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional
Application No. 62/809,120, filed February 22, 2019, and entitled “Resistive Switching
Devices Containing Lithium Titanate, and Associated Systems and Methods,” which is

incorporated herein by reference in its entirety for all purposes.

TECHNICAL FIELD
Resistive switching devices that contain lithium, including resistive switching
devices containing a lithium titanate, and associated systems and methods are generally

described.

BACKGROUND
Resistive switching devices, such as memristors, are devices capable of switching
between resistance states upon the application of an electrical potential (i.e., voltage) to
the device. Resistive switching devices may be useful in certain applications, such as
Resistive random-access memory (ReRAM) devices and in chips for neuromorphic
computing. Therefore, improved materials and device architectures for resistive

switching devices are desirable.

SUMMARY

Resistive switching devices that contain lithium, including resistive switching
devices containing a lithium titanate, and associated systems and methods are generally
described. The subject matter of the present invention involves, in some cases,
interrelated products, alternative solutions to a particular problem, and/or a plurality of
different uses of one or more systems and/or articles.

In one aspect, a resistive switching device is described. In some embodiments,
the resistive switching device comprises a lithium titanate-containing domain. In certain
cases, the resistive switching device comprises a first electrode in contact with the
lithium titanate-containing domain, and a second electrode in contact with the lithium

titanate-containing domain.
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In another aspect, a method is described. In some embodiments, the method
comprises applying an electrical potential to a resistive switching device comprising a
lithium titanate-containing domain.

Other advantages and novel features of the present invention will become
apparent from the following detailed description of various non-limiting embodiments of
the invention when considered in conjunction with the accompanying figures. In cases
where the present specification and a document incorporated by reference include

conflicting and/or inconsistent disclosure, the present specification shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of
example with reference to the accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical or nearly identical
component illustrated is typically represented by a single numeral. For purposes of
clarity, not every component is labeled in every figure, nor is every component of each
embodiment of the invention shown where illustration is not necessary to allow those of
ordinary skill in the art to understand the invention. In the figures:

FIG. 1A shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain, according to some
embodiments;

FIG. 1B shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain and an electrical
circuit, according to some embodiments;

FIG. 2 shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain, a first electrode, and a
second electrode, according to some embodiments;

FIG. 3 shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain, a first electrode, and a
second electrode, according to some embodiments;

FIG. 4A shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain, a solid lithium ion
source, and a solid lithium-conducting electrolyte domain, according to some

embodiments;
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FIG. 4B shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain, a solid lithium ion
source, a solid lithium-conducting electrolyte domain, and an electrical circuit, according
to some embodiments;

FIG. 4C shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain, a solid lithium ion
source, and a solid lithium-conducting electrolyte domain, according to some
embodiments;

FIG. 4D shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain, a solid lithium ion
source, a solid lithium-conducting electrolyte domain, and an electrical circuit, according
to some embodiments;

FIG. 4E shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain comprising LisTi5012,
lithium foil as a solid lithium ion source, a solid lithium-conducting electrolyte domain
comprising Liz7LasZr2012, and associated electrical circuitry and illustrative plots of
resistance windows, symmetry, and lithiation as a function of gate voltage, according to
some embodiments;

FIG. 5A shows a schematic illustration of a memristive device comprising a
lithium titanate-containing domain comprising Li4Tis012, according to some
embodiments;

FIG. 5B shows a schematic illustration of a memristive device comprising a
lithium titanate-containing domain comprising Li7Tis012, according to some
embodiments;

FIG. 5C shows a cross-sectional scanning electron microscopy (SEM) image of a
single target-deposited 200 nm film, according to some embodiments;

FIG. 5D shows a cross-sectional SEM image of a multilayer deposited film,
according to some embodiments;

FIG. 5E shows grazing incident X-ray diffraction of lithium titanate films,
according to some embodiments;

FIG. SF shows Raman vibrational spectroscopy data for lithium titanate films,

according to some embodiments;
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FIG. 5G shows a high resolution transmission electron microscopy image of a
single target-deposited film with a fast Fourier transform as an inset, according to some
embodiments;

FIG. 5H shows a high resolution transmission electron microscopy image of a
multilayer deposited film with a fast Fourier transform as an inset, according to some
embodiments;

FIG. 51 shows Raman vibrational spectra of a progression of ex-situ annealed
multilayer lithium titanate films during an annealing process, according to some
embodiments;

FIG. 5J shows electrochemical impedance spectroscopy results for a single
target-deposited film, according to some embodiments;

FIG. 5K shows cross-plane geometry conductivities and activation energies for
single target-deposited and multilayer deposited films, according to some embodiments;

FIG. 6A shows cyclic voltammetry results for a memristive device unit
comprising a single target-deposited film, according to some embodiments;

FIG. 6B shows cyclic voltammetry results for a memristive device unit
comprising a multilayer deposited film, according to some embodiments;

FIG. 6C shows cyclic voltammetry results for memristive devices comprising
either single target-deposited or multilayer deposited films at different scan rates,
according to some embodiments;

FIG. 6D shows train voltage pulse data for a memristive device unit comprising a
single target-deposited film, according to some embodiments;

FIG. 6E shows train voltage pulse data for a memristive device unit comprising a
multilayer deposited film, according to some embodiments;

FIG. 7A shows low bias chronoamperometry measurements for memristive
device units comprising either LisTisO12 or Li7Tis012, according to some embodiments;

FIG. 7B shows relaxation time versus time measurements for memristive device
units comprising either Li4Ti5012 or Li7TisO12, according to some embodiments;

FIG. 7C shows retention time measurements as a function of voltage for
memristive device units comprising either Li4TisO12 or Li7Ti5012, according to some
embodiments;

FIG. 7D shows resistance window data for memristive device units comprising

either Li4TisO12 or Li7TisO12, according to some embodiments;
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FIG. 7E shows time constants and data derived from chronoamperometry
experiments for memristive device units comprising either Li4TisO12 or Li7TisO12,
according to some embodiments;

FIG. 7F shows time constants as a function of voltage for memristive device units
comprising either LisTis012 or Li7Ti5012, according to some embodiments;

FIG. 7G shows a plot of in-operando Raman vibrational spectroscopy of a lithium
titanate memristive device unit tracking the normalized frequency shift in the Ay
titanium-oxygen (Ti-O) Raman mode upon applied electrical potential over time,
according to some embodiments;

FIG. 7H shows area-dependent currents for a LisTisO12 resistive switching device
in a high resistance state and in a low resistance state, according to some embodiments;

FIG. 8A shows electroforming properties of Li-titanate resistive switching
devices compared to other Li-based memristive systems, according to some
embodiments;

FIG. 8B shows write voltage properties of Li-titanate resistive switching devices
compared to other Li-based memristive systems, according to some embodiments;

FIG. 8C shows resistance window properties of Li-titanate resistive switching
devices compared to other Li-based memristive systems, according to some
embodiments;

FIG. 8D shows switching kinetics properties of Li-titanate resistive switching
devices compared to other Li-based memristive systems, according to some
embodiments;

FIG. 8E shows pulsing symmetry properties of Li-titanate resistive switching
devices compared to other Li-based memristive systems, according to some
embodiments;

FIG. 8F shows retention properties of Li-titanate resistive switching devices
compared to other Li-based memristive systems, according to some embodiments;

FIG. 8G shows endurance properties of Li-titanate resistive switching devices
compared to other Li-based memristive systems, according to some embodiments; and

FIG. 8H shows processing tunability properties of Li-titanate resistive switching
devices compared to other Li-based memristive systems, according to some

embodiments;
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FIG. 9A shows a cross-sectional schematic diagram of an exemplary resistive
switching device comprising a lithium titanate-containing domain comprising LisTi5012,
LiCoO2 as a solid lithium ion source, a solid lithium-conducting electrolyte domain
comprising Al-LizLasZr2012, and associated electrical circuitry and fabrication details,
according to some embodiments;

FIG. 9B shows scanning electron microscopy images of the resistive switching
device of FIG. 9A, according to some embodiments; and

FIG. 9C shows Raman vibrational spectroscopy and an optical microscopy image

of the resistive switching device of FIG. 9A, according to some embodiments.

DETAILED DESCRIPTION

Resistive switching devices that contain lithium, including resistive switching
devices containing a lithium titanate, and associated systems and methods are generally
described. In some cases, the resistive switching device is a memristor. Some such
resistive switching devices (e.g., memristors) may be useful for certain applications for
which downsizing of conventional technologies is difficult, such as in information
storage technologies or in computing applications requiring relatively high
parallelization, such as neuromorphic computing (e.g., on a neuromorphic chip). In
some embodiments, a resistive switching device (e.g., memristor) comprising a lithium
titanate-containing domain in contact with a first electrode and a second electrode is
described. In some, but not necessarily all embodiments, the resistive switching device
comprising a lithium-titanate-containing domain exhibits certain beneficial resistive
switching properties, including, but not limited to, a relatively high resistance ratio, a
relatively high retention, relatively high symmetry, an avoidance or reduction in
electroforming, lowered stochasticity, and/or a relatively low power consumption (e.g.,
due to a relatively low voltage window and/or low current during operation). The use of
lithium titanate as a material for resistive switching may be advantageous, in some, but
not necessarily all cases. For example, in certain cases, lithium titanate can operate
under low voltages. Certain lithium titanates have low lattice strain upon redox-state
change (unlike other lithium-containing materials such as lithium cobalt oxides).
Lithium titanate can also have a wide electrochemical window, an ability to undergo a
metal-insulator transition, and can be relatively environmentally friendly compared to

other materials typically used in resistive switching devices (such as those that use
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oxygen, copper, or silver as ion carriers, or those that use other lithium-containing
materials).

In one aspect, methods of operating resistive switching devices are described.
Certain methods comprise applying an electrical potential to a resistive switching device
comprising a lithium titanate-containing domain (e.g., applying a voltage to a lithium
titanate-containing memristor). Applying an electrical potential to the resistive switching
device may cause the lithium titanate-containing domain to switch electrical resistance
states. For example, the lithium titanate containing domain may have a first electrical
resistance in the absence of the electrical potential, and then, after the electrical potential
is applied and its magnitude is reduced, the lithium titanate-containing domain may have
a second, different electrical resistance when the reducing of the magnitude of the
electrical potential is stopped (e.g., a hysteresis in a current-voltage curve may be
observed). Some methods comprise determining an electrical resistance or conductance
of the resistive switching device (e.g., to determine when the resistive switching device
is in a first resistance state or a second resistance state). In certain cases, the resistive
switching device may comprise additional components, such as a solid lithium-
conducting electrolyte domain and a solid lithium ion source disposed on the lithium-
containing domain, such that an application of a second electrical potential across a
second electrode set (e.g., in the case of a 3-terminal system) causes Li ions to intercalate
into or deintercalate from the lithium titanate-containing domain (e.g., by crossing an
interface between the lithium titanate-containing domain and the solid lithium-
conducting electrolyte domain). In some such cases, such controlled Li intercalation
and/or deintercalation in the lithium titanate-containing domain may change resistive
switching properties of the lithium titanate-containing domain. Tuning such resistive
switching properties may be useful, in accordance with certain embodiments, for a
number of applications, such as resistive random-access memory (ReRAM) devices, as
well as in computer chips using non-volatile memristor architectures (e.g., memristors at
multiple nodes, with different nodes having differing lithiation degrees), and where ultra-
low power consumption and multilevel states (e.g., analog operation) are desirable.

In one aspect, a resistive switching device is described. FIG. 1A depicts
exemplary resistive switching device 100, according to certain embodiments. In some
embodiments, the resistive switching device comprises a lithium titanate-containing

domain. For example, referring again to FIG. 1A, resistive switching device 100
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comprises lithium titanate-containing domain 150. In certain cases, the lithium titanate-
containing domain of the resistive switching device is the domain of the device in which
an electrical potential-induced change in resistance and/or resistance state occurs (e.g.,
during operation of the resistive-switching device). Without being bound by any
particular theory, the lithium titanate-containing device may undergo changes in
resistance and/or resistance state upon application of an electrical potential to the
resistive switching device due to a spatial rearrangement of lithium ions within the
lithium-containing domain, a structural change of the material (e.g., a change in lattice
structure), and/or a change in lithiation of the lithium titanate-containing domain.

In some embodiments, the lithium titanate contained in the lithium titanate-
containing domain is characterized by the chemical formula Lisx+3TisTiO12, where x is an
integer. As an example, lithium titanate-containing domain 150 of resistive switching
device 100 comprises a lithium titanate having a chemical formula of Lisx+3Ti5T1O12, in
accordance with certain embodiments. In some cases, the lithium titanate of the lithium
titanate-containing domain has a chemical formula of Li4TisTiO12. In certain cases, the
lithium titanate of the lithium titanate-containing domain has a chemical formula of
Li7TisTiO12. In certain cases, the lithium titanate-containing domain comprises a
combination of both LisTisTiO12 and Li7TisTiO12 (e.g., in cases in which the lithium
titanate-containing domain undergoes a phase segregation). In certain cases, dopants
(e.g., niobium) and/or impurities may be present, either interstitially or at lattice sites.

In some embodiments, a relatively high percentage of the lithium titanate-
containing domain is lithium titanate. For example, in some embodiments, lithium
titanate is present in the lithium titanate-containing domain in a weight percentage of
greater than or equal to 60%, greater than or equal to 70%, greater than or equal to 80%,
greater than 90%, and/or up to 95%, up to 99% or higher. In some embodiments, the
lithium titanate is present in the lithium titanate-containing domain in a weight
percentage of 100%.

In some embodiments, a relatively high percentage of the lithium titanate-
containing domain is LisTisTiO12. It has been discovered in the context of the present
disclosure that some resistive switching devices comprising lithium titanate-containing
domains having a relatively high percentage of Li4TisTiO12 can have resistive switching
properties useful for particular applications. For example, resistive switching devices

having a high percentage of Li4TisTiO12 can exhibit asymmetric switching with low
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retention, which can be useful for spiking neural network applications. In some
embodiments, Li4TisTiO121s present in the lithium titanate-containing domain in a
weight percentage of greater than or equal to 60%, greater than or equal to 70%, greater
than or equal to 80%, greater than 90%, and/or up to 95%, up to 99% or higher. In some
embodiments, the Li4TisTiO12 1s present in the lithium titanate-containing domain in a
weight percentage of 100%.

In some embodiments, a relatively high percentage of the lithium titanate-
containing domain is Li7TisTiO12. It has been discovered in the context of the present
disclosure that some resistive switching devices comprising lithium titanate-containing
domains having a relatively high percentage of Li7TisTiO12 can have resistive switching
properties useful for particular applications. For example, resistive switching devices
having a high percentage of Li7TisTiO12 can exhibit symmetric switching with high
retention, which can be useful for deep neural network applications. In some
embodiments, a relatively high percentage of the lithium titanate-containing domain is
Li7TisTiO12. For example, in some embodiments, Li7TisTiO121s present in the lithium
titanate-containing domain in a weight percentage of greater than or equal to 60%,
greater than or equal to 70%, greater than or equal to 80%, greater than 90%, and/or up
to 95%, up to 99% or higher. In some embodiments, the Li7TisTiO121s present in the
lithium titanate-containing domain in a weight percentage of 100%.

The lithium titanate-containing domain may be in the form of a film. For
example, in some embodiments, the lithium titanate-containing domain is a thin film. In
certain cases in which the lithium titanate-containing domain is in the form of the thin
film, the thin film has a relatively small thickness. For example, in some embodiments,
the lithium titanate-containing domain is a thin film that has a thickness of less than or
equal to 1 pm, less than or equal to 500 nm, less than or equal to 100 nm, less than or
equal to 90 nm, less than or equal to 80 nm, or less. In some embodiments, the lithium
titanate-containing domain is a thin film that has a thickness of greater than or equal to 5
nm, greater than or equal to 10 nm, greater than or equal to 20 nm, or more.
Combinations of these ranges are also possible. For example, in some embodiments, the
lithium titanate-containing domain is a thin film that has a thickness of greater than or
equal to 5 nm and less than or equal to 1 pm.

In some embodiments in which the lithium titanate-containing domain is in the

form of the film, the film has a thickness as well as two orthogonal lateral dimensions
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that are orthogonal to each other as well as orthogonal to the thickness. For example,
referring to FIG. 1A, in accordance with certain embodiments, lithium titanate-
containing domain 150 has thickness 153, lateral dimension 155, and a second lateral
dimension (not pictured) orthogonal to both thickness 153 and lateral dimension 155
(which would run into and out of the plane of the drawing in FIG. 1A).

In some embodiments, at least one of the lateral dimensions of the film is greater
than the thickness of the film. For example, in accordance with certain embodiments,
lateral dimension 155 is greater than thickness 153 of lithium titanate-containing domain
150. In some embodiments, at least one of the lateral dimensions is at least 5 times, at
least 10 times, at least 100 times, at least 1000 times, at Ieast 10,000 times, at least
100,000 times, or at least 1 million times greater than the thickness of the film. In some
embodiments, both of the lateral dimensions are at least 5 times, at least 10 times, at Ieast
100 times, at least 1000 times, at least 10,000 times, at least 100,000 times, or at least 1
million times greater than the thickness of the film.

The lithium-containing domain may be fabricated by, for example, employing a
physical vapor deposition (PVD) technique using a lithium titanate-containing target.
Exemplary physical vapor deposition techniques include, but are not limited to, pulsed
laser deposition, evaporative deposition, and sputtering (e.g., radio frequency sputtering).
In some cases, the conditions used for fabrication may be altered in order to tune the
degree of lithiation of the resulting lithium titanate-containing domain. For example, in
some cases, a single lithium titanate (e.g., Li7.1Tis012) target is used in a PVD technique
to form a lithium titanate-containing domain with a relatively low lithiation degree (e.g.,
LisTisTiO12). In other cases, a lithium titanate (e.g., Li7.1TisO12) target is used in
addition to a target comprising lithium and nitrogen (e.g., a lithium nitride such as LizN)
in order to create a multilayer structure that can be annealed to form a lithium titanate-
containing domain with a relatively high lithiation degree (e.g., Li7TisTiO12).

In some embodiments, the resistive switching device comprises a first electrode
in contact with the lithium titanate-containing domain. Additionally, in certain
embodiments, the resistive switching device comprises a second electrode in contact
with the lithium titanate-containing domain as well. Referring again to FIG. 1A,
exemplary resistive switching device 100 comprises first electrode 110 in contact with
lithium titanate-containing domain 150, and second electrode 120 in contact with lithium

titanate-containing domain 150. In some cases, the first electrode and the second
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electrode are in direct contact with the lithium titanate-containing domain, such that there
is no intervening material between the first electrode and the lithium titanate-containing
domain and between the second electrode and the lithium titanate-containing domain.

Those of ordinary skill would understand, given the guidance provided by this
disclosure, suitable materials for the first electrode and the second electrode. For
example, in some embodiments, the first electrode and a second electrode comprises an
electronically conductive solid material. In some embodiments, the first electrode and/or
the second electrode comprises a metal or metal alloy. For example, in some cases, the
first electrode and/or the second electrode is or comprises platinum. Other materials the
first electrode and/or the second electrode may be or comprise include, but are not
limited to, copper and silver. In certain embodiments, the first electrode and/or the
second electrode is in the form of the thin film (e.g., disposed on, underneath, or next to
the lithium titanate-containing domain). However in some embodiments, the first
electrode and/or the second electrode are in the form of a wire (e.g., wires in contact with
the lithium titanate-containing domain). The first electrode and the second electrode
may be fabricated directly on to the resistive switching device (e.g., by PVD or other
suitable techniques), or they may be fabricated separately and attached to the resistive
switching device (e.g., via lamination). Additional or alternative fabrication steps may
be used involving optical lithography, E-beam lithography, reactive ion etching and/or
chemical wet etching.

In some embodiments, the first electrode and the second electrode are
electronically coupled to each other. Having the first electrode be electronically coupled
to the second electrode can provide for an ability for electrical current to flow from the
first electrode to the second electrode (or vice versa). Referring to FIG. 1B, first
electrode 110 is electronically coupled to second electrode 120, in accordance with
certain embodiments. In some embodiments, the first electrode is electronically coupled
to the second electrode via an external electrical circuit coupled to the resistive switching
device. Referring again to FIG. 1B, in accordance with certain embodiments, first
electrode 110 is electronically coupled to second electrode 120 via electrical circuit 180.
Coupling the first electrode with the second electrode via an external electrical circuit
may, in some cases, allow for an electrical potential (e.g., a voltage) to be applied to the
resistive switching device (e.g., to change the resistance state of the lithium titanate-

containing domain). In some embodiments, the first electrode and the second electrode

7973984.1



10

15

20

25

30

WO 2020/172499 PCT/US2020/019165

—12 —

are electronically coupled to each other even in the absence of an external electrical
circuit coupled to the resistive switching device. For example, referring again to FIG.
1B, in some embodiments, first electrode 110 is electrically coupled to second electrode
120 even in the absence of external electrical circuit 180 (e.g., in cases in which
electrical circuit 180 is interrupted), in accordance with certain embodiments. In some
such cases, the first electrode is electronically coupled to the second electrode via the
lithium titanate-containing domain (e.g., lithium titanate-containing domain 150). In
some such embodiments, the first electrode serves as a source and the second electrode
serves as a drain during operation of the resistive switching device, and electrical current
can flow from the first electrode, through the lithium titanate-containing domain, and to
the second electrode (e.g., so that the electrical current can be measured and/or the
resistance and/or conductance of the lithium titanate-containing domain can be
determined). In some embodiments, there is at least one pathway from the first
electrode, through the lithium titanate-containing domain, and to the second electrode
that does not pass through electronically insulating material.

Certain embodiments are related to methods of operating the resistive switching
device. For example, in some embodiments, methods comprise applying an electrical
potential to the resistive switching device. For example, as shown in FIG. 1B and in
accordance with certain embodiments, an electrical potential V can be applied to
exemplary resistive switching device 100 using external electrical circuit 180 (e.g., such
that a voltage is applied across first electrode 110 and second electrode 120). Applying
an electrical potential to a resistive switching device comprising a lithium titanate-
containing domain as described herein may cause the lithium titanate-containing domain
to undergo a change in resistance state. Changing the resistance state of the lithium-
containing domain of the resistive switching device may allow the resistive switching
device to be used in certain computing applications (e.g., for information storage, or
neuromorphic processing).

In certain methods involving applying an electrical potential to the resistive
switching device comprising a lithium titanate-containing domain, the method further
comprises reducing the magnitude of the applied electrical potential. For example, some
methods may comprise applying an electrical potential of at least +1 V, at least +2 V, at
least +3 V, +4 V, or more (or alternatively, applying an electrical potential of -1 V, -2V,

-3V, -4V, or less), followed by reducing the magnitude of the applied electrical
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potential (e.g., to a value closer to or equal to 0 V). Some embodiments comprise
applying a positive electrical potential that is less than or equal to + 5 V, less than or
equal to +4.5 V, or less. Some embodiments comprise applying a negative electrical
potential of greater than or equal to -5 V, greater than or equal to -4.5 V, or more.
Combinations of these ranges are possible. In some embodiments, the lithium titanate-
containing domain has a first electrical resistance prior to applying the electrical
potential. In some such embodiments, the lithium titanate-containing domain has a
second electrical resistance that is different from the first electrical resistance after the
reducing of the magnitude of the applied electrical potential. In certain cases, the second
electrical resistance is different from the first electrical resistance even when the step of
reducing the magnitude of the applied electrical is completed (e.g., when the reducing the
magnitude of the applied electrical potential is stopped such that the applied electrical
potential is O V). As an example, the lithium titanate-containing domain may have a
resistance of 100 ohms (the first resistance) prior to the application of an electrical
potential (e.g., at an initial electrical potential of 0 V), then an electrical potential of +4 V
is applied to the resistive switching device (thereby changing the resistance of the lithium
titanate-containing domain), and then the applied electrical potential is reduced back to 0
V, at which point the lithium titanate-containing domain has a resistance of 10 ohms (the
second resistance). In cases in which the resistive switching device is capable of having
a first electrical resistance and second, different electrical resistance under the conditions
described above, the resistive switching device may be considered to be in a first
electrical resistance state when the lithium titanate-containing domain has the first
electrical resistance, and the resistive switching device may be considered to be in a
second electrical resistance state when the lithium titanate-containing domain has the
second, different electrical resistance. The resistance state having a higher magnitude of
resistance may be called a High Resistance State (HRS) or an “OFF-state”, while the
resistance state having a lower magnitude of resistance may be called a Low Resistance
State (LRS) or an “ON-state”. Having a first resistance state and a second resistance
state as described above may manifest in an observable hysteresis in current-voltage
curves acquired using the resistive switching device.

In some embodiments, the ratio of the electrical resistances described above of
may be relatively large. Having a large ratio of electrical resistances (e.g., first

resistance, second resistance) may allow for an easier distinction between resistance
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states of the resistive switching device (e.g., during reading of the memory in a computer
information storage medium utilizing the resistive switching device). In some
embodiments (e.g., when the resistive switching device is in a High Resistance State
prior to the application of the electrical potential), the ratio of the first electrical
resistance to the second electrical resistance is greater than or equal to 5, greater than or
equal to 10, greater than or equal to 20, greater than or equal to 50, greater than or equal
to 100, greater than or equal to 10, greater than or equal to 10* and/or less than or equal
to 10°, less than or equal to 105, or less than or equal to 10”. In some embodiments (e.g.,
when the resistive switching device is in a Low Resistance State prior to the application
of the electrical potential), the ratio of the second electrical resistance to the first
electrical resistance is greater than or equal to 5, greater than or equal to 10, greater than
or equal to 20, greater than or equal to 50, greater than or equal to 100, greater than or
equal to 10°, greater than or equal to 10* and/or less than or equal to 10°, less than or
equal to 10°, or less than or equal to 107. The ratio of the electrical resistance in the High
Resistance State to the resistance in the Low Resistance State may, in some cases,
depend on the degree of lithiation of the lithium titanate-containing domain.

In some embodiments, at least a portion of the lithium titanate-containing domain has a
different structural phase when the lithium titanate-containing domain has the first
electrical resistance (e.g., in a first electrical resistance state) than when the lithium
titanate-containing domain has the second electrical resistance (e.g., in the second
electrical resistance state). As a non-limiting example, when the lithium titanate-
containing domain has the first electrical resistance (e.g., in the first electrical resistance
state), at least a portion of the lithium titanate-containing domain may have a spinel
structure with Li ions distributed in 8a positions, but when the lithium titanate-containing
domain has the second resistance (e.g., in the second electrical resistance state), the at
least a portion of the lithium titanate-containing domain may have a rock-salt structure,
with Li ions populating mainly 16¢ positions. In other words, changing the resistance
(e.g., resistance state) of the lithium titanate-containing domain (e.g., by applying an
electrical potential to the resistive switching device) may involve causing at least a
portion of the lithium titanate-containing domain to undergo a phase change. In some
embodiments, applying an electrical potential causes the lithium titanate-containing
domain to undergo a phase segregation. The electric-field induced phase segregation

may result in a portion of the lithium titanate-containing domain being one phase of
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lithium titanate (e.g., Li4TisO12) and another portion of the lithium titanate-containing
domain being a different phase of lithium titanate (e.g., Li7Ti5012). In some cases, an
electric field (e.g., caused by applying the electrical potential) may cause some Li ions to
migrate within the lithium titanate-containing domain (e.g., from 8a positions in a spinel
structure to 16¢ positions in a rock-salt structure), thereby causing a change in resistance
(e.g., resistance state) and a change in a structural phase of at least part of the lithium
titanate-containing domain. In some embodiments, at least 1 volume percent (vol%), at
least 10 vol%, at least 25 vol%, at least 50 vol%, at least 75 vol%, at least 90 vol%, at
least 95 vol%, at least 99 vol%, or up to 100 vol% of the lithium titanate-containing
domain has a different structural phase when the lithium titanate-containing domain has
the first resistance (e.g., in the first resistance state) than when the lithium-titanate-
containing domain has the second resistance (e.g., in the second resistance state). In
some instances in which applying an electric field causes a phase segregation in the
lithium titanate-containing domain such that a portion of the lithium titanate-containing
domain is Li4Tis012 and a portion of the lithium titanate-containing domain is Li7TisO12,
the portion that is Li7TisO12 is part of an electronically conductive filament comprising
Li7Ti5012. Without wishing to be bound by any particular theory, the presence of an
electronically conductive filament in the lithium titanate-domain may contribute to a
change in resistance state of the lithium titanate-containing domain (e.g., a change to a
low resistance state).

The structural phase of the lithium titanate-containing domain may be measured,
for example, using X-ray diffraction and/or Raman vibrational spectroscopy.

In some embodiments, there is a relatively small difference in volume of the
lithium titanate-containing domain when the lithium titanate-containing domain has the
first electrical resistance (e.g., in the first electrical resistance state) compared to when
the lithium titanate has the second electrical resistance (e.g., in the second electrical
resistance state). In certain cases, the volume of the lithium titanate-containing domain
undergoes a change of less than or equal to 2%, less than or equal to 1%, less than or
equal to 0.2%, less than or equal to 0.1%, or less upon changing from having the first
resistance (e.g., being in the first resistance state) to having the second resistance (e.g.,
being in the second resistance state). It should be noted that the percentage changes
described herein are calculated relative to the smaller of the two values. For example,

both a change in volume from 1.01 mm? to 1.00 mm? and a change in volume from
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1.00 mm? to 1.01 mm? are changes of 1%. A low difference in volume of the lithium
titanate-containing domain between the first electrical resistance state and the second
electrical resistance state may occur in instances where changes in electrical resistance
state are due to phase changes in certain portions of the domain from a Li4Ti5012 phase
to a Li7TisO12 phase or vice versa. It is believed that the small interatomic distances
between the 8a sites filled in the LisTi50O12 phase and the 16c¢ sites filled in the Li7TisO12
phase contribute to the small change in volume and consequent low strain upon phase
change. A low strain (e.g., zero-strain) between electrical resistance states can, in some
instances, be beneficial for resistive switching devices for which chemo-mechanical
deformation during switching can be damaging. The volume of the lithium titanate-
containing domain may be calculated, for example, using images taken using scanning
electron microscopy (SEM).

Some methods described herein may further comprise determining an electrical
resistance or conductance of the resistive switching device. In some cases, determining
an electrical resistance or conductance of the resistive switching device (e.g., either
before or after the application of an electrical potential across the resistive switching
device) may be performed in order to determine whether the resistive switching device is
in a High Resistance State or a Low Resistance State. Such a determination may be part
of a computer process (e.g., reading of computer memory or storage utilizing memristors
based on the resistive switching devices described herein).

In some embodiments, the lithium titanate-containing domain has a first side and
a second side. Referring again to FIG. 1A, lithium-containing domain 150 has first side
151 and second side 152. In some embodiments, the first electrode is in contact with the
first side of the lithium titanate-containing domain, and the second electrode is in contact
with the second side of the lithium titanate-containing domain. For example, in FIG. 1A,
first electrode 110 is in contact with first side 151, and second electrode 120 is in contact
with second side 152, in accordance with certain embodiments. Such an arrangement in
which the first electrode is in contact with the first side and the second electrode is in
contact with the second side may be useful in cases in which it is desirable to operate the
resistive switching device in a cross-plane configuration (e.g., in cases where the lithium
titanate-containing domain establishes a plane, and an electric field perpendicular to the

plane causes migration of Li ions in a direction perpendicular to that plane).
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In some embodiments, both the first electrode and the second electrode are in
contact with a same side of the lithium titanate-containing domain. Referring to FIG. 2,
resistive switching device 200 comprises lithium titanate-containing domain 150, first
electrode 110, and second electrode 120, and first electrode 110 and second electrode
120 are on the same side of lithium titanate-containing domain 150. Such an
arrangement in which the first electrode and the second electrode are in contact with the
same side of the lithium titanate-containing domain may be useful in cases in which it is
desirable to operate the resistive switching device in an in-plane configuration (e.g., in
cases where the lithium titanate-containing domain establishes a plane, and an electric
field parallel with the plane causes migration of Li ions within that plane). FIG. 3 shows
an alternate arrangement of the first electrode and the second electrode, in which first
electrode 110 and second electrode 120 of resistive switching device 300 are not in
contact with the same side of lithium titanate-containing domain 150, but where an in-
plane configuration is still employed for the resistive switching device, in accordance
with certain embodiments.

In some embodiments, the resistive switching device further comprises a solid
lithium ion source. Referring to FIG. 4A, in some embodiments, resistive switching
device 400 comprises solid lithium ion source 360. In some embodiments, the resistive
switching device further comprises a solid lithium ion source disposed on a solid lithium-
conducting electrolyte (described below). Referring again to FIG. 4A, in some
embodiments, resistive switching device 400 comprises solid lithium ion source 360
disposed on solid lithium-conducting electrolyte domain 330, which is disposed on
lithium titanate-containing domain 150. In some embodiments, the solid lithium ion
source is or comprises lithium metal and/or a lithium alloy. In some embodiments, the
solid lithium ion source is a Li intercalation compound. For example, in some cases, the
solid lithium ion source is a Li metal oxide. In some cases, the solid lithium ion source
is a Li cobalt oxide (LCO) (e.g., LiCo0O3). In some embodiments, the solid lithium ion
source is a film. For example, in some cases, the solid lithium ion source is a thin film.

In some embodiments, the resistive switching device further comprises a solid
lithium-conducting electrolyte domain between the lithium titanate-containing domain
and the solid lithium ion source. Referring to FIG. 4A, exemplary resistive switching
device 400 comprises solid lithium-conducting electrolyte domain 330 between lithium

titanate-containing domain 150 and solid lithium source 360. In some embodiments, the
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resistive switching device comprises a solid lithium ion source disposed on the solid
lithium-conducting electrolyte. Referring again to FIG. 4A, in some embodiments,
resistive switching device 400 comprises solid lithium ion source 360 disposed on solid
lithium-conducting electrolyte domain 330, which is disposed on lithium titanate-
containing domain 150. The solid lithium-conducting electrolyte domain may comprise
any suitable solid having a relatively high lithium ion conductivity and relatively low
electronic conductivity. In some embodiments, the solid lithium-conducting electrolyte
domain comprises a lithium-containing ceramic. In some cases, the solid lithium-
conducting electrolyte domain comprises a lithium-containing garnet. In some
embodiments, the lithium-conducting electrolyte domain is a garnet that comprises
lithium, lanthanum, zirconium, and oxygen. In some such cases, the lithium-conducting
electrolyte domain comprises a material having a chemical formula of LizLazZrO12. In
some, but not necessarily all cases, it may be useful to use Li;LasZrO12 as a solid lithium-
conducting electrolyte in resistive switching devices instead of other materials such as
lithium phosphorus oxynitride (LIPON), because LizLazZrO12 conducts Li ions up to two
orders of magnitude faster than LIPON, while having a wider electrochemical window.
Some such cases may include nanoelectronic applications. Solid lithium-conducting
electrolytes may, in some cases, be fabricated using the PVD methods described above,
with an appropriate target comprising lithium, lanthanum, zirconium, and oxygen.
Certain methods involving the use of a second PVD target comprising lithium and
nitrogen (e.g., a lithium nitride such as Li3N) may result in the formation a stable thin
film of the highly conductive cubic state of phase of the lithium lanthanum zirconium
oxygen garnet (LLZO) garnet). In some embodiments, the solid lithium-conducting
electrolyte is a film. For example, in some embodiments, the solid lithium-conducting
electrolyte is a thin film.

In some embodiments, the electrical potential applied to the resistive switching
device described above is a first electrical potential across the first electrode set.
Referring to FIG. 4B, in some embodiments, the electrical potential applied to resistive
switching device 400 is first electrical potential V1 applied across a first electrode set
comprising first electrode 110 and second electrode 120. In some cases, the method
further comprises applying a second electrical potential across a second electrode set.
Referring again to FIG. 4B, in some embodiments, a second electrical potential is

applied across a second electrode set comprising solid lithium ion source 360 (or an
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electrode electronically coupled to solid lithium ion source 360) as well as first electrode
110 and/or second electrode 120. Such an arrangement and method may be useful, for
example, in certain cases in which the resistive switching device is a 3-terminal resistive
switching device (e.g., a hybrid memristor-nanobattery device), where the second
electrical potential is a gate voltage. In some embodiments, applying the second
electrical potential across the second electrode set is performed such that Li ions are
intercalated into or deintercalated from the lithium titanate-containing domain. For
example, in FIG. 4B, applying second electrical potential V2 causes Li ions to intercalate
into or deintercalate from lithium titanate-containing domain 150. In certain cases,
applying second electrical potential V2 causes at least a portion of the intercalated or
deintercalated Li ions to cross an interface between the lithium titanate-containing
domain and the solid lithium-conducting electrolyte domain. In FIG. 4B, applying the
second electrical potential causes Li ions to intercalate into lithium titanate-containing
domain 150 by migrating from solid lithium-conducting electrolyte domain 330 across
the interface between lithium titanate-containing domain 150 and solid lithium-
conducting electrolyte domain 330 (e.g., due to the electrical field created by applying
the second electrical potential), in accordance with certain embodiments. Similarly, in
some embodiments, applying the second electrical potential causes Li ions to
deintercalate from lithium titanate-containing domain 150 and migrate across the
interface between lithium titanate-containing domain 150 and solid lithium-conducting
domain 330, in accordance with certain embodiments. In some cases, at least some of
the Li ions intercalated into the lithium titanate-containing domain originate in the solid
lithium ion source (e.g., a layer of lithium metal or metal alloy or a layer of lithium
intercalation compound such as lithium cobalt oxide), and pass from the solid lithium ion
source, through the solid lithium-conducting electrolyte domain, and into the lithium
titanate-containing domain. In such a way, the solid lithium ion source (e.g., lithium
metal, lithium intercalation material such as a Li cobalt oxide) working in tandem with
the solid lithium-conducting electrolyte domain may serve as a “lithium pump” when
used in the “3-terminal” configuration described above and shown in FIG. 4B, in
accordance with certain embodiments. In some cases, the resistive switching device
described herein may be used as a transistor. In some cases, the resistive switching
device described herein may be used as a Li-ion synaptic transistor for analog

computation (LISTA), with improved performance in some cases due to the relatively
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high Li-ion conductivity and low electrochemical window of lithium titanate compared
to similar technologies using conventional materials (e.g., Li cobalt oxides).

It should be understood that some embodiments in which the resistive switching
device comprises a solid lithium-conducting electrolyte domain between the lithium
titanate-containing domain and a solid lithium ion source may have a configuration that
is different than the configuration shown in FIGS. 4A and 4B. In some cases, the
resistive switching device comprises a “buried” solid lithium ion source. For example, in
some cases, the resistive switching device is arranged as shown in FIGS. 4C and 4D.
FIG. 4C depicts exemplary resistive switching device 500, where solid lithium-
conducting electrolyte domain 330 between lithium titanate-containing domain 150 and
solid lithium ion source 360 is positioned underneath lithium titanate-containing domain
150 in the figure, and solid lithium ion source 360 is underneath solid lithium-conducting
electrolyte domain 330 in the figure. FIG. 4D shows an exemplary illustration of a
possible “3-terminal” circuit using exemplary resistive switching device 500.

FIG. 4E shows a cross-sectional schematic diagram of a resistive switching
device according to one embodiment. The resistive switching device in FIG. 4E
comprises a lithium titanate-containing domain comprising LisTisO012. The resistive
switching device further comprises a solid lithium-conducting electrolyte domain
comprising Li7LasZr2O12 disposed on the lithium titanate-containing domain, and a
lithium foil solid lithium ion source disposed on the solid lithium-conducting electrolyte
domain. As mentioned above, in some embodiments a resistive switching device
comprises a first electrode set and a second electrode set. For example, the embodiment
in FIG. 4E comprises a first electrode set comprising write/read lines (e.g., made of
platinum metal) and associated circuitry configured for memristor control, and a second
electrode set comprising a read/write line and the lithium foil and associated circuitry
configured for application of a gate voltage, V. In some instances, application of the
gate voltage can control the lithiation of the lithium titanate-containing domain, as shown
in the illustrative plot on the far right side of FIG. 4E (e.g., due to migration of Li* to and
from the lithium titanate-containing domain and the lithium foil via the Li7LasZr2O12).
Application of the gate voltage may result in changes in resistive switching properties of
the lithium titanate-containing domain. For example, applying the gate voltage may
allow for control of the resistance window and/or symmetry of the lithium titanate-

containing domain, as shown in the illustrative plot on the far left side of FIG. 4E. The
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embodiment shown in FIG. 4E may be fabricated, for example, using physical vapor
deposition techniques such as pulsed laser deposition.

PR INNTS

It should be understood that when a structure is referred to as being “on”, “over”,
“under”, “on top of’, or “underneath”, another structure, these terms are used to indicate
relative positioning of the structures, and that the terms are meant to be used in such a
way that the relative positioning of the structures is independent of the orientation of the
combined structures or the vantage point of an observer. Additionally, it should also be
understood that when a structure is referred to as being “on” or “over” another structure,
it may cover the entire structure, or a portion of the structure. Similarly, it should be
understood that when a structure is referred to as being “under” another structure, it may
be covered by the entire structure, or a portion of the structure.

b INTS

In addition, when a first structure is referred to as being “on,” “over,” or “on top
of”” a second structure, the first structure can be directly on the second structure, or an
intervening structure (e.g., a layer, a gap) also may be present between the first structure
and the second structure. Similarly, when a first structure is “under” or “underneath” a
second structure, the first structure can be directly under the second structure, or an
intervening structure (e.g., a layer, a gap) also may be present between the first structure
and the second structure. A first structure that is “directly on,” “directly under,” or “in
direct contact with” a second structure means that no intervening structure is present
between the first structure and the second structure.

In some embodiments, the intercalation of Li ions into or deintercalation of Li
ions from the lithium titanate-containing domain causes a change in the value of at least
one resistive switching property of the lithium titanate-containing domain. In such a
way, the properties of the resistive switching device may tunable (e.g., by applying the
second electrical potential described above as a gate voltage to tune the resistive
switching properties). In certain, but not necessarily all cases, such an ability to tune the
resistive switching properties of the resistive switching device (e.g., by lithium ion
intercalation/deintercalation) may provide certain advantages. Some such advantages
may include an ability to change functionality of the resistive switching device in an in
situ manner (e.g., from a lower lithiation configuration suitable for multilevel
information storage, where a high non-linear response and high resistance ratio (e.g., up
to six orders of magnitude or more) may be beneficial, to a higher lithiation

configuration suitable for a neuromorphic-like behavior, where a more symmetric
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response, and a lower resistance ratio (e.g., up to two orders of magnitude) may be
beneficial).

Exemplary resistive switching properties include, but are not limited to, the
resistance ratio (described above), symmetry, retention, endurance, sensitivity, switching
speed, and Li ion diffusion rate. Examples of measurements of some such properties are
described in the examples below. In some embodiments, the intercalation of Li ions into
or deintercalation of Li ions from the lithium titanate-containing domain causes a change
of at least 10%, at least 20%, at least 50%, at least 100%, at least 500%, at least 1000%,
and/or up to a 10,000% change (determined relative to the value having the smaller
magnitude) in the value of at least one resistive switching property of the lithium
titanate-containing domain chosen from resistance ratio, symmetry, retention, endurance,
sensitivity, switching speed, and Li ion diffusion rate, compared to the value before the
intercalation of Li ions into or deintercalation of Li ions from the lithium titanate-
containing domain.

U.S. Provisional Application No. 62/809,120, filed February 22, 2019, and
entitled “Resistive Switching Devices Containing Lithium Titanate, and Associated
Systems and Methods,” is incorporated herein by reference in its entirety for all

purposes.

The following examples are intended to illustrate certain embodiments of the

present invention, but do not exemplify the full scope of the invention.

EXAMPLE 1

In this example and in examples below, the resistive switching characteristics of
lithium titanate compounds having of the general formula Lis+3xTis012 having two
distinct Li contents were fabricated and analyzed in order to assess how the lithiation
degree affects the resistive switching characteristics and parameters. Exemplary resistive
switching characteristics and parameters (e.g., resistive switching properties) included,
but were not limited to, accessible resistance window, diffusivity, retention and response
to electrical pulses. Pulsed Laser Deposition (PLD) was chosen as the growth technique
for the design of the Li titanates memristive devices. Lithiation degree was controlled
using two different PLD techniques. It should be understood that employing any

vacuum technique for deposition of Li-based oxide thin films poses the concern of Li-
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loss during deposition, due to the large volatility of Li* under the exposure to high
energy and temperature. Typically, PLD or RF-Sputtering targets require a certain
amount of Li-overlithiation above the stoichiometry prior to any thermal treatments
(usually +10 wt.-% regarding nominal Li-stoichiometry) in order to achieve a proper Li-
transfer onto the thin film. However, because an aim of these examples was to finely
control the final lithiation degree in the thin film, overlithiation of the PLD target was
not a proper strategy, because the density achieved of overlithiated targets usually
remained low (e.g., < 80 %), producing thin films with poor deposition quality.
Additionally, particle ablation from an overlithiated, but too porous, target leads to
pinholes and structural inhomogeneities, which would be detrimental for device
reproducibility and reliability, two important characteristics for the memristive
community. Generally speaking, lithiation degree of thin films is difficult to measure
and quantitatively difficult to access by classical lab equipment, and therefore normally
rarely reported. The strategy employed in this example to overcome the Lithium loss
issue for thin film deposition by PLD involved a sequential deposition of LisN and Li-
based oxide sources. Upon a post annealing step (or for deposition at medium
temperature) LisN decomposed and lithium diffused into the oxide structure, assuring
sufficient overlithiation in the film. In other words, LizN was selected as a source
providing an internal Li-reservoir during annealing to compensate and tune the lithiation
degree in Li-titanates films to study its influence on the memristive properties of the

devices.
Thin Film Fabrication and Characterization

This example describes fabrication of certain memristive device units as non-
limiting examples of resistive switching devices. Memristive device units were
fabricated by employing two different strategies. FIG. SA depicts a schematic
illustration of a memristive device fabricated using the first strategy, which employed a
single target deposition from an overlithiated pulsed laser deposition (PLD) target, the
target having a nominal composition Li7.1TisO12. FIG. 5B depicts a schematic
illustration of a memristive device fabricated using the second strategy, which employed
growing thin film multilayers of repeating layer sequences of LisN and Li7TisO12,
keeping a ratio of 1:2 with respect to the film thickness. The depositions were performed
using a PLD instrument equipped with a KrF excimer laser of 248 nm wavelength. The
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K1F excimer laser was operated at a repetition rate frequency and oxygen partial pressure
of 5 Hz and 0.04 mbar, respectively, when using the Li3N target, and was operated at a
repetition rate frequency and oxygen partial pressure of 10 Hz and 0.013 mbar,
respectively when using the Li7TisO12 target. Both PLD targets were thoroughly
polished prior to transfer into the vacuum chamber of the PLD instrument. For each of
the two different strategies (single target and multilayer), the temperature of the widely-
available Pt-coated (200 nm) Si3N4/Si substrates was kept at S00°C. This process
resulted in the formation of 80 nm-thick films. The fabrication of the memristive device
units further included the deposition of Pt top electrodes by DC-Sputtering (50-500 um

range) through a shadow mask.

The thin film microstructure and crystallinity of the memristive device units were
then assessed. FIG. 5C shows a cross-sectional scanning electron microscopy (SEM)
image of a single target-deposited 200 nm film, with the image showing a dense, flat and
continuous layer, with no evidences of porosity. FIG. 5D shows a cross-sectional SEM
image of a multilayer deposited film. In this case, a dense, flat and continuous layer with
no observable porosity is obtained as well. The phase analysis of the films was
performed by grazing incident X-ray diffraction (XRD) (FIG. SE) and Raman vibrational
spectroscopy (FIG. 5F). Both single target and multilayer films showed a very similar
XRD pattern with no secondary phases, other than the appearance of the Si substrate
(311) reflection around 20=55°. For comparison, FIG. 5E displays reference patterns for
LisTi5012 and Pt as well. The peak match between both films and the references
suggested that no secondary phases were formed due to the Li3N in the multilayer case,

and the targeted lithium titanate phase was successfully formed at 500°C.

To gain further insight into the macroscopic and structural differences between a
single target-deposited film and a multilayer deposited film for the switching devices,
high resolution transmission electron microscopy (HRTEM) was used. FIG. 5G and
FIG. 5H show the HRTEM images and reduced fast Fourier transforms (inset) for the
single target-deposited and multilayer deposited films, respectively. The microscopic
analysis shows in both cases polycrystalline films with comparable average crystallite
size of 18 + 10 nm for the LisTisO12-containing single target-deposited film and 21 + 10
nm for the Li7Tis012-containing multilayer deposited film. In the single target-deposited
film with the lower lithiation, an interplanar spacing in (111) oriented grains of 0.482 nm
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was found (as shown in FIG. 5G). In contrast, for the multilayer deposited film, a the
interplanar distance in (111) oriented grains is slightly enlarged to 0.488 nm (as shown in
FIG. 5SH). The reduced fast Fourier Transform results suggest a rock-salt-like crystal
structure in the Li7Ti5012 phase, combined with slight elongation along the (111)
direction (inset of FIG. SH). This elongation is a strong indication of a successful
deposition at a larger lithium concentration per unit cell and points to the Li7TisO12 phase

for the multilayer deposited film.

Raman vibrational spectroscopy was used in order to further investigate potential
distinguishing characteristics or phases between the films formed by the single target
deposition approach and the multilayer approach. FIG. 5F shows the Raman spectrum of
both thin films together with the powder reference data for pure LisTi5O12 and for the
overlithiated Li7.1TisO12 PLD target. Three main Raman active bands were observed for
pure Li4TisO12 positioned at 671, 421, and 231 cm™!, which are attributed to the
symmetric stretching vibration mode A1, of the Ti-O bond, the asymmetric stretching
mode Eg of the Li-O bond, and the bending vibration mode Fzg of the Ti-O, respectively.
The good match between the LisTisO12 reference powder and the single target deposited
film (from the overlithiated Li7.1TisO12 pellet) confirmed the formation of the spinel
Li4Tis012 phase on top the Pt/Si3N4/Si substrates. In the Raman spectrum of the
multilayer film, peaks corresponding to extra vibrations at = 300 cm™ were observed,
along with a split peak at around 421 cm™, which, without being bound by any particular
theory, are linked to Li vibrations arising from the strong overlithiation of the pellet as
additional Li ions are transferred to the multilayer deposited film, which confirmed the
presence of extra lithium when compared to the single target deposited film. The
excellent match between the spectrum of the multilayer film and the spectrum of the
overlithiated pellet suggested that the initially deposited LisN was fully decomposed, and
that the Li diffused into the initially deposited Li4TisO12 layers during the fabrication
process. This was further supported by the Raman spectra shown in FIG. 51, which
shows the progression of ex-situ annealed multilayer films during an annealing process.
In FIG. 51, the Raman spectrum of the initially deposited Li4TisO12 was observed, which

was then transformed into the close-to-Li7TisO12 phase upon annealing.

The Li-ion transport kinetics of the memristive devices described above were
probed using electrochemical impedance spectroscopy. FIG. 5J depicts the
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electrochemical impedance spectroscopy results for the single target deposited film
(comprising LisTi5012). Due to the near-room temperature conditions, incomplete
semicircles were acquired. A cross-plane measuring configuration was employed using
a top square Pt electrode on top of the LisTisO12 film, with each side of the Pt electrode
having a length of 250 um. Because an accurate measurement of the impedance at room
temperature was not possible due to the low ionic conductivity of the lithium titanate
material (see FIG. 5J), an equivalent circuit model of a resistor in parallel with a
constant-phase element was used to analyze the Arrhenius behavior of the conductivity
for films grown using each strategy (single deposition vs. multilayer), which was in turn
used to estimate the bulk resistance value. Using the cross-plane geometry, the LisTisO12
single target deposited film and Li7TisO12 multi target deposited film were measured to
have an activation energy of 0.39 eV and a room temperature conductivity of S=1x10"3
S/em (see FIG. 5K) for the Li4TisO12 case. An increase of the conductivity was observed
for the multilayer film case. The low activation energy found in this example also agrees
with experimental literature values via low temperature fittings and first principle

calculations of Li-migration

EXAMPLE 2

Resistive Switching Properties

This example describes an analysis of certain resistive switching properties of the
memristive devices fabricated in Example 1. To illustrate the switching behavior of
Pt/Li-titanates/Pt films, classic cyclic voltammetry was performed applying a positive
voltage to the top electrode of the a memristive device unit containing LisTi5012 (single
target film device, FIG. 6A) and Li7Ti5012 (multilayer film device, FIG. 6B) at a sweep
rate of 50 mV/s for 50 cycles. In both cases, the devices initiated in a High Resistance
State (HRS) or “OFF-state” and, upon the application of a positive bias they turned into a
Low Resistance State (LRS) or “ON-state”. Reversing the voltage, i.e., by applying a
negative bias, in both cases caused a transition from the HRS to the LRS. Two
remarkable differences between the delithiated (single target film device) and the
overlithiated (multilayer film device) phases were observed, namely the resistance ratio

(ratio of resistance in HRS/“OFF-state” to resistance in LRS/“ON-state”) and the

7973984.1



10

15

20

25

30

WO 2020/172499 PCT/US2020/019165

27—

symmetry of the current-voltage (I-V) profile. The memristive device containing
LisTisO12 exhibited a resistance ratio of up to 10°, while the memristive device
containing Li7TisO1 exhibited a resistance ratio of up to 10>. While a larger resistance
ratio was obtained in the LisTi5012 case, more symmetric I-V curves were observed in
the Li7TisO12 case. No electroforming step was applied in any case. A second difference
arose when analyzing the kinetic response of both films. By increasing the sweep rate to
500 mV/s (i.e., by one order of magnitude) (see FIG. 6C), the Li4TisO12 device was not
able to respond as fast as the Li7TisO12 device, which showed stable and reproducible

cycling at one order of magnitude higher sweep rate.

To further exemplify the different switching behavior of both systems, pulsing
schemes were used. Train voltage pulses (200 for each polarity) of 500 ms width and
different amplitudes (as indicated in the FIGS. 6D-6E) were applied in pristine Pt/Li-
titanate/Pt memristive units for the LisTisO12 (FIG. 6D) and Li7TisO12 (FIG. 6E) cases.
In the former (FIG. 6D), for every voltage amplitude tested (£3.5V, +4V and #4.5V), the
conductance of the device saturated after few tens of pulses to a given conductance
value, which is voltage dependent. The time to saturate the conductance of the device,
a.k.a., the slope in the conductance-pulse profiles was more pronounced at larger biases
as well. The same trend in FIG. 6D was observed when the negative train pulses were
applied, with the conductance of the device decreasing rapidly to the initial HRS after
100 pulses. A qualitatively different behavior was observed when similar voltage pulse
trains were applied to the Li7TisO12 devices (FIG. 6E). First, saturation was observed
upon the application of 200 positive pulses, even though higher voltages were used.
Second, the negative pulse trains were much more symmetric than in the LisTisO12 case
(shown in FIG. 6D), and a close-to-ideal symmetry could be obtained by adapting the
pulsing scheme. Thus, it was concluded that a more symmetric I-V profile results in a
more symmetric pulse response, which suggested that the different resistive switching
characteristics and system response could be achieved by varying the Li content in the

film during growth.

Once the different switching response for the delithiated Li4TisO12 and the
overlithiated Li7Ti5012 was tested at medium-bias range by cyclic voltammetry and
pulsing schemes, low bias chronoamperometry measurements were performed. FIG. 7A
depicts data from the low bias chronoamperometry measurements. The primary goal of
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such measurements was to extract information about the resistive switching mechanism
and Li-ion drift and diffusion, which are normally not accessible by classic cyclic
voltammetry and pulsing measurements. FIG. 7A displays the current versus time
profiles for Li4TisO12 and Li7TisO12 at different fix bias (+2V, +2.5V and +3V). The
different responses for each film at these low biases for these films were readily apparent
upon inspection of the data in FIG. 7A. The response of the Li7TisO12 memristive device
units was fast, needing only some seconds to transition from a regime where the
switching event was taking place to a second regime where a stable limiting current was
reached at large times. In contrast, the Li4TisO12 response to the same biases was much
slower, and it required a larger bias, i.e., 3V, to reach a similar response to the 2V

current-time profile of the Li7TisO12 bits.

To access some parameters, such as the retention of the different resistive states
and the accessible resistance window of the devices, the relaxation time versus time was
tracked at low bias (250 mV) until the initial HRS was achieved (see FIG. 7B). The
retention of the system is defined as the time at which the current reaches the original
HRS value (FIG. 7C). For both Li contents, the retention depended on the bias used to
generate the LRS, which was more pronounced in the case of the LisTisO1n.
Remarkably, the retention was enhanced by almost a factor of 100, reaching the
milestone of 10° s in the overlithiated Li7TisO12 case. Similar to this, the resistance
values at low bias after at t=0 on the relaxation profiles were extracted to analyze the
accessible resistance window, or in other words, the sensitivity of the devices to change
resistance as a function of the applied bias (FIG. 7D). The resistance window for the
Li4Tis012 spanned over 4 orders of magnitude in the voltage range 2V-4V, while this

same range produced a resistance window of 2 orders of magnitude for Li7TisO12.

In addition, a method using the memristor-based Cottrell equation was used to
analyze the chronoamperometry measurements in order to derive diffusion time
constants. The analysis started with the Cottrell equation:

. nFAc/D;
i = —

where ij represents the diffusion current, # is the number of electrons transferred, F is

Faraday constant, A is the geometric electrode area, ¢ the bulk concentration of the
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diffusive species (in this case, lithium ions), t is the time, and D; chemical diffusion
coefficient. The methodology required that a steady state be achieved over time upon the
application of a given bias, which was the case for all the biases tested for both the
LisTi5012 film and the Li7TisO12 film. The steady state current is usually named limiting

current, and can be defined as
Lairr = im — 1(1) (2)

Equation (1) can be rearranged and combined with the differential transient current data

from the chronoamperometry measurements to arrive at Eq. 3:

D= [(Idiff‘/f)ﬁ :

nFAc ()

where the time, 1, is a material-dependent time constant defined as the time at which [ Vvt
has a maximum with respect to the bias applied. In other words, 1 is the time that the
system requires to redistribute the charge carriers (lithium cations, in this case) to a new
equilibrium LRS. To exemplify the methodology, data from FIG. 7E was analyzed using
the above procedure to obtain the time constant t for each bias and for each Li-content.
The results of the whole analysis (FIG. 7F) evinced a bias-dependent diffusion of the
mobile species in the films, which was more pronounced in the case of the delithiated
LisTis012 case. Comparing the absolute values of the time constants for both cases, Li
cations diffused a factor of ~5-6 faster in the overlithiated Li7TisO12 than in the

LisTis5013.

The abovementioned methodology also allowed for an estimate of diffusion

coefficients, provided precise values of the bulk concentration of the diffusive species.

EXAMPLE 3

Resistive Switching Mechanism

The results of Examples 1 and 2 demonstrate a significant change in the resistive
switching (e.g., memristive) properties linked to the Li-ion migration for both lithiation
degrees in Pt/Li-titanates/Pt memristive units, which were initially defined by the

processing conditions (single target strategy vs. multilayer strategy). Given the
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knowledge generated by the battery community, but without being bound by any
particular theory, it is feasible that the distinctive transport properties found in the
memristive systems of Examples 1 and 2 arose from a different arrangement of Li-ions
within the film. While the delithiated Li4TisO12 film crystallized in a spinel structure,
where Li-ions are distributed in 8a positions, the overlithiated Li7TisO12 possessed a
rock-salt structure, with the Li-ions populating mainly 16¢ positions. This difference in
the Li-ions positions within the structure could explain the switching characteristics of
both of the cases reported in Examples 1 and 2. In general, a large increase in electronic
conductivity occurs upon Li intercalation, which is consistent with the resistive

switching properties observed the memristive device units of Examples 1 and 2.

FIG. 7G shows a plot of in-operando Raman vibrational spectroscopy of a lithium
titanate memristive device unit tracking the normalized frequency shift in the Ay
titanium-oxygen (Ti-O) Raman mode upon applied electrical potential over time. The
methodology of FIG. 7H allowed for the probing of the lithium occupancy of the
tetrahedral 8a and 16¢ octahedral structural sites, which indicate local changes of
electronic states, and thus indicate metal-insulator transitions. By applying an electrical
potential of +4 V to a Li4TisO12 memristive device unit over time, the A1z mode
decreased continuously in time from 676 to 673 + 0.5 cm™!, implying a partial reduction
of the original Ti** to Ti**. However, when the electrical potential of +4 V was applied
to a Li7TisO12 memristive device unit over time, the opposite trend was observed, where
the A1, band changed from 665 to 669 cm™!, implying the partial oxidation of the reduced

Ti3* to Ti*.

Without being bound by any particular theory, the observed resistive switching
properties in Examples 1 and 2 may be explained via analogy between an
electrochemical cell where Li is externally intercalated and the devices of Examples 1
and 2. In an electrochemical cell employing a delithiated Li4TisO12 system, Li-ions may
start to be inserted electrochemically. As lithium is being intercalated, Li* ions in the 8a
positions start to migrate from 8a positions to 16¢ positions, increasing the electronic
conductivity of the system by creating a percolative network of highly conducting paths.
In that scenario, Li de-intercalation produces the reverse effect, i.e., Li* ions will migrate
from 16¢ positions to 8a positions with a consequent decrease in electronic conductivity.
In the case of the resistive switching devices described herein, the high electric field
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applied in the nanometric size films might play a similar role to the external Li insertion,
causing the migration from 8a to 16¢ positions and generating a similar percolative
homogenously distributed network that increases the electronic conductivity, as found
experimentally (see FIGS. 6A, 6B, 6D, 6E and FIGS. 7A, 7C-D, and 7F). FIG. TH
depicts the area-dependency of a LisTisO12 memristive device unit in both its high
resistance state and its low resistance state. Analysis of the area-dependence, which
shows increasing resistance as the device area is increased, can be used for further
mechanistic insight. Specifically, the area-dependence shown in FIG. 7H supports a
conclusion that the resistive switching behavior at least in this instance is not due to
classical metal filament formation (as in the case of Ag®* and Cu®* resistive switching
devices). Instead, the area-dependence in FIG. 7H supports a phase-separation
mechanism between LisTi5012 and Li7TisO12 in the shape of filaments, at least in this

example.

EXAMPLE 4

Perspectives and Challenges for Li-ion memristors

A significant main challenge ahead for resistive switching (e.g., memristive)
devices relying on Li-ion migration is to achieve the maturity level achieved in their O*

and Ag*/Cu* counterparts.

This example provides a rough summary of the main properties reported so far
for Li-based resistive switching devices. FIGS. 8 A-8H give a quick and fast overview of

the Li-based materials and their performance metrics that have been reported so far:

-Electroforming (FIG. 8A): A lack of electroforming is one of the main advantages of
some Li-based memristive systems when compared to traditional memristors.
Electroforming is one of the major sources of device-to-device variations, which has
slowed the widespread commercial use of memristors. This fact serves as a strong point
for Li-based memristors. FIG. 8A shows that the Li-titanate based resistive switching

devices of Examples 1 and 2 do not show electroforming.

-Write voltage (F1G. 8B): Low voltage operation is important for achieving low-power

consumption devices, especially towards neuromorphic computing applications, which
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would require large parallelization of the operations. FIG. 8B shows that the Li-titanate
based resistive switching devices of Examples 1 and 2 show a relatively small resistance

windows.

-Resistance window (FIG. 8C): FIG. 8C shows that the Li-titanate based resistive

switching devices of Examples 1 and 2 show a large resistance window.

-Switching kinetics (FIG. 8D): FIG. 8D shows that the Li-titanate based resistive
switching devices of Examples 1 and 2 show similar switching kinetics on the order of

microseconds to milliseconds.

-Pulsing symmetry (FIG. 8E): A high symmetry could be an important functionality
towards the implementation of advanced neuromorphic computing architectures. FIG.
8E shows that the Li-titanate based resistive switching devices of Examples 1 and 2
display different degrees of symmetry, and that the Li7TisO12 memristive device unit

shows a high degree of symmetry.

- Retention (FIG. 8F): While retention might be expected to be one of the weak points of
this technology due to the lower activation barriers of Li-migration when compared to
oxygen-based memristive devices, the Li7TisO12 memristive device unit shows a large
value of over 24 hours (~10°s) . This value is already in line with other cation-based
switches and could potentially be improved by further device engineering and

fundamental understanding of the switching mechanism.

- Endurance (FIG. 8G): The Li-titanate resistive switching devices of Examples 1 and 2
shown an endurance of 50-100 cycles, and it is not expected that the endurance will be

the limiting factor on this technology.

- Processing tunability (FIG. 8H): The results of Examples 1-3 suggest an ability to tune
the performance of the resistive switching devices upon controlling the lithiation degree
in the films. Tuning the lithiation degree of resistive switching devices could become an
extra “knob” to further tune and control the resistive switching (e.g., memristive)
properties of Li-based devices. FIG. 8H shows that the Li-titanate based resistive

switching devices of Examples 1 and 2 display processing tunability.
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EXAMPLE 5

This Example describes the fabrication and characterization of an exemplary
resistive switching device comprising a lithium titanate-containing domain, a solid
lithium ion source, and a solid lithium-conducting electrolyte domain between the
lithium titanate-containing domain and the solid lithium ion source.

As illustrated schematically in FIG. 9A, the resistive switching device was
fabricated by Pulsed Laser Decomposition (PLD). First, a layer of LiCoO2 (LCO)was
deposited on top a substrate. The Li concentration in the LiCoOz layer was controlled by
depositing alternative layers of LiCoO:2 and LisN (LN) by PLD on to a magnesium oxide
(MgO) substrate and a subsequent post-annealing step. In the alternating layer
technique, the layers were deposited at 300 °C and then post-annealed at 660°C for 15
min. Afterwards, an Al-LizLa3Zr2012 (LLZO) layer was deposited in a similar fashion
by depositing alternative layers of LLZO and LisN and subsequent post-annealing at the
same temperature and times. Finally, a Li4Ti5012 (LTO) layer was deposited on top of
the LCO/LLZO stack. FIG. 9B shows electron microscopy images of the resulting layers
using SE and BSE detection). Final device microfabrication was performed through
standard optical lithography, where Pt electrodes were deposited on top of the LTO
layer. The in-plane distance between the electrodes on the LTO layer ranged from 500
nm to 5 um. An additionally third electrode can be deposited in between the two in-
plane electrodes. In general, this third electrode could serve as gate electrode to control
the lithiation degree in the Lis+3xTis012 layer by inserting or extraction Li ions from/to
the LCO layer through the LLZO. FIG. 9C shows Raman vibrational spectroscopy (left)
and an optical microscope image (right) of the resulting resistive switching device
(LISTA 2.0) as well as Raman spectra of the individual components as references. An
analysis of the Raman spectrum of the resistive switching device indicated contributions
to the spectra from all three layers (the LCO layer, the LLZO layer, and the LTO layer),
with the LCO peaks being most significant. Raman spectroscopy data acquired at
different sites along a lateral dimension of the device indicated identical phases at the
edges and at the center of the film. Grazing angle XRD data acquired for the resistive
switching device agreed with the Raman spectroscopy data, showing the presence of all
three layers, with the LCO peaks being the strongest in the XRD measurements.

In-plane measurements can be made between the two in-plane electrodes on top

of the LTO layer serving as 2-Terminal memristive units. In-plane resistive switching
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can be measured in such a configuration by applying an electric bias in the range 1-100
V and measuring the generated hysteresis loops in the current, similar to the cross-plane

2-Terminal devices.

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results and/or
one or more of the advantages described herein, and each of such variations and/or
modifications is deemed to be within the scope of the present invention. More generally,
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the teachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced otherwise than as specifically
described and claimed. The present invention is directed to each individual feature,
system, article, material, and/or method described herein. In addition, any combination
of two or more such features, systems, articles, materials, and/or methods, if such
features, systems, articles, materials, and/or methods are not mutually inconsistent, is
included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases. Other
elements may optionally be present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those elements specifically identified
unless clearly indicated to the contrary. Thus, as a non-limiting example, a reference to

“A and/or B,” when used in conjunction with open-ended language such as “comprising”
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can refer, in one embodiment, to A without B (optionally including elements other than
B); in another embodiment, to B without A (optionally including elements other than A);
in yet another embodiment, to both A and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood
to have the same meaning as “and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion
of at least one, but also including more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or list of elements. In general,
the term “or” as used herein shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but not both™) when preceded by terms of exclusivity, such as

EEINT3

“either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when
used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other
elements); etc.

In the claims, as well as in the specification above, all transitional phrases such as

9 el

“comprising,” “including,

b INTS EEINT3 99 <l

carrying,” “having,” “containing,” “involving,” “holding,”

and the like are to be understood to be open-ended, i.e., to mean including but not limited
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to. Only the transitional phrases “consisting of”” and “consisting essentially of”” shall be
closed or semi-closed transitional phrases, respectively, as set forth in the United States

Patent Office Manual of Patent Examining Procedures, Section 2111.03.
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What is claimed is:
1. A resistive switching device, comprising:

a lithium titanate-containing domain;
a first electrode in contact with the lithium titanate-containing domain; and

a second electrode in contact with the lithium titanate-containing domain.

2. The resistive switching device of claim 1, wherein the first electrode and the

second electrode are electronically coupled to each other.

3. The resistive switching device of any one of claims 1-2, wherein the first
electrode and the second electrode are electronically coupled to each other even in the

absence of an external electrical circuit coupled to the resistive switching device.

4. The resistive switching device of any one of claims 1-3, wherein the lithium
titanate-containing domain has a first side and a second side, the first electrode is in

contact with the first side, and the second electrode is in contact with the second side.

5. The resistive switching device of any one of claims 1-4, wherein the first
electrode and the second electrode are each in direct contact with the lithium titanate-

containing domain.

6. The resistive switching device of any one of claims 1-3 and 5, wherein both the
first electrode and the second electrode are in contact with a same side of the lithium

titanate-containing domain.

7. The resistive switching device of any one of claims 1-3 and 5-6, further
comprising a solid lithium ion source and a solid lithium-conducting electrolyte domain

between the lithium titanate-containing domain and the solid lithium ion source.

8. The resistive switching device of any one of claims 1-7, wherein the lithium

titanate-containing domain has a first electrical resistance state and a second electrical
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resistance state, and at least a portion of the lithium titanate-containing domain has a
different structural phase in the first electrical resistance state than in the second

electrical resistance state.

9. The resistive switching device of any one of claims 1-8, wherein the lithium
titanate-containing domain has a first electrical resistance state and a second electrical
resistance state, and the volume of the lithium titanate-containing domain undergoes a
change of less than or equal to 2% upon changing from the first electrical resistance state
to the second electrical resistance state or from the second electrical resistance state to

the first electrical resistance state.

10. The resistive switching device of any one of claims 1-9, wherein lithium titanate
is present in the lithium titanate-containing domain in an amount of greater than or equal

to 60 wt%.

11. The resistive switching device of any one of claims 1-9, wherein the lithium-

titanate-containing domain comprises Li4TisO12, Li7Ti5s012, or a combination thereof.

12. A method, comprising:
applying an electrical potential to a resistive switching device comprising a

lithium titanate-containing domain.

13. The method of claim 12, further comprising reducing the magnitude of the
applied electrical potential, wherein:

the lithium titanate-containing domain has a first electrical resistance prior to the
applying the electrical potential, and

the lithium titanate-containing domain has a second electrical resistance that is
different from the first electrical resistance after the reducing of the magnitude of the

applied electrical potential is stopped.

14. The method of claim 13, wherein the ratio of the first electrical resistance to the
second electrical resistance or the ratio of the second electrical resistance to the first

electrical resistance greater than or equal to 5 and less than or equal to 10’
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15. The method of any one of claims 12-14, further comprising determining an

electrical resistance or conductance of the resistive-switching device.

16. The method of any one of claims 12-15, wherein the electrical potential is a first
electrical potential across a first electrode set, and the method further comprises applying
a second electrical potential across a second electrode set, such that Li ions are
intercalated into or deintercalated from the lithium titanate-containing domain, wherein
the resistive switching device comprises:

a solid lithium ion source; and

a solid lithium-conducting electrolyte domain between the lithium titanate-
containing domain and the solid lithium ion source,

wherein the applying the second electrical potential causes at least a portion of
the intercalated or deintercalated Li ions to cross an interface between the lithium

titanate-containing domain and the solid lithium-conducting electrolyte domain.

17. The method of claim 16, wherein the intercalation of Li ions into or
deintercalation of Li ions from the lithium titanate-containing domain causes a change of
at least 10% in the value of at least one resistive switching property of the lithium
titanate-containing domain chosen from resistance ratio, symmetry, retention, endurance,
sensitivity, switching speed, and Li ion diffusion rate, compared to the value before the
intercalation of Li ions into or deintercalation of Li ions from the lithium titanate-

containing domain.

18. The method of any one of claims 13-17, wherein at least a portion of the lithium
titanate-containing domain has a different structural phase when the lithium titanate-
containing domain has the first electrical resistance than when the lithium titanate-

containing domain has the second electrical resistance.

19. The method of any one of claims 13-18, wherein the volume of the lithium
titanate-containing domain undergoes a change of less than or equal to 2% upon

changing from having the first electrical resistance to having the second electrical

7973984.1
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resistance state or from having the second electrical resistance to having the first

electrical resistance.

20. The method of any one of claims 12-19, wherein the applying the electrical
potential causes the lithium titanate-containing domain to undergo a phase segregation
such that a portion of the lithium titanate-containing domain is Li4Ti5012 and a portion of

the lithium titanate-containing domain is Li7TisO12.

21. The method of claim 20, wherein the portion that is Li;TisO12 is part of an

electronically conductive filament comprising Li7TisO12.

22. The method of any one of claims 12-21, wherein the resistive switching device is

the resistive switching device of any one of claims 1-11.
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