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A brief overview of anodic memristors:
fundamentals, classification and properties

Elena Atanasova,® Andreas Greul,® Achim Walter Hassel, {2 2° Andrea Zaffora, ()¢
Monica Santamaria {2 ¢ and Andrei lonut Mardare () 2

Memristors have emerged as a promising technology for next-generation memory and neuromorphic
computing due to their ability to mimic synaptic behavior and retain previous resistance states, while showing
potential as future energy-efficient devices. Various materials have been investigated for resistive switching
applications, including valve metals, Hf, Nb, Ta, Ti, etc., which stand out due to their ability to form stable oxide
layers with tuneable oxide growth and ability for controlled defect engineering. These properties are crucial for
obtaining reliability and scalability in memristive devices. A significant advantage of anodic memristor
fabrication in comparison to other methods is the anodization process. It is a simple, cost-effective
electrochemical method, which can ensure precise control over the oxide thickness, composition, and intrinsic
defect structuring. By adjusting anodization parameters, it is possible to influence oxygen vacancy distribution
and interfacial properties, thus enhancing resistive switching capabilities such as formation voltage, switching
voltage, endurance, and retention. This review provides a detailed evaluation of memristive devices based on
anodic oxides, from their fabrication, resistive switching mechanisms, and defect structuring to applications in
memory and neuromorphic computing. Furthermore, a comparison of various valve metals and their alloys is
presented, identifying their individual advantages and limitations in memristive performance.
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anodic memristors, with particular emphasis on memristive sensors
and their applications in fields such as neuromorphic computing and

advanced medical materials.
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1. Introduction

Memristors, also known as memory resistors, have become one
of the most important advancements in non-volatile memory
technologies. Memristors were first predicted in 1971 by Leon
Chua, as the missing fourth fundamental passive circuit ele-
ment, along with resistors, capacitors, and inductors." Memris-
tors can store information based on their resistive states,
offering memory and logic in a single device. Their resistance
can be regulated by the history of applied voltage or current.
This concept remained mostly theoretical until 2008, when
Strukov et al. at HP Labs reported resistive switching in
nanoscale TiO, crossbar arrays inspiring modern research on
the topic. Since then, over the last two decades, memristor
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development has gained significant interest, due to their
potential applications in fields such as neuromorphic
computing,® artificial intelligence,* and data storage.’ Within
this broad field, anodic memristors are relevantly new devices,
whose oxides are grown by electrochemical anodization of a
valve metal, rather than by using vacuum techniques, such as
sputtering and atomic layer deposition (ALD). One of the first
anodic memristors was reported in 2010 by Miller et al., whose
devices showed bipolar memristive switching in thin TiO,.°
Building on these studies, many research groups have since
explored anodization parameters in order to optimize anodic
memristive devices and materials. This is done by varying the
oxide thickness, electrolyte composition, applied voltage, time,
and temperature to tune switching voltages, ON/OFF ratios,
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endurance, and device-to-device variability. These efforts have
jointly proven anodic oxidation as a versatile method for
fabrication of memristive devices and provided an alternative
route toward simplified fabrication. More recently, combina-
torial studies on valve metal alloys have enabled systematic
screening of memristive behaviour in the corresponding mixed
anodic oxides, allowing for a fast route to map the composition
to property relationships and further identify promising mate-
rial systems.”

The foundation of memristors lies in the metal-insulator-
metal (MIM) structure, which consists of a thin insulating layer
of an oxide, active from the memristive point of view, sand-
wiched between two metal electrodes.® This configuration
allows the devices to display resistive switching behavior via
changes in the resistance across the oxide layer by application
of an external voltage.® The electric field enables oxygen vacan-
cies or metal ions to migrate within the oxide layer, causing
localized changes in the material’s conductivity. The ion migra-
tion is reversible and therefore opens the possibility of switch-
ing between a low resistance state (LRS) and a high resistance
state (HRS).® In binary logic, the HRS represents level “0” or the
OFF state, while the LRS describes the “1” or ON state.”
Several different fabrication pathways for memristive devices
are actively being researched. Here, different approaches lead
to significantly different switching mechanisms and overall
behaviour. Understanding and being able to influence these
parameters are the key to improved device performance.
Most methods are based on physical or chemical vapor
deposition methods, where the metal oxide is deposited
directly or through reactive deposition methods. The so-
formed layers are then either stacked, as, for example, in
bilayer devices, or chemically altered after the fabrication in
order to improve their performance.'®'" Examples for these
can be structural changes, like from an amorphous to a
crystalline phase or the change of the underlying substrate.
Another possibility is the introduction of defects in order to
alter the memristor behaviour.'>'* Amidst these classes of
memristors, anodic memristors have drawn attention due to
their simple structure, easy fabrication, robustness, and
scalability.’**®

In the process, thin films of valve metals, such as Hf,'®
Nb,"”"* Ta,>>*! and Ti,**>* are deposited on a substrate and
then anodized to form an oxide layer.'> The valve metal oxide
then acts as an active insulating layer in the MIM structure."®
The properties of the anodic oxide, such as its thickness,
composition, and defect concentration, can be closely
controlled via the adjustment of process parameters such
as applied voltage,> anodization time,'”” and electrolyte
composition."® It additionally allows the precise control of
defects such as oxygen vacancies, which play a critical role in
the switching mechanism of memristors, therefore allowing
fine-tuning of the electrical properties of the devices, such as
switching voltage and retention.>>*® Furthermore, during the
anodization, it is possible to incorporate additional dopants,
intrinsic defects, and multilayered structures, expanding their
range of applications."®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the present work, a concise overview of anodic memris-
tors is given. General concepts detailing the memristive struc-
ture and resistive switching characteristics are reviewed and
particularities of anodic oxides are emphasised. Filamentary,
interfacial and hybrid resistive switching types are described
and the relevance of the electrochemical nature of the active
anodic oxide film is related to the device performance. The
possibility of intrinsic defect engineering provided by the
electrochemical route of oxide fabrication is evaluated and its
influence on the memristive behaviour in terms of stability,
reliability and reproducibility is discussed. A large number of
alloys providing functional anodic memristors upon anodiza-
tion is shown from data available from high throughput
combinatorial studies. Finally, an overlook of the main
potential application categories such as memories, neuro-
morphic computing and sensors is provided for understanding
the currently underestimated relevance of the electrochemical
anodization as a tool for memristive device fabrication.

2. Fabrication and operation principles
of anodic memristors
2.1 Metal-insulator-metal structure for anodic memristors

A simple MIM structure is essential for many electronic devices,
including resistive random-access memories (ReRAM) and
memristors in general. The configuration consists of a thin
insulating/dielectric active layer sandwiched between two
metallic electrodes, usually referred to as the top electrode
(TE) and the bottom electrode (BE) due to their most common
vertical stacking. A general representation of the MIM archi-
tecture in the case of anodic memristors is shown in Fig. 1.°
This structure is relevant for resistive switching devices,
since the changes in resistance that occur in the active layer
(AL) are responsible for their memory effects. Simple yet
effective, the MIM structure is used for fabrication of nanoscale
resistive switching devices, as the switching is based on
changes in the conductive properties of the active layer.® An
electrical field is applied between the TE and the BE across the
insulator, allowing the device to switch from the ON to OFF
resistive state. The MIM architecture allows for scalability and
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Fig. 1 General metal-insulator—metal structure (adapted from ref. 9).
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high-density memory structures.”” The correct choice of TE and
BE is vital for a functioning memristor.® Apart from applying
the electric field, the role of the TE is to initiate and control the
resistive switching (RS). In general, metals such as Pt, Ag, and
Au are typically used as they are chemically stable, resistant to
oxidation, and excellent electrical conductors.*®*° The most
common choice for a TE is Pt, due to its inertness and
convenient Schottky barrier height when in contact with most
anodic oxides. It does not react with the AL during operation,
ensuring stable switching behaviour following a large number
of switching cycles (10°-10°). Similar to the TE, the BE must
have good electrical conductivity in order to be able to readily
transport charges through the insulating/active layer.

In the case of anodic memristors, common valve metals (Al,
Hf, Nb, Ta, Ti, W, and Zr) are used as the BE.'® These metals are
known to form stable oxides through anodization,*® which are
further employed as the active layers of the MIM structures.*
The good electrical conductivity of valve metals, along with
their ability to form oxides capable of maintaining resistive
switching while exhibiting outstanding dielectric properties,
makes them ideally suited for use as BEs.*® From the fabrica-
tion point of view, an anodic memristor is a MIM structure
where the active oxide layer is not deposited using conventional
thin film deposition techniques but is rather grown from the
BE parent metal/alloy. In Fig. 2(a), the steps involved in
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fabrication of anodic memristors (MIM devices)
presented.’” Following its deposition, the parent metal BE is
anodized in an electrochemical cell containing a chosen aqu-
eous electrolyte as the source of O*~ ions necessary for oxida-
tion. Anodization is typically performed with a three-electrode
setup, where the parent metal is used as the working electrode
(WE), in combination with an inert counter electrode (CE) and a
reference electrode (RE). Similar to any other memristive
device, a patterning process (shadow masking, lithography,
etc.) is involved in obtaining the Pt TEs. To further emphasize
the relevance and simplicity of anodization among other routes
for fabricating the AL in MIM devices, a comparison with three
other commonly used alternatives is shown in Fig. 2 and
Table 1. Fig. 2(b) shows the traditional steps used in the sol-
gel route. There, a metal-organic or salt precursor solution is
deposited, typically by spin-coating or dip-coating, after which
it is converted into an oxide film by drying and thermal
annealing. The sol-gel approach is also an attractive alterna-
tive, as it requires only very simple equipment and inexpensive
precursors to cover large or even flexible substrates.*”
as summarized in Table 1, sol-gel ALs often suffer from higher
roughness, cracking and pinholes. As a result, the final micro-
structure and stoichiometry are sensitive to solution chemistry
and annealing, which can lead to larger device-to-device varia-
bility. Fig. 2(c) schematically shows the ALD route for AL
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Table 1 Comparison of fabrication routes used to obtain the AL in memristive devices

AL

fabrication AL materials Costs Fabrication complexity Time and throughput Film quality and uniformity Ref.

Anodization Limited: Very low: electrolyte, Very simple: basic elec-
mainly applic- potentiostat, elec-  trochemical knowledge

able for valve trodes needed needed
metals

Sol-gel Wide variety: Low: spin-coater, = Medium: chemically
binary and hotplate/furnace, ~ complex, mechanically
complex precursors needed simple
oxides

Sputtering Wide variety: Medium: vacuum  Medium: vacuum sys-
binary and system, targets and tem handling and opti-
complex oxi- wafers needed mization needed
des, per-
ovskites, etc.

ALD Wide variety: High: very expensive Medium to high: pre-

binary and reactors and pre-  cursor handling, tem-
complex cursors; slow cycles perature windows, and
oxides increase per-wafer nucleation layers add

cost complexity
fabrication. In this case, the AL is grown by alternating, self-
limiting surface reactions, allowing atomic-level thickness con-
trol and excellent conformality even in high-aspect-ratio struc-
tures. This approach yields very uniform, compositionally well-
defined switching layers and is very beneficial for 3D integra-
tion and precise vacancy/interface engineering. However, most
ALD tools and precursors are expensive, the growth rates are
relatively low, and process integration can be more
complex.?** For these reasons the overall cost per device is
higher than that for the other mentioned routes. Fig. 2(d)
depicts the sputtering route, where the insulating oxide is
deposited in a vacuum chamber by physical sputtering from a
ceramic or metallic target. Magnetron sputtering is commonly
used in microfabrication lines, as it offers reasonable through-
put and can be combined with standard lithography and
etching, making it a very practical choice for CMOS-
compatible ReRAMs. On the downside, the step coverage is
poorer than that in ALD, as it produces very thin layers. Sub-
nanometre thickness control can then become more challen-
ging, and uniformity in complex 3D geometries is limited by
the line-of-sight nature of the process when no reactive condi-
tions are provided.’>>® In contrast, anodization relies on a
simple electrochemical oxidation step carried out in a liquid
electrolyte, using inexpensive equipment and operating at or
near room temperature. It naturally produces well-defined
metal/oxide interfaces and can yield highly uniform films over
large areas with any degree of complex 3D geometries with
minimal process complexity.>® Overall, the comparison in Fig. 2
and Table 1 underlines that anodization is the simplest and
most affordable of the four routes for forming the active
insulating layer, while still offering competitive film quality
and device performance, especially when compatible valve-
metal systems are involved.

2.2. Resistive switching characteristics

Generally, memristive devices exhibit two main types of switch-
ing behavior: either unipolar or bipolar switching between a

© 2025 The Author(s). Published by the Royal Society of Chemistry

High: thickness control via U, t, 39
and electrolyte selection. Uni-

formity can also be controlled

via conditions and electrolytes
Medium: deposition is fast, Low: can cover large areas; but 40-42
bottleneck is drying and high- more prone to thickness varia-

T annealing, as well as mul- tions, cracking/peeling, pin-

tiple coatings for thicker holes vs vacuum films and

Very fast: oxide growth can
occur in tens of nm s~ and
parallel on large areas

films anodization
Fast: deposition rates at nm Medium: good thickness and ~ 35-38
min " composition uniformity on flat and 43

wafers; but line-of-sight poor

step coverage in deep 3D

structures

High: atomic-scale thickness 33, 34
control, excellent conformality and 44
in high-aspect-ratio features,

very uniform between devices

Slow: 0.5-1 A per cycle; hun-
dreds of cycles for 5-10 nm
thickness and long process
times, especially for high
volumes

HRS and a LRS. In most cases, a forming process is first
employed by applying an electric field under certain current
limitations for obtaining a stable device before the actual
memristive operation. Switching to an ON state (LRS) is known
as the SET process. This process requires higher voltages than
the RESET process, which returns the device to the OFF state
(HRS). In contrast, the RESET process demands a higher
current than the SET process. Unipolar switching refers to a
switching between the HRS and the LRS, where the polarity of
the voltage itself is irrelevant. In this case, only the magnitude
is significant for the switching process, which occurs in a single
I-V quadrant. In contrast, bipolar switching is defined by
having voltages of opposite polarity for the SET and RESET
processes. The current-voltage characteristics of unipolar and
bipolar memristors can be seen in Fig. 3(a) and (b), respectively.
For both switching modes, the switching is induced by elec-
trical stimulation.'® Key factors influencing the process are
Joule heating and the applied electric field. The former is more
common for unipolar devices, while the latter is attributed to
bipolar switching devices as they are primarily driven by
electric-field-induced redox reactions.”®

While unipolar and bipolar switching are typically treated as
distinct resistive switching mechanisms, certain memristive
devices exhibit a hybrid behavior. This phenomenon is known
as mixed switching and involves the coexistence or transition
between unipolar and bipolar switching characteristics under
different operational conditions, as for Nb,O;.*® For instance,
the set current compliance (CC) can significantly affect the type
of resistive switching. Altering the CC during device operation
can cause a transition between unipolar and bipolar switching.
At lower CCs, the device may predominantly exhibit bipolar
switching, characterized by the polarity-dependent formation
and rupture of conductive filaments. Unipolar switching may
become dominant at higher CCs, likely due to thermal effects
facilitating filament dissolution independent of polarity.'®*%*”

When the memristor is grown anodically from its parent
metal (or alloy), the hybrid switching behaviour may also be

Mater. Adv.
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related to the electrolyte used for anodization. Generally, in any
electrochemical anodization process, a finite (usually negligi-
ble) amount of electrolyte species may be trapped inside
the growing oxide due to the high field-induced ionic move-
ment necessary for the actual formation of new oxide. If most
applications of anodic oxides tend to neglect this incorpora-
tion, this is not always the case of anodic memristors.'®*!
Common electrolyte species such as those containing C, Na,
P, B, etc., may form regions preferentially used for the reversible
formation of filaments (for bipolar switching) or regions
with enhanced Joule effects (for unipolar switching). An exam-
ple of hybrid switching is found in HfO,-based anodic memris-
tors, where a balance of oxygen vacancy dynamics and Joule
heating determines the mode of operation. Such hybrid devices

allow multi-functional and multi-level switching, enabling
applications in reconfigurable circuits and neuromorphic
computing.'®

Following the idea of atomic scale modification of a mem-
ristive oxide for improved properties, the concept of a compo-
site anodic memristor was recently introduced and refers to
active anodic oxides that consist of amorphous/crystalline
oxide mixtures and/or a combination of different oxide che-
mistries. A very good example of anodic composite memristor
is found when anodizing Hf/Ta superimposed films. In Fig. 4,
such a situation is presented with atomic resolution and an
amorphous Ta,Os column may be observed as surrounded
by crystalline HfO,. The memristive behaviour of such a com-
posite structure obtained exclusively by anodization showed

Fig. 4 Composite Hf/Ta oxides of anodic memristors grown (a) in citrate buffer and (b) in phosphate buffer together with the correspondent elemental
energy-dispersive X-ray spectroscopy maps. The approximate position of the amorphous Ta,Os nanocolumns surrounded by the polycrystalline HfO,

matrix is highlighted with dotted lines.*®
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improved properties when compared to classic memristors,
especially in terms of very high HRS/LRS ratios and switching
cycles. Moreover, unipolar or bipolar switching was reproduci-
bly demonstrated by the appropriate selection of current
limitation.*”*® In devices with composite or mixed-oxide layers
(e.g., HfO,/Ta,05), regions within the oxide matrix can favour
one switching mechanism over the other. The relative contribu-
tion of these regions to the overall switching behavior can shift
based on external factors, such as the applied voltage or current
level.*®

During the SET process, the memristor transitions from the
HRS to the LRS through the application of voltage, which
typically causes the formation of conductive filaments in tradi-
tional memristors. In valve metal oxide memristors, this can
occur due to the movement of oxygen vacancies, which create
conductive pathways and increase the material’s conductivity.
The SET process enables the storage of information by physi-
cally altering the device. On the other hand, the RESET process
reverses this by transitioning the device from the LRS back to
the HRS, effectively erasing the stored information. This hap-
pens when an opposite-polarity voltage causes the oxygen
vacancies to disperse, increasing the resistance.***°

The HRS and LRS can represent binary data, with the HRS
corresponding to “0” showing no formation of filaments and
the LRS corresponding to “1”,>° with a conductive filament or
a lowered Schottky barrier.” A greater difference in resistance
between these two states improves the device’s data storage
capacity and ensures a clearer distinction between the different
states. If a memristor can maintain stable resistance states
without power, it is classified as non-volatile, whereas volatile
memristors lose their stored states without a continuous elec-
tric field. In the case of volatile devices, the resistance state
returns from the LRS to the HRS once the electrical bias is
removed, usually within microseconds to nanoseconds.””

Non-volatile memristors can retain both the LRS and the
HRS for prolonged periods without applied bias. This stability
makes non-volatile devices effective for memory/storage appli-
cations, where long-term data retention is needed. This type of
switching is typically governed by ion or oxygen vacancy migra-
tion which “holds” the state until the next switching is possi-
ble. The distinction between volatile and non-volatile devices
can be found in neuromorphic computing as well. Volatile
memristors still exhibit memory behavior, but they revert to
their original state once the electrical stimulus is removed,
making them useful for neuromorphic computing, where they
mimic synaptic behaviours such as “forgetting”, thus simulat-
ing the short-term memory of the human brain. In contrast,
non-volatile memristors are ideal for applications requiring
stable “memory” over time, simulating the long-term memory
of our brain.”?

In the broader classification of resistive switching devices,
volatile and non-volatile behavior represent the two fundamen-
tal memory models. Volatile switching, characterized by a
spontaneous return to the HRS once the voltage is removed,
is often attributed to conduction mechanisms such as charge
carrier trapping/de-trapping or reversible ionic movements.>>
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In contrast, non-volatile switching involves the retention of the
LRS after voltage removal, mainly due to conductive filament
formation. Threshold switching, however, is typically classified
as a volatile phenomenon, as the resistance state reverts to the
HRS once the applied voltage drops below a critical threshold.>
This feature separates threshold switching from non-volatile
switching, where the LRS is preserved independent of the
applied voltage.>® Thus, volatile memristors can be classified
as threshold switching types (digital) and analog switching
types.>® Digital-type devices exhibit abrupt resistance changes
with high HRS/LRS ratios and fast switching speeds in the
range of nanoseconds, making them suitable for high-speed
devices and logic circuits.>® In contrast, analog-type memristors
display gradual conductance changes with lower HRS/LRS
ratios, making them more suitable for neuromorphic comput-
ing and mimicking of synapsis.’?

Threshold switching in anodic memristors has been
reported not only for mixed anodic oxides”**** but also for
Nb,Os and TiO,.>® In the case of Nb, where both non-volatile
and threshold mechanisms are reported based on the O con-
tent, the switching behavior is heavily influenced by the
oxygen stoichiometry within the Nb,Os layer. A higher oxygen
vacancy concentration typically promotes filamentary switch-
ing, enabling non-volatile memory characteristics. In contrast,
a more stoichiometric oxide with fewer oxygen vacancies results
in threshold switching. With accurate oxygen vacancy control,
devices based on Nb can be designed to be more suitable for
either non-volatile memory or neuromorphic applications.'*>*
This duality arises because the oxygen content directly affects
the defect density, which governs the formation and dynamics
of conductive filaments. Devices with oxygen-deficient oxides
provide sufficient active sites for filament formation, allowing
stable and permanent resistive states. On the other hand,
stoichiometric oxides have limited vacancy pathways, favouring
transient, volatile switching. The volatile nature of threshold
switching makes it particularly beneficial for applications like
neuromorphic computing, where transient behavior can mimic
the spiking dynamics of biological neurons.’®

As already discussed, resistive switching allows the memris-
tors to alter their resistance, thus enabling them to retain and
recall information. The mechanism causing the memory effects
depends on the device’s conductivity, which is modified by the
formation of conductive filaments or interfacial effects in the
oxide layer of the MIM structure. The former is known as
filamentary switching (FS), while the latter is an interfacial
switching (IS). In both cases, with the application of voltage,
oxygen ions and vacancies experience a promoted migration
within the oxide layer. This leads to the formation or break-
down of conductive pathways, allowing the memristor to alter
its resistance.”’

2.3. Filamentary resistive switching

The most common mechanism for the RS in memristive
devices is FS, which depends on the formation of conductive
filaments. They are highly conductive paths inside the oxide
layer of the MIM structure. The filaments are composed of
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metal ions or oxygen vacancies. They can extend along the
entire dielectric layer, connecting the gap between the TE and
the BE. This allows the memristor to switch between OFF and
ON states. When a conductive filament is formed, the device
goes from the OFF to ON state; conversely, when a filament is
ruptured, the device goes back into the OFF state. The most
common FS mechanisms are the electrochemical metallization
mechanism (ECM) and the valence change mechanism (VCM).
In the ECM, the conductive paths are formed by electrochemi-
cal reduction and metal ion migration, while the VCM depends
on oxygen vacancy migration, resulting in local redox reactions.
Both mechanisms have a highly localized nature, allowing for
low power consumption, as the switching occurs in a small
volume of material. Furthermore, FS devices exhibit fast switch-
ing, endurance from 10° to 10° cycles, and long retention
times.>® This makes the FS devices suitable for non-volatile
memory applications. Filament stability and control over the
formation/rupture dynamics are critical for both the ECM and
the VCM. These challenges will be discussed in the following
sections.**®”

2.3.1.
tors based on the ECM rely on forming and dissolving metallic
filaments within a solid electrolyte to regulate the transition
between the HRS and the LRS. The ECM is associated with
cationic devices, having an active electrode, such as Ag and
Cu.”® The switching behavior is driven by redox reactions at the
electrodes, making ECM-based memristors suitable for a wide
range of memory applications.?” They are particularly applic-
able in the context of next-generation memory technologies
aiming for high density, fast operation, and low power con-
sumption. In ECM cells, metal cations migrate under an
applied electric field towards an inert electrode, such as Pt
and W. This begins with the application of a positive bias
towards the active electrode, causing the anodic dissolution of
the metal at the interface. The metal cations are introduced
into the insulating layer, accumulating at the opposite

Electrochemical metallization mechanism. Memris-
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electrode due to the high electric field present. When reaching
the opposite electrode, the metal cations are reduced, forming
the conductive metallic filament, which acts as the bridge
between both electrodes in the MIM structure.”” In this way,
the device can switch to the ON-state, represented by a low
resistance. In Fig. 5, a schematic representation of the atomic
level processes occurring during SET and RESET operations of
an ECM memristor is presented. During the initial OFF state
(Fig. 5(1)), no metallic deposit occurs on the inert electrode,
and thus the device has a high resistance. When a positive bias
is applied to the active electrode (Fig. 5(2)), the metal atoms
begin to dissolve and move through the insulating layer, and
the reduction of the metal ions then results in the formation of
conductive filaments (Fig. 5(3)). Filament formation is influ-
enced by electrochemical kinetics, ion mobility and the
strength of the applied electric field. The insulating layer is
critical for the transport of metal cations. Valve metal oxides,
such as those used in anodic memristors, are suitable for this,
as they have excellent stability, high dielectric strength, and the
ability to support controlled ionic transport, which are essential
for reliable memristive switching. Furthermore, once the fila-
ment connects the two electrodes, the device transitions into an
ON state, which has low resistance (Fig. 5(4)). If the voltage
polarity is reversed, the filament is then dissolved, returning
the device into the initial OFF state (Fig. 5(5)).>°

Apart from binary switching between the LRS and the HRS,
ECM memristors are known for having multilevel switching
capabilities.’® This characteristic allows the devices to exhibit
multi-bit data storage, instead of a binary model. By controlling
the CC, intermediate resistance states can be programmed.
With varying currents during the SET process, the thickness
and continuity of the filaments are altered. Thus, ECM-based
memristors exhibit outstanding data storage capabilities.
Despite the advantages multi-level switching devices possess,
filament control is challenging. The initial electroforming
needed to create the conductive paths can require high

¢
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&
X
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Fig. 5 Schematic representation of steps of the SET ((1)—(4)) and RESET (5) operations of the electrochemical metallization mechanism (redrawn from

ref. 59).
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voltages, which can further lead to variability in the device’s
performance or even breakdown of the film.>” Furthermore, the
retention and endurance in ECM devices may be problematic,
as the stability of the metallic filaments over extended periods
of time can lead to breakdown due to the constant thermal
stress by the Joule effect occurring during the measurements.>”

The ECM has not yet been fully studied for anodic valve
metal oxides. For instance, an ECM-based memristor was
demonstrated in devices with a heterojunction structure made
of Si0,/Ta,0s. Here, the conductive filaments are formed and
dissolved within the Ta,Os layer under an applied electric field.
The conductive filaments are composed of metal cations origi-
nating from the active electrode, which, in this case, is Ag. The
SiO, layer serves as a crucial buffer, regulating the growth
direction and confinement of the filaments, ensuring uniform
switching behavior. ECM memristors exhibit exceptional elec-
trical performance, at low operating voltages (<0.3 V), while
still maintaining high stability and reproducibility. The inclu-
sion of the SiO, layer helps to prevent uncontrolled filament
overgrowth and improves the overall switching reliability. This
shows that with appropriate design, valve metal oxides, such as
Ta,0s, can effectively support ECM-based switching, creating
energy-efficient memory technologies with enhanced perfor-
mance characteristics.®

Even though at the moment, there are no studies on anodic
memristors exhibiting the ECM, the potential is very big. For
such anodic memristors, one should consider that the inclu-
sion of an additional metallic ion should be a part of the
anodization process itself. The electrochemical community is
familiar for a long time with the fact that electrolyte species are
always embedded in the growing anodic oxides and exactly this
trait will likely be explored. Recent reports have already dis-
cussed the presence of electrolyte species inside anodic mem-
ristors, positively impacting their stability and resistive
switching, 192124

2.3.2. Valence change mechanism. The VCM is another
possible mechanism driving the resistive switching behavior.
Similar to the ECM, it is based on the formation and dissolu-
tion of conductive filaments. The filaments are driven by the
creation and migration of oxygen vacancies and oxygen ions.
Again, similar to the ECM, this process begins with an electro-
forming step, where a high electric field is applied to the device,
causing a soft breakdown of the dielectric. During electroform-
ing, the O*~ ions in the oxide layer migrate from their lattice
positions toward the anode, leaving behind oxygen vacancies in
the lattice. The O°~ ions could either react with the anode
material to form an interfacial oxide layer or be oxidized and
discharged as neutral oxygen.>®> The migration of O®>" ions
toward the anode creates a negative charge buildup at the
electrode/oxide interface while leaving behind positively
charged oxygen vacancies in the oxide layer. This charge redis-
tribution can significantly influence the electrical properties of
the material, such as resistance switching in memristors. When
enough oxygen vacancies have accumulated, the conductive
filaments can form. In this way, the filaments create a connec-
tion between the TE and the BE, switching the device from OFF

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to ON and allowing current conduction through the device. The
filament formation is governed by redox reactions via the
relocation of oxygen ions under the influence of the electric
field. The vacancies allow the formation of the conductive
paths, resulting in a SET process in the LRS. Conversely, the
RESET process causes the oxygen ions to return to the oxide
layer from the anode interface. In this way, a recombination of
oxygen ions and vacancies occurs, which then leads to complete
or partial filament rupture, returning the device to the HRS.
The reversible switching between the two states by formation
and rupture of oxygen-based CFs enables the VCM-based
memristors to retain and recall resistive states without the
need for external power.>*°

In Fig. 6, a visual representation of the conductive filaments
within an anodic HfO, oxide layer is depicted. Their formation
is localized, displaying the highly conductive pathways that
extend through the oxide layer, connecting the TE and BE. This
demonstrates the filamentary nature of the switching mecha-
nism. Oxygen vacancies build up under an electric field to
create pathways, enabling the device to transition between
resistive states. In addition, concurrency is visible, which refers
to the simultaneous existence and interaction of multiple
conductive filaments within the oxide layer. This phenomenon
can result in multilevel resistance states, where the concurrent
activity of multiple filaments allows the device to exhibit
intermediate resistance levels. This multilevel behavior is more
common for filamentary type switching but has been reported
for interfacial memristors as well.*

Valve metal anodic memristors are predominantly governed
by the VCM due to the intrinsic properties of their oxide layers
and the anodization process. The anodic oxidation of valve
metals such as Hf, Ta, Nb, and Ti results in the formation of
dense, stable, and insulating/semiconducting oxide films such
as HfO,,'®%"%? Ta,05,%* and Nb,0s.'>** These oxides are char-
acterized by high dielectric constants and localized oxygen
vacancies.*® During anodization, an electric field drives 0>~
ions or hydroxyl species toward the metal, creating an oxygen-
deficient oxide layer with vacancies. These vacancies act as
active species in the formation of conductive filaments, facil-
itating the redox reactions that define the VCM. Unlike the
ECM, which relies on the migration of metallic cations (e.g., Ag"
and Cu®"), the VCM operates without significant cation
contributions.®**%*

VCM-based switching in anodic memristors was also
demonstrated by Nb/NbO,/Au memristors, resulting in an
amorphous structure with oxygen vacancies distributed
throughout the oxide. These oxygen vacancies served as active
defects governing the resistive switching behavior. Quantized
conductance steps observed during electrical testing confirmed
the formation and rupture of atomic-scale conductive fila-
ments, composed of oxygen vacancies, under applied electric
fields. The precise control over filament dynamics was attrib-
uted to the uniform defect distribution achieved through
anodic oxidation. Additionally, the Nb/NbO, interface acts as
a reservoir for oxygen vacancies, facilitating their migration
during the SET and RESET processes. This dynamic interaction
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Fig. 6 Anodic Hf memristor showing (a) vacancy accumulation, (b) complete and interrupted filaments representing the LRS and HRS and (c) and (d)

concurrent filaments leading to multilevel switching.*®

between the vacancies and the oxide layer enabled reliable
switching between the HRS and the LRS."®

2.4. Interfacial resistive switching

IS is also known as non-filamentary switching and is found in
MIM structures, which have a semiconducting oxide. This
switching mode is gentle and, in most cases, electroforming-
free. These types of memristors are often characterized by
excellent stability and non-linear current traits with self-
rectification properties. Physical or chemical reactions at the
oxide/electrode interface govern IS. The two main mechanisms
behind IS are non-filamentary ion migration and charge
trapping.

Typically, a Schottky contact is needed between one of the
electrodes and the semiconductor for the non-filamentary ion
migration to occur. Therefore, a Schottky barrier is formed,
which increases in height or decreases with the movement of
charges or vacancies under the applied electric field.®>°® The
switching takes place when changes in the concentration of
oxygen vacancies occur near the Schottky contact. If a negative
voltage is applied to the TE, oxygen vacancies are attracted to it,
which leads to an increase in the concentration of vacancies at
the upper part of the active layer, while the vacancy concen-
tration is decreased across the thickness of the layer. In con-
trast, if a positive voltage is applied to the TE, the vacancies
migrate away from the upper boundary, thus reducing their
concentration near the Schottky contact.’”

p-type semiconductors have oxygen vacancies as their pri-
mary charge carriers, and therefore, the LRS signifies their
uniform distribution. When the vacancies migrate towards the
TE, a depleted region is created near the BE, leading to the HRS.

Mater. Adv.

Oxygen vacancies typically act as donor-like defects in n-type
semiconductors (e.g., TiO,, Nb,Os, Ta,05, and HfO,), contribut-
ing free electrons as the main charge carriers. In these materi-
als, a uniform distribution of vacancies corresponds to the HRS
because it limits the formation of conductive filaments. In
contrast, the migration and clustering of vacancies to form
localized conductive pathways result in the HRS. Thus, non-
filamentary memristors rely on the movement and redistribu-
tion of oxygen vacancies or ions across the active interface. The
accumulation of oxygen vacancies near the interface reduces
the height of the Schottky barrier, resulting in an LRS. Con-
versely, their depletion increases the barrier height, restoring
the HRS. This process is driven by the applied electric field
during operation. Initially, electrons become trapped at the TE/
oxide interface, creating a negatively charged interfacial layer.
The negative charge attracts positively charged oxygen vacan-
cies, causing them to accumulate near the interface. The move-
ment and redistribution of these vacancies modulate the
device’s resistance by altering the Schottky barrier height,
resulting in transitions between the HRS and the LRS.*’
Interfacial resistive switching in anodic memristors was
demonstrated for Nb-Ti alloys during a high throughput com-
binatorial study. The metallic BEs were prepared by co-
sputtering with varying Ti contents (22-64 at% Ti) prior to
their anodization for memristor fabrication.” The anodic mem-
ristors obtained were confirmed to be non-filamentary via
transmission electron microscopy (TEM), showing a homoge-
nous oxide layer, with no sign of conductive filaments. The
memristors were specified as a self-rectifying interfacial type.
Based on I-U sweeps analysis, a deviation from traditional
memristive sweeps is observed, as shown in Fig. 7. Fig. 7(a)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Typical I-U sweeps for a rectifier, a memristor and a self-rectifying memristor. (b) /-U sweep of the Nb — a 46 at% Ti anodic memristor.”

illustrates typical I-U curves from three device types: a rectifier,
a memristor, and a self-rectifying memristor for comparison. In
Fig. 7(b), the anodic memristor highlights its similarity to self-
rectifying memristors. Initially, the device is in the HRS, with
the current increasing only after applying a positive hold
voltage Unorp (at approximately 2 V). Beyond this voltage, the
current rises sharply until the device reaches a SET voltage -
User (4 V), where it transitions into the LRS. As the voltage is
reduced, the LRS current is suppressed, and a further negative
voltage bias leads to current reactivation at Uyorp (0.5 V).
The device then returns to the HRS at a reset voltage Urgser
(—1.5 V). Current suppression between the holding potentials is
a characteristic of self-rectifying behavior and is attributed to
the formation of Schottky barriers at the interfaces.”

The gradual transition between the HRS and the LRS
observed in the I-U curve corresponds to interfacial switching
mechanisms. A complementary study describes anodic TiO,
memristors as exhibiting forming-free, bipolar resistive switch-
ing with self-rectifying behavior. A gradual resistive transition
and multilevel states suggest a switching mechanism, poten-
tially influenced by uniform defect structures within the anodic
oxide layer.>?

2.5. Hybrid resistive switching

Hybrid resistive switching mechanisms combine aspects of
both, interfacial and filamentary switching. These processes
occur simultaneously or sequentially, contributing to the over-
all resistive behavior of the device. Devices with this mecha-
nism usually display short-lived or partial filaments concurrent
with changes in the Schottky barrier height at the electrode-
oxide interface, caused by electric field and ion redistribution
influences. These hybrid devices combine the gradual resis-
tance changes of interfacial mechanisms alongside the sudden
switching associated with filamentary processes.®”

An example of hybrid resistive switching is anodic Ti mem-
ristors. Devices fabricated in phosphate buffer exhibited self-
rectifying and volatile behavior, usually attributed to interfacial
resistive switching mechanisms. TEM analysis revealed the
presence of crystalline protrusions within a semi-crystalline
TiO, matrix, suggesting the formation of partial filaments as

© 2025 The Author(s). Published by the Royal Society of Chemistry

observable in Fig. 8. This structural observation supports a
hybrid interfacial memristive switching model, where both
interfacial barrier modulation and partial filament formation
contribute to the device’s resistive switching behavior. Hybrid
devices exhibit higher HRS/LRS ratios of 10* Q, ensuring good
distinguishability between the two states, for reliable operation.
In addition to this advantage, their self-rectifying qualities
allow for lower power consumption.>*

3. Defect engineering for resistive
switching

A critical factor for enhancing resistive switching, as well as the
lifetime and stability of memristive devices, is intentionally
controlling and creating defects within the oxide layer. Intrinsic
defects such as oxygen vacancies and stoichiometric or crystal-
lographic irregularities not only are byproducts of oxide for-
mation but also play an active role in defining the type of
resistive switching (see Fig. 8). Therefore, the filament
formation (or lack of) and the device’s reliability are directly
influenced. Defect engineering can be carried out by

Crystalline
protrusions

¢ Tisemi -
! crystalline oxide =

Fig. 8 TEM image of the anodic memristor grown on a Ti thin film with
the Pt top electrode (adapted from ref. 24).
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introducing dopants to stabilize oxygen vacancies or modify
electronic properties. Furthermore, this can be achieved by
material type, configuration and post-process heat treatments.
An extremely favorable way to create intrinsic defects is by
anodization, due to its simplicity and cost-effectiveness as
recently demonstrated in combinatorial studies on Hf-Ta
alloys.*”*® By selecting appropriate electrolytes and adjusting
process parameters, such as the potential and scan rates, the
oxide layer can be tuned for selected applications."®®*7° The
intrinsic formation of defects through the anodic process of
memristive film formation and the control of dopants via
electrolyte selection represent clear advantages of anodic mem-
ristors. In classical memristive device fabrication routes, these
aspects need to be addressed separately by appropriate deposi-
tion/doping procedures which are time consuming and
increase the overall costs.

To further emphasize the influence of defect engineering,
Table 2 provides an overview based on fabrication methods for
HfO,, TiO,, Nb,Os, and Ta,O5 based devices. This is followed by
a subsection presenting anodic alloys, in which the composi-
tion is tuned electrochemically, mainly based on electrolyte
selection. The most common electrolytes used for anodic
oxidation are phosphate buffer (PB), citrate buffer (CB) and
borate buffer (BB). For each entry, the most important resistive
switching characteristics are reported: HRS/LRS ratio, switch-
ing mode, multilevel capability, dominant switching mecha-
nism, endurance type and cycles, and forming behavior. While
absolute values depend on device design and testing condi-
tions, the overview aims to indicate that anodic memristors are
able to achieve comparable results to other commonly used AL
fabrication methods. Several entries listed for the anodic
memristors either match or exceed values of the other fabrica-
tion techniques, such as the sol-gel method, ALD and sputter-
ing. This shows that anodization, while being a simpler, lower-
cost and energy efficient method, is still able to produce
reliable memristive devices.

3.1 Electrolyte selection

The choice of electrolyte is vital for the performance of anodic
memristors. It governs the formation and properties of the
oxide layer.*>®® The electrolyte composition, pH and ionic
species directly influence the defect density, stoichiometry,
and structural uniformity.®° Furthermore, it can govern the
anodization kinetics, including the oxide growth rate and
thickness.*® For example, PB solutions can stabilize oxide by
complexing with metal ions, leading to uniform and compact
oxide layers.>**° In addition, the electrolyte species can be
incorporated into the oxide layer during anodization, modify-
ing its conductivity and enhancing its qualities, e.g. by pinning
the atomic path of filament formation and deletion, leading to
improved multilevel resistive switching and device lifetime.*
For instance, in anodic Ti-based memristors, the use of PB as
an electrolyte typically results in unipolar switching, whereas
citrate buffer CB leads to bipolar switching. The devices fabri-
cated in PB exhibit superior HRS/LRS ratios of 10*, compared to
those in CB with only 10°. This effect can be attributed to the

Mater. Adv.

View Article Online

Materials Advances

higher oxide resistance of memristors prepared in PB and the
incorporation of phosphate species into the oxide layer.**

The incorporation of phosphate species is also reported for
Ta,?! Nb*® and Hf*! based anodic memristors. In the case of Ta
devices, the anodization in PB results in advantages in the
lifetime and stability of the memristors during reading and
writing. While CB and BB devices withstand only 10* and 10>
cycles, respectively, the PB device exhibits endurance up to 10°
cycles without signs of degradation. The reasoning behind the
excellent performance of the PB anodized Ta oxide memristor
is related to oxyphosphate formation, causing spatial pinning
of CF positions during reading and writing operations. This
allows the CF’s positioning to be predefined via anodization
and improves its stability. Meanwhile, no incorporation of
borate or citrate species was found, resulting in poorer mem-
ristive characteristics for these anodic oxides. A similar situa-
tion is reported for Nb,Os memristors, where the electrolyte
choice leads to drastic differences in device behaviour, compar-
able to Ti and Ta based devices. Oxides grown in CB show
multilevel switching properties, while PB anodized oxides have
a prolonged lifetime and stability in the LRS and the HRS. The
exact values and mechanisms behind the RS behaviour can be
referred to in Table 1."°

3.2. Influence of the active layer thickness

Anodic oxidation allows for a fine control of the AL thickness,
but reports show that stable memristive behaviour exists only
within a certain oxide thickness window. For anodic oxides on
Ti, Ta and Nb, with the oxide thickness ranging between
roughly 30 and 200 nm, an approximately linear thickness-
voltage relationship of 1.6 to 2 nm V' was reported. This
shows that the thickness can be adjusted very reproducibly just
by the electrochemical parameters used during the anodic
oxidation. Within this range, however, the memristive beha-
viour was found to depend strongly on the thickness governed
by the anodization potentials applied. Thinner oxides grown at
10 V showed no memristive behaviour at all, while optimum
anodization parameters were found at 25 V. These devices with
an intermediate layer thickness exhibited the most pronounced
I-U sweeps and therefore highest ON/OFF ratios. Memristive
responses were found to degrade with higher applied cell
voltage (30-90 V).3!

A similar trend is observed in an anodic TiO, memristor,
where devices based on thinner oxides fabricated potentiosta-
tically with very short anodization times of 1 and 3 s (at 30 V)
showed degraded ON/OFF ratios and smaller hysteresis open-
ings, while longer anodization times of 60 s (at 30 V) led to
asymmetric and unstable I-U characteristics. In contrast, mem-
ristors with intermediate oxide thicknesses grown for 10 s (at
30 V) allowed for the most symmetric and reproducible mem-
ristive I-U responses, with the highest ON/OFF ratios.®

In reports on anodic TiO, nanotube memristors, the nano-
tube layer thickness was varied between 80, 120, 160 and
200 nm at 10 V for 5, 10, 15 and 20 minutes, respectively. All
devices were tested for their HRS/LRS ratios depending on the
number of switching cycles. The lowest HRS/LRS ratios (below

© 2025 The Author(s). Published by the Royal Society of Chemistry
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one order of magnitude) withstanding only 5 cycles were
reported for devices with an oxide thickness of 80 nm, while
the ratios of approximately 100 were acquired by memristors
with 160 and 200 nm thick ALs. The best performing device
with an AL thickness of 120 nm exhibited the highest HRS/LRS
ratio.®> Moreover, thicker anodic films have been reported to
suffer from poorer mechanical stability and less attractive
device characteristics, such as higher electroforming voltages
and lower HRS/LRS ratios compared with films of tens up to a
few hundred nanometres.*® All reports taken together empha-
size the importance of the AL thickness while tuning devices for
optimum performance metrics.

3.3. Alloying of bottom electrodes and combinatorial
screening for anodic memristors

The nature of the BE can also lead to defect engineering of
anodic oxide memristors.®® This is mainly related to the com-
petition for oxygen of different cations which a valve metal alloy
will contain. By manipulation of the type and concentration of
defects in the oxide layer, switching mechanisms can be con-
trolled to enhance device performance and tailor memristors
for specific applications, such as non-volatile memory, neuro-
morphic computing, or high-density crossbar arrays." To
efficiently test different alloys as BEs, a combinatorial approach
proved to be a very straightforward method for identification of
ideal parent metal electrodes. This involves the simultaneous
fabrication of the BE via co-sputtering, where the deposition
geometry is adjusted to achieve a gradient composition of an
alloy on a single substrate. After the co-sputtering of the BE
from two (or more) metal targets, energy-dispersive X-ray
spectroscopy (EDX) mapping is usually carried out to quantify
the compositional gradient obtained across the substrate. This
step is crucial, as even small variations in the alloy composition
can strongly influence the anodization behaviour and the
resulting memristive switching characteristics. By determining
the local composition at each position on the Si wafer, the
subsequent electrical measurements can be correlated with a
specific alloy, allowing a composition to property relationship
to be established. An example of an EDX composition map of
such a gradient is shown in Fig. 9(a) for a combinatorial library
created with two valve metals. Here, the colour scale indicates
the local metal content across the library. The follow-up ano-
dization results in the formation of mixed oxide layers. Not only
it is straightforward and highly scalable, but it also provides a
convenient way to quickly evaluate the memristive properties of
various valve metal alloys simultaneously, in a high throughput
screening manner. The corresponding finished library, after
anodization and TE fabrication, is presented in Fig. 9(b),
showing how the continuous composition spread is trans-
formed into an array of individual memristor cells ready for
high-throughput electrical screening.*® This approach simpli-
fies the fabrication process and facilitates the rapid evaluation
of memristive properties across a range of compositions. By
carefully screening alloys, the defect structure within the oxide
layer can be compositionally tuned, enabling easier control over
oxygen vacancy distribution, conductivity, and switching behavior.
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Fig. 9 (a) Example of EDX mapping for a combinatorial library created by
alloying 2 valve metals and (b) an image of a finished anodic library.

In this way, alloying serves as a powerful tool for defect engineering
in anodic memristors, allowing optimization for memristor perfor-
mance in specific applications.”'>31467485483

In Fig. 10, intrinsic defect engineering by anodization of a
Hf-50 at% Ta bottom electrode is presented as obtained from a
combinatorial Hf-Ta study. Inside the active memristive mixed
oxide, the presence of small pure HfO, crystallites is observa-
ble, directly impacting the memristive behaviour allowing a
change from bipolar to unipolar devices with enhanced proper-
ties. Additionally, an enrichment of Hf species close to the top
electrode was related to very different ionic transport numbers
for Hf and Ta during their competition for O in the anodization
process. Unipolar Hf-Ta anodic memristors have an in-depth
homogeneous local chemical state of Hf and lower electronic
polarizabilities for O and Hf. This is considered as beneficial
for the memristive endurance and retention performance.*'

Studies on Nb-Ta alloys for memristive applications reveal
that the concentration of each valve metal significantly impacts
the electrical behavior and switching characteristics of the
anodic devices. By screening the memristive properties along
the parent metal compositional gradient, (ranging from Nb-13
at% Ta to Nb-80 at% Ta), regions were identified where anodic
memristors exhibited bipolar, unipolar and coexistence of both
switching regimes. Devices grown from bottom electrodes with
a higher Ta concentration, above 41 at% Ta, exhibited unstable
switching behavior for both unipolar and bipolar cases and lack
of multilevel switching capabilities. In contrast, memristors
grown from alloys with up to 30 at% Ta are described as
bipolar, multilevel and non-volatile. The best performing Nb-
Ta alloys were found between 31 and 40 at% Ta, with their
anodic oxides having unipolar switching, multilevel capabil-
ities, and forming free behavior, in contrast to all other Nb-Ta
alloys. This shows the critical role of the alloy composition in
influencing defect structures and their impact on memristive
behavior. Alloys exhibiting bipolar and multilevel switching are
well-suited for applications such as non-volatile memory and
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(a) TEM image of a Hf—Ta anodic memristor showing small HfO, crystallites embedded in a mixed Hf-Ta anodic oxide as shown in (b) STEM EDX

compositional maps of the region designated with a green frame in (a) (adapted from ref. 31).

neuromorphic computing, where precise and repeatable resis-
tance states are needed. In contrast, alloys demonstrating free-
forming, unipolar, multilevel, and threshold switching are ideal
for applications in logic circuits, reconfigurable computing,
and dynamic memory applications, owing to their versatile and
adaptive switching characteristics.*®

A further alloy example is Hf-45 at% Nb, whose anodic oxide
also demonstrates how effective base alloy engineering can be
employed to fabricate devices with low costs and low power
consumption, but with outstanding memory properties. This
memristor has an HRS/LRS ratio of several orders of magni-
tude, indicating its reliability for data storage and retrieval,
along with multiple discrete resistance levels, allowing the
storage of more than one bit per cell, thereby increasing data
density. The memristors operated efficiently with reduced
power requirements, enhancing their suitability for energy-
sensitive applications, without electroforming requirements.
The anodic oxide of Hf-45 at% Nb consists of a heterogeneous
mixture comprising HfO, crystallites embedded within quasi-
amorphous and stoichiometrically non-uniform Nb oxide
regions, in a manner similar to the case of the Hf-Ta alloy
presented in Fig. 10. The mixed oxide layer facilitates the
formation and dissolution of conductive filaments, underpin-
ning the memristive and threshold-switching behaviours,
which is superior to pure HfO, memristors.”* The presence of
HfO, crystallites is not a coincidence and is related to the
crystalline nature of pure HfO,, which, combined with the
amorphization tendencies of both Ta and Nb anodic oxides
and their much larger ionic transport numbers, results in such
intrinsic effects.®*®°

An interesting effect of selecting the correct alloys for
enhancing atomic-size defects is the influence of mixed oxides
on the structural properties of the device. The structural
configuration of the oxide layer directly impacts defect
dynamics and conduction mechanisms. Apart from the case
of anodization of an alloy, such as Hf-Ta alloys shown
in Fig. 10, there is another very interesting geometry,
which classical memristors cannot achieve, related to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

superposition of 2 valve metals in the BE before their anodiza-
tion. This is fundamentally different from anodization of an
alloy, since the parent metal layers are exposed to the anodiza-
tion front sequentially, rather than simultaneously. As has been
known in the electrochemical community for a long time, this
anodization of superimposed layers may lead to the formation
of oxide “fingers” due to differences in the electrical conduc-
tivity of the two growing oxides and the ionic current preferring
the lower resistive path, thus overgrowing the more conducting
oxide. The anodization outcome is described by elongated,
finger-like protrusions of one oxide which extends partly or
completely through the entire thickness of the anodic oxide,
basically connecting both the TE and the BE.%®

Recently, this effect was exploited for anodic memristors,
which were termed as composite ones, as previously discussed
and shown in Fig. 4. The presence of these oxide fingers in
superimposed Hf/Ta anodic memristors has a great effect on
their electrical properties. Since one influencing factor of the
final composite oxide structure is the thickness of each metal,
combinatorial studies are possible by deposition of superim-
posed metallic layers with varying thicknesses.*” The fingers act
as localized regions where oxygen vacancies tend to accumu-
late, facilitating conductive filament formation. This improves
the memristor’s switching operation by promoting stable and
repeatable transitions between the resistive states. Further-
more, the combination of filamentary conduction along the
oxide fingers and interfacial switching mechanisms leads to a
hybrid resistive switching mode, allowing versatile applica-
tions. Devices with defined oxide finger structures exhibit high
HRS/LRS ratios, as the localized field enhancement provided by
the fingers increases the difference between the two states. The
oxide fingers are more characteristic of alloys with higher Ta
concentrations, which also leads to a denser and more defect-
rich oxide structure. In conclusion, careful alloy design can be
used as a powerful tool for the creation of mixed anodic oxides
where the oxide structures are deliberately customized to
optimize memristive performance.””*®* An overview of the
memristive properties of valve-metal alloys is provided in
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Table 2. As shown, even slight adjustments in the alloy compo-
sition can produce systematic differences in device behavior,
including endurance, retention, and HRS/LRS ratios.

3.4. Temperature effects

Temperature plays an important role in defect engineering of
anodic MIM devices. It influences the formation, mobility, and
distribution of defects within the oxide layer. Temperature
affects both, the fabrication process and device operation,
allowing control over defect characteristics to optimize perfor-
mance and to customize switching mechanisms. Controlled
thermal treatments, such as annealing and elevated-
temperature anodization, are commonly employed to engineer
the defect structure in oxide layers.’” For instance, post-
fabrication heat treatment facilitates the migration and stabili-
zation of oxygen vacancies.?® Furthermore, temperature influ-
ences defect behaviour during device operation.®” Elevated
temperatures increase the mobility of oxygen vacancies and
interstitial ions within the oxide layer. This facilitates redis-
tribution of defects, which, in turn, can modulate and enhance
switching characteristics. In unipolar memristors, Joule heat-
ing caused by current flow can locally increase the temperature,
stabilizing conductive filaments in the LRS. However, excessive
heating may lead to filament overgrowth, resulting in perma-
nent short circuits or degradation of switching reliability.*®5%°

This is illustrated by Hf-based anodic memristors, using
oxide layers grown in a PB electrolyte. These memristors per-
form better after the application of temperature, which signifi-
cantly influences the memristive properties of the devices.
Studies have shown that these memristors change notably their
HRS and LRS values when subjected to temperatures as low as
30 °C. Particularly, the HRS values increase, reaching a peak at
approximately 50 °C, before decreasing towards 80 °C, where
they approach the LRS levels. This temperature-dependent
behavior results in a shift in HRS/LRS ratios, which follows
the trend observed in HRS values. Endurance and retention
tests carried out at 50 °C display enhanced stability compared
to room temperature measurements, with improved uniformity
and reproducibility of resistive states up to the failure point.
These findings suggest that moderately high operating tem-
peratures can enhance the performance of HfO, anodic mem-
ristors by optimizing defect structures within the oxide layer,
thus improving device reliability and functionality.®

4. Applications of anodic memristors

Memristive devices, such those described in the preceding
sections, started to gain scientific attention due to their
potential for innovative high-tech applications. There are gen-
erally three areas in which the application of memristive
devices holds great potential. Those primary areas of use are
ReRAMs, neuromorphic computing and the sensors with var-
ious designs. This section will give a brief overview of the
current state of research in these areas and explore exemplary
devices that are currently being researched. To provide a better
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context for the applications of anodic memristors, representa-
tive anodic memristor characteristics are summarised in
Table 2, in terms of switching type, forming behaviour, endur-
ance, and HRS/LRS ratios, and a comparison to other memris-
tive devices is provided. These are the most critical
characteristics relevant for the different application classes
discussed in this section. For ReRAM-based applications, the
main criteria are stable switching behaviour, low operating
voltages, high HRS/LRS ratios and stable endurance over many
cycles. In the field of neuromorphic computing, multilevel
conductance combined with analog gradual switching is the
most critical trait. Regarding sensing applications, the most
important parameters are the targeted analyte and resistance
response related to the external stimulus. Finally, for logic and
logic-in-memory applications, the same basic requirements as
for ReRAM apply, with reproducible non-volatile states and
sufficiently high HRS/LRS ratios being relevant.

4.1. ReRAMs

ReRAMs are among the most promising applications for mem-
ristors, offering potential as scalable and energy-efficient alter-
natives to most conventional memory devices. Certain criteria
must be met for memristors to be viable for this application.
They should exhibit non-volatility to retain stored information
over extended periods of time. Furthermore, scalability
demands are a crucial factor for industrial applications. To
achieve this, they are typically fabricated as MIM structures at
nanoscale dimensions. Another important property is the
switching speed. Devices have to be able to switch between
resistive states within nanoseconds, providing writing
and reading speeds comparable to current state-of-the-art
memories.

Anodically produced memristive devices have shown
potential to meet all those criteria. For example, it was shown
that Nb,O; films fabricated in this manner show reliable
switching with an ON-OFF ratio of 10°."” Furthermore, anodi-
cally produced Ta,Os exhibits good performance as well, with
switching speeds as fast as 20 ns and a high endurance of up to
10° cycles.”® Despite the progress that is being made in this
field, there are still challenges that have to be met. For
commercially relevant ReRAMs, switching speed and retention
still have to be improved. Furthermore, the operating voltages
should ideally be kept below 1 V.’

4.2. Neuromorphic computing

Neuromorphic computing aims to mimic the structure and
function of the human brain in artificial systems to achieve
greater energy efficiency and adaptive computing. Memristors
are particularly suitable for this field of research due to their
unique properties, such as volatility and non-volatility, as well
as their structural resemblance to the functionality of the
human brain. The way conductive filaments are formed and
how they behave makes them the structures closest to simulat-
ing an artificial neuron in modern electronics. This idea is
schematically presented in Fig. 11. Two neurons (pre-neuron
and post-neuron) form a synapse by linking two of their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Analogy between operation principles of synapse and memristors.

terminations via neurotransmitters passing electrical impulses
from one to the other within the synaptic cleft. According to the
Hebbian learning rule, when such synaptic connection repeat-
edly and successfully transmits electric signals, the coupling
between the neurons becomes stronger, or their synaptic
weight increases.”’ This behaviour is quite similar to the
memristive switching. Furthermore, volatile and non-volatile
memristors can be seen as analog to basic brain functions.
Volatile memristors are compatible to “forgetting” since data
cannot be retained without the application of an electric field,
while non-volatile memristors provide support for “remember-
ing” by long-term storage of data, thus simulating short- and
long-term memory, respectively.”®> As examples from the valve
metal family, TiO, based memristor-neuromorphic arrays have
already been demonstrated as suitable candidates for applica-
tions such as convolutional neural networks with successful
fast-converging in situ training without the need for additional
circuitry.>®%® Furthermore, the arrangement of memristive
devices in crossbar arrays allows for their application in vec-
tor-matrix multiplications. It has been shown that they provide
the possibility to perform multiple operations in parallel with
local analog computing, opening up less energy demanding
possibilities for the design of artificial neural networks.’*

4.3. Sensors

Memristors are attractive for sensor applications due to their
ability to integrate sensing, data storage, and in situ computa-
tion in a single device. The general mechanism behind their
sensing capabilities is dynamic resistance modulation. These
can be influenced by changes in pH, temperature or even more
complex chemical interactions such as the oxidation of bio-
molecules. It has been demonstrated that anodically grown Nb-
Ti oxide memristors exhibit potential for pH sensing applica-
tions. These memristors arranged in a crossbar array exhibited
a linear response and high sensitivity for pH changes in bio-
inspired electrolytes."® A schematic drawing of such a crossbar
array and the detection mechanism can be seen in Fig. 12.
Furthermore, HfO, and TiO, based memristors have been
effectively used to sense biomolecules via changes in the
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Fig. 12 (a) Schematic view of the crossbar array of anodic memristors on
an oxidized Si wafer and (b) schematic view of a single memristive pH
sensor defined by the crossing of bottom and top electrodes.*

hydroxyl ion concentration, highlighting their suitability for
diagnostic applications.'***

Additionally, promising efforts are being made in develop-
ing gas sensors based on memristive devices. These devices
have been shown to reliably measure O, concentrations and NO
contents in continuous and discontinuous gas flows.*>°%%¢
Research is ongoing to develop advanced sensing units aimed
at creating artificial auditory, visual, and tactile sensors with
integrated in situ processing capabilities. Developments in this
area are promising and could lead to highly advanced percep-
tion systems, in particular, combined with the neuromorphic
computing capabilities provided by memristive devices.”®

4.4. Logic and logic-in-memory

Beyond non-volatile memory and neuromorphic computing,
resistive switching devices can also be implemented for stateful
logic and logic-in-memory architectures. In stateful logic, the
memristor resistance itself encodes the logic variable, with the
HRS = 0 and LRS = 1.°” At the same time, the same devices are
used to retain and process information. This is carried out by
applying voltage pulse sequences to a memristor array,
enabling them to implement logic primitives, such as material
implication (IMP) and FALSE, from which any Boolean function
can be established.”® Such concepts have been created for
oxide-based memristors, including IMP-based logic, hybrid
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memristor-CMOS gates, and compact analog or mixed-signal
logic.”® Anodic memristors fulfil the same basic device require-
ments required for logic operations. They are two-terminal
elements, which have reproducible, non-volatile resistance
states with appropriate HRS/LRS ratios and, in many cases,
multilevel switching characteristics. Anodically formed Ta,Os
and mixed anodic oxides of Hf-Ta, for example, exhibit stable
bipolar or unipolar switching, forming-free operation and
sufficient HRS/LRS ratios.>""*”"*® These characteristics are pre-
cisely those exploited in existing memristor-based logic-in-
memory demonstrations, suggesting that anodic devices could,
in principle, be integrated into the same logic frameworks.
However, Boolean logic gates implemented with anodic devices
have not yet been described in the literature, as reports on
anodic memristors, in general, are scarce.

5. Future outlook

Anodic memristors are a well-evolving area from a materials
and device-physics standpoint into a more application-driven
direction. Electrochemical anodization already offers a low-
cost, low-temperature and scalable route to uniform oxide
formation, with good thickness and composition control. The
next step in the exploration of anodic materials for their
memristive properties lies in the systematic screening of mixed
and doped anodic oxides using combinatorial approaches.
Recent work on anodic thin-film combinatorial libraries based
on valve metal alloy systems has shown that composition
spreads and defect engineering can be used to identify
forming-free anodic memristors, tune the coexistence of vola-
tile and non-volatile behaviour, and optimise endurance and
variability across entire libraries. At the same time, anodic
oxides are taking the first steps towards integration into cross-
bar arrays for sensing and neuromorphic functions. As a result,
anodic oxides are found in Nb-Ti-based alloys for pH-sensing
crossbars, nanoscale TiO, for neuromorphic devices, and vola-
tile WO; for short-term plasticity. This indicates that more
complex circuits and in-sensor/neuromorphic systems are
within reach.">?%'%°

Simultaneously, some bottlenecks and roadmap items can
be identified. From a materials point of view, the strong
connection between the alloy composition, electrolyte chemis-
try, anodization conditions and the oxide morphology indicates
that the switching mechanism and device performance can vary
continuously across a library, rather than having a single
dominant mechanism. Furthermore, a stronger link between
the local structure and conduction mechanisms remains an
open challenge. From a technological position, the main
obstacles are scaling anodic devices into dense, CMOS-
compatible arrays while keeping variability under control.
Addressing these challenges will require a closer integration
of electrochemical process design with combinatorial screen-
ing, as well as the opportunity to place anodic memristors as a
low-cost, sustainable alternative to vacuum-processed oxides in
future memory, neuromorphic and sensing hardware.
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6. Conclusions

Valve metals and their alloys are excellent materials for MIM
memristive devices due to their ability to form stable, semi-
conducting or insulating oxide layers through anodization.
These anodic oxides exhibit high dielectric constants, chemical
stability, and tuneable electrical properties, making them ideal
for the engineering of high-performance memristors. Anodiza-
tion enables precise control over the oxide film thickness and
composition, contributing to device stability and reliability. It is
a cost-effective, straightforward method that can also allow for
an intrinsic incorporation of nanoscale structures in order to
create conductive pathways and optimize the resistive switch-
ing behaviour.

The choice of electrolyte during anodization significantly
impacts the structure and functionality of the oxide layer,
influencing properties such as the composition, defect density,
and long-term stability. Optimizing these parameters is critical
for reproducible performance and enhanced reliability.
Furthermore, anodic memristors can exhibit a diverse range
of resistive switching mechanisms, including filamentary (VCM
or ECM), interfacial, and hybrid switching, enabling flexibility
for specific applications. The resistive switching mechanisms
allow for threshold and multilevel memory behavior, character-
ized by high HRS/LRS ratios, low operating voltages, and
forming-free operation.

Defect engineering strategies, such as electrolyte incorpora-
tion (by appropriate electrolyte selection), alloying, and thermal
treatments, further enhance the performance of anodic mem-
ristors. These devices demonstrate significant potential for
neuromorphic computing, where their ability to mimic synap-
tic functions supports efficient and adaptive information pro-
cessing. Features like multilevel resistance states, forming-free
switching, self-rectifying behavior, and high endurance make
them well-suited for scalable crossbar arrays and energy-
efficient computing architectures.

Beyond neuromorphic applications, anodic memristors are
suitable for fields such as reconfigurable circuits, secure hard-
ware, and high-density memory storage. Their scalability,
adaptability in switching behavior, and non-volatile nature
address the growing demand for compact, high-speed, and
energy-efficient electronic systems. As a result, anodic memris-
tors serve as adaptable components, linking traditional electro-
nics with emerging multifunctional technologies.

Despite their attractive features, in some cases, superior to
their classical memristor counterparts, anodic memristors
remain somewhat marginalized. Their scientific attention
remains inferior compared to the focus on classical memris-
tors, which, in the last few years, have increased exponentially,
despite reports containing more and more complex fabrication
procedures involving multi-layer thin film deposition com-
bined with doping and various additional treatments. There
are still many features of the anodic memristor yet to be
studied and their industrial implementation still needs to be
appropriately developed. However, its most attractive feature,
provided by its inherently native nanoscale modifications

© 2025 The Author(s). Published by the Royal Society of Chemistry
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during anodization, will eventually appeal more scientists, once
the design simplicity of this particular type of device is better
communicated and advertised.
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