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Two-dimensional (2D) halide perovskites have surfaced as a dynamic platform for energy-efficient
resistive switching memories. The atomic-scale slicing into Ruddlesden—Popper, Dion-Jacobson,
vacancy-ordered, and single-crystal configurations allow for control over quantum confinement, ion
transport, and interface energetics. This review looks into the latest advancements in the design,
processing, and integration of devices for low-power memristors using 2D halide perovskite structures.
The properties of solution-based spin coating and single-source vapor deposition are analyzed in terms
of their effectiveness in producing vertically aligned grains, defect-passivated surfaces, and pinhole-free
ultrathin films on both rigid and flexible substrates. The rectification and multilevel conductance, caused
by built-in potential barriers and precise compliance control, enable selector-free crossbar arrays while
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reducing sneak current. Moreover, biologically inspired pulse procedures exhibit short-term dynamics
and long-term potentiation, emphasizing the significant potential for neuromorphic devices. The insights
DOI: 10.1039/d5ma00686d gathered in this compilation offer actionable strategies for evolving 2D halide perovskites from their

potential in the lab into dependable, multifunctional components for advanced memory and computing
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1. Introduction

The present information age has notably elevated standards
for sophisticated hardware, especially regarding operational
metrics and production quality." ™ Given the difficulties
encountered by contemporary silicon-based architectures in
meeting rising benchmarks, there is an increasing emphasis
on novel active materials, especially metal-oxide semicon-
ductors, organic semiconductors, and two-dimensional (2D)
systems."'™*° 2D halide perovskites offer quantum-well confine-
ment, significant dielectric contrast, and extensive chemical
adaptability, allowing for the precise engineering of their
optical bandgaps, exciton dynamics, and lattice polarity.>
Halide vacancies and mobile metal cations migrate under
moderate electric fields, initiating electrochemical metalliza-
tion or valence change that changes the resistance of a thin film
while preserving its crystallinity. Halide-perovskite memristors
exploit this behavior, operate at low bias, provide multilayer
conductance, and preserve data for significant durations. When
configured in passive crossbar arrays, they integrate logic and
memory, avoiding the von Neumann bottleneck and allowing
simultaneous analog vector-matrix multiplication.*** Recent
demonstrations of current rectification have significantly
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reduced sneak-path leakage and eliminated the need for exter-
nal selectors in dense matrices.

In addition to these developments, recent investigations
indicate that mixed-dimensional perfluoroarene perovskite
heterostructures significantly improve device endurance in
ambient environments, benzylammonium-based Ruddlesden-
Popper layers provide consistent resistive switching with synap-
tic capabilities for neuromorphic computing, and blade-coated
quasi-2D Pb-Sn memory devices enable scalable processing.”* >

However, performance depends on the manipulation of
interface energetics, shape, and composition. Vertically aligned
Ruddlesden-Popper layers reduce grain-boundary scattering,
Dion-Jacobson phases enhance mechanical robustness, and
vacancy-ordered bismuth- and antimony-based frameworks
ensure lead-free stability.’®*” Growth methods, including solvent-
engineered spin coating and single-source vapor co-sublimation,
have been developed to prevent uncontrolled nucleation, increase
grain size, and provide pinhole-free coverage on both flexible and
rigid substrates.

Scalable manufacturing relies on deposition methods that
provide uniformity at wafer or web scale, precise control over
stoichiometry, and vertical texture free of pinholes, all while
adhering to low-temperature back-end-of-line constraints and
lithographic patterning requirements. Solution processes need
to control solvent-front dynamics, effectively dry gradients,
and precursor rheology to reduce coffee-ringing and ensure
uniform thickness. In contrast, vapor methods rely on a
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balanced multi-zone flux and inline rate metrology to prevent
phase segregation over extensive areas. The reproducibility at
the array scale is influenced by variability between tools, the
management of contamination, and the parameters of statis-
tical process control. Factors that detract from yield can
be attributed to particulate defects, interdiffusion between
electrodes and perovskite, as well as failures in step coverage
related to topography.

This review presents a thorough examination of design ideas
for low-power resistive memories using 2D halide perovskites.
We initially compare and analyze the electrical properties of
multilayer and vacancy-ordered lattices, as well as Ruddlesden—
Popper, Dion-Jacobson, and defect-ordered single crystals,
to elucidate structure-function relationships. Subsequently,
we elucidate how solution and vapor growth kinetics, in con-
junction with electrode-interface engineering, influence filament
stability and uniformity of switching. Device-level metrics, such as
self-rectification, multilevel conductance, and mechanical dur-
ability on flexible substrates, are subsequently analyzed from a
circuit perspective to evaluate their suitability for neuromorphic
and high-density crossbar arrays. Ultimately, we define the pre-
vailing obstacles and suggest research directions to expedite the
practical implementation of these nascent electronic materials,
thereby explaining the extent and importance of this effort.

A design map that considers various mechanisms has been
developed, connecting the redox activity of electrodes, the
energy required for halide-vacancy formation, and the aniso-
tropy of the microstructure to key factors such as the primary
switching mode, thresholds, rectification, and variability.
Active Ag/Cu contacts combined with lattices that show low
defect-formation energies and vertically aligned grains promote
operation toward abrupt ECM with sub-volt SET, notable com-
pliance dependence, and easily addressable multilevel states;
inert electrodes paired with higher migration barriers and
defect-suppressed single- or vacancy-ordered crystals support
interface-limited VCM with wider yet more temperature-stable
windows. Selector-free crossbars achieve optimal performance
when inherent asymmetry provides robust rectification at the
read bias, all while maintaining linearity in analog weight
updates during pulse trains.

In contrast with conventional metal-oxide memristors,
which depend on the movement of oxygen vacancies within
stable lattices and demonstrate superior endurance and ther-
mal capacity, 2D halide perovskites use flexible ionic structures
and engineered anisotropy to achieve low-bias switching and
effective built-in rectification. In comparison to organic poly-
mer memories that provide printability and mechanical com-
pliance yet frequently face limitations due to stochastic ionic
transport and interfacial drift, layered halide perovskites enable
enhanced compliance or pulse-programmed multilevel conduc-
tance, achieving better state separability through controlled
crystallographic alignment. The methods of low-temperature
solution and single-source vapor routes, along with vertical
texturing, enable conformal integration on flexible substrates
and passive crossbars, all while maintaining precise nanoscale
thickness control and effective interface passivation
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2. Layered halide perovskites for
tunable optoelectronic functionality

Two-dimensional (2D) layered halide perovskites are composed
of atomically thin inorganic layers arranged in a repetitive
structural pattern, alternating with charge-balancing organic
ions. This architecture supports a wide range of possibilities for
optoelectronic and photonic devices. The transition from three-
dimensional (3D) to 2D or quasi-2D morphologies often stems
from spatial constraints encountered during the growth of
ABX; crystals. This is particularly evident when long-chain
aliphatic or aromatic ammonium ligands are included while
maintaining the overall stoichiometry of ABX;. The introduction
of a substantial spacer cation, represented as (A'),,A,_1B,Xan1
(1 < n < ©),*°3*leads to the development of distinctly separated
layers in Fig. 1.® As n approaches infinity, the arrangement
begins to focus on the traditional 3D perovskite structure, while
n = 1 results in the thinnest monolayer equivalent.*** Inter-
mediate integer n values produce quasi-2D crystals that span the
compositional continuum between these extremes. In these quasi-
2D domains, significant quantum confinement is observed due to
electronic multi-quantum wells, where inorganic BX, sheets func-
tion as “wells” and organic molecules serve as “barriers”.>**” The
significant dielectric disparity between these areas enhances
Coulombic attraction, resulting in notably elevated exciton bind-
ing energies.

Crystallographically, the perovskite framework can be theo-
retically divided along the (100), (110), and (111) crystallo-
graphic axes in Fig. 2.°>%® In the (100) orientation, planar
inorganic slabs of thickness n are aligned along (100) about
the parent lattice. The extensive compositional variability of the
organic spacer allows significant chemical diversity, establish-
ing this group as the most extensively examined subset
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Fig. 1 Schematic representation of the transition from 2D perovskite to
3D perovskite, showing essential components and an illustration of the 2D

quantum well structure. Reproduced with permission.2® Copyright 2018,
American Chemical Society.
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Fig. 2 Derivation of 2D halide perovskites from the parent cubic perovs-
kite lattice of 3D layered halide perovskites by sectioning the latter along
standard crystallographic planes: (100), (110), and (111). Reproduced from
Han et al,?° licensed under CC BY 4.0.
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of layered perovskites. In Ruddlesden-Popper architectures,
a 3D ABX; network interacts with a 2D (A"),BX, sheet to form
(AN A 1B X341.2°7* The R-NH; unit can include various alkyl
or aryl ammonium cations. The Dion-Jacobson analogs, which
are named after their oxide counterparts, exhibit a comparable
topology. Nevertheless, the introduction of a divalent cation
between the slabs removes lateral offsets, allowing the succes-
sive inorganic layers to align directly on top of one another.
The complex species defined by A,A! B, X3,4+2 (m > 1) are
obtained from cleavage parallel to (110).****> While there are
encouraging developments, the number of effective light-
harvesting layers reported is still limited. This is due to the
ongoing challenges in achieving precise control over distorted
slabs, reducing deep traps, and identifying optimal spacers.
The (111) series, which is defined as A5A,_ 1B, X313 (¢ > 1), is
obtained by sectioning along the body diagonal.** The activity
in this orientation is limited by very high exciton binding
energies, which hinder charge separation and subsequently
reduce photovoltaic performance.

Compositionally, making specific compositional substitu-
tions within the crystal sublattices, the electronic bandgap of
halide perovskites can be tailored. For example, substituting
the A-site ion with larger alkylammonium species influences
the covalency of the B-X bond, allowing for the gap to be
adjusted as needed.**** Since the metal-halide interaction
controls frontier orbital alignment, modifying the B-site cation
also modifies the edge between the valence and conduction
bands. A variety of complementary strategies, including alter-
ing bond angles through steric distortion, performing octahe-
dral tilting, and intentionally inducing lattice strain, have been
employed to create optical windows tailored for emerging
electronic and photonic platforms. A further route is provided
by adjusting the size of crystallites or creating controlled
quantum confinement in films, as size effects can alter the
gap and emergent excitonic activity.’®™*® A recent study that
examined photocurrent hysteresis clarified ion transport
dynamics in high-performance perovskites. The presence of a
slight external bias was observed to reverse photovoltaic polarity,
independent of device architecture, precursor chemistry, fabrica-
tion solvent, or contact materials, highlighting the crucial role of
mobile ionic species. The rapid transport is a result of very low
defect-formation energies and low migration barriers, making the
mechanism exceptionally responsive to environmental factors
such as moisture, thermal cycling, and the history of illumination
that occurs during device aging.**' In matrices with fewer
constraints, organic A-site cations tend to orient themselves. This
collaborative movement, along with its naturally elevated ionic
conductivity, broadens migration pathways, influences current-
voltage hysteresis, and directly connects molecular orientation to
ionic dynamics within the semiconductor framework.”>">* Single-
crystal halide perovskites produced through slow cooling or
inverse temperature crystallization exhibit reduced point defect
densities and lack grain boundaries.>*>>”° As a result, the energy
needed for ion migration in dark conditions exceeds that of
polycrystalline materials. Improved lattice integrity extends carrier
lifetimes, reduces trap-mediated recombination, and enhances
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the stability of emissive quantum yield.>**”>®* Moreover, higher
obstacles impede drift currents even with prolonged bias applica-
tion, maintaining electric fields.*® While it is impossible to
eliminate ion migration, enhancing crystallinity significantly
reduces the number of mobile ions, indicating a hopeful path
toward ensuring long-term device reliability while maintaining
tunability.*¢>

Also, the one-step deposition highlights the importance of
controlled crystallization as a critical element in achieving
perfect halide perovskite coatings, typically accomplished
through spin coating or subsequent annealing.>>®*®* At times,
the loss of solvent, coupled with early crystal nucleation, leads
to film contraction and disrupts the uniform development of
layers. Through controlled solvent-antisolvent modulation, a
homogeneous precursor matrix, produced by purposefully
slowing nucleation, eventually converts. In contrast, acceler-
ated crystallization utilizes brief anneal intervals instead
of the prolonged growth duration dictated by the deferred
r0ute‘55,65,66

Specifically, the volumetric expansion resulting from MAI
diffusion into the PblI, lattice has become a crucial factor in
process engineering.®”®® Effective single-source vapor delivery
of perovskite constituents relies on timely thermal input. As the
increased current pushes the metal boat, its temperature rises
sharply, causing the mixture to be removed in a rapid plume
that later condenses on the cooler surface. The inorganic
component requires intense heating to achieve rapid volatiliza-
tion, while the associated organic component must concur-
rently remain below the thermal degradation threshold, a
crucial measure. This ensures consistent phase purity and
uniform coverage throughout extensive wafers.

3. Fundamental concepts and
mechanisms of resistive switching
in memory devices

The phenomena of resistive switching are typically attributed to
two main mechanisms: electrochemical metallization (ECM)
and the valence-change mechanism (VCM).*%”°

In 2D halide perovskites, the ECM is characterized by the
presence of active top electrodes, a sharp switching event at low
bias that shows a significant dependence on compliance
current(CC), narrow filament conductance, and a reset process
achieved through dissolution when a reverse bias is applied.
VCM is characterized by inert contacts, a gradual evolution of
conductivity influenced by halide-vacancy drift and modulation
of the interfacial barrier, symmetric or weakly asymmetric
windows, and a more pronounced temperature/area scaling
of high-resistance currents. Layered architectures influence
mechanism selection by introducing anisotropic ion migration
and spacer-dependent barrier heights. Vertical grain alignment
stabilizes ECM filaments in the out-of-plane direction, while
vacancy-ordered or single-crystal lattices increase migration
barriers and encourage VCM-like, interface-limited responses.
The density of defects and the order of the crystal structure

© 2026 The Author(s). Published by the Royal Society of Chemistry
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establish the nucleation landscape and the geometry of con-
ductive paths in 2D lattices. Clusters of vacancies at grain
boundaries or gaps induced by spacers initiate the formation
of branched filaments, while vertically aligned, highly crystal-
line grains restrict growth to narrow channels that extend out of
the plane, resulting in decreased variability. In ECM operation
with Ag/Cu electrodes, the dissolving of cations within soft
halide cages and the high mobility of cations along vertically
oriented slabs contribute to reduced forming fields and a
pronounced compliance-current dependence. Meanwhile, the
dissolution process is influenced by local redox overpotential
and heat dissipation at the counter electrode, resulting in a
rapid and polarity-selective RESET. In VCM-dominated stacks,
the generation and drift rates of vacancies are influenced by
vacancy-formation energies, migration barriers, and interfacial
band bending. Vacancy-ordered or single-crystal with low trap
densities increases activation energies, reduces stochastic per-
colation, and promotes gradual, interface-limited switching,
resulting in enhanced endurance.

In ECM configurations, the application of an electric field
leads to the oxidation of the active electrode, resulting in the
release of metal cations into the surrounding dielectric matrix
for subsequent migration.”" Upon emission, these cations
navigate through the insulating layer and experience reduction
at the inert counter-electrode, leading to the formation of
conductive filaments that link the electrodes and lower
resistance.””””* In the VCM action, anion vacancies, including
oxygen or halide defects, act as the primary mobile entities.”
Their movement through the dielectric changes the oxidation
states of adjacent cations in the lattice, influencing conductiv-
ity via redox-driven valence modifications during real-time
operation. ECM generally leads to sudden filament formation,
while VCM can produce filamentary or interface-dominated
responses that develop more gradually.”>”® ECM mechanisms
primarily control the switching behavior of cells with electro-
chemically active top electrodes.”® The SET action is developing
with a slight positive preference, as indicated by a sudden
current increase that marks the beginning of filament growth.

On the other hand, RESET, under negative bias, breaks
down the filament structure and quickly restores the material
to its original HRS.”>*° This phenomenon of sudden switching
dominated by metallization is illustrated by designs utilizing
silver (Ag) electrode layers. In contrast, gold (Au) electrode
devices exhibit unique behavior, following a different mecha-
nism that is solely regulated by interface processes. The gen-
eration of vacancies at the dielectric-electrode junction during
forward bias leads to a reduction in depletion width, improves
carrier transport, and results in an LRS for operation.

In the brain network, neurons function as the primary
information-processing units, while minuscule connections,
known as synapses, interconnect individual cells, creating
extensive, coordinated circuits.*"**> Upon detecting an electrical
impulse, a presynaptic neuron undergoes membrane depolar-
ization, generating a transient, all-or-nothing voltage pulse
known as an action potential, which travels along the axon to
the synaptic terminal.®*®> Upon arrival, the spike activates
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calcium channels, facilitates vesicle fusion, and releases neuro-
transmitters that diffuse across the nanometer-wide cleft,
prompting an electrical response in the postsynaptic mem-
brane and ensuring precise point-to-point transmission.?*3%%7
This physiology motivates neuromorphic hardware. A synthetic
synapse is typically constructed as a metal-insulator-metal
configuration, where the top electrode represents the presynap-
tic side, the bottom electrode denotes the postsynaptic cell, and
the intervening functional layer mimics the biological synaptic
2ap.®®® The conductance of this stack functions as synaptic
weight, reflecting the coupling strength between adjacent
elements; thus, the device resistance must encompass a range
of intermediate values that allow precise weight modifications.
Resistance tuning must be analog rather than binary, con-
ductance states should be resilient yet responsive to sub-
microsecond inputs, and the platform should replicate both
fundamental and composite plasticity rules with little energy
expenditure.®®***! Potentiation and depression require approxi-
mately symmetric and linear conductance modulation to enable
consistent learning and mitigate random variation. Materials such
as halide perovskites, phase change chalcogenides, and filamen-
tary oxides achieve these objectives by regulating ion migration,
facilitating reversible phase transitions, and manipulating nano-
scale redox reaction.”® > Conventional central-processing designs
segregate memory and logic, resulting in inefficiency in fulfilling
these needs, but neuromorphic crossbars amalgamate memory
with computation and function in parallel. Plasticity refers to
alterations in transmission efficacy that are contingent upon
neuronal activity. Potentiation enhances weight and conductivity,
whereas depression diminishes them.’®®” Temporal behavior
occurs at several scales. Short-term potentiation (STP) and short-
term depression (STD) refer to temporary alterations induced by
individual spikes that dissipate as residual ions or trapped charges
are eliminated.”*"® Extended sequences of fast stimulation
induce long-term potentiation (LTP) and long-term depression
(LTD), resulting in modifications that persist from minutes
to several hours and establish the foundation for enduring
memory.lOlJOZ

Practically, memristive data storage utilizes two-terminal
switching devices arranged in tightly packed crossbar matrices.'%
Each matrix comprises four elements: a driven word line, a
grounded bit line, a nonlinear selector that reduces sneak-path
leakage, and the memristive switch itself.'**"°* At every word-
bit intersection, the selector (S), in conjunction with the
resistive switching element (R), creates a 1S1R cell.'°**°” When
the applied bias is beyond the selector threshold, current flows
through the memristor, modifying its conductance. In the
sensing phase, the device’s resistance is compared with an
external reference, and the resulting voltage division signifies
the stored logic value. However, in physical networks, the
simplicity of word- and bit-line addressing is undermined by
channels that redirect current from the designated junction.'**™'°
The lateral sharing of metallic rails results in several unexpected
pathways traveling through unselected elements that share those
rails. Memristive elements store data in a conductance level that
changes according to the accumulated charge or flux encountered
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by the device. The speed and energy advantages render memristors
appealing for embedded computing designs. Diverse technologies
achieve various resistance states via unique microscopic mechan-
isms. A prevalent technique alters the width, length, or composi-
tion of nanoscale conductive filaments. Another modifies the
distance of an insulating tunneling gap, resulting in analog switch-
ing while incurring significant nonlinear -V characteristics due to
the exponential dependence of tunneling current on gap
distance.”" "™ Among the existing approaches, compositional
reconfiguration within the conductive pathway is considered a
dependable method for achieving stable analog states. Continuous
conductance tuning enables multiply-and-accumulate operations,
allowing for concurrent vector-matrix multiplication within the
array. In large-area fabrication, the 1 Transistor-1 Resistor (1T-1R)
architecture, which pairs each memristor with a MOSFET, is the
most viable manufacturing approach.'*>™'® The access transistor
reduces leakage in non-addressed cells, ensuring predictable write
and read operations.

Nonetheless, the silicon space allocated to the transistor and
its inactive power consumption generate interest in passive
crossbars, where per-cell selectors are excluded to optimize
areal density. Such passive layouts, however, encounter half-
select disruptions and widespread sneak-path leaks that
decrease inference accuracy and online learning. Engineers
customize the memristor’s I-V characteristics, incorporating
significant nonlinearity or intrinsic rectification to ensure that
OFF-state currents remain minimal without the need for sup-
plementary devices."*™*' A very adaptable solution incorpo-
rates a tiny selector in series with each junction, allowing
ohmic behavior within the operating range while enforcing
sharp rectification beyond that range.'?*'?>* The crossbar
design automatically connects all rows and columns, and this
parallel wiring promotes inadvertent conduction through
neighboring sites that share a conductor with the selected
location. Thus, the specified junction is biased in parallel with
an undefined resistance formed by adjacent quiescent cells.
The current crossing the unwanted branch disrupts the voltage
divider and generates sneak leakage, which ultimately compro-
mises the dependable operation of passive crossbars that lack
specialized isolation.*?* 27

Interconnected chemo-ionic processes influence the stabi-
lity of environmental and operational factors in 2D halide-
perovskite memristors. These include moisture-assisted
hydrolysis of organic spacers, halide loss due to bias or illumi-
nation, corrosion of electrodes, and diffusion of metals, as well
as field-accelerated aggregation of vacancies that leads to phase
segregation and shifts in interfacial band structure. The
arrangement of crystalline structures and the orientation of
vertical textures effectively reduce the channels for percolative
ingress and restrict the lateral movement of ions. Additionally,
the process of defect passivation at surfaces and grain bound-
aries prevents trap-assisted redox reactions, which would
otherwise expand switching distributions and compromise
retention. The approach involves utilizing hydrophobic or
fluorinated spacer chemistry, implementing diffusion-barriered
and chemically robust contacts, incorporating ionic-blocking or
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dipole-tuned interlayers, and applying conformal encapsulants that
prevent water and oxygen ingress while stabilizing volatile halides
during extended bias and thermal cycling.

4. Quasi-2D halide perovskite-based
memory devices

Recently, 2D layered perovskites have been utilized in
perovskite-based memory devices due to their enhanced ther-
mal stability in comparison to 3D perovskites. The observed
outcome can be attributed to the hydrophobic organic spacers
that protect the perovskite layers from moisture and oxygen
exposure.

Quasi-2D refers to Ruddlesden-Popper or Dion-Jacobson
perovskites characterized by inorganic slabs of n > 2 that are
separated by bulky organic spacers, resulting in electronically
coupled layers with out-of-plane ionic confinement. In addition
to PEA-based RP phases, notable examples include fluorinated
spacers, branched or cyclic ammoniums, and D] phases created
by short diammonium linkers, all of which enhance vertical
grain alignment and moisture tolerance, beneficial for achiev-
ing low-variability switching. Additional variants, mixed-halide
I/Br lattices for filament tuning, Cu-based A,BX, layers for lead-
lean compositions, and 2D/3D stacked heterostructures expand
the strategy space toward lower forming voltages, selector-free
rectification, and multilevel conductance. In addition to their
stability, various groups have proposed that 2D layered perovs-
kites serve as promising candidates for memory devices due to
their superior ON/OFF ratio, enhanced reliability, and reduced
operating voltage.

Kim et al. evaluated the differences in switching behaviors
constructed on PEA,MA,Pb;l;¢ layers with arbitrary orientation
and those featuring well-aligned vertical grains."*® Vertically
oriented PEA,MA,Pb;s1;¢ films were synthesized by including
MACI as a directing additive during the deposition process.
8 x 8 crossbar arrays (Au/PEA,MA,Pbsl;/ITO) for systematic
testing using a combination of traditional photolithography
and electron-beam patterning. The top electrode, approxi-
mately five pym in width, was drawn up using conventional
lift-off photolithography, the perovskite region (~600 pm)
was defined using top-down exposure, and the top electrode,
similarly 5 pm wide, was created via e-beam lithography.
We subsequently analyzed the resistive switching behavior in
arrays constructed from randomly oriented and vertically
oriented films. The vertically aligned devices required a sub-
stantially lower electric field for electroforming (393 kv cm™*)
than their randomly oriented device (501 kV cm™'). Moreover,
the distributions of SET and RESET fields, together with
LRS and HRS, were narrowed for vertically oriented films. This
enhancement is ascribed to less variation in energy barriers
for iodide-vacancy migration along the linear, vertically
oriented conduction channels.

Additionally, Kim et al. (PEA),MA;Pb,l,; as the resistive-
switching layer seen in Fig. 3(a).”” The (PEA),MA;Pb,l,; films
were fabricated using spin-coating. Fig. 3(b) illustrates the I-V

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic representation of the structure of the resistive
switching memory device and the resistive switching materials (PEA),-
MAsPbylis. (b) /-V characteristics of an Ag/((PEA),MAsPbyli3/Pt) device
derived from five sequential voltage sweeps. (c) Schematic representation
of the ECM mechanism. (d) Endurance characteristics for the (PEA),.
MAzPbylis memory device. (e) Retention duration of the ON and OFF
states. (f) /-V characteristics of an Ag(PEA),MAzPbyl;3/Pt device under four
distinct CC. Reproduced with permission.”?> Copyright 2024, Elsevier.

characteristics, exhibiting bipolar switching with ON and OFF
transitions occurring under opposing bias. The initial current
spike followed by a stable LRS indicates filament production
when the CC is restricted to 10™% A. Imposing a negative bias
fractures these filaments, restoring the device to an HRS with
a current capacity of 10~> A. The SET and RESET thresholds
were +0.09 Vand —0.10 V, respectively. The immaculate device
initially conducted 10~ *" A, but its current surged to 10 ° A
when the bias over the SET threshold, resulting in an ON/OFF
ratio of 10%. Fig. 3(c) illustrates a filamentary ECM configu-
ration for the (PEA),MA;Pb,l;;-based device. In a positive bias,
Ag dissolves; its cations migrate toward the inert bottom
electrode and are ultimately reduced, crystallizing at the inter-
face. Fig. 3(d) illustrates endurance, indicating that 640 ps
write/erase pulses of +0.8 V and —0.8 V, accompanied by
a 0.05 V readout, maintained functionality for 100 cycles.
Fig. 3(e) evaluates retention. Both states remained distinct
for over 3000 s when read at 0.02 V, exhibiting only little HRS
drift and negligible LRS degradation. Multilevel switching,
examined for data density, is illustrated in Fig. 3(f). Modifying
the CC from 10® A to 10 ° A resulted in four consistent LRS,
while the HRS remained relatively unchanged. A single (PEA),.
MA;Pb,l;; element can accommodate multiple resistance
levels within a single junction, thereby enhancing storage
capacity.

Also, Kim et al. achieved vertically aligned perovskite films
within a 7 x 7 flexible crossbar array.'* Vertically oriented
BA,MA;Pbgl;4 layers were synthesized by adjusting the precur-
sor ratio (n = 6) in conjunction with SCN~ ion additions,
resulting in humidity resistance over an entire calendar year
in ambient conditions. The device exhibited a remarkable ON/
OFF ratio of 107, exceptionally low SET and RESET voltages (| V|
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< 0.15), consistent device-to-device performance, outstanding
durability of 5 x 10° cycles, and retention lasting 2 x 10° s. This
performance results from pre-organized vertical 2D perovskite
conduits, devoid of grain boundaries between the top and
bottom electrodes, which stabilize conducting filaments within
the ultrathin film and enable disturbance-free operation,
thus enhancing dependability. Additionally, large hydrophobic
organic cations impede water penetration into the inorganic
framework, resulting in moisture stability lasting over 12 months.
A 7 x 7 crossbar array demonstrating uniformity among elements
was shown for nonvolatile data storage and on-demand reconfi-
guration. Pixel-scale images were input into the network and
subsequently reconfigured to encode other visuals. Chen et al
reported an (PEA),MAPb,I;Br, based resistive switching memory,"*
fabricated entirely in air through a single-step spin-coating method,
which is free of antisolvent steps and demonstrated excellent,
repeatable bipolar switching. The quasi-2D perovskite layer facili-
tated SET operation at approximately 0.8 V, achieving an ON/OFF
current window close to 10%, all while maintaining over one
thousand write-erase cycles without any signs of deterioration.
Transport analysis revealed that space-charge-limited current is
predominant in the high-resistance branch, while metallic-
filamentary Ohmic flow takes over following the switching
process. The PEA spacer provides hydrophobic protection,
enabling stable resistive behavior at 40% relative humidity for
over 90 days.

5. A,BX; halide perovskite-based
memory devices

Among various candidates, copper(u) can form a 2D layered
perovskite similar to 2D lead halide perovskites. While Cu-
based materials have been predominantly explored in the solar
cell domain, there has been no effort directed toward their
application in resistive switching memory. Given that Cu(u)
possesses a 3d electronic configuration, the presence of octa-
hedral Cu(u) in 2D layered perovskites could influence the
switching mechanism as a result of alterations in the local
geometry.

Kim et al. reported resistive switching in layered (BzA),CuBr,
(BzA = C¢H;CH,NH}), attaining significant memory devices."*"
The X-ray diffraction analysis of the spin-cast layer reveals
pronounced (00!) reflections, indicating a specific orientation
about the Pt bottom contact. A stack consisting of Ag/PMMA/
(BzA),CuBr,/Pt functions as a bipolar switching device. An
initial electroforming event occurs around +0.5 V, followed by
consistent SET and RESET operations at +0.2 V and —0.3 V. I-V
sweeps demonstrate an ON/OFF ratio nearing 10°, with cycling
endurance surpassing 2000 repetitions and non-volatile reten-
tion extending beyond 1000 s. Multistate storage capability is
confirmed when the CC is adjusted to provide intermediate
conductance values. The analysis of conduction associates
the LRS with ohmic filament channels, while the HRS is
characterized by Schottky emission, aligning with an electro-
chemical metallization mechanism. Environmental stability
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tests conducted at 50% relative humidity over 14 days indicate
minimal degradation, confirming that (BzA),CuBr, retains its
structural and electronic integrity.

Kundar et al. investigated the use of bulky organic tetra-
ethylammonium (TEA) ions to construct 2D (TEA),PbBr, and
(TEA),Pbl, layers for resistive switching memory devices."*>
The resultant 2D-structured devices exhibited bipolar resistive
switching, with high ON/OFF ratios of 3 x 10* for (TEA),PbBr,
and 8.83 x 10° for (TEA),Pbl,, while maintaining data reten-
tion exceeding 10* s and demonstrating substantial cycle
durability. Furthermore, dependable switching continued at
high temperatures nearing 400 K operation. Electrical trans-
port studies indicated that Schottky emission predominated
in the HRS, while Ohmic behavior was prevalent in the LRS
domain of the devices. Notably, (TEA),PbBr,-based memories
required reduced SET voltages compared to their I counter-
parts, indicating their potential to substantially decrease total
device power consumption during standard write-erase cycle
operations. Moreover, the Br version exhibited consis-
tent switching for 45 days, demonstrating its exceptional
durability.

Integrating resistive-state modulation with intrinsic recti-
fication in a single memory device can facilitate accurate write
and read operations within a compact configuration. Never-
theless, achieving this dual capability at low bias remains
challenging. Son et al. presented a self-rectifying memory that
relies on a singular functional layer, which independently
experiences lateral phase separation into ferroelectric poly-
(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) domains
and BA,Pbl, in Fig. 4(a)."** A consistent P(VDF-TrFE):BA,Pbl,
composite layer was quickly deposited using straightforward
spin casting. The P(VDF-TrFE):BA,Pbl, film comprises phase-
separated BA,Pbl, within the P(VDF-TrFE) matrix, as illustrated
in Fig. 4(b) and (c). The P(VDF-TrFE) polymer chains achieve
self-alignment by strong intermolecular interactions with
BA,PbI, during phase separation in Fig. 4(d). The electrical
analysis of Ag/P(VDF-TrFE):BA,Pb1,/ITO device was conducted
within a limited voltage range of +0.4 V in Fig. 4(e).
A transition to the LRS occurred at +0.32 V during the sweep
from 0 to +0.4 V, accompanied by a current of approximately
107> A. Reversing the sweep from +0.4 V to —0.4 V RESET the
device to the HRS, the OFF current remained below 107 '" A,
resulting in an LRS/HRS ratio almost equal to 10°. The I-V
curve demonstrated asymmetry, achieving a rectification ratio
of 10° at +0.1 V, with current flowing solely under forward
bias, while reverse-bias conduction was significantly reduced.
The stable preservation of both states surpassed 10* s, and
dependable switching continued for 200 consecutive cycles
Fig. 4(f) and (g). The observed behavior is ascribed to the
electrochemical doping of BA,Pbl, by migrating Ag" species,
as schematically depicted in Fig. 4(h). No switching was
observed when the active Ag electrode was replaced with an
electrochemically inert metal, even under higher voltage con-
ditions. The operating voltages conform to the tolerance limits
of peripheral circuits, minimizing energy consumption and
Joule heating.
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Fig. 4 (a) Diagrams showing the molecular configurations of the ferro-
electric P(VDF-TrFE) polymer and BA,Pbl, 2D perovskite. (b) Diagram of a
resistive memory device architecture and (c) cross-sectional view of the
device illustrating a phase-separated lateral heterostructure comprising
the BA,Pbl, crystal embedded within a P(VDF-TrFE) matrix, positioned
between upper Ag and lower ITO electrodes. (d) Diagram of the P(VDF-
TrFE) and BA,Pbl, interface, illustrating the self-orientation of P(VDF-TrFE)
chains due to intermolecular interactions with BA;Pbly, resulting in lateral
ferroelectric polarization. (e) Resistive switching /-V characteristics of the
Ag/P(VDF-TrFE):BA,Pbl4/ITO device. The red arrows indicate the direction
of the scan. The -V curves from twenty devices are displayed beside the
grayscale. (f) Retention time and (g) endurance cycle of LRS and HRS. (h)
Schematic representation of the resistive switching mechanism. P(VDF-
TrFE) is first self-polarized at the P(VDF-TrFE):BA,Pbly contact. After
setting, Ag* ions traverse the P(VDF-TrFE):BA,Pbl, interface and dope
BA,Pbl,, leading to the emergence of localized Ag*-doped conductive
filaments. Following the reset, the Ag*-doped conducting filaments
are broken. Reproduced with permission.t*3 Copyright 2025, American
Chemical Society.

6. ABX4 halide perovskite-based
memory devices

The significance of grain boundaries in resistive switching
memory devices lies in their role during the switching opera-
tion, which is made easier by ion migration. These grain
boundaries can serve as methods that enhance the migration
process. Controlling the grain size has the potential to influ-
ence the memory characteristics of devices. To attain a high-
performance memory device, it is essential to regulate the grain
size within the film.

Park et al. employed 3-(aminomethyl)piperidinium (3AMP)
as the organic spacer cation was synthesized for (3AMP)-Pbl,,
as illustrated in Fig. 5(a)."** The morphology of the grains was
modified by varying the relative volumes of N,N-dimethyl-
formamide (DMF), and dimethyl sulfoxide (DMSO) in the
precursor mixture. Three representative solutions, DMF : DMSO =
1:0,1:1, and 0:1, produced films illustrated in Fig. 5(b)-(d). The
increase in DMF fraction led to a gradual decrease in crystalline
domain size. The electrical traces presented in Fig. 5(e) indicate
that processing with a DMF-rich environment leads to an increase

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic illustration of (3AMP)Pbl, with atom colors indicated:
Pb in red, I in yellow, C in black, N in blue, and H in orange. A schematic
illustration of the grain size-controlled (3AMP)Pbl, films is presented. SEM
images of (3AMP)Pbl, films deposited using solutions with (b) PDMF:
DMSO = 1:0, (c) PDMF:DMSO = 1:1, and (d) PDMF:DMSO = 0:1 are
presented. (e) /-V characteristics of the devices exhibiting varying grain
sizes. (f) Evaluation of cycling endurance of the device subjected to
repeated SET pulse applications (2 V, 10 ms) and RESET pulse applications
(=3 V, 10 ms). (g) Data retention characteristics of the device. Measure-
ments of all current levels at the HRS and LRS were conducted at a read
voltage of 0.2 V. (h) Schematic illustration depicting the sneak-path current
within a cross-point memory array. A schematic illustration of a device
connected to an Ag-doped ZnO-based selector device featuring a 1S1R
configuration. /-V characteristics of (i) the selector device and (j) the
device linked to the selector device. Reproduced with permission.***
Copyright 2022, American Chemical Society.

in the HRS current, resulting in a reduction of the ON/OFF
window. The examination of reliability involved the use of repe-
titive pulse sequences. Positive pulses of +2 V for 10 ms success-
fully carried out the designated action, whereas negative pulses of
—3 V for 10 ms accomplished the RESET. Fig. 5(f) illustrates
sustained functionality over 1000 cycles without any observable
decline, indicating that grain-size management allows reliable
performance. The retention data in Fig. 5(g) demonstrate consis-
tent HRS and LRS currents throughout 1000 s, thus affirming
remarkable data stability. In crossbar array, stray currents in non-
addressed cells interfere with precise reading from the intended
junction, as shown in Fig. 5(h). A threshold selector element was
integrated to restrict this conduction. The standalone selector
demonstrated bidirectional threshold characteristics, featuring
an off-state current close to 1 x 107" A and a selectivity of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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approximately 1 x 10° in Fig. 5(i); upon the removal of bias,
conductive filaments dissolved as Ag reverted to ionic form,
resulting in a decrease in surface energy. A one-selector-one-
resistor (1S1R) stack was illustrated by linking the Al contact of
the memory cell to the Pt bottom electrode of the selector,
followed by the application of voltage to the selector’s Pt top
electrode. In the course of a forward sweep in Fig. 5(j), the selector
activated at 0.3 V, allowing for the subsequent setting action of the
memory element at 0.8 V. During the reverse sweep, the selector
activated at —0.3 V, subsequently leading to a gradual RESET.
Khemnani et al. reported that 3,4-ethylene dioxythiophene-
polystyrene sulfonate (PEDOT:PSS) and poly(methyl methacry-
late) (PMMA) were positioned at the ITO/(3AMP)-Pbl,/Ag inter-
faces, respectively.'*® Fig. 6(a) illustrates the I-V characteristics
of the ITO/PEDOT:PSS/halide perovskite/PMMA/Ag device,
demonstrating an ON/OFF ratio of around 10°. The threshold
necessary for SET operation decreases to 0.33 V, far lower than
the 0.8 V recorded. The nonlinear, asymmetric I-V curve
depicted in Fig. 6(b) reflects the characteristics of a self-
rectifying memory element. Self-gating cells are candidates
for compact, energy-efficient neuromorphic devices due to their
intrinsic rectification, which reduces sneak-path leakage in
cross-point lattices and reduces read errors. The incorporation
of interlayers significantly enhances device durability, achiev-
ing 100 switching cycles and 6000 s of retention, as illustrated
in Fig. 6(c). A series of presynaptic stimuli (1 V amplitude,
0.1 ms interspike interval, 100 ms pulse width, 0.2 V read) was
administered to demonstrate gradual potentiation. The gradual
increase in synaptic weight indicates learning ability, while the
elimination of the initial gain typifies the erasure process
depicted in Fig. 6(d). A second learning process is confirmed
when the weight is raised to a higher plateau after reapplying
the same training. The process of cycling between learning,
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Fig. 6 (a) The -V characteristics, (b) endurance, and (c) retention time of
the fabricated ITO/PEDOT:PSS/active layer/PMMA/Ag device are pre-
sented, respectively. (d) Human brain featuring pre- and postsynaptic
neurons, (e) characteristics of learning and forgetting mechanisms,
(f) SNDP, (g) PPF index, (h) IPSC, and (i) EPSC. Reproduced with permis-
sion.1*> Copyright 2023, American Chemical Society.
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forgetting, and relearning ultimately saturates the load. Inter-
neuronal coupling can be adjusted by modifying the spike
interval, pulse count, or width; the associated plasticity
mechanisms include paired-pulse facilitation (PPF), spike-
number-dependent plasticity (SNDP), and excitatory postsynap-
tic current (EPSC). In biological circuits, PPF promotes swift
information processing and memory consolidation. Upon the
arrival of an initial excitation at a presynaptic terminal, ionic
influx occurs. Restoration to baseline requires a finite duration;
a subsequent identical stimulation during this recovery pro-
duces a greater response, hence establishing paired-pulse
facilitation (PPF). Fig. 6(e) illustrates that the PPF index reduces
as the interspike delay (At) increases, exhibiting a rapid com-
ponent of 0.42 ms (t,) and a gradual component of 7.27 ms (t,).
Plasticity contingent upon spike quantity also arises: Fig. 6(f)
demonstrates that increasing the number of presynaptic pulses
from 1 to 25 consistently enhances device conductance. Width-
dependent modulation was investigated by extending pulse
durations from 10 ms to 200 ms, resulting in an increase in
conductivity from 27 pA to 54 pA, as illustrated in Fig. 6(g).
Inhibitory postsynaptic currents (IPSCs) in biological neurons
occur when neurotransmitters released from presynaptic neurons
bind to inhibitory receptors, resulting in a reduction in inward
charge flow. A memristive analog exhibits a reduction in channel
current with targeted stimulation (100 ms duration, 1 V ampli-
tude) in Fig. 6(h), accurately replicating inhibitory neurotransmis-
sion. Fig. 6(i) documents an IPSC duration of 1 s for the ITO/
PEDOT:PSS/(3AMP)-Pbl,/PMMA/Ag configuration.

7. AsB>Xg halide perovskite-based
memory devices

The perovskite-like compounds A;B,X, have predominantly
captured attention thus far. This specific category of lead-free
perovskites has a structure derived from ABX; via a combina-
torial method and is recognized to exist in two distinct poly-
morphs: a 0D dimer phase and a 2D layered phase, with the
dimer phase being thermodynamically favored. Nonetheless,
the current initiatives involving these A;B,Xo perovskites in
memristor applications have predominantly concentrated on
the dimer phase.

Paramanik et al. demonstrated the resistive switching prop-
erties of 2D layered Cs;Sb,I, perovskite thin films for applica-
tion in memristive and neuromorphic devices."*® The defect-
ordered Cs3;Sb,l, was synthesized using a vapor-assisted
solution method, and a comprehensive structural investigation
confirmed high phase purity in the deposited layers. Schottky
designs exhibited consistent, non-volatile, bipolar switching at
an exceptionally low voltage of 0.4 V, attaining an ON/ OFF ratio
close to 10*, data retention beyond 10* s, cycling endurance of
100 cycles, and remarkable sustainability. In contrast, sand-
wich devices provided a unique optical readout derived from
the open-circuit voltage (Voc) resulting from significant light-
matter coupling within the perovskite framework. Furthermore,
in spiking-rate-dependent plasticity trials, the devices exhibited
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short-term plasticity in conjunction with sustained long-term
potentiation, thereby indicating viable learning processes.

Also, Yuan et al. explored the synthesis of lead-free, all-
inorganic Cs;Sb,ly perovskite layers with high environmental
durability using a hydrochloric-acid-assisted solution route at
low temperatures.'*® The integration of Ag/PMMA/Cs;Sb,Io/ITO
stacks resulted in devices exhibiting consistent bipolar resistive
switching. The optimized memories function at around
—0.34 V for SET and +0.25 V for RESET, achieving an ON/OFF
window near 66 and maintaining performance for a minimum
of 120 switching cycles while keeping stored states for over
10" s. Flexibility examinations indicate minimal performance
decline when substrates are subjected to various bending radii
or cycled 1000 times, emphasizing their mechanical durability.
Moreover, the resistive-switching characteristics demonstrate
stability even after over 10 days of exposure to ambient air,
confirming long-term chemical stability.

Ge et al. assess dense 0D Cs;Bi,l and layered 2D CsBizl;q
films exhibiting homogeneous surface morphology."*” Follow-
ing the deposition on chemically cleaned FTO glass, high-purity
Ag electrodes were thermally evaporated onto the Cs;Bi,Iy and
CsBi3l;, layers, resulting in the formation of sandwich-type
devices depicted in Fig. 7(a). Cross-sectional SEM images seen
in Fig. 7(b) and c confirm the layered structure, indicating film
thicknesses of approximately 1.1 pm for Cs;Bi,lo and 0.6 um
for CsBisl;,. The evaporation of the electrode simultaneously
produces a thin AgO, interphase, an essential characteristic for
resistive switching, which will be analyzed in the subsequent
explanation of the mechanism. The resistive-switching beha-
vior of Cs;Bi,ls and CsBizl;, was examined by varying the top Ag
electrode voltage from 0 to —2.0 V, returning to 0, increasing
to 1.5 V, and ultimately returning to 0 V under ambient
conditions. The typical I-V curves depicted in Fig. 7(d)-(g) for
Cs;3Bi,lo- and CsBijlyp-based devices demonstrate clear, repro-
ducible bipolar switching with minimal hysteresis drift. The
SET operation, specifically the transition from HRS to LRS, is
initiated during the negative bias phase without an external
current limiter. A subsequent positive bias initiates the reset
event, consistently restoring both Cs;Bi,ls and CsBizl;, from
LRS to HRS within a limited voltage range. The switching
durability in Fig. 7(e)-(h) and retention behavior in Fig. 7(f)-(i)
were meticulously assessed at a read voltage of —0.04 V for
statistically independent devices. Both compositions main-
tained consistent HRS-LRS cycling for a minimum of 250 cycles,
achieving a very high ON/OFF ratio close to 10° without encap-
sulation. This ratio significantly exceeds the previously
recorded value for a CsBi;l;, device utilizing an Al electrode,
demonstrating the critical impact of architecture on perfor-
mance enhancement. A significant interface barrier resulting
from the work-function disparity between perovskite and metal-
lic contacts is advantageous for optimizing the ON/OFF ratio by
stabilizing the off state. Moreover, the intrinsically elevated
resistivity of these low-dimensional lattices, due to isolated
octahedral complexes, effectively decreases OFF current and,
therefore, enhances the ON/OFF ratio. The Cs;Bi,I, device
sustains its on-state for over 10® s under continuous read
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Fig. 7 (a) Schematic representation of devices based on Cs3Bilg and

CsBizlyg. Cross-sectional SEM pictures of (b) Cs3Bixlg and (c) CsBiszlig
device architectures, presented in false color, respectively. (d) Character-
istic -V curve of the Cs3Bislg-based device presented in a semilogarithmic
scale, accompanied by (e) switching endurance and (f) retention test
results. Characteristic (g) /-V curve, (h) switching endurance, and (i)
retention data of the CsBislig-based device, respectively. Reproduced with
permission.*” Copyright 2020, Wiley.

pulses, demonstrating enhanced retention compared to CsBizl;.
The extensive ON/OFF ratio allows multilevel switching, easily
accomplished by adjusting CC during the SET process by simple
compliance modulation.

Kim et al. all-inorganic Cs;Bi,Bry perovskite layers less than
100 nm in thickness were derived from pre-synthesized
Cs;Bi,Bry powder, a technique that avoids the insufficient
solubility that restricts the use of direct CsBr/BiBr; solutions."*’
The resistive switching was evaluated using the Ag/95 nm
Cs;3Bi,Bro/ITO configuration, as depicted in Fig. 8(a) and (b).
The dark current-voltage curve for the ultrathin film depicted in
Fig. 8(c) demonstrates bipolar switching; the Ag/Cs;Bi,Bro/ITO
stack was subjected to a voltage sweep from 0 to +1.0 V for SET,
followed by a sweep to —1.5 V for RESET, under a CC of 1 mA
(1072 A). After formation, 10 cycles adhered to the sequence of
0V - +1.0V >0V > —15V - 0V, as depicted in Fig. 8(d).
A swift increase in compliance to approximately +0.45 V indicated
filament formation and transition into the LRS, while the sub-
sequent return sweep progressively restored the HRS. Fig. 8(e)
verifies consistent switching over 120 cycles with an ON/OFF ratio
of approximately 10 Fig. 8(f) illustrates that this ratio, which
remains over 10, remains nearly constant during 1000 cycles and
decreases only for an additional 1000 cycles, signifying endurance.
The non-volatile operation is confirmed by the median resistance
in both states remaining constant across a 10* s retention test. I-V
graphs were analyzed to elucidate transport processes in Fig. 8(g).
In the HRS low-field range of 0.02-0.22 V, a slope of 1.14 signifies
Ohmic conduction by thermally activated electrons Fig. 8(h).
Upon reaching the compliance limit, the log curve maintains a
slope of 1.04, indicating that Ohmic behavior persists in the LRS.
In the negative bias (RESET, Fig. 8(i)), the LRS exhibits Ohmic
conduction with a slope of 1.00. Upon the device’s reversion to
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Fig. 8 (a) Schematic representation of a resistive switching device includ-
ing an Ag/Cs3Bi,Bro/ITO/glass configuration. (b) Cross-sectional scanning
electron microscopy (SEM) image depicting the 95 nm thick Cs3zBi,Brg film.
1-V characteristics for (c) the first switching phase, illustrating the forming
step; (d) the subsequent 10 sweeps; and (e) the 120 cycles after the
forming step. Bias voltages of +1.0 V were applied for the formation and
SET processes, while —1.5 V was utilized for the RESET process in the
Ag/Cs3BiBro/ITO devices. (f) Endurance and (g) retention duration of the
Ag/Cs3BiBrg/ITO device were assessed with a bias voltage of +1.0 V for
the SET process and —1.5 V for the RESET operation, with a CC of 1075 A.
The voltage reading was +0.10 V, and the pulse duration was 100 ps. Natural
logarithm of /-V data for (h) SET and (i) RESET procedures. Reproduced with
permission.**® Copyright 2022, American Chemical Society.

HRS, a pronounced slope of 2.04 indicates a trap-controlled space-
charge-limited current. A subsequent slope of 0.94 characterizes
the recovered HRS, signifying a return to Ohmic transport follow-
ing filament rupture.

The analysis of A,BX,, ABX,, and A;B,X, devices reveals that
the reactivity of the electrodes and the identity of the halides
primarily determine the mechanism: active Ag/Cu contacts
featuring iodide-rich lattices promote ECM with sharp, sub-volt
set points and easily adjustable multilevel states. In contrast,
inert electrodes and hosts with higher defect formation ener-
gies lead to responses that trend towards voltage-controlled
mechanisms or interface-limited transport, characterized by
wider switching windows and more pronounced temperature
and area scaling. Dimensionality and morphology play crucial
roles in determining OFF-state leakage and rectification. The
presence of 0D dimer phases, such as Cs;Bi,ly, effectively
suppresses leakage and enhances retention stability. In contrast,
polymer-perovskite phase-separation architectures, offer strong
intrinsic rectification that is ideal for selector-free operation.
Additionally, controlling grain size and using external thresh-
old selectors continue to be effective strategies for ABX, films
in crosspoint arrays, particularly in scenarios where sneak
paths are prevalent. Bromide compositions typically reduce
SET thresholds and enhance thermal and ambient robustness
compared to iodides, while iodides tend to provide larger ON/
OFF windows and allow for easier multilevel tuning.
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8. Single crystal and double halide
perovskite-based memory devices

Kim et al. investigated that butylammonium (BA) spacer cations
into the Cs,AgBiBrg lattice results in the formation of a 2D
BA,CsAgBiBr, as confirmed by distinct (00/) reflections observed
in powder X-ray diffraction patterns."*” A 230-nm-thick BA,CsAg-
BiBr; layer deposited on Pt and completed with Ag forms a vertical
Ag/BA,CsAgBiBr,/Pt stack that demonstrates distinct bipolar resis-
tive switching. The device demonstrates an ON/OFF ratio nearing
107, with consistent SET and RESET at +0.13 V and —0.20 V,
respectively. The endurance of the pulse exceeds 1000 cycles, and
the non-volatile retention remains stable for a minimum of
2 x 10* s. Adjustable CC promotes distinct multilevel conduc-
tance states, indicating potential applications in analog memory
and neuromorphic hardware. Transport analysis attributes high-
resistance behavior to temperature-assisted Schottky emission
and low-resistance behavior to ohmic conduction. Thermal stress
at 85 °C and continuous exposure to ambient air for 22 days
induce minimal degradation, confirming the strong operational
durability of the BA,CsAgBiBr; memory device.

Also, Jung et al. developed a single-crystal CsPb,Br; resistive-
switching memory device without grain-boundary interference,
resulting in vertical devices that provide an ON/OFF ratio of
approximately 1 x 10° while functioning below 0.32 V.'*°
Furthermore, the device exhibited voltage-controlled multilayer
functionality, preserving a significant resistance gap of roughly
1 x 10% between consecutive states. To clarify the switching
mechanism, the research comprehensively compared resistive-
switching responses across several geometries (vertical versus
planar) and electrode chemistries (inert versus active). The
results revealed that the drift of active-metal ions predominates
the switching event, suggesting that the controlling mechanism
can vary significantly with the crystallographic framework.
Furthermore, the 2D structure, consisting of alternating Cs
sheets and Pb,Brs slabs, predominantly facilitates low-voltage
multistate functionality in the single-crystal CsPb,Br; vertical
resistive-switching devices.

9. Conclusion

In conclusion, 2D halide perovskites have developed into
attractive materials for sophisticated resistive memory. Layered
Ruddlesden-Popper, Dion-Jacobson, vacancy-ordered, and
single-crystal lattices provide dependable bipolar switching,
exceptionally low SET voltages, and extensive ON/OFF ratios
while maintaining mechanical flexibility and robust resistance
to environmental deterioration. Comparative studies of solution-
processed and vapor-grown films demonstrate that vertical crystal
alignment, interface design, and suitable electrode selection
reduce grain-boundary scattering, stabilize conductive filaments,
and minimize sneak-path leakage.

The varied structural patterns examined here allow a wide
array of device behaviors. Multilevel conductance states arise
from regulated ion migration, allowing individual junctions to
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exhibit multiple resistance levels. Intrinsic rectification reduces
leakage currents, enabling densely arranged passive crossbar
arrays to function with remarkably low energy consumption.
When subjected to inspired pulse sequences, these perovskite
elements exhibit essential synaptic characteristics, including
paired-pulse facilitation, short-term and long-term plasticity,
and rate-dependent learning, thereby emphasizing their potential
as artificial synapses in neuromorphic architectures.

Lead-free alternatives utilizing bismuth and antimony
structures enhance durability and environmental suitability,
whereas vacancy-ordered and single-crystal configurations
reduce defect-mediated recombination and provide exceptional
stability in retention. Spin-coated layers utilize solvent-
controlled crystallization for consistent coverage, while vapor-
deposited films offer wafer-scale uniformity and compositional
regulation. Through these production methods, thin perovskite
films exhibit remarkable endurance cycles and retain non-
volatile states over extended durations.

The results obtained in this study demonstrate the ability
of halide perovskites to incorporate memory storage, signal
modulation, and synapse simulation in small devices. The
ongoing improvement of composition, morphology, and device
architecture is anticipated to improve performance metrics and
broaden application prospects, establishing halide-perovskite
memristors as fundamental elements in next-generation
information-processing hardware.
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