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Abstract: Resistive switching (RS) memory devices are gaining recognition as data storage devices
due to the significant interest in their switching material, Halide perovskite (HP). The electrical
characteristics include hysteresis in its current–voltage (I–V) relationship. It can be attributed to the
production and migration of defects. This property allows HPs to be used as RS materials in memory
devices. However, 3D HPs are vulnerable to moisture and the surrounding environment, making
their devices more susceptible to deterioration. The potential of two-dimensional (2D)/quasi-2D HPs
for optoelectronic applications has been recognized, making them a viable alternative to address
current restrictions. Two-dimensional/quasi-2D HPs are created by including extended organic
cations into the ABX3 frameworks. By adjusting the number of HP layers, it is possible to control the
optoelectronic properties to achieve specific features for certain applications. This article presents an
overview of 2D/quasi-2D HPs, including their structures, binding energies, and charge transport,
compared to 3D HPs. Next, we discuss the operational principles, RS modes (bipolar and unipolar
switching), in RS memory devices. Finally, there have been notable and recent breakthroughs in
developing RS memory systems using 2D/quasi-2D HPs.

Keywords: resistive switching memory; 2D halide perovskites; quasi-2D halide perovskites; 3D
halide perovskites

1. Introduction

There has been significant interest in renewable energy devices due to a growing
understanding of environmental and economic concerns. Renewable energy devices have
been extensively researched as potential energy sources [1–3]. A typical semiconductor
is a crystalline sheet that can efficiently collect and transfer charges over long distances.
This property enables the use of silicon-based solar cells. Furthermore, researchers are
examining highly potential photovoltaic technologies [4–6]. In this area, halide perovskites
(HPs) have drawn attention as advanced materials within photovoltaics. The “perovskite”
was identified in the Ural Mountains [7]. HPs have garnered significant scientific attention
for their exceptional electrical properties and their cost-effective production and ability to
be processed using solutions. “Perovskite” describes a crystal structure with the general
formula ABX3 [7–10].

The structure of HP consists of cations A and B, with A being bigger than B and an an-
ion represented by X. The A, B, and X elements have specific, unchanging locations [7,8,11].
The three-dimensional (3D) structure of ABX3 perovskites consists of an octahedral net-
work that shares corners. More precisely, B cations are encompassed by X anions to create
BX6 [7,12]. HPs with the unit formula ABX3 have been widely utilized in photovoltaics
due to their advantageous electrical properties. These properties include an exceptionally
long electron diffusion length, excellent charge carrier mobility, a broad absorption range,
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and a high absorption coefficient [13,14]. In addition to their application in photovoltaics,
HP materials possess remarkable electrical qualities that make them suitable for various
next-generation devices [15–19]. HPs are expected to be the primary research subject for
numerous applications in coming years. Hence, it is necessary to comprehend the structural
and electrical characteristics of HPs thoroughly.

Nevertheless, 3D HPs are susceptible to moisture and the surrounding environment,
making their devices more prone to degradation. The two-dimensional (2D) and quasi-2D
HPs are identified as promising materials with great potential for optoelectronic applica-
tions, making them a solution to overcome existing limitations [7,20]. The 2D/quasi-2D
HPs are created by incorporating elongated organic cations. They are too large to fit
into the ABX3 [21]. This review introduces the characteristics of quasi-2D HPs, for exam-
ple structures, photoluminescence, binding energies, and charge transports compared to
3D HPs. The operating principles, resistive switching (RS) modes (bipolar and unipolar
switching), and the switching mechanisms of RS memory devices are mentioned. Finally,
2D/quasi-2D HP-based RS memory devices are categorized with 2D single crystals, 2D/3D
heterojunctions, 2D/quasi-2D, and lead-free 2D HPs.

2. HPs
2.1. Structures

Figure 1a demonstrates that ABX3 perovskites possess 3D structures [7,22]. The cations
and anions found at the A, B, and X sites are given in Figure 1b [7]. However, only the
742 kinds can occur within the tolerance range factor of 0.8–1. The Goldschmidt tolerance
and octahedral factors can be employed to determine the geometric structures of precisely
fitting 3D perovskites. The tolerance factor (t) is calculated with the ionic radii of A and X.
The octahedral factor is calculated as the ratio of the ionic radius of B to the ionic radius of
X. Figure 1c illustrates the tolerance factors [7]. The plot is based on the A cations, and the
open symbols mean a nonperovskite structure. In order to obtain cubic perovskites, the t
value should be within 0.8–1.0. Orthorhombic perovskite structures are obtained when the
tolerance factor value is smaller than 0.8, while hexagonal noncubic perovskite structures
are obtained when the tolerance factor value exceeds 1. Furthermore, the cubic perovskite
structure requires that the octahedral factor be between 0.44 and 0.90 [22].
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Figure 1. (a) General crystal structure of ABX3 HP (pink spheres: A cations, green spheres: B cations,
and purple spheres: X (halide) anions). (b) A, B, and X sites are listed. (c) Tolerance factors.
Reproduced with permission [7]. Copyright 2018, Wiley-VCH. (d) Schematic of 2D/quasi-2D HPs.
(e) Crystal structure of 2D, quasi-2D, and 3D HPs. Reproduced with permission [20]. Copyright 2019,
Wiley-VCH.
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Two-dimensional HPs comprise several atomic thin layers of HPs. Morphological
2D/quasi-2D HPs often arise via dimensional confinement during the crystallization of
ABX3 HPs [20]. This confinement occurs due to the growth process guided by long-chain
organic ligands or the perovskites while maintaining their ABX3 chemical formula. As an
illustration, Tyagi et al. effectively produced MAPbBr3 (MA: methylammonium) nanoplates
with a thickness of a single unit cell by employing the colloidal synthesis method, utilizing
long-chain organic ligands [23]. Ha et al. successfully produced 2D/quasi-2D HPs of
excellent quality [24]. Using chemical vapor deposition techniques, they could control the
thickness of these perovskites, which ranged from 10 to 140 nm. In contrast to structurally
thin formations, the crystallographic 2D/quasi-2D HPs are created by cutting 3D HPs
along the (100), (110), and (111) crystal orientation planes. This uses large organic spacers
to produce three distinct families of layered HPs, as depicted in Figure 1d [20]. The
chemical formulas for the (100), (110), and (111) orientated HP families are A’2An−1BnX3n+1,
A’2AmBmX3m+2, and A’2Aq−1BqX3q+3, respectively. The (100) oriented layered HPs are
extensively studied because of their exceptional resistance to various organic and inorganic
components. The Ruddlesden–Popper (RP) HPs were derived from the resemblance of
their crystal structure to inorganic RP perovskites [25]. The RP HPs are typically produced
by dividing the 3D structure into varying thicknesses along the (100) direction [26]. The
RP HPs consist of metal-halide octahedron slabs arranged in layers, with a bilayer of large
organic cations sandwiched in between (Figure 1e) [20]. The majority of RP HPs consist of
single amines as their organic molecules (R).

Hence, the revised expression for 2D RP can be (RNH3)2MX4 or (NH3RNH3)MX4,
where M represents a metal cation. In the case of pure 2D HPs, each layer of PbX6 octahedra
is precisely positioned between two voluminous organic layers [7,27]. In order to enhance
the layer count in RP HPs, it is necessary to introduce methylammonium (MA), formami-
dinium (FA), or inorganic cations such as cesium (Cs+) into the structures of the HPs, in
addition to the long-chain organic cations [28]. These combinations produce quasi-2D
HPs with different formulas. It is important that an organic cation is necessary to develop
interconnected multiple layers of corner-sharing MX6 octahedra in quasi-2D HPs [29]. The
variable n in these equations represents the number of 2D/quasi-2D HP layers. Specifically,
when n equals 1, the HPs have a 2D structure, while quasi-2D HPs are formed for n values
greater than or equal to 2. The inherent insulating nature of the bulky organic layers
allows for the formation of numerous quantum well structures when combined with MX6
octahedron layers [30].

2.2. Photoluminescence (PL)

Compared to 3D HPs, 2D/quasi-2D HPs exhibit a difference in absorption and PL
known as the Stokes shift. Singldinger et al. examined HP nanoplatelets with two dis-
tinct thicknesses, namely two and three monolayers [31]. To evaluate the quality of the
two separate dispersions, UV-vis and PL spectra were obtained (Figure 2a), which show
distinct excitonic absorption peaks and single, tightly focused PL peaks at 435 for the
two-monolayer and 457 nm for the three-monolayer nanoplatelets. The narrow PL peaks
show complete widths at half-maximum of 76 and 104 meV, and tiny Stokes shifts of 60 and
61 meV. Transmission electron microscopy (TEM) presents additional support for this claim,
as exemplified in Figure 2b,c for the two-monolayer nanoplatelets. The two-monolayer
nanoplatelets have a square shape with a thickness of 1.3 ± 0.2 nm. The three-monolayer
nanoplatelets have a quadratic shape, with a thickness of 1.9 ± 0.2 nm. The layout and
proximity facilitate energy transfer mechanisms that rely on dipole–dipole interaction.
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Figure 2. (a) Absorption and PL spectra (dashed lines and solid lines, respectively) of two- (purple)
and three- (blue) monolayer nanoplatelets. (b) TEM images of two-monolayer nanoplatelets (thickness
of 1.3 ± 0.2 nm). (c) TEM images of three-monolayer nanoplatelets (thickness of 19 ± 1 nm).
Reproduced with permission [31]. Copyright 2020, American Chemical Society. (d) Energy transfer
contributes to a more significant Stokes shift. (e) The absorption spectra of CsPbBr3 with varying
PEABr content. (f) The photoluminescence spectra of CsPbBr3. Reproduced with permission [32].
Copyright 2023, Wiley-VCH. (g) Carrier diffusion constant in 2D perovskites. (h) Annihilation rate
in 2D perovskites. Reproduced with permission [33]. Copyright 2020, Springer Nature. (i) Carrier
mobility in 2D perovskites. (j) Conductance in 2D perovskites. Reproduced with permission [34].
Copyright 2018, American Chemical Society (k) Comparison of the impact of the n value on the
diffusion coefficients. (l) Comparison of the impact of the ligands on the diffusion coefficients.
Reproduced with permission [35]. Copyright 2021, Springer Nature.

The Stokes shift is influenced by the thickness of crystallographic stacking layers.
Liu et al. demonstrated quasi-2D perovskite materials utilizing a solution-based tech-
nique [32]. C6H5CH2CH2NH3

+(PEA+)Csn−1PbnBr3n+1 was synthesized by introducing the
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phenylethylamine cation (PEA+), a large organic cation, as Figure 2d depicts. The quasi-2D
perovskites would lead to significant Stokes shifts through energy exchange across layers
with varying n values. Figure 2e demonstrates that when the proportion of PEABr increases,
the absorption peaks progressively intensify. This suggests the formation of phases with
lower n values. The lack of an n = 1 absorption peak (403 nm) could be attributed to
insufficient presence of this constituent. Simultaneously, due to the variation in phase
distribution characterized by distinct n, the absorption band edge exhibited a progressive
tilt. Figure 2f displays the emission spectra with varying PEABr content. The modest blue
shift of the emission peak was ascribed to the dielectric confinement effect resulting from
the presence of low n-value components in the surrounding distribution. In the case of
quasi-2D perovskite with a PEABr concentration of 140%, the presence of an additional
emission peak at 464 nm (n = 3) alongside the main emission peak at 508 nm is explained
by incomplete energy transfer due to an excess of PEABr. Due to the slanted absorption
band edge, the overlap between the emission and absorption spectra diminished as the
PEABr increased.

2.3. Binding Energies

Most recent studies indicate that the exciton binding energy experiences a significant
rise when the dimension of heterostructures is reduced from 3D to quasi-2D and 2D [36,37].
When a substance such as a semiconductor absorbs a photon, it generates an exciton,
and the electrons and holes are drawn towards each other due to Coulomb interactions.
Excitons can be classified into two categories: Wannier–Mott excitons, also known as free
excitons, and Frenkel excitons, called tightly bound excitons [38,39]. Wannier–Mott excitons
exhibit a high dielectric constant, which reduces the Coulomb interaction between electrons
and holes owing to electric field screening [39]. As a result, the exciton binding energy is
comparatively low.

Conversely, Frenkel excitons exhibit localized states strongly attached to particular
atoms or molecules. As a result, the exciton binding energy is high, ranging from around
100 meV to 300 meV [27,36]. The excitons are required to cross the crystal by hopping energy
transfer from one atom to another. Due to organic barriers, the excitons in 2D perovskites
are restricted to the inorganic sheets. Due to their extremely thin nature, the inorganic sheets
experience quantum confinement, significantly amplifying the Coulomb interactions. This
effect is particularly pronounced in molecules of this type. Furthermore, the barrier rarely
shields the Coulomb interactions within the wells because of the significant difference
in the dielectric constants. As a result, the interaction between an electron and a hole
becomes stronger, leading to significantly high binding energies of several hundreds of
meV. Quasi-2D perovskites, such as those with n = 40, 50, 60, etc., exhibit smaller binding
energies comparable to those of 3D perovskites [36]. However, the exciton binding energy
is significant for small n values (i.e., n < 5) [40].

2.4. Charge Transports

When considering the 2D/quasi-2D HPs, it is crucial to evaluate and optimize the
charge-carrier mobility, as these parameters play a significant role. Significantly, the mobil-
ities of charge carriers or the lengths over which charge carriers diffuse in 2D/quasi-2D
materials are significantly diminished compared to those of 3D HPs. Quasi-2D perovskites,
with their tunable band structures and strongly bound excitons, are very suitable for opto-
electronic applications, as they facilitate essential processes such as exciton transport and
annihilation. Deng et al. utilized transient absorption microscopy to measure the depen-
dence of exciton diffusion and annihilation on the value of n in perovskites [33]. This study
revealed the significant influence of electron–hole interaction on this process. The exciton
diffusion constant for BA2MAn−1PbnI3n+1 grows as the thickness of the quantum well goes
up. It ranges from 0.06 to 0.34 cm2 s−1 (Figure 2g). As n increases, the exciton annihilation
decreases (Figure 2h). The distinctive characteristics of 2D perovskites are emphasized by
their ability to transport excitons over long distances and their slow annihilation rate.



Electronics 2024, 13, 3572 6 of 23

The electronic characteristics of quasi-2D HPs exhibit anisotropy due to their lay-
ered structure. Wang et al. conducted a study on the charge transport properties of
BA2MAn−1PbnI3n+1 [34]. In contrast, the out-of-plane properties were investigated using
vapor plating. Due to van der Waals interactions in the out-of-plane direction, the car-
rier mobility and electrical conductivity consistently exceeded those in the out-of-plane
direction (Figure 2i,j).

Nevertheless, the differences in these characteristics in the two directions diminish
as the value of n grows, suggesting a decrease in anisotropy. The ion mobility inside the
soft lattice of 2D HPs is influenced by the movement of charge carriers and the value of
n. For example, Akriti et al. studied the impact of n and ligands on anionic diffusion by
creating vertical heterostructures using various 2D HPs [35]. The vertical heterostructures
consist of an upper layer of iodide perovskite and a lower layer of bromide perovskite.
The anionic diffusion coefficient gradually increases by changing the value of n in the top
BA2MAn−1PbnI3n+1. This observation is consistent with three distinct diffusion models,
indicating that halide migration is faster in perovskites with higher values of n (Figure 2k).
The study found that larger p-conjugated ligands are successful in inhibiting the diffusion
of halides compared to short-chain aliphatic ligands. This suggests that manipulating the
structure or dimensions of molecules prevents the diffusion of anions (Figure 2l).

3. RS Memory Devices
3.1. The Operating Principles

The RS memory device has attracted considerable interest in nonvolatile memories
because of its uncomplicated sandwich structure, fast operating speed, low power con-
sumption, ability to store data at high densities, and scalability [22,41]. RS memory devices
are deemed a favorable option for stretchy memory due to their simple structure and their
benefits regarding data storage. The memory device was initially created following the
identification of the TiO2-based RS device [42]. The RS memory device is a prevalent type of
two-terminal device, specifically in oxide-based electronics, that consists of metal-insulator-
metal components [43,44]. The memory elements comprise top and bottom electrodes with
an insulating layer. In the metal-insulator-metal (MIM) stack, the uppermost electrode is
subjected to an external bias and is exposed to either a voltage or a current. The upper
electrodes mentioned above are formed by directly depositing metallic elements onto the
RS layer. The bottom electrode is another electrode that serves as an electrically connected
component.

By applying suitable voltage pulses to a device, it undergoes a transition from a state
of high resistance (HRS) to a state of low resistance (LRS), which is widely known as
“electroforming [45]”. Having devices bypassing the forming process is crucial to minimize
the effects of high voltage stress during the initial operation. After the electroforming
process, LRS transitions into an HRS when the RESET voltage is supplied oppositely. This
alteration is widely recognized as the “RESET” procedure [22,46]. Subsequently, the shift
from an HRS to an LRS takes place at the threshold voltage for the SET operation, which is
different from the RESET procedure. To comprehend the RS operation, one must transition
between the SET and RESET procedures. The transition from the SET to the RESET state
signifies the “ON”, whereas the reverse behavior indicates the “OFF”. To minimize the risk
of breakages in RS devices during the SET process, it is customary to limit the current level,
known as current compliance (CC) [47].

To ensure the reliability of the RS device, it is crucial to have a substantial memory
window, as well as durability and retention. Endurance quantifies the cycles required
for reliable transition between the ON and OFF states [22,48]. Consequently, a higher en-
durance value indicates a more significant ability to handle programming tasks. Retention
is a critical factor in nonvolatile memory technology, as it determines the duration the
stored data are accessible before becoming inaccessible [22]. DRAM has a finite capacity to
store data, so it needs to be refreshed often. The refresh processes lead to the inefficient
utilization of power. Hence, the duration of data retention is intricately linked to energy
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efficiency, a crucial factor given the escalating volume of data. Moreover, the ON/OFF
ratio plays a crucial role in determining the memory window of a device. This significantly
impacts the likelihood of operational errors occurring during the programming of the RS
memory device. Hence, maximizing the ON/OFF ratio is necessary to guarantee reliable
storage operation.

3.2. Bipolar and Unipolar RS Modes

The most common and extensively studied type of switching found in HP memory is
bipolar RS. The memory device exhibits bipolar RS, which means it can only be activated
by applying a forward bias and deactivated by applying a reverse bias. Figure 3a illustrates
a hysteresis loop of current–voltage (I–V) during a sweep [49,50]. A sharp increase in
current was seen when the swept voltage was from 0 V to around 1 V. A sudden increase in
electrical current initiates the transition from the HRS to the LRS, progressing from state 1
to state 2. The OFF state can only be achieved when the film is returned to a voltage of 0 V.
Following this, applying a negative bias results in a sudden increase in the resistance of the
device when around −1.5 V is reached, causing the device to transition back to the HRS.
This attribute is commonly observed in devices, facilitating easy transportation of carriers.
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Although bipolar RS behaviors are more easily obtainable in HP-based devices, unipo-
lar switching behavior is preferred due to its simplicity in allowing read–write activities.
The development of unipolar RS in HP memory has rarely been studied. Unipolar switch-
ing uses the same biased direction in both the ON and OFF process. Figure 3b illustrates
the characteristic of a unipolar RS behavior [49,50]. In contrast to bipolar RS, unipolar RS
involves the ON and OFF process occurring within a similar direction of voltage. This
process takes place under positive and negative voltage conditions. A minimal current flow
characterizes the initial OFF state. The device turns on SET when the threshold voltage
(Vth) reaches a high level. Generally, the Vth is more significant than bipolar RS. If the
applied voltage exceeds the Vth, the device will be turned OFF. The same ON and OFF take
place by reverse voltage. A high voltage bias can directly transform a pristine RS into an
LRS. Therefore, the process is reversed.

3.3. The Operational Mechanisms of Resistive Switching Memory Devices

In recent years, extensive research has been conducted on the operational mechanisms
of RS memory devices to predict and control their switching behaviors. This research aims
to achieve optimal ON/OFF ratios, durability, retention, and sweep curves. This section
presents two distinct operational processes of RS memory devices: the electrochemical
mechanism (ECM) and the valence change mechanism (VCM).

The layers responsible for switching are usually dielectrics, and the essential aspects of
RS depend on the migration of ions. The RS mechanism is dictated by the specific ion that
undergoes migration within the dielectric material. The switching mechanisms of the ECM
and VCM processes can be categorized as either filamentary or interface type [22,51]. VCM
is a phenomenon seen in specific transition metal oxides, characterized by the movement
of anions across the insulating layer [52]. The valence state is changed due to the redox
process. Subsequently, there is a modification in the electronic conductivity of the insulating
layer [53]. However, the ECM process shows a slight variation since it depends on the
movement of cations from an electrode. Metal filaments are formed as cations are reduced,
creating a conducting channel [48,54].

A recent study has discovered that the choice of the top electrode plays a vital role in
defining the switching behavior of memory devices, in addition to other aspects. Generally,
the top electrode is classified into two categories: active and inert metal [17,55,56]. Much
research has been carried out to examine the influence of the top electrode on the RS
characteristics of memory devices and its consequent impact on their overall performance.
The electrochemical activity of the metals does not affect the functionality of the electrodes
in VCM memory. However, electrochemical migration requires the movement of electro-
chemically active metal cations. Therefore, it is essential for one of the electrodes in an
ECM memory device to possess a significant amount of electrochemical activity.

The ECM depends on electrochemical metallization, specifically on an active metal
such as silver (Ag) or copper (Cu) [57–59]. The RS feature observed in ECM devices results
from the creation and rupture of conducting filaments within the switching layer [60], also
known as the insulating layer, as depicted in Figure 3c [22]. These procedures take place
in the SET and RESET operations, respectively. The RS observed in the ECM process is
primarily caused by the movement of metal cations from the active electrode [61]. When
a positive voltage is provided, oxidation leads to the dissolution of the top electrode.
Subsequently, the Ag cations migrate towards the platinum (Pt) bottom electrode due to the
electric field [7,22,62]. The Ag cations are reduced through ion hopping and subsequently
reach the Pt electrode. The spontaneous formation of a nucleus takes place when the
concentration of Ag cations is above the supersaturation threshold, creating a filament that
connects top and bottom electrodes [63,64].

However, Figure 3d depicts VCM-type memory devices [22]. Inert metals do not
undergo any chemical reactions with the switching layer [65–67]. VCM refers to the
process in which anion vacancies (defects) in the switching layer move in response to an
electric field [48,68]. The migration is associated with modifying the valence of the cation
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sublattice. The VCM mechanism plays a crucial role in comprehending the migration
characteristics of oxide vacancies or ions [69,70]. The conventional approach to simulating
valence-change RS memory involves the interplay of three interconnected phenomena: the
creation of conductive filaments, the conduction mechanism, and the progressive increase
in temperature. Redox reactions are essential for the creation and rupture of filaments in
memory devices that use VCM [71]. The main factor responsible for RS in VCM is the
migration of ions associated with defects inside the switching layer.

4. HPs-Based RS Memory Devices

HPs have been shown to exhibit ionic and electronic conduction activity in recent years.
This unique characteristic makes them highly promising for RS memory devices, and they
have attracted significant interest. Nevertheless, 3D perovskites face an issue: MA+ plays
a role in migration [48,72]. Devices are unable to achieve multilayer storage. And their
issue is low moisture resistance. Two-dimensional HP materials possess a layered structure
where organic and inorganic layers intertwine. This unique structure results in improved
stability and reduced ion migration [20,48,73]. By including sizable organic cations in 2D
perovskite structures, the detrimental effects of MA+ migration on the resistance changes
in 3D perovskite-based RS memory devices are avoided.

4.1. Two-Dimensional Single Crystal HP-Based RS Memory Devices

Di et al. investigated large-scale 2D (PEA)2PbI4 perovskite single crystals utilizing a
modified space limitation approach [74]. Figure 4a depicts the orientation of 2D (PEA)2PbI4.
The (PEA)2PbI4 consists of polyoctahedral sheets of PbI4

2− arranged in a stack along
the [001] direction. It indicates that most of the characteristic X-ray diffraction peaks of
(PEA)2PbI4 perovskite will correspond to the {001} crystallographic plane. The inorganic
layer of octahedron PbI3− is coupled using corner-sharing connectivity. The X-ray diffrac-
tion (XRD) patterns of the (PEA)2PbI4 single crystal are shown in Figure 4b, which shows
no peaks corresponding to the reactants, indicating that the constructed 2D (PEA)2PbI4 has
a high level of phase purity.
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Figure 4. (a) The RS memory device structures of Ag/PMMA/HAPbI4/ITO. (b) I–V curves
of 50 switching cycles of Ag/HAPbI4/ITO device. (c) Endurance data of Ag/HAPbI4/ITO de-
vice. (d) I–V characteristics of 130 cycles of HAPbI4-based device. (e) Endurance data of
Ag/PMMA/HAPbI4/ITO device. (f) Retention data of Ag/PMMA/HAPbI4/ITO device. (g) Vari-
ation of VSET and VRESET for the five Ag/PMMA/HAPbI4/ITO devices. (h) I–V curves of the
three Ag/PMMA/HAPbI4/ITO memory devices after 6 weeks. Reproduced with permission [75].
Copyright 2022, American Chemical Society.

As shown in Figure 4c, the I–V curves of the Au/(PEA)2PbI4/fluorine-doped tin oxide
(FTO) device are measured when subjected to a voltage range from 0 V to 10 V and back
to 0 V, followed by a sweep from 0 V to −10 V, and finally returning to 0 V. The voltage
required to SET the device to the LRS is 4.2 V, and the ON/OFF ratio is approximately 103. A
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0 to −10 V voltage results in a comparable VRESET of −4.2 V. Au/(PEA)2PbI4/FTO devices
demonstrate a highly pronounced asymmetric bipolar RS phenomenon. In order to examine
the potential influence of using Au and FTO electrodes on both ends of the device, the Au
electrodes on both sides of the device are utilized to analyze whether the asymmetry of this
bipolar RS phenomenon is attributed to the presence of asymmetric electrodes and its effect
on the RS behaviors. Also, the I–V behavior of the Au/(PEA)2PbI4/Au device was measured
when subjected to a voltage sweep of 0 V → 10 V → 0 V →−10 V → 0 V. The device, which
consisted of Au/(PEA)2PbI4/Au with symmetrical electrodes, also displayed an asymmetric
bipolar RS phenomenon, which is not influenced by the material of the electrodes.

Also, Liu et al. successfully synthesized a 2D C5H11N3(HA)PbI4 single crystal using a
simple solution approach [75]. Figure 4a displays a schematic diagram of the Ag/Poly(methyl
methacrylate) (PMMA)/HAPbI4/indium tin oxide (ITO) device structure. The HAPbI4 film
serves as the functional layer, while a PMMA film is applied as a protective layer on top of
the HAPbI4 film. The Ag electrode is located at the top, while the ITO electrode is at the
bottom. Figure 4b displays the I–V characteristics of the Ag/HAPbI4/ITO device during the
1st and 50th switching cycles. Even after undergoing 50 cycles, the RS behavior is still present.
Figure 4c displays the endurance of the device. The ON/OFF ratio of the memory decreased
from 1000 to below 10. It might be attributed to a chemical interaction between the upper Ag
electrode and HAPbI4, resulting in the formation of AgIx and a notable presence of iodine
vacancies within HAPbI4. Consequently, this leads to the degradation of the Ag electrode,
which causes the equipment to experience rapid deterioration.

Figure 4d displays the I–V characteristics of the HAPbI4-based device, revealing
slight variations. These changes occur in defined increments and typically 400 steps every
cycle. It should be noted that the HAPbI4-based device exhibits consistent and reversible
changes in resistance. The device exhibits a considerable ratio of high HRS to LRS, with
a factor of almost 105 readings at 0.1 V. This ratio is sufficient to differentiate (Figure 4e).
Furthermore, retention time was measured on the HRS and LRS. Figure 4f shows that there
have been no notable alterations for a duration exceeding 10,000 s. The HAPbI4-based
devices demonstrated reliable endurance and retention behaviors, confirming their data
store capacity. The switching voltages between low and HRS were retrieved, as depicted in
Figure 4g. It is essential to notice that the switching uniformity is reproducible. Following
6 weeks of exposure to ambient air, the RS characteristics of the HAPbI4-based devices
were reevaluated. The I–V characteristics of the three devices are depicted in Figure 4h.
In addition, the retention times of the device were measured. The ON/OFF ratio was
sufficiently large, surpassing 104, and it remained constant at 8500 s. Compared to its
value 6 weeks earlier, the resistance of the HRS has remained relatively stable, whereas the
resistance of the LRS has increased by approximately 10.

4.2. Two-Dimensional/3D HPs Heterojunction-Based RS Memory Devices

Xia et al. utilized a 2D/3D heterostructure to fabricate RS memory devices [76]. In
order to evaluate the impact of 2D perovskite, the I–V curves were measured. In Figure 5a, a
direct current (DC) voltage sweep was applied, and the Al/MAPbI3−xClx(3D)/ITO device
showed an ON/OFF ratio of less than 10. However, introducing BAI significantly enhanced
Al/BAI(2D)/MAPbI3−xClx(3D)/ITO device performance. In Figure 5b, the resistance
transitions from the HRS to the LRS at around 0.79 V. After applying a negative voltage,
the current shows a sharp decrease at −0.77 V while changing from 0 to −1.3 V. Figure 5c
shows that the RS characteristic continued for over 300 cycles. Furthermore, the current
HRS and LRS values were observed at a readout voltage of 0.25 V in order to assess the
cycling endurance of the device following BAI treatment. Figure 5d shows that the high
ON/OFF ratio 103 remains stable without any notable variations even after 300 cycles.
The HRS and LRS remain stable without noticeable variation during the 10,000 s. The
device continues to exhibit an effective ON/OFF ratio, as shown in Figure 5e. In order
to confirm the reproducibility of the RS behavior, I–V curves were measured, as well as
the current distribution in three randomly chosen devices, both in the LRS and the HRS.
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Figure 5f demonstrates that the memory behaviors are identical, indicating a high constancy.
Figure 5g,h illustrate the current distribution in the HRS and LRS of these devices. The
current HRS and LRS are similar in all three devices, with no noticeable variation observed
across the different devices. This demonstrates that the 2D/3D perovskite heterostructure
has exceptional reliability and operational stability.
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Figure 5. (a) I–V curves of MAPbI3−xClx-based devices. (b) I–V curves of 2D/3D heterostructure
memory devices. (c) I–V curves of 2D/3D memory devices at first and after 300 sweeping time
measurements. (d) Retention data of 2D/3D heterostructure memory devices. (e) Endurance data of
2D/3D heterostructure memory devices. (f) I–V curves of three different devices. (g) The current
distribution of the LRS for three different devices. (h) The current distribution of the HRS for three
different devices. Reproduced with permission, [76]. Copyright 2020, American Chemical Society.
(i) XRD patterns of the 2D/3D HP film (left). The plane view of SEM images and cross-sectional SEM
images (right). (j) I–V characteristics of 2D and 2D/3D HP-based memory devices. (k) The endurance
data of 2D and 2D/3D HP-based memory devices. (l) Retention time of 3D HP-based memory
devices. (m) Retention time of 2D/3D HP-based memory devices. Reproduced with permission [77].
Copyright 2020, American Chemical Society.

Also, Lee et al. fabricated RS memory devices by using a low-temperature all-solution
technique to build heterojunction structures of 2D perovskite (PEA2PbI4) and 3D perovskite
(MAPbI3) [77]. A layer of 2D perovskite was applied onto the 3D perovskite film using
a spin-coating technique. Figure 5i shows XRD patterns at various angles of incidence.
The primary peaks seen while employing MAPbI3 as the 3D perovskite film are 14.12,
28.46, and 31.88◦. These peaks correspond closely to the (110), (220), and (310) planes,
respectively [78–80]. The peaks reported for PEA2PbI4 are located at 5.4 and 10.82◦ [81–83].
The XRD patterns showed that the PEA2PbI4 peak disappeared when the incidence angles
exceeded 8◦. In Figure 5i, the 3D perovskite layer has a thickness of 500 nm. Also, its
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grain size is 100 nm. The 2D perovskite layer, around 80 nm thick, completely covers
the 3D perovskite. The MAPbI3 comprises the MA+ ion enclosed by PbI6 octahedra.
Therefore, the PEA2PbI4 layer is placed directly above the MAPbI3 layer. Figure 5j displays
the I–V behavior of the devices based on HP. The properties of the 2D/3D layer closely
resemble those of the original 3D layer, displaying bipolar RS at approximately ±0.18 V.
The devices preserved an HRS at approximately 10−10. Subsequently, the existing levels
were significantly increased to the LRS at approximately 10−3 A. Figure 5k displays the
durability of a 2D/3D and 3D device. The 3D device shows 350 cycles. Nevertheless, the
endurance test showed that the durability of the 2D/3D device was significantly increased,
to approximately 2700 cycles. In Figure 5l, the 3D device demonstrated a retention time of
up to 4100 s, whereas the 2D/3D device sustained over 10,000 s, in Figure 5m.

The 2D HP (pseudohalide-induced 2D MA2PbI2(SCN)2) with pseudohalide (SCN−)
substitution exhibited excellent resistance to moisture due to the more significant binding
of SCN− ligands to Pb2+ compared to hydroxyl groups. Pan et al. fabricated RS memory
devices based on 3D/2D HP by implementing PEASCN treatment [84]. The perovskite RS
memory devices were fabricated using the Al/MAPbI3−xClx/2D/ITO structure (Figure 6a).
Figure 6b,c display the consistency graphs of 1000 voltage scans for devices based on 3D
and 3D/2D, respectively. The device featuring the 3D/2D perovskite exhibited exceptional
uniformity throughout 1000 cycles of I–V curves. Furthermore, the endurances were
measured at 0.2 V for the 3D and 3D/2D devices in Figure 6d,e. The 3D/2D device
maintained a consistent window of 103 with minimal variation throughout 1000 cycles.
The resistance distribution is illustrated in Figure 6f,g. The 3D/2D device demonstrated
a noticeably narrower range of resistance distribution than the 3D device. The resistance
was measured using a 0.2 Vread to assess the dependability of the 3D/2D device, as shown
in Figure 6h. Throughout the 10,000 s, the HRS and LRS remained consistently steady,
keeping a constant window.
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In order to assess the environmental durability with and without the 2D layer, the
device was evaluated over 150 days in a low-humidity air environment. Figure 6i illustrates
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the constancy of the device stored for various durations. The device exhibited exceptional
durability over an extended period. Figure 6j demonstrates the endurance test after being
stored in the air for 150 days. The device exhibited stability and an LRS transition that
remained. To examine the durability of the devices in a challenging environment, the
device stability was measured to ensure they withstand varied temperatures, in Figure 6k.
The devices could function at temperatures as high as 353 K. Nevertheless, the device
performance steadily deteriorated as the temperature rose above 353 K. The octahedral
skeleton of PbX6 structure can be disrupted by the volatilization of halogen ions caused by
elevated temperatures [85]. The devices featuring 3D/2D perovskite exhibited exceptional
long-term stability.

4.3. Two-Dimensional/Quasi-2D HPs-Based RS Memory Devices

Since the initial discovery of the first 2D BA2MAn−1PbnI3n+1, other 2D HPs have
been employed as functional layers in RS memory devices. Several methodologies have
been employed to achieve high-performance RS memory devices, including perovskite
composition engineering, interface engineering, and electrode tuning. This section will
comprehensively discuss the current advancements in 2D and quasi-2D HPs-based RS
memory devices.

Jeong et al. investigated an Au/(RNH3)2(FA)1Pb2Br7/ITO memory device using a binary
oleylamine in Figure 7a [86]. Figure 7b shows the hysteresis behavior of the 3D FAPbBr3
perovskite device. In Figure 7c, particularly, the (RNH3)2(FA)1Pb2Br7 device is initially in
the HRS, where the current progressively increases from 10−7 to 10−3 A when a voltage of
0 to 4 V is applied. Current from 10−3 to 10−1 A rises suddenly and significantly when a
voltage threshold of 1.38 V is attained. The (RNH3)2(FA)1Pb2Br7 compound retains during
the subsequent positive reverse sweep and the next negative scan. In Figure 7d, the ON/OFF
ratio progressively rose to 103 levels when the ligand concentration approached 1.2 vol%, and
then towards saturation. And the ON/OFF ratio 103 was kept constant even at increased
ligand concentrations. Figure 7e shows the relationship between thickness and ON/OFF
ratios of the device. Up to 20 nm, the devices showed a rapid rise in the current ON/OFF
ratio; after that, their current ON/OFF ratio increased gradually to 108 nm. And the ON/OFF
ratio no longer grew but rather hit a saturation point as the thickness of the device increased.
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memory device with ligand concentrations of 0.8 vol%. (d) ON/OFF ratio according to the concentra-
tion. (e) ON/OFF ratio with various film thickness. Reproduced with permission [86]. Copyright
2021, American Chemical Society.

Also, Seo et al. conducted a study on the RS behaviors of (BA)2(MA)n−1PbnI3n+1
compounds with different values of n (ranging from 1 to 3 and n = ∞) [87]. The study aimed
to investigate how the structural transition from 3D (MAPbI3) to 2D (BA2PbI4) HPs affects
the RS behavior. Notably, 2D HPs were found to exhibit superior reliability and durability
in switching, surpassing quasi-2D and 3D HPs. Figure 8a–d display the I–V characteristics
obtained. The CC for the SET procedure was 10−2 A, whereas it was 10−1 A for the RESET
process. It is observed that the SET voltage falls as the dimensionality transitions from 3D to
2D. Figure 8e illustrates the comparison of the SET voltage, represented by the electric field.
The electric field was measured to be 0.47 × 106, 0.52 × 106, and 0.45 × 106 V m−1 for the
MAPbI3, BA2MA2Pb3I10, and BA2MAPb2I7, respectively. In contrast, the BA2PbI4 shows
a considerably lower electric field of 0.25 × 106 V m−1. The low electric field in BA2PbI4
suggests that the SET and RESET operations are more easily performed in 2D structures
than in 3D or quasi-2D structures. Figure 8f presents a comparison of the ON/OFF ratio of
BA2PbI4 and BA2MAPb2I7, demonstrating a high ON/OFF ratio of approximately 107. In
contrast, the ON/OFF ratio decreases to around 105 in BA2MA2Pb3I10 and 102 in MAPbI3.
Figure 8g displays the endurance properties of BA2PbI4, BA2MA1Pb2I7, and BA2MA2Pb3I10.
The pulse width was 10 ms, repeated for over 250 cycles. The Ag/BA2PbI4/Pt device
demonstrates RS over 250 cycles. In contrast, quasi-2D perovskites exhibit increasingly
unstable switching behavior, due to the instability of the HRS. The increased HRS stability
for the 2D configuration, as compared to the quasi-2D configuration, suggests that residual
filaments at the HRS occur less frequently in the 2D configuration than in the quasi-
2D configuration [88]. In addition, the retention time is shown in Figure 8h. The SET
retention demonstrates that 2D/quasi-2D HPs stay constant for 1000 s. The LRS resistance
drops progressively from 50 Ω (BA2PbI4) to 33 Ω (BA2MAPb2I7) and further to 27 Ω
(BA2MA2Pb3I10). The conducting filament has a cylindrical shape; a decrease in resistance
suggests that the radius of the conducting filament increases with the amount of MA.
Consequently, as the radius of the filament rises, the amount of energy and time needed for
it to break will also increase.

Also, Kim et al. used PEA2Cs3Pb4I13 and CsPbI3 as RS elements [89]. Figure 9a
illustrates the fabrication of a (PEA)2Cs3Pb4I13 device with Ag top and Pt bottom electrodes.
Figure 9b,c show the I–V curves of the CsPbI3 and (PEA)2Cs3Pb4I13-based devices to assess
the switching properties of the memory devices. The CC was 10−3 A for the SET process
and 10−2 A for the RESET process. The ON/OFF ratio was approximately 109, significantly
higher than the ratio for the devices based on CsPbI3. The Schottky barrier height can
account for the high ON/OFF ratio observed in devices based on (PEA)2Cs3Pb4I13. The
heightened barrier height decreased the density of injected carriers from the electrode to
the perovskite switching layer. The energy barrier of quasi-2D perovskite restricts the
movement of carriers from the Ag top electrode to the perovskite switching layer [90–92].
Thus, the current in the HRS is reduced, resulting in a high ON/OFF ratio. Figure 9d
illustrates the Schottky barrier heights of the two perovskite materials. It suggests that the
modification of the bandgap influences the barrier height by causing band bending [93,94].
Figure 9e displays the endurance properties of the (PEA)2Cs3Pb4I13 memory device. These
pulses had a duration of 640 µs, and a voltage of +0.05 V was applied during the read
process. The Ag/(PEA)2Cs3Pb4I13/Pt device demonstrated functionality for 230 endurance
cycles, exhibiting ON/OFF ratios above 108. In Figure 9f, the ON/OFF ratio remained
constant at around 109 for almost 2000 s, while the reading voltage was SET at +0.02 V. A
minor current fluctuation was detected in the HRS region. In contrast, the HRS and LRS
remained consistently stable.
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heights for CsPbI3 and (PEA)2Cs3Pb4I13. (e) Endurance data for the (PEA)2Cs3Pb4I13 memory device.
(f) Retention property for the (PEA)2Cs3Pb4I13 memory device. Reproduced with permission [89].
Copyright 2020, Springer Nature.

Kim et al. investigated PEA2MA4Pb5I16, which would be appropriate for a compara-
tive analysis of vertical alignment degree [95]. Random and orientated PEA2MAn−1PbnI3n+1
films formed without and with MACl additions, respectively. The 8 × 8 crossbar array
devices are depicted in Figure 10a,b. Figure 10c depicts the electroforming process (dashed)
and the SET and RESET process (solid). Applying electric bias fields, the orientated device
displayed a low E-field in comparison to the random memory device. Enhanced charge
transport behavior is indicated by the more significant current in the orientated device.
Iodine vacancies have a low activation, so applying electric fields generates primarily
formed filaments consisting of iodine vacancies. The vertically oriented perovskite is
proposed to efficiently promote iodine vacancy migration along the vertical orientation,
accelerating the electroforming E-field. Also, bipolar RS properties at a low electric field
with an ON/OFF ratio above 102 were observed in both the random and directed devices.
XRD patterns in Figure 10d are compared before and after the entire patterning process.
Fifty I-E curves were examined in random (Figure 10e) and orientated (Figure 10f) devices.
The statistical distributions (in Figure 10g,h) clearly illustrate that changes in the SET and
RESET process and their LRS and HRS were more consistent in orientated devices than in
random devices. I-E curves for the random (Figure 10i) and orientated (Figure 10j) crossbar
arrays were assessed for device-to-device variability. Figure 10k,l show the associated
statistical distribution. While the SET E-field and LRS showed only a minor improvement,
the variations were much lower in the orientated device.
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Figure 10. (a) A Schematic of the crossbar array. (b) The optical image of the crossbar array. (c) Switch-
ing properties with an ON/OFF ratio above 102 were observed in both the random and directed
devices. (d) XRD patterns are compared before and after the entire patterning process. (e) Fifty I-E
curves in random devices to estimated cycle-to-cycle variations. (f) Fifty I-E curves in orientated
devices to estimated cycle-to-cycle variations. (g) The statistical distribution of E-field of cycle-to-cycle
variations. (h) The statistical distribution of resistance of cycle-to-cycle variations. (i) I-E curves
in random devices. (j) I-E curves in orientated devices to estimated device-to-device variations.
(k) The statistical distribution of E-field of device-to-device variations. (l) The statistical distribution of
resistance of device-to-device variations. Reproduced with permission [95]. Copyright 2022, Elsevier.
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4.4. Lead-Free HP-Based RS Memory Devices

While the 2D HPs have demonstrated exceptional RS characteristics, the presence
of lead in these materials remains a concern due to its toxicity. Regardless of the small
quantity of lead, it could potentially harm the ecosystem. Consequently, many endeavors
have been undertaken to explore lead-free HPs. In general, lead (II) can be substituted with
non-toxic elements.

Kim et al. reported that 2D (BzA)2CuBr4 (BzA = C6H5CH2NH3) has anisotropic magnetic
properties applied to RS memory devices [96]. The RS characteristics of the Ag/PMMA/(BzA)2
CuBr4/Pt device are shown in Figure 11a, demonstrating the presence of bipolar RS behavior.
An electroforming process occurs at approximately +0.5 V, with a CC of 10−3 A (Figure 11b).
This process reveals that the ON switching happens at a SET voltage of approximately +0.2 V,
while the OFF switching occurs at a RESET voltage of around −0.3 V (Figure 11c). Further-
more, an ON/OFF ratio is 108. To examine reproducibility, the I–V curves were measured
using 10 distinct devices. Figure 11d demonstrates the high level of reproducibility in RS. The
statistical analysis was conducted using the data from Figure 11e, where the mean values
for HRS and LRS were calculated to be 1.1 × 1011 and 2.2 × 102 Ω. The dots in Figure 11e
correspond to the resistance values acquired from 10 individual devices. The endurance is
evaluated for up to 2000 cycles in Figure 11f. The switching cycles maintained an ON/OFF
ratio of 108 throughout the testing period. The switching cycles were controlled mainly by
maintaining a resistance of 1010 Ω for the HRS and 102 Ω for the LRS. However, there was
a slight variance in the HRS, which may be attributed to numerous or partially ruptured
filaments. Retention time is measured in Figure 11g. HRS and LRS were maintained for 1000 s
without causing fluctuation in the ON/OFF ratio of 108.
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different (BzA)2CuBr4-based devices. (e) Statistical resistance distribution of HRS and LRS. (f) En-
durance of (BzA)2CuBr4-based device. (g) Retention time of (BzA)2CuBr4-based device. Reproduced
with permission [96]. Copyright 2020, Wiley-VCH. (h) The typical I–V curves of ITO/Cs3Sb2I9/Al
devices. (i) The I–V curves measured. (j) Retention times of LRS and HRS. (k) Endurance of
ITO/Cs3Sb2I9/Al devices. Reproduced with permission [97]. Copyright 2021, Wiley-VCH.

Also, Paramanik et al. have demonstrated the performance of an RS memory device
based on the Cs3Sb2I9 perovskite as a switching layer [97]. The switching properties of
the ITO/Cs3Sb2I9/Al memory device were characterized. In Figure 11h, I–V curves are
measured. Initially, the device had a value of 10−7 A. Such I–V curves imply that the
Cs3Sb2I9 perovskite-based memory device has a bipolar switching mode. The ON/OFF
ratio of the Cs3Sb2I9 device was 104. As shown in Figure 11i, such a sequence of LRS
and HRS in the Cs3Sb2I9-based memory device could be repeated for 100 cycles, with the
ON/OFF ratio around 104.

Since the data retention property is essential for memory devices, the reliability was
also measured with −0.2 Vread, as shown in Figure 11j. No significant fluctuation was ob-
served within 10,000 s, inferring a reliable memory behavior in the devices. The endurance
of RS in the Cs3Sb2I9 devices was measured as shown in Figure 11k, and the resistance
values were collected for up to 100 cycles. The devices switched between two distinct
conducting states with a uniform RS behavior and without significant deterioration.

5. Conclusions and Perspectives

Three-dimensional HPs have rapidly advanced in different application areas, generat-
ing industry interest. The material exhibits hysteresis in its I–V relationship, caused by the
generation and migration of defects in RS memory devices [98–100]. The field of HP-based
RS memory devices is relatively new and offers a substantial opportunity for downstream
research and exploratory studies. To develop robust RS memory devices, it is essential to
have the capability to regulate the migration of ions [101]. Nevertheless, 3D HPs are prone
to degradation due to moisture and the surrounding environment, rendering their devices
more susceptible to deterioration. This review covered three main topics: an examination
of the characteristics of 2D/quasi-2D HPs in comparison to 3D HPs, an explanation of
the principles behind RS memory devices, and a discussion of recent advancements in
the development of RS memory devices utilizing 2D/quasi-2D HPs. Several key research
findings are summarized in Table 1. Regarding the requirements for future nonvolatile
memory devices, 2D/quasi-2D HP-based RS memory devices should possess an ON/OFF
ratio of greater than 1010, an endurance larger than 103, and a retention duration exceeding
10 years. Recent research has shown that only the ON/OFF ratio of 2D/quasi-2D HP-based
RS memory devices can almost match the specified criteria. Enhancing the endurance and
retention characteristics still requires significant work. To make progress, it is essential
to address significant obstacles. Also, to achieve this goal, research on various halide
perovskites should be conducted. For example, chiral perovskites incorporating chiral
organic ligands have also recently received much attention [102–104]. This review will
inspire researchers to explore new avenues for advancing RS memory systems by utilizing
2D/quasi-2D HPs as innovative materials.

Table 1. Comparison of halide perovskite-based resistive switching memory devices.

Device Structure ON/OFF Ratio Endurance
(Cycles)

Retention
(s)

Ag/PMMA/HAPbI4/ITO 103 120 104

Al/BAI(2D)/MAPbI3−xClx(3D)/ITO 103 300 104

Ag/PEA2PbI4/MAPbI3/Pt 107 2700 104

Al/MAPbI3−xClx/MA2PbI2(SCN)2/ITO 104 1000 104
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Table 1. Cont.

Device Structure ON/OFF Ratio Endurance
(Cycles)

Retention
(s)

Ag/BA2PbI4/Pt 107 250 103

Ag/(PEA)2Cs3Pb4I13/Pt 109 230 2 × 103

Ag/PMMA/(BzA)2CuBr4/Pt 108 2000 103

ITO/Cs3Sb2I9/Al 104 100 104
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