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ABSTRACT: Recent studies have focused on exploring the potential of resistive

random-access memory (ReRAM) utilizing halide perovskites as novel data storage RIS
devices. This interest stems from its notable attributes, including a high ON/OFF .g:, : 4
ratio, low operating voltages, and exceptional mechanical properties. Nevertheless, Y
there have been reports indicating that memory systems utilizing halide perovskites Trve

encounter certain obstacles pertaining to their stability and dependability, mostly
assessed through endurance and retention time. Moreover, the presence of these
problems can potentially restrict their practical applicability. This study explores a
resistive switching memory device utilizing MAPbBr; perovskite, which
demonstrates bipolar switching characteristics. The device fabrication procedure
involves a low-temperature, all-solution process. For the purpose of enhancing the
device’s reliability, the utilization of TPBI(2,2',2"-(1,3,5-benzinetriyl)-tris(1- s = B W N
phenyl-1-H-benzimidazole) as an electron transfer material on the MAPbBr;

switching layer was implemented for the first time. The formation and rupture of Ag filaments in the MAPbBr; perovskite
switching layer are attributed to reduction—oxidation reactions. The TPBI is involved in the regulation of filaments during the SET
and RESET processes. Hence, it can be shown that the MAPbBr; device incorporating TPBI exhibited about 1000 endurance cycles
when subjected to continuous voltage pulses. Moreover, the device consistently maintained ON/OFF ratios above 10. In contrast,
the original MAPbBr; device without TPBI demonstrated a significantly lower endurance with only 90 cycles observed. In addition,
the MAPbBr, device integrated with TPBI exhibited a retention time exceeding 3 X 10° s. The findings of this research provide
compelling evidence to support the notion that electron transfer materials have promise for the development of halide perovskite
memory systems owing to their favorable attributes of dependability and stability.
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1. INTRODUCTION

Resistive random-access memories (ReRAMs) have garnered

Recently, there has been a notable surge in interest in halide
perovskites. It may be attributed to the fact that photovoltaics
has emerged as a promising candidate for meeting future
energy demands.””'' Halide perovskites possess several
desirable characteristics, such as a substantial light absorption
coeflicient, an extended carrier diffusion length, and a high
carrier mobility.">™"® These attributes have contributed to the
heightened attention. The resistive switching property that is
particularly considered noteworthy is the current—voltage (I—

much attention as a very promising nonvolatile memory
technology for future generations. This is mostly due to their
numerous advantages, which include low power consumption,
rapid switching speed, high integration density, simple
architecture, and cost-effectiveness.' ™ In general, a resistive
memory device is composed of a vertical structure known as

metal—insulator—metal (MIM), which functions as a two-
terminal device. The resistive switching layer, which acts as an
insulator, is responsible for establishing a specific resistance
state. The resistive switching phenomenon has been seen in
several materials, such as chalcogenides,5 metal oxides,’
organics,7 and other substances. Nevertheless, the utilization
of low-power and flexible devices has been hindered by certain
constraints, mostly stemming from the need for high operating
voltage and a high-temperature process.
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V) hysteresis resulting from ion movement.'® Halide perov-
skites are compounds with an ABX; crystal structure, wherein
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Figure 1. (a) Schematic illustration of the resistive memory device structure and resistive switching material, MAPbBr;. Schematic illustrations of
MAPbBr; by CF (b) and MAPbBr; by TPBI dissolved in CF (c).
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the A-site is occupied by monovalent cations such as CH;NH;
(MA) or Cs, the B-site is occupied by divalent metal cations
like Pb or Sn, and the X-site is consistent with halide anions
such as I, Br, or CL""'® In previous studies, researchers have
investigated resistive switching memory devices based on
MAPbDI;, MAPbBr;, or CsPbl, materials."”™>' Nevertheless,
despite the recognition of halide perovskite-based ReRAM
devices as a promising research area, there are still several
crucial difficulties that require resolution.

The resistive switching phenomenon occurs by formation
and rupture of conducting filaments, accompanied by a
complicated redox process. The transition from the initial
high resistance state (HRS) to the low resistance state (LRS)
at a specific voltage known as the SET voltage signifies the
formation of conducting filaments, indicating that the device is
in an ON state.”” In accordance with this procedural
sequence, the LRS undergoes a transformation to the HRS
when subjected to a voltage of opposite polarity, commonly
termed the RESET voltage. This transition signifies the
attainment of an OFF state.”””* However, by the iterative
application of a bias polarity or voltage amplitude, conducting
filaments undergo a stochastic process of formation and
rupture.zs_27 Over time, resistive switching parameters, such as
the distribution of ON/OFF ratios, exhibit significant
fluctuations, leading to the deterioration of both the switching
uniformity and device performance.

In order to tackle these concerns, the utilization of 2,2/,2”-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole), also
known as TPBI, on the halide perovskite layer has been
contemplated as a potential approach to improve durability by
regulating the growth of the conducting filament. In the
context of halide perovskite-based light-emitting diodes
(LEDs), TPBI is commonly employed as an electron transport
layer (ETL).”>*” The insertion of a thin layer of TPBI between
the resistive switching layer and top electrode is hypothesized
to facilitate efficient electron injection into the halide
perovskite switching layer. In this study, a resistive switching
memory device based on MAPDbBr; was created using a
solution processing technique conducted at low temperatures.
The utilization of pure chloroform (CF) as an antisolvent
resulted in enhanced film uniformity through the reduction of

solvent evaporation.”””" In order to assess the TPBI layer’s

reliance, the TPBI compound was dissolved in a solvent known
as CF during the execution of the MAPDbBr; crystallization
procedure. Both memory devices based on MAPDbBr; had a
significant ON/OFF ratio exceeding 1 X 10’ when operated at
a speed of 640 us and low voltage. In addition, the utilization
of TPBI in CF during the synthesis of the MAPbBr; perovskite
resulted in a substantial improvement in its durability,
increasing the number of cycles from 90 to over 1000 cycles.
Additionally, the perovskite exhibited a large increase in its
long-term retention time, extending from 1700 s to 3 X 10° s.

2. EXPERIMENTAL SECTION

2.1. Materials. 1,3,5-Tris(2-N-phenylbenzimidazolyl) benzene
(TPBI) was purchased from OSM, and methylammonium bromide
(MABr) was purchased from Greatcell Solar. Lead(II) bromide
(PbBr,) (99.999%), dimethyl sulfoxide (DMSO) (99.8%, anhydrous),
and CF (99%, anhydrous) were purchased from Sigma-Aldrich. All
chemicals were used as received.

2.2. Fabrication of the Memory Devices. The 35 wt % of
MAPDbBr; precursor solution was prepared by mixing stoichiometric
quantities of MABr and PbBr, in a molar ratio of 1.06:1 (MABr:
PbBr,) in DMSO, followed by stirring overnight. A uniform film was
obtained by spin-coating the MAPDbBr; precursor on substrates with a
speed of 3000 rpm, followed by the nanocrystal pinning method to
induce rapid crystallization and uniform morphology by dropping CF
during the spin-coating process. For the additive-induced nanocrystal
pinning method, 0.1 wt % of TPBI dissolved in CF solution was used
instead. After the spin-coating process, the MAPbBr; film was
annealed at 90 °C for 10 min. To complete the devices, Ag electrodes
(50 pm X SO pum) were deposited by e-beam evaporation under 1 X
107¢ Torr at room temperature through a shadow mask.

2.3. Characterization. The surfaces and cross sections of the
MAPDbBr; perovskite films were imaged by using a field-emission
scanning electron microscope (SUPRA SSVP, Carl Zeiss). The crystal
structure of the perovskite films was analyzed by using X-ray
photoelectron spectroscopy (XPS) (Korea Basic Science Institute,
photon source: monochromatic Al-Ka at 1486.6 eV) and X-ray
diffraction (XRD) (Rigaku, D/MAX-2500) measurements. Time-of-
flight secondary ion mass spectroscopy (ToF-SIMS) experiments
were performed with a ToF-SIMS 5 (ION-TOF GmbH, Miinster,
Germany) by using a pulsed 30 keV Bi* primary beam with a current
of 0.64 pA. The electrical properties of the memory units were
characterized by using an Agilent 4156C semiconductor analyzer in
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Figure 2. Top-view SEM images of the MAPbBr;:CF (a) and MAPbBr;: TPBI (b) films. Cross-sectional SEM images of the MAPbBr;:CF (c) and

MAPbBr,: TPBI (d) films.
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Figure 3. XRD pattern in the range of 10—60° of MAPbBr;:CF (a) and MAPbBr,:TPBI (b) films.

the direct current—voltage sweeping mode and alternating voltage
pulse mode in a vacuum chamber (6 X 107 Torr).

3. RESULTS AND DISCUSSION

Figure la depicts the vertical stack configuration of silver (Ag)
top electrode/TPBI/MAPDBr;/platinum (Pt) bottom elec-
trode/Ti/SiO,/Si. And, the schematic of the crystal structure
of the resistive switching material, MAPbBr;, is presented.
Metal cations in the form of MA exhibit a pronounced affinity
for Br anions, resulting in a rapid and facile crystallization
process for MAPbBr; when employing spin-coating techniques.
Therefore, as depicted in Figure 1b,c, the synthesis of
MAPDBr; films was effectively achieved through the utilization
of a low-temperature and all-solution approach employing the
spin-coating technique. Initially, the precursor solution
containing MAPbBr; was carefully dispensed and evenly
distributed on the Pt bottom electrode. Furthermore, the use
of CF, a highly volatile nonpolar solvent, involved complete
coverage and spin-coating techniques to expedite the
evaporation process and facilitate the crystallization of the
MAPDBr; perovskite film.*" Furthermore, in order to validate
the impact of the electron-transporting substance, a solution of
TPBI dissolved in CF was applied and dispersed. Following
this, Ag top electrodes were applied onto the switching layer
using an electron beam evaporator, with a dot-patterned
shadow mask employed to delineate the device region (Figure
S1).

In order to ascertain the uniformity of these layers, we
conducted an examination of the perovskite surfaces. Scanning

electron microscopy (SEM) images of MAPbBr; by CF
(MAPbBry:CF) and MAPbBr; by TPBI dissolved in CF
(MAPbBr;:TPBI) produced on Pt-coated silicon substrates are
depicted in Figure 2a,b, respectively. The average grain size of
the MAPDbBr;:TPBI film exhibited a measurement of around
63.66 nm, showcasing a surface coverage that may be
considered flawless. In contrast, the MAPbBr;:CF film had
an average grain size of roughly 110.13 nm. According to the
data presented in Figure S2a,b, the grain size distribution of
MAPDBr;: TPBI exhibited a concentration within the range of
25—100 nm, while the grain size distribution of MAPbBr;:CF
displayed a wider range spanning from S0 to 200 nm. There is
a suspicion that TPBI may have hindered the formation of
crystals in the process of nanocrystal pinning. The presence of
TPBI molecules at grain borders has been seen to impede the
bonding contact between MAPbBr; grains during the process
of continuous crystallization, leading to a decrease in grain
size.””” Figure 2a illustrates the presence of a TPBI layer that
is notably thin and partially overlies the surface of MAPbBr;
and its corresponding grain boundary regions. In both
instances, the thicknesses of the MAPDbBr; layers measure
around 280 nm, as depicted in Figure 2c,d.

XRD was employed to check the crystal structures of
MAPDBr; in both the MAPbBr;:CF and MAPbBr;:TPBI
samples. The XRD of the MAPbBr;:CF sample was analyzed
within the 20 range of 10—60°, as depicted in Figure 3a. The
pattern exhibited distinct peaks corresponding to the (100),
(110), (200), (210), (211), (220), and (300) planes, observed
at 15.02, 21.3, 30.28, 33.92, 37.24, 43.28, and 46.00°
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Figure 4. Typical I-V sweeps of the Ag/MAPbBr;/Pt (a) and Ag/TPBI/MAPDbBr;/Pt (b) devices. Endurance properties of the Ag/MAPbBr;/Pt
(c) and Ag/TPBI/MAPbBr;/Pt (d) devices. Retention time of the Ag/MAPbBr;/Pt (e) and Ag/TPBI/MAPbBr,/Pt (f) devices.

respectively. This observation suggests that the observed
patterns exhibit a high degree of conformity with cubic
perovskite phases.””** Furthermore, it can be observed from
Figure 3b that the peak positions of the MAPbBr;:TPBI film
are identical to those of the MAPDbBry;:CF film, with no
discernible extra or altered peaks. The results suggest that the
incorporation of TPBI has no discernible impact on the crystal
structures of MAPDbBr; during the process of continuous
crystallization.

The programmable switching behaviors of memory devices
based on MAPDbBr;:CF and MAPbLBr;:TPBI have been
assessed by I—V measurements. These measurements were
conducted on both devices while subjecting them to a direct
current (DC) voltage bias sweep. Figure 4 illustrates the I-V
profiles of the Ag/MAPbBr;/Pt (MAPbBr;:CF) (a) and Ag/
TPBI/MAPbBr;/Pt (MAPbBry:TPBI) (b) device configura-
tions. The voltage was applied to the Ag top electrode, while
the Pt bottom electrode was connected to the ground. The
electrochemical metallization (ECM) mechanism was seen in
the devices. The ECM mechanism entails the formation of a
conducting filament that traverses the resistive switching layers,
resulting from the oxidation of the active top electrode and
subsequent dissolution of the metal cation.”* Both devices
exhibited bipolar resistive switching behavior, characterized by
distinct SET and RESET operations, indicating that the ON/
OFF states were achieved at opposite polarities.”” ™" In the

memory devices based on MAPbBr3:TPBI, as depicted in
Figure 4b, a significant transition from a low current state of 1
X 107'° A to a high current state of 1 X 107> A was observed in
the ON state. This transition occurred at a SET operating
voltage of +0.15 V. Consequently, the formation of conducting
filaments occurs. The sudden rise in current, termed LRS, can
be maintained when the device is in the ON state by a
compliance current (CC) of 107> A. In order to prevent
damage to the device, the current is often restricted by CC
during the SET process. Following this, the high current state,
which had a current of 1 X 107* A, was subsequently reduced
to the low current state (107! A) at —0.08 V. The HRS was
maintained through the disruption of the conducting filaments
during the OFF state. Nevertheless, it has been shown that
MAPDBr;:CF devices exhibit marginally elevated and reduced
operating voltage when undergoing the SET and RESET
processes (Figure 4a), in comparison to MAPbBry;:TPBI
devices. The resistive switching phenomenon seen in this
memory system can be ascribed to the utilization of TPBI as an
electron transport material. The introduction of a TPBI layer
over MAPDBr; enables efficient electron injection into the
switching layer, leading to the oxidation of Ag conducting
filaments and facilitating the transition to an LRS at lower
operating voltages. Moreover, the application of a negative
voltage to the device readily triggers the rupture of Ag
conducting filaments through the TPBI layer. Therefore, the
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TPBI has the potential to facilitate the formation and rupture
of Ag filaments at both lower and higher operating voltages in
the SET and RESET processes.

The reliability of the resistive switching memory devices was
also evaluated by examining the switching endurance, which is
determined by the stability of the number of switching cycles.

Figure 4c,d depicts the endurance properties utilized to assess
the cycle-to-cycle reproducibility and stability of the
MAPDBr;:CF and MAPbBr;: TPBI memory devices, employing
alternating current (AC) voltage pulses. The measurement of
resistance values involved the application of continuous write-
erase pulses with a voltage of +0.8 V for the ON state and —0.8
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V for the OFF state. These were applied during a read voltage
of +0.05 V and a pulse duration of 640 ys. In Figure 4c, it was
shown that the MAPbBr;:CF device could endure 90 cycles of
HRS and LRS before HRS failure. The observed degradation
can be attributed to the random and incomplete RESET
occurring at the interface of MAPbBr;.

Nevertheless, as depicted in Figure 4d, the endurance of the
MAPDBr;: TPBI memory device was expanded to around 1000
cycles while consistently sustaining ON/OFF ratios above 10.
The TPBI between the MAPbBr; switching layer and Ag top
electrode has a significant impact during the RESET process.
This interlayer facilitates the injection of electrons, leading to
the oxidation of the edges of Ag filaments, ultimately resulting
in the rupture of conductive filaments. In order to assess the
enhanced resistive switching characteristics of the memory
device based on MAPbBr;:TPBI in comparison to prior studies
on devices utilizing halide perovskites, the endurance values
are presented in Table §1,'®!%2136:5356769

In addition, an assessment was conducted on the data
retention of the MAPbBr;:CF and MAPbBr;:TPBI memory
devices in both the ON and OFF modes. This evaluation was
performed at a reading voltage of +0.02 V in order to examine
the reliability, as depicted in Figure 4e{f. The MAPbBr;:CF
device exhibited a relatively short retention duration, as
depicted in Figure 4e. The ON states of the device were
initially maintained for a duration of 1700 s. However, these
states began to deteriorate and transitioned into the OFF
position, resulting in a decreased reliability of the device.
Nevertheless, the MAPbBr;:TPBI memory device exhibited a
consistent ON/OFF ratio that persisted for a duration
exceeding 3 X 10° s. The small fluctuations were seen in the
LRS region, but the ON and OFF states remained quite stable.

To enhance the comprehension of the TPBI roles in
MAPDBr; layers, Figure S illustrates the suggested ON and

OFF mechanisms pertaining to the behavior of the Ag
conducting filaments in the device. The superior resistive
switching characteristics seen in the MAPbBr;:TPBI device
(Figure Sb) in comparison to those in the MAPbBr;:CF device
(Figure Sa) are well accounted for by the presence of TPBI,
which is influenced by the efficient electron injection from the
Ag/MAPDBr; interface. Based on the electrochemical metal-
lization theory, the formation of conducting filaments occurs
through a series of three phases. First, the Ag top electrode
undergoes oxidation electrochemically. Second, the injection of
Ag cations takes place, transferring them to the switching layer.
Finally, the reduction of the Ag cations occurs, leading to the
creation of Ag conducting filaments. During this particular
procedure, the introduction of TPBI leads to an augmentation
in the electron transport capability. Consequently, this rise
prompts the nucleation of Ag atoms and facilitates the creation
of conducting filaments at the interface of MAPbBr;.”*~** Also,
the Ag conducting filaments rupture when the negative bias is
applied, leading to the migration of Ag cations away from the
remaining filaments. In this procedure, the TPBI facilitates the
acceleration of filament rupture occurring at the interface of
MAPDBr; by extracting electrons through a negative bias
applied to the top electrode.

The resistive switching performance of the MAPbBr;: TPBI
device is illustrated in detail in Figure 6. The I-V profiles of
the MAPDbBr;: TPBI device were examined by conducting a set
of five sweeps in the DC sweep mode using a semiconductor
parameter analyzer, as depicted in Figure 6a. During the initial
sweep, an electroforming process, known as a soft breakdown,
was detected in the MAPDbBr; layer. This phenomenon
demonstrated the ability to achieve stable switching
features.”” ™" The process of electroforming was observed in
the memory device, wherein a conducting filament bridge was
gradually produced until it reached complete formation at a
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Figure 8. Temperature dependence of the HRS before the SET process and tendency of the forming, SET, and RESET voltages with increasing
temperature. (a) Temperature dependence of the HRS before the SET process. Tendency of the forming (b), SET (c), and RESET (d) voltages

with increasing temperature.

voltage of +0.6 V. Following this particular cycle, the SET
process can be conducted at a lower voltage in comparison to
the electroforming process. The observed phenomena can be
attributed to the pre-existing filament channel that is produced
during the electroforming process. This path facilitates the
efficient passage of Ag metal cations through the switching
layer during the SET operation, even when a low voltage is
applied.***>*” In order to assess the operational uniformity of
the MAPbBr;:TPBI device, a statistical analysis was conducted
on the voltage distributions of formation, SET, and RESET
processes for Ag/TPBI/MAPbBr;/Pt cells.

In Figure 6b,c, it is evident that no substantial or relevant
variance is observed in the distributions of forming, SET, and
RESET voltages across the 50 cells. The HRS and LRS values
for a total of 50 cells were measured, as depicted in Figure 6d.
Based on the observed distributions, it can be concluded that
the ON/OFF values are similar to no significant absolute
variations. This finding suggests that the MAPbBr;:TPBI
device demonstrates good reproducibility. Furthermore, the
capacity of the memory device based on MAPbBr;:TPBI was
investigated by tests of its multilevel resistive switching
behavior. The purpose of this test was to assess its potential
for achieving high data storage density. Three distinct LRS
levels are detected in Figure 6e when the CC was varied from 1
X 1073 to 1 X 1075 A. As the CC declined, the resistance value
of the LRS decreased. Conversely, there was no observed
change in the HRS level with varying CC. The utilization of a
MAPDBr;:TPBI device enables the storage of several data
levels within a single cell, hence facilitating the expansion of
the memory capacity.

To further understand the switching process shown by the
MAPDBr3:TPBI device, replotted I—V analysis about current
transport mechanisms was conducted. Figure 7a displays the
I-V curves, which were graphed using a double-logarithmic

scale (In I vs In V). Within the LRS range, the MAPbBr,: TPBI
device demonstrates Ohmic conduction, characterized by a
linear slope of 0.96 after a sudden surge in current."*~>* Also,
the observation of a nonlinear slope of 0.12 suggests that
Schottky emission is the prevailing mechanism in the HRS
range.”"*” In order to further understand Ohmic conduction
and Schottky emission, the I-V curves of the LRS and HRS
were reanalyzed. The verification of Ohmic conduction in the
LRS is demonstrated by the linear fitting of the I & V, as seen
in Figure 7b.>> This observation suggests that the Ag
conducting filament traverses the MAPbBr; switching layer
after the rapid development of the filaments. Additionally, the
I-V curve in the HRS area is graphed again using the
relationship In I o« V*/2 Figure 7c illustrates a plot depicting a
linear relationship of In I V12, which serves to demonstrate
the dominance of Schottky emission, as defined by the
following expression.”

3
Inch\/ 1 11 x JV

4red

(1)

In this context, I represents the current density, q denotes
the electric charge, & signifies the dielectric constant, d
represents the film thickness, K denotes the Boltzmann
constant, T represents the absolute temperature, and V
denotes the applied voltage. The linear relationship observed
in the replotted graph can be attributed to the ability of Ag
metal cations to surpass the energy barrier, leading to their
dissolution from the Ag top electrode.”*

To confirm the temperature dependence of the electrical
characteristics of the MAPbBr;: TPBI device, we measured the
I-V test over the temperature range of 263—393 K because the
electrochemical reactions and thermal effects contribute to the
development and rupture of filaments in the device. As
depicted in Figure 8a, the HRS current elevates as temperature
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increases, which demonstrates that the Ag cations readily
migrate toward the MAPDbBr; layer subsequent to the
dissolution of the Ag metal electrode.”’ > Also, the I-V
curves depicted in Figure S3 demonstrate that TPBI used
perovskite devices that displayed Ohmic contact character-
istics, as seen by the exponential plots. These plots revealed a
linear slope of 1 inside the LRS region across different
temperatures. Figure 8b,c illustrates the declining patterns
observed in the forming and SET voltages as the temperature
increases. During the process of formation and subsequent
SET operation, Ag cations easily move through the MAPbBr;
layer. This migration enables them to rapidly achieve a state of
supersaturation at the Pt counter electrode, hence resulting in a
reduction in the operating voltages.****** In Figure 8d, a
positive correlation is shown between the RESET voltages and
temperature, indicating an increasing trend. The occurrence of
the rupture of the conducting filament during the RESET
operation might be attributed to the process of dissolution,
which is facilitated by Joule heating.***”** The Ag conducting
filaments, which exhibit thermal instability, are susceptible to
fracture when exposed to elevated temperatures. Therefore, it
is seen that the Ag filament exhibits a high susceptibility to
disconnection even when subjected to a low-intensity electric

field.

4. CONCLUSIONS

To summarize, the utilization of TPBI, an electron transfer
material, was implemented in the incorporation of MAPbBr; to
enhance the endurance cycles and the retention time. The
introduction of a TPBI layer between the Ag top electrode and
the MAPDbBr; switching layer resulted in the achievement of a
uniform surface. This incorporation significantly improved the
resistive switching properties. The resistive switching charac-
teristics seen in the Ag/TPBI/MAPbBr;/Pt device are
attributed to the formation and rupture of Ag conducting
filaments within the MAPbBr; layer. Both memory devices
based on MAPbBr; had a significant ON/OFF ratio exceeding
107 when operated at a speed of 640 us and low voltage. The
endurance of the MAPbBr;:TPBI device was observed to be
approximately 1000 cycles, a much greater value compared to
the endurance cycles of the MAPbBr;:CF memory device. The
TPBI facilitates the eflicient injection of electrons into the
switching layer. As a result, the oxidation process of Ag
conducting filaments is enhanced, leading to an improved
efficiency in the rupture of these filaments. Furthermore, an
assessment was conducted to examine the reliability of the
memory device by evaluating the retention time. A continuous
alternation between an ON and OFF state was sustained for a
duration exceeding 3 X 10° s. Therefore, our study holds
significance in relation to providing an alternative approach to
enhance the switching capability of halide perovskite memory
devices.
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