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Abstract
Resistive random-access memory (ReRAM) devices based on halide perovskites have recently emerged as a new class
of data storage devices, where the switching materials used in these devices have attracted extensive attention in
recent years. Thus far, three-dimensional (3D) halide perovskites have been the most investigated materials for resistive
switching memory devices. However, 3D-based memory devices display ON/OFF ratios comparable to those of oxide
or chalcogenide ReRAM devices. In addition, perovskite materials are susceptible to exposure to air. Herein, we
compare the resistive switching characteristics of ReRAM devices based on a quasi-two-dimensional (2D) halide
perovskite, (PEA)2Cs3Pb4I13, to those based on 3D CsPbI3. Astonishingly, the ON/OFF ratio of the (PEA)2Cs3Pb4I13-based
memory devices (109) is three orders of magnitude higher than that of the CsPbI3 device, which is attributed to a
decrease in the high-resistance state (HRS) current of the former. This device also retained a high ON/OFF current ratio
for 2 weeks under ambient conditions, whereas the CsPbI3 device degraded rapidly and showed unreliable memory
properties after 5 days. These results strongly suggest that quasi-2D halide perovskites have potential in resistive
switching memory based on their desirable ON/OFF ratio and long-term stability.

Introduction
Photovoltaic devices are recognized as prospective

energy sources1–8. As light absorbers, halide perovskites

have had a significant impact on solar cell research owing

to their remarkable photovoltaic properties, such as their

long charge diffusion length and low exciton binding

energies9–16. In particular, the current–voltage (I–V)

hysteresis of halide perovskites has broadened their

applications to electronic devices beyond photovoltaics,

such as field-effect transistors, resistive-switching mem-

ory, and artificial synapses17–19. The defects that cause

sweep-dependent hysteresis migrate in the halide per-

ovskite layer, causing a switch in the current direction

upon the application of a weak electric field20.

In general, halide perovskites, which are three-

dimensionally (3D) structured compounds with the che-

mical formula ABX3, consist of monovalent cations in the

A-site, divalent cations in the B-site, and halide anions in

the X-site21. 3D halide perovskites, such as MAPbI3 (MA=

CH3NH3) or CsPbI3, have been mostly studied for

ReRAM devices; these devices have ON/OFF ratios on the

order of 106 with multilevel resistive switching and low

operating voltages22,23.

ReRAM devices based on halide perovskites have

recently received attention as a potential research topic;

however, some issues need to be resolved. Compared with

conventional ReRAM devices based on metal oxides24–26,

3D halide perovskite memory devices display low stability

in humid and ambient atmospheres, leading to the

degradation of the switching characteristics of the mem-

ory devices. More importantly, the ON/OFF ratio should

be higher than 1010 to be commercialized, because the

resistances of the bit and selector lines are considered in

terms of the high-density layer of the memory array.
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To address these issues, quasi-two-dimensional (2D)

halide perovskites have been considered as a means of

improving the ON/OFF ratio and preventing device

degradation in air27,28. Quasi-2D halide perovskites have

the general formula (RNH3)2An−1BnX3n+1 (n= 1, 2, 3, …),

where RNH3 is a large organic cation such as a large

aliphatic or aromatic alkylammonium cation29–32. Thus,

as the n-values decrease, the dimensionality of halide

perovskites changes from 3D to quasi-2D and 2D struc-

tures. Quasi-2D halide perovskites, which are formed by

introducing large organic cations into 3D perovskites,

have wider bandgaps33–35, which make the Schottky

barrier at the interface top electrode much higher. This

behavior in turn lowers the high-resistance state (HRS)

current, which results in an increase in the ON/OFF ratio.

Furthermore, the large organic cation between the quasi-

2D perovskite layers prevents the device from breaking

down because of the hydrophobicity of the alkyl

amines36–39. Recently, ReRAM devices were reported with

ON/OFF ratios ranging from 105 to 107, which are still

too low to show commercial promise40,41.

In this study, (PEA)2Cs3Pb4I13 (PEA= phenethy-

lammonium) and CsPbI3 are employed as the resistive

switching elements in a ReRAM device to compare the

dependence of the switching behavior on the 3D and

quasi-2D halide perovskites. We successfully fabricate a

(PEA)2Cs3Pb4I13 ReRAM device with the Ag/

(PEA)2Cs3Pb4I13/Pt(platinum)/Ti/SiO2/Si structure,

where the perovskite resistive switching layer is synthe-

sized on a Pt-coated silicon substrate by solution pro-

cessing at low temperature. The devices exhibit bipolar

resistive switching behavior and ultralow operating

voltages. Furthermore, the ON/OFF ratios (>109) of the

(PEA)2Cs3Pb4I13 ReRAM devices are noticeably higher

than those of the CsPbI3 device, with long-term stability

under ambient conditions. This study provides an

opportunity to investigate the effect of the dimensionality

of halide perovskites on the resistive switching of devices

for use in next-generation high-performance nonvolatile

memory.

Results and discussion
Figure 1 presents a schematic illustration of the device

structure and the resistive switching materials CsPbI3 and

(PEA)2Cs3Pb4I13. Vertical stacks of the Ag top electrode/

CsPbI3 or (PEA)2Cs3Pb4I13/Pt bottom electrode/Ti/SiO2/

Si structures were fabricated. For the low-temperature all-

solution process, CsPbI3 and (PEA)2Cs3Pb4I13 films were

successfully synthesized by the spin-coating method and

by the thermal evaporation method using a dot-patterned

shadow mask. Ag top electrodes were formed on the

switching layers.

Compared with CsPbI3, in a 3D halide perovskite, the

two organic PEA cation layers that are stacked between

the inorganic layers can increase the bandgap. Although

the organic PEA cations do not influence the electronic

states around the band edge, the steric hindrance and

other structural effects caused by the organic PEA cations

bring about structural changes in the halide perovskite

frameworks, which indirectly influences the increase in

the bandgap. Notably, the bandgap increase has a sig-

nificant influence on the switching performance42.

Figure 2a, b present scanning electron microscopy

(SEM) images of the CsPbI3 and (PEA)2Cs3Pb4I13

Fig. 1 Schematic illustration of the resistive memory device structure and resistive switching materials CsPbI3 and (PEA)2Cs3Pb4I13
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perovskite layers synthesized on Pt-coated silicon sub-

strates. For both samples, the thickness was ~300

−350 nm (Supplementary Fig. S1, Supporting Informa-

tion), with good film quality and high film coverage. To

achieve a smooth surface, the Pt-coated silicon substrates

were subjected to ultraviolet ozone cleaning before coat-

ing with the perovskite films.

As shown in Fig. 2c, d, the surface of both perovskite

layers was evaluated by atomic force microscopy (AFM)

with a scan size of 5 μm× 5 μm. Ultralow roughness was

obtained for the (PEA)2Cs3Pb4I13 film, with a root mean

square roughness of 3.0 nm, which is much lower than that

of the CsPbI3 film (15.0 nm). It is suspected that the addi-

tion of PEAI (Phenethylammonium iodide) to the precursor

solution impedes the growth of the perovskite crystal due to

the strong hydrogen bond between the hydrogen atom of

PEAI and the halide atom in PbI. Thus, the PEAI addition

to form (PEA)2Cs3Pb4I13, a quasi-2D halide perovskite,

dramatically improved the film uniformity43,44.

X-ray diffraction (XRD) measurements were conducted

to verify the accurate phase of the 3D perovskite (CsPbI3
black phase) and quasi-2D perovskite ((PEA)2Cs3Pb4I13).

As shown in Fig. 2e, the XRD pattern of the CsPbI3

sample shows sharp peaks at (100) and (200), indicating

that the obtained perovskite film is highly oriented. A

shoulder appeared next to the (110) peak, providing evi-

dence of strain in the crystal, which allows the crystal-

lization of CsPbI3 in the cubic phase45. Nevertheless,

peaks of the yellow phase were also observed due to the

metastable nature of cubic CsPbI3. Upon incorporating

PEAI into CsPbI3 to obtain the quasi-2D perovskite, a

low-angle diffraction peak appeared, which can be

attributed to the typical reflections from the layered

structure46. No XRD peaks related to yellow-phase CsPbI3
were observed for the quasi-2D perovskite sample. This

result indicates that the addition of PEAI to CsPbI3 not

only improves the morphology but also considerably

boosts the stability of the perovskite film by inhibiting the

transformation from the black to yellow phase of CsPbI3.

To compare the switching characteristics of the CsPbI3-

and (PEA)2Cs3Pb4I13-based memory devices, the I–V

characteristics of both devices were measured under a

direct current–voltage sweep. Figure 3 displays the typical

current–voltage curves of the Ag/CsPbI3/Pt (a) and Ag/

(PEA)2Cs3Pb4I13/Pt (b) devices, where the voltage was

applied to the top Ag electrode and the Pt bottom

Fig. 2 Properties of the halide perovskite films. a, b Top-view SEM images of the CsPbI3 (a) and (PEA)2Cs3Pb4I13 (b) perovskite films. c, d AFM

images of the CsPbI3 (c) (RMS= 15.0 nm) and the (PEA)2Cs3Pb4I13 (d) perovskite film (RMS= 15.0 nm). The tips move 5 μm through the red and blue
lines to measure the roughness. e X-ray diffraction patterns of CsPbI3 and (PEA)2Cs3Pb4I13 thin films on a glass substrate
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electrode was grounded. Both devices displayed bipolar

resistive switching, which indicates that ON/OFF

switching occurred at opposite polarities.

Given that the ON/OFF resistive switching operation is

explained by the SET and RESET processes for these

halide perovskite memory devices, the SET process, which

refers to the switching from a HRS (OFF state) to a low-

resistance state (LRS; ON state) at a certain positive vol-

tage, showed an abrupt increase. In these memory devices,

the abrupt increase in the current during the SET process

and the sustained LRS support the formation of con-

ducting filaments with a compliance current (CC) of 10−3

A. Then, the LRS changed to an HRS when a negative

voltage was applied to these devices, which indicates the

rupture of the conducting filaments with a CC of 10−2A.

Notably, the ON/OFF ratio for the (PEA)2Cs3Pb4I13-based

devices was as high as ~109, whereas that of the CsPbI3-

based devices was much lower (by ~106). The high ON/

OFF ratio of the (PEA)2Cs3Pb4I13-based devices can be

explained by the Schottky barrier height.

By changing the dimensionality from 3D for CsPbI3
to quasi-2D for (PEA)2Cs3Pb4I13, the bandgap is

widened33–35. As the bandgap increases, the Schottky

barrier height, which corresponds to the electron flow

from the top electrode to the bottom electrode, increases

at the interface between the halide perovskite switching

Fig. 3 Typical current–voltage curves, temperature-dependent OFF currents, and comparison of the ON/OFF ratio with various halide

perovskite-based ReRAM devices. Typical current–voltage curves of Ag/CsPbI3/Pt (a) and Ag/(PEA)2Cs3Pb4I13/Pt (b) devices. Temperature-
dependent OFF currents of the Ag/CsPbI3/Pt (c) and Ag/(PEA)2Cs3Pb4I13/Pt (d) devices; the Arrhenius equation was used to deduce Ea. (e).

Comparison of the ON/OFF ratio with various halide perovskite-based ReRAM devices, including CsPbI3- and ((PEA)2Cs3Pb4I13-based cells
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layer and Ag top electrode. This means that the increased

barrier height caused a reduction of the injected carrier

density from the electrode to the perovskite switching

layer. As a result, the HRS current decreased, leading to a

high ON/OFF ratio.

The electrical thermal activation energy (Ea) may be

another factor influencing the HRS current reduction.

Figure 3c, d present plots of the HRS current vs. the

inverse temperature at 0.02 V. The Ea for carrier migra-

tion in the switching layer in the HRS was deduced from

the Arrhenius equation. From the linear fitting slope of

each curve, the activation energy was estimated using the

Arrhenius equation (presented as Eq. (1)):

ln IoffðTÞ ¼ lnI0 �
Ea

kT
; ð1Þ

where Ioff is the current in the HRS, I0 is a constant, Ea is the

activation energy, k is the Boltzmann constant, and T is the

absolute temperature47. The distribution of the Ea for the

CsPbI3 and (PEA)2Cs3Pb4I13 memory devices extracted

from this Arrhenius plot was 0.18 and 0.44 eV, respectively.

When the conducting filament is broken in the HRS, a

small current flows through the trap states by hopping

thermally excited electrons48,49. The trap state, which is a

donor level in the conduction band, is associated with the

Ea. Compared with the 3D halide perovskite (CsPbI3), the

quasi-2D halide perovskite ((PEA)2Cs3Pb4I13) has a larger

bandgap and a higher conduction band minimum, leading

to deeper trap states. The deep trap states cause the Ea to

increase. Thus, the HRS current is decreased.

Therefore, the fact that the Schottky barrier height and

the activation energy of quasi-2D (PEA)2Cs3Pb4I13 are

higher than those of 3D perovskites may account for the

high ON/OFF ratio of the (PEA)2Cs3Pb4I13-based mem-

ory device, originating from the low HRS current.

To compare the superior resistive switching properties

of the (PEA)2Cs3Pb4I13-based memory device with

representative research studies on halide perovskite-based

ReRAMs, the values of the ON/OFF ratios with SET

voltages are exhibited, as shown in Supplementary Table

S1. In addition, the ON/OFF ratios vs. the SET voltages

are plotted in Fig. 3e.

Figure 4 shows the detailed resistive switching perfor-

mance of the (PEA)2Cs3Pb4I13-based memory device. As

shown in Fig. 4a, a series of five sweeps was performed in

DC sweep mode at 0 V→+0.8 V→ 0 V→−0.8 V→ 0 V

with a semiconductor parameter analyzer to confirm the

hysteresis in the I–V profile of the device. In the initial DC

sweep, an electroforming process referred to as a kind of

“soft breakdown” was needed to achieve stable resistive

switching properties50, which is analogous to that of

general resistive switching memory devices based on

electrochemical metallization (ECM). In ECM, the active

top electrode is dissolved by oxidation, after which the

Fig. 4 Resistive-switching performance of the (PEA)2Cs3Pb4I13-based memory device. a Series I–V characteristics of the Ag/(PEA)2Cs3Pb4I13/Pt

cells. b, c Statistically analyzed forming (b), SET, and RESET (c) voltage distributions of 50 different Ag/(PEA)2Cs3Pb4I13/Pt cells. d High- and low-

resistance states of 50 different Ag/(PEA)2Cs3Pb4I13/Pt cells. e Endurance characteristics for the (PEA)2Cs3Pb4I13 memory device. f Retention property

of the ON and OFF states
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metal cations form a conducting filament passing through

the switching layer51.

In the (PEA)2Cs3Pb4I13-based memory device, electro-

forming occurred abruptly at a voltage of +0.40 V; the

operating voltage required for the SET process was

+0.18 V, and that for the RESET process was −0.10 V. The

SET process could proceed at a lower voltage than that of

the electroforming process because of the already-formed

filament, which makes it easier to pass the SET filament.

Initially, the sustained low-current state of the device

(10−12A) abruptly changed to the high-current state of the

device (10−3A) when the applied voltage exceeded the SET

voltage. Subsequently, the sustained high-current state

abruptly changed to the low-current state when the applied

bias at negative polarity exceeded the RESET voltage. From

the series of five I–V sweeps, the reliable and reproducible

resistive switching of the (PEA)2Cs3Pb4I13-based ReRAM

devices was confirmed.

Figure 4b, c show the statistically analyzed forming, SET,

and RESET voltage distributions of 50 different Ag/

(PEA)2Cs3Pb4I13/Pt cells for evaluating the uniformity of

the operational function of the (PEA)2Cs3Pb4I13 memory

devices. From these distributions, there was no significant

deviation in the forming voltages of the different 50 cells,

nor did the SET and RESET voltages show any meaningful

deviation.

Figure 4d shows the HRS and LRS values of 50 different

Ag/(PEA)2Cs3Pb4I13/Pt cells under applied write/erase vol-

tage pulses. The result confirms that the average ON/OFF

ratio did not differ significantly for the devices, which

means that the reproducibility of the cells in resistive

switching memory devices is superior.

The switching endurance, which confirms the stability

and the number of switching cycles, is also one of the key

factors influencing the reliability of resistive switching

memory devices. Figure 4e shows the endurance char-

acteristics of the (PEA)2Cs3Pb4I13 memory device, mea-

sured by applying alternating current (AC) voltage pulses.

Continuous write/erase voltage pulses of +0.8 V for the

SET process and −0.8 V for the RESET process were

applied to the memory devices, with a 640 μs pulse dura-

tion and a read voltage of +0.05 V. The Ag/

(PEA)2Cs3Pb4I13/Pt device was functional for 230 endur-

ance cycles, with ON/OFF ratios above 108.

The typical data retention for the ON and OFF states was

also evaluated for the Ag/(PEA)2Cs3Pb4I13/Pt cell to test the

electrical reliability of the memory device, as shown in Fig.

4f. A constant ON/OFF ratio of ~109 was maintained for

over 2 × 103 s at a reading voltage of +0.02 V. In the HRS

region, a very small current fluctuation was observed, but

the HRS and LRS remained constant overall.

To elucidate the current transport mechanisms of the

resistive switching behavior, the typical I−V curves of the

devices were plotted using a double-logarithmic scale for

each resistance state, as shown in Fig. 5a. The electrical

conduction of the Ag/(PEA)2Cs3Pb4I13/Pt memory device

differed in the HRS and LRS during the SET operation

under a voltage sweep of 0 V→+0.8 V→ 0 V. First, it was

found that the ohmic conduction plot had a slope of 0.99,

with a linear relation of ln I vs. ln V in the LRS region after

the abrupt current increase23,52–54. In the HRS region, the

relation of ln I vs. ln V was nonlinear with a slope

of 0.26, which verifies that Schottky emission is

dominant23,53,55.

Fig. 5 Current transport mechanisms underlying the resistive

switching behavior. a Double-logarithmic scale of the I−V curve of
the Ag/(PEA)2Cs3Pb4I13/Pt device. b Proportional relation of the

current density to voltage (I ∝ V) for the LRS. c Relation of the current

to the square root of voltage (ln I ∝ V1/2) for HRS
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To better understand the two types of electrical con-

duction mechanisms, i.e., ohmic conduction in the LRS

and Schottky emission in the HRS, the I–V curves of each

resistance state were replotted with linear fitting lines.

From Fig. 5b, it is clear that the linear fitting conforms to

the ohmic conduction in the LRS, as proven by the pro-

portional relation of the current density to the voltage (I ∝

V)53. This finding indicates that ohmic conduction gov-

erned the LRS after the abrupt formation of the con-

ducting filament by passing through the halide perovskite

switching layer.

To further clarify whether Schottky emission is domi-

nant in the HRS region during the SET operation, the

nonlinear I–V curve of the HRS was replotted as ln I vs.

the square root of the applied voltage (ln I ∝ V1/2), as

illustrated in Fig. 5c52,55,56. The fitting result shows a

linear relationship of ln I ∝ V1/2, which can be taken as

evidence that Schottky emission is dominant in the HRS

region, according to the following equation:23

ln I /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q3

4πεd
kT

r

´

ffiffiffiffi

V
p

;
ð2Þ

where I is the current, q is the electric charge, ε is the

dielectric constant, d is the dielectric film thickness, and V is

the applied voltage. The linearity of the replotted graph

indicates that the metal cations are dissolved from the Ag

top electrode by thermionic Schottky emission. In other

words, in the HRS, Schottky contact is formed between the

Ag top electrode and the halide perovskite layer, and the

ejected carriers from the top electrode can easily pass

through the potential barrier. Furthermore, the results

suggest that the limited current flow from the top electrode

to the switching layer controls the HRS current level.

It is known that the current in the HRS is related to the

Schottky barrier height; thus, we compared the linear

replotted I–V curves for the HRS of the 3D CsPbI3 and

quasi-2D (PEA)2Cs3Pb4I13 memory devices. As shown in

Fig. 6a, the quasi-2D (PEA)2Cs3Pb4I13 memory device

displayed a lower current in the HRS, where the current

density could be estimated according to the

Richardson–Schottky law:

J ¼ A ´T2
´ exp

q

ffiffiffiffiffiffi

qE
4πε

q

kT
� qΦB

kT

0

@

1

A

; ð3Þ

where A is the Richardson constant, E is the electric field,

and ΦB is the Schottky barrier height57,58.

As expressed in Eq. (3), the Schottky barrier height, ΦB,

corresponds to the current density in the HRS. The

increased barrier height of quasi-2D (PEA)2Cs3Pb4I13
limits the carrier flow from the Ag top electrode to the

perovskite switching layer. Figure 6b shows a schematic

representation of the Schottky barrier heights of these two

perovskite materials, suggesting that the band bending

induced by modifying the bandgap of the switching

material controls the barrier height. Therefore, we can

increase the HRS current to improve the ON/OFF ratio of

the memory devices.

In the ECM mechanism, the formation and rupture of

the metal cation filament are caused by electrochemical

reactions as well as thermal effects; therefore, the tem-

perature dependence of the memory devices should be

investigated. To confirm the impact of temperature on the

electrical characteristics of the device, I−V measurements

were conducted over the temperature range of 293

−393 K. Figure 7a shows that the HRS current increased

with increasing temperature. The increasing tendency of

the current can be attributed to the easy migration of the

ejected metal cations into the switching layer after the

dissolution of the metal electrode23,59.

Figure 7b–d display the decreasing and increasing trends

for the forming, SET, and RESET voltages under a DC

Fig. 6 Comparison of linear replotted I–V curves for the HRS and schematic diagram of the Schottky barrier heights for CsPbI3 and

(PEA)2Cs3Pb4I13. a Comparison of linear replotted I–V curves for the HRS of CsPbI3 and (PEA)2Cs3Pb4I13 devices. b Schematic diagram of the Schottky
barrier heights for CsPbI3 and (PEA)2Cs3Pb4I13
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voltage sweep when the temperature was elevated. In the

forming and SET processes, the operating voltage is related

to the rate of migration of the metal cations and the

supersaturation of the metal. As the temperature increases,

Ag metal cations easily move through a switching layer and

then quickly reach supersaturation at the counter-electrode,

even at a low voltage, thereby reducing the forming and

SET voltages59,60. In the RESET processes, the rupture of

the conducting filament at the counter-electrode occurs

due to Joule heating-assisted dissolution59–61. The narrow

conducting filaments, which are thermally unstable, are

easily broken at high temperature. For this reason, the

rupture of the Ag filament can easily take place at the

counter-electrode as the temperature increases, even under

a low-intensity electric field.

One of the issues for halide perovskite-based ReRAM

devices is stability. It has been reported that the CsPbI3 3D

halide perovskite is susceptible to humidity, resulting in

rapid degradation when related devices are exposed to

ambient conditions. Recently, to enhance the moisture

resistance, some techniques have been introduced to

maintain the stability, such as encapsulation or applying

passivating polymer films to the devices. In our work, we

found that the (PEA)2Cs3Pb4I13 quasi-2D halide perovskite

was more robust at room temperature under ambient

conditions than the CsPbI3 3D halide perovskites.

To confirm the superior stability of (PEA)2Cs3Pb4I13, the

memory devices were kept under ambient atmosphere and

the I–V characteristics were monitored. As illustrated in

Fig. 8a, the 3D perovskite memory device degraded after

5 days. However, from the I–V measurements for the

quasi-2D perovskite memory devices in Fig. 8b, it is clear

that the stability was enhanced without appreciable decay

after storage in air for 2 weeks. The stable resistive

switching behavior of this (PEA)2Cs3Pb4I13 memory device

is influenced by multiple interaction forces in the quasi-2D

structure, such as strong ionic bonds in the perovskite

(inorganic) layer, weak van der Waals forces between the

PEA layers (mono-ammonium cation layers), and con-

nections between the organic and inorganic layers (the

coordination bonds between the ammonium group and

Pb, and the hydrogen bond between the ammonium group

and halogen)62,63. Furthermore, the hydrophobic PEA

cation brings about steric hindrance, which affects the

surface Pb–I to prevent the adsorption of water64. In

addition, the stacks of hydrophobic cation layers protect

the inner perovskites from water molecules, thus mini-

mizing the water intake by the memory devices.

Fig. 7 Temperature dependence of the HRS before the SET process and tendency of the forming, SET, and RESET voltages under the DC

voltage sweep with increasing temperature. a Temperature dependence of the HRS before the SET process. b, c, d Tendency of the forming (b),

SET (c), and RESET (d) voltages under the DC voltage sweep with increasing temperature
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Thus, we confirmed that the PEA cations prevent the

destruction of the quasi-2D structure and provide moisture

resistance, which counters the degradation of the switching

performance of the (PEA)2Cs3Pb4I13 memory device.

Conclusion
In summary, a large ionic radius cation (PEA) was

introduced into CsPbI3 to form a quasi-2D halide per-

ovskite, (PEA)2Cs3Pb4I13, to achieve a high ON/OFF ratio in

ReRAM devices. A uniform surface morphology was

achieved by incorporating the PEA cation and

PEA)2Cs3Pb4I13 effectively improved the resistive switching

of the device. The ReRAM device with the Ag/

(PEA)2Cs3Pb4I13/Pt structure showed a high ON/OFF ratio

of 109, which is three orders higher than that of the CsPbI3-

based memory device. Owing to the wide bandgap of

(PEA)2Cs3Pb4I13, a high Schottky barrier was formed and

the activation energy increased, thereby leading to a

reduction in the HRS current. A stability test verified the

superior resistance of the device under ambient atmosphere

at room temperature, which is another favorable property of

quasi-2D perovskites. Although the CsPbI3 memory device

was degraded after 5 days, the (PEA)2Cs3Pb4I13 devices were

stable for 2 weeks, which is meaningful in terms of the

practical application of halide perovskite memory devices.

Experimental section
Materials

Lead(II) iodide (99.9985%) and hydroiodic acid (57%

in aqueous solution, stabilized with 1.5% hydropho-

sphorous acid) were provided by Alfa Aesar (Thermo

Fisher Scientific, USA). Phenylethylamine (>99%),

cesium iodide (99.99%), poly(methyl methacrylate),

chlorobenzene (anhydrous, 99.8%), and N,N-dimethyl-

formamide (anhydrous, 99.8%) were purchased from

Sigma-Aldrich (USA). All the materials were used

without any further purification.

Synthesis of PEAI

Phenylethylamine (80 mmol) was dissolved in 10 mL of

ethanol and placed in an ice bath. HI (20 mL) was then

slowly added to the flask and was kept for 20 min under

vigorous stirring. The white powder (PEAI) was collected

using a rotary evaporator and washed thrice with diethyl

ether. Finally, the product was dried under vacuum at

50 °C for 1 day before use (Table 1).

Fabrication of the memory devices

Different dimensional perovskite (PEA2Csn−1PbnI3n+1)

precursors were prepared by mixing stoichiometric

quantities of PEAI, CsI, and PbI2 in N,N-dimethylforma-

mide (DMF, anhydrous, 99.8%) at a concentration of

Fig. 8 Stability tests from the I–V measurements. Stability tests

from the I–V measurements of the Ag/CsPbI3/Pt (a) and Ag/
(PEA)2Cs3Pb4I13/Pt (b) devices

Table 1 Comparison of various halide perovskite-based

ReRAM devices

Device structure SET voltage
[Vset]

ON/OFF ratio Ref.

Au/MAPbI3−xClx/FTO 0.8 10 65

Au/MAPbClXI3−X/TIO2/Ti 1 20 66

W/Oleic acid-MAPbI3/FTO 3.1 102 67

Au/MAPbI3/ITO 0.7 102 20

Al/CsPbBr3/PEDOT:PSS/ITO |−0.6| 102 68

Au/ZnO/MAPbI3/ITO 0.9 102 69

Au/MA3Bi2I9/ITO 1.6 102 70

Ag/PMMA/MAPbI3/PMMA/
ITO

1.2 103 71

Ag/PMMA/MAPbBr3:PMMA/
PMMA/ITO

1 103 72

Au/Cs3Bi2I9/ITO 0.3 103 73

Au/MAPbI3/Pt 1 104 74

Ag/PMMA/CsSnI3/Pt 0.13 105 59

Ni/ZnO/CsPbBr3/FTO |−0.95| 105 75

Ag/MAPbI3/Pt 0.2 106 18

Ag/PMMA/CsPbI3/Pt 0.18 106 23

Ag/PMMA/Rb0.52 MA0.48PbI3/
Pt

0.25 106 76

Ag/MAPbI3/Pt 0.13 106 22

Ag/CsPbI3/Pt 0.1 106 This work

Au/Rb3Bi2I9(Cs3Bi2I9)/Pt 0.09(0.1) 107 77

Au/MAPbI3/Au 0.32 107 78

Ag/PEA2Cs3Pb4I13/Pt 0.18 109 This work
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40 wt%, followed by heating for 12 h. A small amount of

HI was added to the solution to increase the solubility of

PEAI. A uniform film was obtained by spin-coating the

precursor on Pt/Ti/SiO2/Si substrates at a speed of 4000 r.

p.m. and heating at 150 °C for 5 min. The PMMA (poly-

methylmethacrylate) solution (5 mgmL−1) was spin-

coated to protect the perovskite film from moisture.

After deposition of PMMA, the films were further heated

at 100 °C for 5 min. To complete the devices, Ag elec-

trodes (50 µm × 50 µm) were deposited by e-beam eva-

poration under 1 × 10−6 Torr at room temperature

through a shadow mask.

Characterization

The surfaces and cross-sections of the perovskite films

were imaged using a field-emission SEM (ZEISS MERLIN

COMPACT). The morphology of the perovskite films was

analyzed using AFM (Park System XE100). The XRD pat-

terns were recorded using an X-ray diffractometer (Bruker

Miller Co., D8-Advance) with Cu-Kα radiation. The elec-

trical properties of the memory units were characterized by

using an Agilent 4156C semiconductor analyzer in the direct

current–voltage sweeping mode and alternating voltage

pulse mode in a vacuum chamber (6 × 10−2Torr).
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