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Lead-free, air-stable hybrid organic–inorganic
perovskite resistive switching memory with
ultrafast switching and multilevel data storage†

Bohee Hwanga and Jang-Sik Lee *a,b

Organolead halide perovskites exhibit excellent optoelectronic and photovoltaic properties such as a

wide range of light absorption and tunable band gaps. However, the presence of toxic elements and

chemical instability under an ambient atmosphere hindered lead halide perovskites from real device appli-

cations because of environmental issues and stability. Here, we demonstrate a resistive switching memory

device based on a lead-free bismuth halide perovskite (CH3NH3)3Bi2I9 (MABI). The active layer of the

device can be easily prepared by solvent engineering. The nonvolatile memory based on MABI layers has

reliable retention properties (∼104 s), endurance (300 cycles), and switching speed (100 ns), as well as

environmental stability. Moreover, the control of the compliance current leads to multilevel data storage

with four resistance states, which can be applied to high-density memory devices. These results suggest

that MABI has potential applications in information storage.

Introduction

Organic–inorganic lead (Pb) halide perovskites as solar cell
absorbers have achieved high power conversion efficiencies
(PCEs) up to 20%1 due to a wide range of light absorption and
long electron–hole diffusion lengths.2–4 Despite the good
device efficiency, the use of toxic lead (Pb) limits the large
scale applications and commercialization. Therefore, lead-
based perovskites need to be replaced by non-toxic alterna-
tives. Methylammonium (CH3NH3; MA) bismuth halide per-
ovskites with a chemical formula of MA3Bi2I9 (MABI) are non-
toxic, stable under humid conditions, and may have suitable
semiconducting properties.5–7 The Bi3+ cation, which has a
lone pair of 6s2 electrons, improves stability due to the effect
of screen-charged defects;8,9 it also leads to interesting electro-
optical properties8,10,11 which can extend the application to
optoelectronic and photovoltaic applications.12–14 Moreover,
because of these beneficial traits, bismuth halide perovskites
have various applications such as in solar cell absorbers,
supercapacitors, and memory applications.13,15–17

With the emerging demand for next-generation nonvolatile
memory devices with a faster switching speed and better

endurance, there are many types of memory architectures
including phase-change random access memory (PRAM),18

magnetic random access memory (MRAM),19 and resistive
switching random access memory (ReRAM)20 to solve the
demands. ReRAM devices, which are two terminal devices with
electrode/active material/electrode capacitor-like structures,
have been considered as promising candidates for nonvolatile
information storage applications because of scalability, fast
switching, and low power consumption.20–22 Diverse materials
systems show resistive switching behaviors; examples include
organics,23,24 transition metal oxides,25,26 and perovskite
oxides.27,28

Organic–inorganic hybrid perovskites (OIHPs) show hystere-
tic current–voltage (I–V) responses; they also have various
advantages such as flexibility, multilevel data storage, analog
switching, and possibility for low power consumption/high
density memory applications.29–36 Therefore, they have been
used to fabricate resistive memory and synaptic devices.37–39

OIHP materials are promising candidates for next-generation
memory devices such as resistive switching memory devices
for two reasons. First, OIHPs can have advantages of both in-
organic and organic counterparts. As this material has an in-
organic part, it has a possibility to show excellent resistive
switching properties like oxides and chalcogenides. However,
inorganic materials have a limitation to be applied in flexible
electronics due to their brittleness. So, the organic parts such
as A-site organic cations can extend their applications to flex-
ible devices due to the structural flexibility of organic parts.40

Second, OIHPs have a possibility to be applied in optical
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memory. These days, in the field of optical communication,
transferring optical signals with a high speed is an emerging
issue for developing photon writing memory. As this material
possesses light harvesting and light responsive properties,
these properties lead to rapid progress in photo-sensing
devices including photodiodes and phototransistors.41

Recently, OIHP-based photo-memory with a heterojunction
floating gate using a perovskite/PS blend has been demon-
strated.42 Moreover, utilizing the defect redistribution in
OIHPs under light illumination extends their applications to
photon-based neuromorphic computing.43 For these reasons,
it is meaningful to study the resistive switching effects using
OIHP materials. Multilevel data storage can store more than
two-data levels in a cell; the phenomenon can be exploited to
increase the density of data storage effectively.44 However, mul-
tilevel data storage has not been demonstrated in bismuth
halide perovskites. Thus, to achieve the high-density memory
device, a multilevel memory device based on MABI could lead
to high-density perovskite ReRAM that does not have the issues of
containing lead and a lack of stability under ambient conditions.

In this study, we demonstrated lead-free perovskite ReRAM
based on MABI as a switching layer in nonvolatile memory
devices. The MABI layer was synthesized on the indium tin
oxide (ITO)-coated glass substrate by using an anti-solvent
assisted solution process to obtain a uniform layer. The
memory device based on MABI exhibits reliable bipolar resis-
tive switching with reasonable retention and endurance, and
also stability under an ambient atmosphere for at least
5 months. Moreover, by tuning the magnitude of the compli-
ance current (CC), the device can elicit four distinct resistance
states in the devices. This study demonstrates that MABI has
potential applications in high-density memory.

Results and discussion

We fabricated MABI-based ReRAMs with the device structure
Au/MABI/ITO (Fig. 1a). MABI exhibits a hexagonal symmetry; it
is composed of layers of face-sharing BiI6 bioctahedra; the
voids between the layers are occupied by MA+ groups.45,46 A
uniform perovskite layer is formed in the memory device; the
MABI film is 250 nm thick (Fig. 1b). The crystal structure of
MABI was determined using X-ray diffraction (Fig. 1c). The
diffraction peaks matched well with the hexagonal system with
the space group P63/mmc as described in previous reports,17,47

with the doublet peak near 2θ = ∼12°. The optical absorption
spectra of MABI films had a band edge near 500 nm, and the
calculated band gap value is 2.19 eV which is consistent with
previous reports.5 (Fig. 1d).

The electrical properties of Au/MABI/ITO were determined
under ambient conditions. The measured I–V curves exhibit
bipolar resistive switching under a compliance current CC =
1 mA. To measure the I–V characteristics of the Au/MABI/ITO
device, the voltage was controlled by one of the Au electrodes
under a dc sweeping voltage applied as 0 V → 2 V → 0 V →
−2 V → 0 V; the bottom electrode (ITO) was grounded. During

Fig. 1 (a) Schematic illustration of the memory device with the Au/
MABI/ITO structure. The inset shows the MABI structure in a unit cell.
(b) Cross-sectional SEM image of the MABI film. (c) XRD pattern of the
MABI layer. (d) Absorption spectrum of the MABI thin film.
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the first voltage sweep from 0 to 2 V, the ‘set’ process occurred
at 1.6 V; during this process, the resistance changed from the
high-resistance state (HRS, OFF state) to the low-resistance
state (LRS, ON state). When a negative voltage was applied, the
current decreased gradually at the reset voltage Vset < −0.6 V;
the resistance changed from the LRS to the HRS (Fig. 2a).
Data retention was evaluated to confirm the stability of the
memory device with a read voltage of 0.2 V under ambient
conditions (Fig. 2b). The LRS current slightly fluctuated, but
overall the ON and OFF states were well distinguished up to
104 s. The cycling endurances of the Au/MABI/ITO devices
were measured using consecutive ac voltage pulses to appraise
the electrical stability under Vset = 3 V and Vreset = −3 V
(Fig. 2c). The width of the voltage pulse was 10 ms and the
read voltage was 0.2 V.

The endurance properties varied over time, but neither the
LRS nor the HRS degraded for 300 cycles. The statistical distri-
bution of the HRS and LRS levels of the MABI device is shown
(Fig. S1†). 10 individual devices showed a very small range of
resistance level distribution in the HRS and LRS. The HRS and
LRS differed by approximately two orders of magnitude (on/off
ratio ∼100). This indicates that MABI-based memory devices
are electrically uniform and reliable.

The switching speed is an important attribute of memory
devices; it can be obtained from the pulse width of Vset and
Vreset. The MABI-based memory device responded quickly
when Vset and Vreset were applied (Fig. 3a and b). Before and
after applying the voltage pulses, a dc voltage bias sweep (0 to
0.7 V) was applied to check the device state. ‘Set’ and ‘reset’
processes do not occur in this voltage range, so the voltage
bias sweep did not cause resistive switching. After bias pulses
were applied using a pulse generator, a dc bias voltage sweep
was applied to confirm the resistance change of the device.
A set voltage pulse (3 V, 100 ns) and a reset voltage pulse (−3 V,
100 ns) were used to switch the devices’ resistance state; the
100 ns pulse width was sufficient to switch resistance states.
This switching speed is faster than the program speed of flash

Fig. 2 (a) I–V characteristics of the Au/MABI/ITO device. (b) Data reten-
tion of the LRS and the HRS at room temperature. (c) Switching endur-
ance of the memory device based on MABI.

Fig. 3 I–V curves of the OFF and the ON states of the Au/MABI/ITO
device before and after the application of (a) a set voltage pulse (3 V,
100 ns) and (b) a reset voltage pulse (−3 V, 100 ns). (Insets: Applied bias
pulses.)
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memory devices (order of microseconds),48 so MABI-based
memory is suitable for use in commercial memory devices. We
also used consecutive ac voltage pulses to evaluate the electri-
cal reliability with 100 ns pulse width. We applied 100 pulses
(pulse width: 100 ns) to the device and read at 0.2 V to
confirm the device state (Fig. S2†). The endurance properties
were able to be determined at 100 ns pulse width for 400
cycles. The fast switching of bismuth perovskites might orig-
inate from the inherent properties of MABI. In the case of
MABI, interactions between Bi 6s and I 5p orbitals induce
partial antibonding orbital character at its valence band
maximum. This antibonding orbital contribution to the
valence band maximum and disperse conduction band leads
to the improvement of tolerance to an intrinsic defect which
induces shallow point defect states.8,9 Bi3+ possesses a high
Born effective charge,8 and this potentially leads to better
carrier transport properties.49 The defect states which might
function as trap states have a possibility to be filled quickly by
charge carriers, and this achieves a faster switching speed
than lead-based perovskites. In the organic bistable device, an
electric field induced charge transfer was dominant which led
to the fast switching speed.50 A further study will be held to
investigate the reason for the faster switching speed of
bismuth-perovskites. Multilevel resistive switching behavior,
which is very attractive since this enables us to store more than
two data levels in one cell and also increases memory
capacities, could be realized in the MABI-based memory
device. We obtained three distinct LRS levels by using CC =
1 mA, 500 µA, or 100 µA (Fig. 4a). The resistance of the HRS
was almost unaffected by different compliance currents, but
the resistance of the LRS increased as the compliance current
decreased. This result proves that the LRS can be tuned by
using different compliance currents during the set process;
this phenomenon can lead to multilevel states of the LRS. To
confirm the reliability of multilevel switching, we measured
the number of cycles for which the MABI-based ReRAM device
was stable. The resistance states were determined at read
voltage Vread = 0.2 V and CC = 1 mA, 500 µA, or 100 µA.
Multilevel-switching was achieved with three LRSs and a stable
HRS. The data levels exhibited distinct resistances for 10 cycles
in each multilevel resistance state (Fig. 4b). We also measured
the multibit information storage capability by using ac endur-
ance (Fig. S3†). The width of the voltage pulse was 10 ms and
the read voltage was 0.2 V.

The different resistance states could be distinguished for
compliance currents of 1 mA, 500 µA, and 100 µA. To have
practical applications in electronic devices, materials and
devices need to be stable. Most of the methylammonium lead
halide perovskites are not stable under humid conditions and
an ambient atmosphere, and need to be fabricated under an
N2 atmosphere.51 In previous studies, methylammonium lead
halide perovskite (or cesium lead halide perovskite) based
memory was reported using metal oxide layers as the protective
layer for long-term stability.52,53 However, in MABI, the outer
lone pair of 6s2 electrons improves its stability under ambient
conditions.8 To evaluate the long-term stability, we stored the

MABI-based memory device under an ambient atmosphere at
23–25 °C and with 50–60% humidity. The XRD patterns of the
MABI thin film were almost the same when measured on the
1st day of the synthesis and after 30 days of storage under
ambient conditions (Fig. 5a). Additionally, there is almost no
change in film quality (inset in Fig. 5a); this result suggests
that the MABI thin film is stable without encapsulation layers.
We also compared the surface roughness of the pristine MABI
film and the film that was stored in ambient air for 5 months
by atomic force microscopy (AFM) (scan size = 3 µm × 3 µm)
(Fig. S4†) The pristine MABI film had a root mean square
(RMS) roughness of 12.2 nm, and the film stored in air for
5 months showed a RMS roughness of 12.6 nm. This proves
that the microstructure of the film almost did not change
during storage in air for 5 months. The resistive switching pro-
perties of the MABI film did not degrade after the storage in
air for 30 days (Fig. 5b). We further characterized the electrical
properties to confirm the long-term stability. The electrical
properties of the MABI devices (the devices were fabricated
5 months ago) were determined (Fig. S5†). The MABI devices
were even operated 5 months after fabrication and showed
bipolar resistive switching under a CC = 1 mA. Since 9
different devices operate well at the micrometer scale, the
device is supposed to operate well at a smaller scale. These

Fig. 4 (a) Typical I–V characteristics of the memory device under
different compliance currents of 1 mA, 500 µA, and 100 µA. (b) Multilevel
resistance states with different compliance currents.
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results indicate that MABI has potential to be used in practical
applications. The conduction mechanism was interpreted for
Au/MABI/ITO devices by considering log I–log V plots during
positive and negative voltage sweeps (Fig. S6†). The curve indi-
cates that the conduction mechanisms of the LRS and HRS in
the MABI layer can be explained by ohmic conduction and
space-charge-limited conduction (SCLC). In the LRS region,
ohmic conduction was dominant; this observation is consist-
ent with the formation of conductive filaments in the MABI
films. In the HRS region, the I–V characteristics show two
different regions: at a low voltage (<0.4 V), the curves follow
Ohm’s law (I∝V), whereas at a high voltage (>0.4 V), they show
a relationship that corresponds to the trap-filled limit current
law (I∝V2) (Fig. S6b†). At a 0–0.4 V low voltage region in the
HRS, the electric field across the device is insufficient, so the
quantity of injected carriers is less than that of thermally gen-
erated free charge carriers; therefore, trapsites are only par-
tially filled, so the I–V curve obeys ohmic behavior. At a higher
voltage (>0.4 V) during the voltage transition from ohmic to
SCLC, all trap sites become occupied by charge carriers
because of the increased electric field, and the conduction
mechanism follows (I∝V2). When a negative bias (0 → −2 V)
was applied, ohmic behavior is also observed. Applying the
bias from −2 to 0 V changed the conduction from SCLC to

ohmic (Fig. S6c†). The multilevel property in the MABI film
could be explained by the conduction mechanism. Until now,
the origin of the multilevel memory properties has remained
controversial. In the previous studies, the compliance
current54 or the maximum voltage55 was controlled to engineer
the size of the conductive filaments which induce the multile-
vel property. In our current work, the origin of the multilevel
property could be related to charge trapping and detrapping
processes under different electric fields utilizing the compli-
ance current. As a rapid conversion from ohmic to SCLC, this
indicates the existence of traps in the MABI film (Fig. S6†).
The traps are dispersed at different energy levels in the perovs-
kite film.56 The filling rate of the traps would be different with
different compliance currents. For example, at the low compli-
ance current, trap sites will be partially filled, so this induces a
higher resistance state than the high compliance current. Also,
we fabricated MABI-based memory devices using different
metal electrodes to confirm the effect of electrode materials.
Ag and Al were used as the top electrodes, and similar resistive
switching behaviors were obtained when the Au electrode was
used (Fig. S7†). The SCLC mechanism that was demonstrated
in the I–V curves suggests that charge-trapping sites may be
formed in the MABI layer. OIHPs can include various point
defects such as Schottky defects (vacancies), Frenkel defects
(interstitials), cation substitutions, and antisite substi-
tutions.57 The charged defects can migrate when subjected to
an electric field. Among the point defects, iodide vacancies
have the lowest activation barrier (∼0.58 eV)58 for ionic
migration, and they are highly mobile. Thus, we suggest that
resistive switching behavior may result both from charge trap-
ping and detrapping under the electric field, and from iodide
vacancy-mediated migration,59 or the accumulation of I− at the
anode/perovskite interfaces38,43 (Fig. S8†). The crystal structure
of MABI can be explained by perovskite-like fragments which
stack along the c-axis. The Bi2I9

3− group alternates with
CH3NH3

+ cations45 (Fig. S8a†). In the case of iodide vacancy
mediated migration, when a positive bias is applied, positively-
charged iodide vacancies move toward the negatively charged
ITO electrode during the set process. As the charge carriers are
injected from the electrode, iodide vacancies combine with
injected charge carriers and become neutralized. Moreover,
the MABI structure has a face-sharing BiI6 octahedral struc-
ture, so iodide vacancies can move easily along the edges of
the octahedron. As the applied bias increases, iodide vacancies
and the combination of charge carriers form conductive fila-
ments that connect the bottom electrode to the top electrode
(Fig. S8b†). When a negative bias is applied, electrons are
detrapped during the ‘reset’ process, and the filaments
rupture (Fig. S8c†). Also, the accumulation of I− at the anode/
MABI interface could be the reason for resistive switching as
in the previous studies.38 When the resistive switching process
changes from the HRS to the LRS, I− ions can be moved to the
anode and potentially stored inside the electrode materials.
This leads to the creation of iodide vacancies in the perovskite
film, and a high concentration of iodide vacancies is formed
near the cathode. As the voltage increases, iodide vacancy

Fig. 5 (a) XRD patterns of the MABI film over time with air exposure.
(Inset: Photographs of the pristine MABI film and the film stored in air
for 30 days. The scale bar is 0.5 cm.) (b) Electrical properties of the
Au/MABI/ITO device after storage in ambient air.
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regions will expand toward the anode, and this extended
iodide vacancy region may form a conductive bridge between
the electrodes. However, when the applied bias is removed, I
atoms which are stored near the anode may diffuse as I− ions
(Au anode: I− ↔ I + e−) and diffused I− will combine with the
iodide vacancies in the perovskite film, resulting in the
rupture of the filament38,43

Conclusions

In summary, we fabricated lead-free resistive switching
memory devices based on MABI. The uniform film was formed
using the anti-solvent assisted solution method. The fabri-
cated device showed reproducible and reliable bipolar resistive
switching behavior with a reasonable data retention time
(∼104 s) and endurance (300 cycles). The application of
different compliance currents to MABI memory devices elicited
the multilevel switching property to at least four data levels.
This study demonstrates that MABI has the potential to be
used in high-density memory applications. This work provides
an approach to achieve the applications of bismuth-based
perovskites in information storage.

Methods
Perovskite deposition and device fabrication

MABI precursors were formed by dissolving CH3NH3I
(0.75 mol) and BiI3 (0.33 mol) in 1 ml of a dimethylformamide
(DMF) (0.7 ml)/dimethyl sulfoxide (DMSO) (0.3 ml) solvent
mixture. The perovskite layer was formed using anti-solvent
assisted crystallization.45 Before device fabrication, the ITO/
glass substrate was cleaned with isopropyl alcohol and then
with deionized water, and was then treated using UV/O3 (wave-
lengths = 253.7 nm and 184.9 nm). The solution was coated at
500 rpm for 10 s, then the rotation was accelerated to 4000
rpm and held for 10 s; then, chlorobenzene was added drop-
wise onto the center of the substrate during spin-coating. The
film was annealed at 70 °C for 10 min to remove residual
elements. Finally, dot-shaped Au electrodes were deposited on
the perovskite layer by evaporation through a shadow mask.

Perovskite characterization

The morphological images of the surface and cross-section
were captured using a high-resolution FE-SEM (JEOL) with a
10 kV acceleration voltage and AFM (VEECO). The crystal struc-
ture was determined using XRD (Rigaku D/MAX-2500) with Cu
Kα radiation at a step size of 0.02°. Current–voltage character-
istics were determined using a Keithley 4200 in a vacuum
probe station under an ambient atmosphere.
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