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ABSTRACT

With the emergence of the Internet of Things (IoT) and the rapid growth
of big data generated by edge devices,  there has been a growing need for
electronic  devices  that  are capable of  processing and transmitting data at
low  power  and  high  speeds.  Traditional  Complementary  Metal-Oxide-
Semiconductor (CMOS) devices are nonvolatile and often limited by their
ability  for  certain  IoT  applications  due  to  their  unnecessary  power
consumption  for  data  movement  in  von  Neuman  architecture-based
systems. This has led to a surge in research and development efforts aimed
at  creating  innovative  electronic  components  and  systems  that  can  over-
come these shortcomings and meet the evolving needs of the information
era,  which  share  features  such  as  improved  energy  efficiency,  higher
processing  speeds,  and  increased  functionality.  Memristors  are  a  novel
type of  electronic device that  has the potential  to break down the barrier
between storage and computing. By storing data and processing informa-
tion  within  the  same  device,  memristors  can  minimize  the  need  for  data
movement, which allows for faster processing speeds and reduced energy
consumption.  To  further  improve  the  energy  efficiency  and  reliability  of
memristors, there has been a growing trend toward diversifying the selec-
tion  of  dielectric  materials  used  in  memristors.  Halide  perovskites  (HPs)
have  unique  electrical  and  optical  properties,  including  ion  migration,
charge trapping effect caused by intrinsic defects, excellent optical absorp-
tion  efficiency,  and  high  charge  mobility,  which  makes  them  highly
promising  in  applications  of  memristors.  In  this  paper,  we  provide  a
comprehensive overview of the recent development in resistive switching
behaviors  of  HPs  and  the  underlying  mechanisms.  Furthermore,  we
summarize the diverse range of HPs, their respective performance metrics,
as well as their applications in various fields. Finally, we critically evaluate
the  current  bottlenecks  and possible  opportunities  in  the  future  research
of HP memristors.
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 1   Introduction

The  advent  of  the  Internet  and  the  Internet  of  Things
(IoT) has transformed people’s  lifestyles.  In the rapidly
evolving  landscape  of  computing  technology,  the  tradi-
tional  von  Neumann  architecture  has  long  been  the
predominant  paradigm  for  designing  computers,  in
which storage and computation are separate units [1–3].
However,  as  technology  continues  to  progress  at  an
unprecedented  pace,  the  limitations  of  this  architecture
have  become  increasingly  apparent  [4–6].  One  of  the
most  significant  issues  is  the  memory  wall  problem,
which  arises  due  to  the  disparity  in  speed  between
processing  units  and  memory  units.  As  a  result,  the
performance of a computer is bottlenecked by the transfer
of  data  between  the  processor  and  the  memory  units,
leading  to  slower  processing  speeds  and  decreased  effi-
ciency, especially in data-intensive applications [7].

Based  on  different  active  materials,  exploring  new
integrated  systems  with  higher  performance  through
structural design, preparation optimization, and applica-
tion  expansion  is  an  important  research  content  in  the
intelligent  information  world  [8–10].  To  meet  the
demands  of  low  power  consumption  and  real-time
response,  like  fire  alerts,  and  unmanned  aerial  vehicles

(UAVs),  a  delicate  balance  between computational  effi-
ciency and power consumption must be achieved [11, 12].
Unfortunately, this can be a challenging task. Traditional
computing  units  are  often  restricted  by  a  poor  balance
of  performance,  size,  and  energy  consumption,  which
underscores  the  need  for  novel  integrated  electronic
devices to overcome these limitations.

Researchers  and  engineers  have  been  exploring  alter-
native  architectures  and  memory  technologies  that  can
circumvent  the  memory  wall  problem  to  address  this
challenge. One such technology is memristors, which are
nanoscale  electronic  devices  that  can  store  and  process
data  in  an  identical  unit.  Memristors,  including  non-
volatile  memory  devices  such  as  phase  change  random
access  memory  (PCRAM),  ferroelectric  random  access
memory  (FeRAM),  and  conductive  bridge  random acc-
ess memory (CBRAM) [13, 14], are considered a potential
solution to the memory wall problem due to their unique
properties,  including  high  density,  low  power  consump-
tion, long retention time, and high-speed [15–19].

Memristors  were  first  introduced  by  Leon  Ong  Chua
in the 1970s and are one of the four basic passive electronic
components,  alongside  inductors,  resistors,  and  capaci-
tors.  However,  they are relatively less  known compared
to  the  other  three  components.  Almost  40  years  later,
experiments  finally  confirmed the  memristor  concept  in
2008.  A  team  led  by  S.  Williams  at  HP  Research  Lab
demonstrated  that  switching  resistors  between  on  and
off  states  could  show  Chua’s  memristor  behaviors  in
metal  oxide  thin  film devices.  They  fabricated  the  first
memristor using titanium dioxide thin films and Pt elec-
trodes, which operate based on oxygen vacancy transfer
between  two  layers  of  TiO2 in  contact  with  each  other
[20].

In recent years, to further improve the performance of
memristors,  the  dielectric  selection  of  memristors  has
become more diverse [1, 21–23]. As early as 2008, Tulina
et al. [24] prepared devices with resistive switching prop-
erties based on perovskite oxides, then many oxides and
organic  compounds  have  been  successfully  used  in
preparing  memristors  and  showed  better  performance.
Common semiconductor  materials  have  been  studied  in
the  construction  of  memristors,  including  silicon  oxide
(mainly  SiO2)  [25–28],  SiNx [29–33],  metal  oxides  (such
as LaFeO3,  SrCoOx,  and SrTiO3) [34–40], graphene and
related materials (GRMs) [41], metal nitrides (AlN, TiN)
[42–44],  metal  sulfides  (Cu2S,  MoS2)  [45–47],  MXenes
[48–50],  and organic electronic materials  [51, 52].  Metal
oxides also have the advantage of natural stability in the
fabrication  of  memristors,  but  there  are  unavoidable
inherent  oxygen  vacancy  defects  in  the  oxides,  which
limit their function as memristors. At the same time, the
preparation of these materials often requires the partici-
pation  of  large  instruments,  or  vacuum  atmosphere
processing  such  as  high-temperature  sputtering  and
annealing, which complicates the manufacturing process
of memristors [53]. In addition, although metal sulfides,
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MXenes,  and  organic  electronic  materials  have  unique
characteristics  such  as  flexibility  and  large  specific
surface area, their retention and durability are poor [54,
55],  and  their  preparation  processes  are  often  long  and
complex [56].

In addition to the dielectrics mentioned above, halide
perovskites  (HPs)  are  being  widely  studied  because  of
their  rich  physical  properties.  The  structure  of  ABX3
determines its good composition flexibility, in which any
point  can  be  replaced  by  other  substances.  Since  the
emergence of the first study of perovskites in the 1950s
[57],  the  advantages  such  as  adjustable  band  gap,  long
carrier  diffusion  length,  strong  light  absorption,  low
defect  density,  and  solution  method  processing  have
been gradually recognized. The characteristics of simple
processing  and  suitable  for  large-scale  manufacturing
provide  a  solid  foundation  for  its  various  applications.
At present, HPs have become a rising star in the field of
electronic devices, and their unique optoelectronic prop-
erties  have been proven to make revolutionary progress
in many fields [58].

In  this  review,  we  are  committed  to  introducing  the
latest  development  of  HP  memristors.  Although  the
initial  HP materials  are considered a leader in the field
of  solar  cells,  many  experiments  have  shown that  their
conductive  mechanism will  make them one of  the  most
promising  materials  in  the  field  of  memristors  [59, 60].
Next,  we  introduce  the  conductive  mechanism  of
memristors  and  pay  special  attention  to  the  devices
based  on  HP  materials.  According  to  the  different
compositions  and  grain  sizes  of  HPs,  we  describe  the
latest performance advantages and progress of memristors
based  on  many different  types  of  HPs  [61].  Since  then,
the  applications  of  these  HP  devices  have  also  been
considered,  including neuromorphic computing,  physical
unclonable functions (PUF) encryption, intelligent opto-
electronic recognition systems, and so on.

Although  memristors  have  the  potential  to  provide
the best storage performance (fast and reliable), research
into  this  novel  device  is  still  in  its  infancy.  In  this
context,  the  discussion  will  delve  into  the  benefits  of
using HP memristors  as  a  solution to the memory wall
problem,  exploring  their  advantages  over  traditional
memory  technologies  and  how  they  can  be  integrated
into next-generation computing systems. By providing a
comprehensive  overview  of  the  state  of  the  art  in  HP
memristors,  this  review  will  summarize  the  future
research  prospects  and  possible  obstacles  based  on  the
current  situation  of  HPs,  providing  valuable  insights
into this exciting and rapidly evolving area of research.

 2   Properties of halide perovskites (HPs)

Perovskite  is  a  large  class  of  crystals  with  a  three-
dimensional  structure  based  on  CaTiO3,  which  mainly
includes  all-inorganic  perovskite  materials  [62]  and

organic–inorganic  hybrid  perovskite  materials.  It  can
exist  stably  in  many  forms,  such  as  three-dimensional
(3D,  crystal),  two-dimensional  (2D,  thin  film),  one-
dimensional  (1D,  nanowire),  and  zero-dimensional  (0D,
quantum dots) [63–66]. As a new type of optoelectronic
material, perovskite materials have an appropriate band
gap, good charge transfer characteristics, and flexibility.
These  excellent  optoelectronic  properties  are  considered
to be necessary conditions for the preparation of excellent
optoelectronic  devices  [66, 67].  Generally  speaking,  the
structure of organometallic trihalide perovskite is ABX3,
where A, B, and X represent an organic cation (MA+ or
CH3NH3

+),  an  inorganic  cation  (Pb2+ or  Sn2+),  and  a
halide anion (I–, Br–, Cl– or mixed halide), respectively.
Organic–inorganic hybrid perovskite has the advantages
of  the  adjustable  band  gap,  high  carrier  mobility,
considerable  carrier  diffusion  length,  low-temperature
processing technology, low exciton binding energy, optical
absorption  bandwidth,  and  so  on  [64, 68].  Different
dopants can be used to adjust the band gap of materials
to replace different halide ions.

When  the  size  of  the  semiconductor  grain  is  reduced
to twice or less than its Bohr exciton radius, as shown in
Fig.  1,  it  will  show  different  characteristics  from  its
macroscopic properties in energy level structure, exciton
dynamics,  and  other  aspects  due  to  the  quantum
confinement effect, which is called quantum dots (QDs)
or  zero-dimensional  semiconductor  [69].  Compared  with
bulk  perovskite  materials,  QDs  exhibit  special  optical
and electrical phenomena. In addition, the multi-functional
surface  and  relatively  free  colloid  state  of  perovskite

 
Fig. 1  Classification  of  perovskite  materials  according  to
material  dimensions. (a) Zero-dimensional  QDs. (b) One-
dimensional  nanowires. (c) Two-dimensional  nanowires.
(d) Three-dimensional  polycrystalline.  (a)  Reproduced  from
Ref.  [74].  (b)  Reproduced  from  Ref.  [75].  (c)  Reproduced
from Ref. [76]. (d) Reproduced from Ref. [77].
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QDs allow them to be dispersed into various solvents to
facilitate  the  fabrication  of  optoelectronic  devices.  At
present,  perovskite  QDs  have  been  commercialized  and
play  an  important  role  in  the  fields  of  luminescent
devices, fluorescence sensing, and LED display [70]. One-
dimensional  perovskite  nanowires  are  natural  optical
cavities  and  have  potential  applications  in  optical
waveguides  and polarizing devices.  In electrical  devices,
one-dimensional nanowires are conducive to the directional
and  rapid  transport  of  carriers,  which  helps  to  prolong
the  lifetime  of  carriers.  Two-dimensional  perovskite
materials have ultra-thin planes and are highly compatible
with flexible substrates, making them ideal materials for
assembling  flexible  optoelectronic  devices  [71, 72].
Compared  with  perovskite  QDs,  two-dimensional
perovskite nanocrystals have no grain boundaries, which
is beneficial to carrier transport in electronic devices and
reduces  exciton  quenching  in  optical  devices.  In  three-
dimensional  crystals,  compared  with  single-crystal
perovskite materials [73], polycrystalline perovskite films
are easy to be prepared on a large scale and have more
practical application value.

Based  on  the  above  excellent  characteristics,  HPs
have  been  extensively  studied  in  various  optoelectronic
devices. In these devices, HPs primarily function as light
absorbers and emitters, such as solar cells and photode-
tector systems. Among the reported photovoltaic materi-
als, perovskite solar cells (PSCs) have become the most
promising solar power generation system because of their
low cost and high efficiency.

In  recent  years,  it  has  been reported that  the  photo-
electric  conversion  efficiency  (PCE)  of  PSCs  has  made
remarkable progress because of its unique and excellent
optoelectronic  performance,  especially  since  the  break-
through report  of  solid-state  PSCs  in  2012  [78, 79].  To
be specific, PCE has increased from 3.8% in 2009 [80] to
32.5% in 2023 [81], which has exceeded the high-efficiency
thin film solar cells based on CIGS, CdTe, or polysilicon.
In  addition to  photovoltaic  applications,  HPs have also
proven to be effective materials for light-emitting diodes
[82–84], X-ray detectors [85], and photodetectors [86, 87].
In 2021, Lee et al. [88] reported a world-record-breaking
perovskite LED device with an external quantum efficiency
of 23.4%, which is comparable to the maximum current
efficiency  of  traditional  III–V  and  II–VI  inorganic  QDs
LED. In 2020, Hu et al. [89] reported that the perovskite
wafer with the maximum X-ray detection sensitivity has
the  ability  to  prepare  the  largest  circular  perovskite
crystals with a diameter of 8 cm. HPs are showing their
amazing adaptability in all directions in the optoelectronic
field,  and the emergence of  these materials  will  provide
more vigorous directions for scientific research.

 3   Memristive mechanisms of HP
memristors

Due to the rate-dependent hysteresis phenomenon, there

have been challenges in accurately measuring the power-
conversion efficiency of solar cells, which causes ambiguity
in  determining  the  real  current–voltage  curve  with
conventional measurement techniques [90]. Taking PSCs
as an example, the scanning rate, operational point, and
scanning  direction  all  influence  the  obtained  current-
voltage curves, resulting in rate-dependent hysteresis [91,
92].  For  a  long  time,  researchers  in  the  field  of  PSCs
have  made  many  attempts  to  eliminate  the  hysteresis
effect of photocurrent, including stabilizing the material
structure by component engineering [93], reducing traps
and  selecting  a  suitable  electron  transport  layer  [94]to
optimize  the  charge  transport  process.  To  explain  this
phenomenon,  mechanisms  such  as  ferroelectricity  [95],
charge trapping [96, 97], and ion migration [98, 99] have
been proposed.  The  interface  between active  metal  and
perovskite materials is not desirable in typical PSCs, as
it causes current hysteresis which leads to inaccurate cell
efficiency and reduces the overall photovoltaic performance
[100].  However,  current  hysteresis  is  a  fundamental
requirement  for  memristor  resistive  switching  behaviors
[101], and the above conductive mechanism and chemical
activity can be applied in memristors. Memristors, short
for memory resistors, are a type of non-volatile memory
device  that  can  change  their  resistance  in  response  to
applied electrical stimuli. They have shown great potential
in  a  wide  range  of  applications,  such  as  neuromorphic
computing, logic circuits, and energy-efficient data stor-
age.  Memristors  are  still  a  rapidly  developing  field  of
research,  with  ongoing  efforts  to  improve  their  perfor-
mance,  reliability,  and  scalability  for  practical  applica-
tions.  According  to  the  mechanism  of  HP  memristors,
resistive switching can be roughly divided into filamentary
and interface-type switching.

 3.1   Filamentary resistive switching (FRS)

The resistive switching behavior  of  filament memristors
comes  from  the  formation  and  fracture  of  conductive
filaments, which can be divided into three types according
to their formation rules, including electrochemical metal-
lization (ECM), valence change mechanism (VCM), and
thermochemical  memory  effect  (TCM)  [102, 103].
Among  them,  TCM  is  a  common  resistive  switching
mechanism  related  to  unipolar  memristors  with  active
electrodes.  Under  the  current  flow,  the  generation  of
Joule  heat  will  lead  to  the  accumulation  of  local  heat,
which alters the stoichiometric ratio of HPs and causes a
change in conductance. Because the generation of Joule
heat is independent of the direction of the applied volt-
age,  it  is  mainly suitable for unipolar devices.  A higher
reset current is often required to increase the temperature
of  the  conductive  filament,  resulting  in  its  fusion  by
Joule  heat  and  transfer  back  to  a  high  resistance  state
(HRS) [104, 105].

For  most  bipolar  devices,  the  conductive  filaments
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mostly  follow  the  mechanism  of  ECM and  VCM [106].
The  ECM mechanism usually  occurs  in  the  memristors
with  the  structure  of  active  electrodes/HPs/inert  elec-
trodes, where the conduction pathway at the interface is
caused by the use of active metal electrodes. Active elec-
trodes  such  as  Ag  and  Cu  are  often  used  as  top  elec-
trodes.  Under  the  action  of  an  external  electric  field,
active metals will be oxidized and dissolved into cations
[107, 108]. Subsequently, these ions continue to migrate
to the HPs layer under the action of an external electric
field until they come into contact with the bottom elec-
trodes,  and  the  solid  metal  atoms  are  reduced  by  an
electron collision reaction.  The gradual  accumulation of
metal  atoms  from the  top  electrode  to  the  bottom will
form  a  path  between  the  electrodes,  which  promotes
communication  between  them,  resulting  in  a  sudden
decrease  in  the  resistance  of  the  device,  which  is  the
“SET” state  or  low  resistance  state  (LRS)  in  the
memristors.  Under  the  applied  reverse  voltage,  on  the
one hand, the metal cations will migrate in the opposite
direction;  on  the  other  hand,  Joule  heat  will  also
promote  the  fracture  of  conductive  filaments,  and  the
device will be returned to the HRS by “RESET”.

Conductive  filament  distribution  and  variability  are
the main factors that limit the multi-stage storage function
in FRS behavior. Memristors with only two stable states
(HRS and LRS) are commonly used for on/off control or
binary  storage,  such  as  those  studied  by  Yoo et  al.  on

CH3NH3PbI3–xClx [109], Choi et al. on CH3NH3PbI3 [110],
and Lee et al. [111]. However, the formation of a special
crystal  phase  will  also  enable  some  devices  to  acquire
the ability of multi-stage storage. In 2018, Ku et al. [112]
explored  the  potential  of  (CH3NH3)  PbI3 as  the  active
layer of  synaptic devices,  where the generation/fracture
of conductive filaments caused by Ag as the top electrode
is  the  main  reason  for  the  resistance  behavior.  After
seven consecutive 0.2 V DC voltage scans on the Ag top
electrode,  the  current  level  increases  gradually.  The
resistive  switching  behavior  is  classified  as  an  analog
memristor, as it slowly varies over time, unlike the digital
memristor from HRS to LRS. The AgI layer acts as the
warehouse  of  Ag  atoms,  which  are  released  gradually
with the increase of external stimulation [Fig. 2(a)], and
the simulation of multi-stage resistance is realized [112].

Due to the inherent defects in HPs, the redistribution
of these defects under the applied electric field will also
lead to changes in electrical conductivity, which is called
VCM  and  a  common  mechanism  of  most  metal  HP
memristors.  Electrochemical  redox  and  anion  vacancy
migration  play  an  important  role  in  the  formation  and
fracture of conductive filaments [113, 114]. The electrodes
mainly serve as electrical conductors and do not participate
in  the  reaction.  The  migration  and  diffusion  of  the
defects formed by the HP film play a leading role in the
formation  of  conductive  filaments.  The  composition  of
perovskite  is  often  limited  to  stoichiometry,  in  which

 
Fig. 2  (a) The  resistive  mechanism  of  the  Ag/CH3NH3PbI3/FTO  memristor,  in  which  the  upper  part  of  the  process
involves the electroforming process. (b) Schematic diagram of the filamentary memristors. (c) Current–voltage characteristics
of the “set” process in double-logarithmic scale. (d) Current–voltage characteristics of the “reset” process in double-logarithmic
scale. (e) The relationship of I and V1/2 in the LRS semi-logarithmic scale in the high voltage region. A schematic diagram of
the  band  evolution  corresponding  to  various  states  of  the  device. (f) Initial  state  and  HRS-1  state.  The  device  change
(g) from HRS-1 to LRS, (h) from LRS to HRS-1, and (i) Transition from HRS-2 to LRS. (j) Optical response of devices in
HRS-1 and (k) HRS-2. (a) Reproduced from Ref. [112]. (b) Reproduced from Ref. [115]. (c) Reproduced from Ref. [76]. (c–e)
Reproduced from Ref. [117]. (f–k) Reproduced from Ref. [123].
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many inherent defects will be formed, and their formation
energy is the smallest and is most easily affected by an
external electric field. The migration will be accelerated
by the diffusion and drift component field. The all-inorganic
polycrystalline  CsPbBr3 thin  film  memristor  developed
in 2019 is an example of VCM [Fig. 2(b)]. The migration
of  inherent  Br  defects  in  polycrystalline  perovskite
contributes  to  the  formation  of  conductive  filaments,
and  the  bromine  vacancy  will  move  along  the  edge  of
the  shared  octahedral  structure,  which  leads  to  the
formation  and  decomposition  of  conductive  filaments
[115]. In 2020, Ge et al. [116] used lead-free low-dimensional
perovskites  Cs3Bi2I9 and  CsBi3I10 to  create  resistive
memory  with  an  ultra-low  operating  voltage  of  0.1  V.
Paramanik  also  achieved  high-performance  memristors
using Cs3Sb2I9 with a switching ratio of 104 and VCM as
the  conductive  mechanism.  The  device  switches  from
HRS  to  LRS  by  forming  conductive  filaments  through
iodine vacancy defects under positive pressure, as shown
in Figs.  2(c–e),  and  remains  in  LRS  until  the  filament
breaks upon reversal of the voltage [117].

In  conclusion,  FRS  mechanisms  in  HP  memristors
have shown great potential  for next-generation memory
devices [118].  TCM is a relatively new FRS mechanism
with  superior  performance,  but  its  scalability  may  be
limited by the requirement for a high-temperature pulse.
ECM  has  been  extensively  studied  and  demonstrated
excellent  performance,  but  its  reliability  is  a  concern.
VCM has shown promise  in  achieving uniform filament
formation,  but  its  low  on/off  ratio  and  slow  switching
speed limit its practical applications. Further research is
needed to address these limitations and to optimize the
performance of HP memristors for practical applications.

 3.2   Interface-type resistive switching (ITRS)

In the interface-type memristor, HPs are usually used as
the  functional  layer  to  establish  the  Schottky  contact
between  the  electrodes.  The  process  of  interface  charge
movements  such  as  charge  trapping  and  de-trapping,
accumulation,  and  anion  migration  of  the  insulating
layer near the electrode is the root cause of the change
in Schottky barrier height [119, 120]. Finally, the resistance
can change with the adjustment of the Schottky barrier
height at the interface and is strongly related to the area.
This  device  structure  will  also  form  a  p–i–n  junction,
which may lead to a change of capacitance [59].

This  mechanism  has  been  demonstrated  in  various
perovskite  materials,  such  as  CsSnI3 [121]  and  CsPbI3
[122]. For instance, in 2019, Zhang et al. [123] made an
ITRS memristor based on CsPbBr3 nanocrystals (NCs),
which  achieved  two  HRS  states  and  one  LRS  state.
Under forward voltage, charge carriers injected through
the  positive  electrode  (Au)  are  continuously  captured
until  the  maximum  capacity  is  reached.  The  potential
barrier between the gold electrode and PMMA is weak-
ened, allowing electrons to pass through and be trapped

by the NCs [Figs. 2(f, g)]. Conversely, applying negative
voltage transfers the trapped electrons back to the ITO,
transitioning the device back to HRS, as shown in Figs.
2(h,  i)  [123].  Also,  light-induced  carriers  can  help  the
transition process shown in Figs. 2(j, k). In terms of the
mechanism  model,  the  conduction  mechanism  of  ITRS
memristors  usually  uses  some  models  to  fit  the I–V
curve,  such  as  space  charge  limited  current  (SCLC,
ln(1/E)∝E) [124, 125], Schottky emission (SE, ln(J/T2)
∝T1/2)  [126, 127],  Poole–Frenkel  emission  (PF,
lnJ∝E1/2) [127], trap assisted tunnelling (TAT, lnJ∝1/
E)  [128],  thermionic  emission (TE,  ln(J/T)∝1/T)  [129,
130], and Fowler–Nordheim tunnel (FNT, ln(J/E2)∝1/E)
[128], where J represents for current density, E represents
for the electric field, and T represents for temperature.

ITRS  perovskite  memristors  typically  require  lower
switching voltages, leading to lower power consumption
and  longer  device  lifetime  [131].  Also,  without  the
restrictions  of  filament  distribution,  ITRS  perovskite
memristors can be fabricated in a smaller size, enabling
a higher density of memristor arrays. Additionally, ITRS
perovskite  memristors  exhibit  good uniformity  in  terms
of  switching  voltages  and  resistive  states,  making  them
suitable  for  large-scale  integration.  However,  one  major
limitation  of  ITRS perovskite  memristors  is  their  lower
on/off  ratio  compared  to  FRS  perovskite  memristors.
This can lead to lower memory reliability and limit their
use  in  some  high-performance  demanding  applications.
Another limitation is their limited endurance due to the
accumulation of ion vacancies and other defects that can
degrade  the  switching  performance  over  time.  Overall,
ITRS  perovskite  memristors  show  promise  for  high-
density  memory  applications,  particularly  in  low-power
and  large-scale  integration  applications  [132].  However,
at  present,  the research on memristors  is  still  based on
FRS  memristors  because  of  their  advantages  in
endurance.  In  the  future,  the  potential  application  of
ITRS memristors in the construction of hardware-based
artificial  neural  networks  (ANNs)  and  further  research
should also be considered.

 4   HP memristors

Understanding  the  memristive  mechanisms  is  not  only
crucial  for  exploring  the  vast  potential  of  memristor
devices but also serves as the cornerstone for effectively
classifying HP memristors based on their dimensions and
components.  By  gaining  insights  into  the  underlying
principles that govern resistive switching, we can establish
a strong and coherent link between the theoretical foun-
dations  and  the  practical  categorization  of  HP memris-
tors.  With  this  solid  understanding  of  the  memristive
mechanisms in place, we now direct our attention to the
classification of HP memristors based on their components
and  dimensions.  We  divide  the  discussion  into  three
main categories:  three-dimensional HP memristors,  low-
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dimensional  HP  memristors,  and  multi-dimensional  HP
memristors.  Within  each  category,  we  further  examine
the distinct  subtypes.  We present  a  systematic  account
of the recent advances and emerging applications of HP
memristors  across  various dimensions,  which enables  us
to explore the diverse landscape of HP memristors, eluci-
dating their unique characteristics and applications.

 4.1   Three-dimensional HP memristors

Most  HPs  have  a  3D  structure,  the  general  formula  is
ABX3,  and its structure consists of an octahedral anion
network with a shared angle. The octahedron is generated
by a simple cubic arrangement of bivalent B-site cations
and  bridged  by  halide  anions.  Univalent  A-site  cations
occupy  the  cubic  octahedral  cavity  in  the  B-X  sub-
lattice,  providing  charge  balance  [133, 134].  The  direct
band  gap  semiconductor  properties  of  typical  3D  lead
HPs  are  due  to  the  valence  band  maximum  (VBM)
being  mainly  composed  of  halide  p  orbitals  and  Pb  s
orbitals,  while  the  conduction  band  maximum  (CBM)
mainly has the characteristics of Pb p orbitals [135, 136].
A-site  anions  usually  do  not  participate  in  the  band
extrema  but  still  contribute  to  the  electrical  properties
through the interaction between the organic and inorganic
components.

Defect participation is usually required for the formation
of  conductive  filaments  or  charge  transfer  in  resistive
switching  behaviors.  The  defect  tolerance  of  3D  HPs
reduces the influence of lattice defects on their electrical
properties,  enhancing  their  efficiency  and  stability  in
devices.  This  enables  the  preparation  of  large  areas  of
polycrystalline  thin films through a simple  spin coating
method at low temperatures [137]. By precisely controlling
the  crystallization  and  morphology  of  3D  HPs,
researchers  can  optimize  their  electronic  properties  and
tailor them for specific applications. For instance, recent
research  has  demonstrated  that  the  crystallization  of
HPs  or  highly  ordered  thin  films  can  lead  to  enhanced
charge  transport,  reduced  trap  states,  and  improved
stability. These properties are crucial for the development
of high-performance electronic and optoelectronic devices
such  as  memristors,  logic,  sensors,  and  photovoltaics
[138, 139].  The  fine  control  of  the  crystallization  and
morphology  of  3D  HPs  has  shown  it  to  be  a  strong
candidate  for  intelligent  information  devices  in  the
future.

 4.1.1   Organic–inorganic HP (OIHP) memristors

In the structure of ABX3 in OIHP, the A site is generally
organic cations such as methylamine (MA), formamidine
(FA),  and  guanidium  (GA).  In  the  past  few  years,
OIHPs  have  made  remarkable  achievements  in  the
photovoltaic field because of their high carrier mobility,
tunable  bandgap,  and  strong  light–matter  interaction
[140, 141].  An  in-depth  understanding  of  the  physical

and  chemical  properties  of  OIHPs  has  promoted  the
rapid improvement of  its  application in memristors.  3D
OIHPs are the first perovskite material used in memris-
tors.  The  strategy  of  mixing  various  A-site  cations  to
synthesize OIHPs based on double, ternary, and quaternary
cations has also been applied to develop efficient resistive
switches in these memristors [142].

Memristors  based  on  OIHP  materials  have  been  the
subject  of  increasing  research  in  recent  years.  In  2015,
Yoo et  al.  [109]  first  confirmed  the  potential  of
perovskite  materials  to  achieve  resistive  switching
behaviors based on MAPbCl3. Since then, various OIHP
materials have been investigated in the field of memristor
research. In 2018, Liu et al. [143] demonstrated memory
write,  read,  and  erase  functions  in  MAPbI3 perovskite
devices.  This  resulted  in  a  simple  0–1  storage  example
using  ion  adsorption/desorption  generated  by  interface
chemical functional groups for the first time and opened
new  avenues  for  nonvolatile  memory  devices.  More
recently, Gupta et al. [144] proposed a memristor structure
without  the  hole  transport  layer  (HTL)  based  on  the
same material. Their device, which used meso-TiO2 and
SnO2 layers as electron transport layer (ETL) layers in a
Glass/ITO/SnO2/m-TiO2/CH3NH3PbI3/Au device struc-
ture,  showed  good  biological  function.  The  proposed
structure  also  improved  the  tolerance,  stability,  and
uniformity of the device. The production process opened
the  way  for  power-on-chip  memristors.  In  addition,
Haque et al. [145] studied the ion migration characteristics
of  MAPbI3 in  three-terminal  devices,  which  could  help
researchers  further  optimize  the  performance  of
perovskite-based memristors. In 2023, Kim’s group [146]
simulated  artificial  nociceptors  using  the  intrinsic  ion
mobility properties of OIHPs, demonstrating four impor-
tant  characteristics  of  artificial  nociceptors,  such  as
threshold,  nonadaptation,  relaxation,  and  sensitization.
This  research  highlighted  the  potential  of  OIHP-based
memristors  emulating  the  functionality  of  biological
nociceptors, providing valuable insights for the develop-
ment of novel sensing and neuromorphic systems.

In  2020,  the  memristor  made  by  Yang et  al. [147]
based on MAPbI3 can complete more than 1000 continuous
modulation states, enabling the construction of a leakage
integral and flame (LIF) biologically inspired neuron for
the  first  time.  The  designed  LIF  model  successfully
simulates  the  functions  of  biological  neurons,  and  the
third-generation ANN is  realized at  the hardware level.
The  author  demonstrates  a  simple  LIF  model  by
combining the OIHP-based memristor with some periph-
eral circuits. Figure 3(a) schematically shows the biological
neuron of the LIF model and its corresponding experimental
circuit  implementation  [148, 149].  This  represents  a
milestone in the field of ANNs and opens up new possi-
bilities  for  the  development  of  intelligent  information
devices  in the future.  The author has made progress  in
developing  HP  memristors  that  can  achieve  various
modulation  states  and  hardware  implementation  of  the
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spiking  neural  network  (SNN)  [147].  The  improvement
of  the  adaptability,  scalability,  and  fault  tolerance  of
LIF neurons, as shown in Figs. 3(b, c), shows the potential
of  OIHP  materials  for  mimicking  the  functionality
inspired  by  human  brains.  The  use  of  OIHP  materials
for  memristor-based  ANNs  holds  great  promise  for  a
new frontier in the field of artificial intelligence and the
development of more advanced and intelligent information
devices.

In  recent  research,  Sensory  synapses  based  on  OIHP
memristors  have  been  developed  to  recognize  various
external  stimuli  and  transmit  nerve  signals  similar  to
biological  sensory  nerves  [150].  Sensorimotor  neuroelec-
tronics  based  on  OIHP  memristor  have  been  used  to
trigger motor responses in muscles like biological sensory
and  motor  nervous  system  responses.  In  2021,
researchers  at  Nanyang  University  of  Technology  [151]
fabricated  artificial  synapses  and  nociceptors  using

different HTLs on MAPbBr3 with ion-electronic proper-
ties.  This  is  the  first  report  of  diffused  HP  memristors
and artificial nociceptors, as shown in Figs. 3(d–g). The
authors  integrated  HP  nociceptors  and  synapses  with
CMOS  neurons  for  the  first  time,  and  demonstrate  a
typical  sensory  signal  computing  platform,  which  can
detect  harmful  pressure  stimuli,  representing  significant
advances in HPs and ionized electronic memristor materials
[151].

In  the  same  year,  Das  synthesized  FAPbBr3 and
successfully  mimicked  a  series  of  synaptic  behaviors  in
the Al/FAPbBr3/ITO structure. These synaptic charac-
teristics are attributed to the electric field-driven migration
of halide ions and vacancies in OIHP films [152]. Wang
et  al.  [153]  have  fabricated  devices  with  FTO/TiO2/
Cs0.05(FAxMA1–x)0.95PbBryI3–y/Al  structure,  which  have
made progress in HP memristors with hybrid A-site and
B-site  ions,  showing  optoelectronic  properties  at  a  low

 
Fig. 3  (a) Schematic  diagram  of  biological  neurons  and  their  experimental  circuits.  Using  the  above  neuron  model  to
demonstrate biologically inspired (b) Spatial integration and fire. (c) Time integration and fire. (d) Conductance changes
under the same set of pulses stimulation. (e) The function of the increment of conductance and the value of absolute conductance
(under the condition that the conductance is enhanced). The functional relationship between the change of conductance and
(f) the number of reset pulses. (g) The level of absolute conductance (under the condition of suppression). (h) The HRS/
LRS distribution of the memristor in pulse programming mode under different humidity. (a–c) Reproduced from Ref. [147].
(d–g) Reproduced from Ref. [151]. (h) Reproduced from Ref. [157].
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power consumption of ~10–9 W.
Additionally,  the  environmental  and  thermodynamic

stability of OIHP-based memristors is two major challenges
that  need  to  be  addressed.  While  water,  oxygen,  and
heat  can  contribute  to  its  decomposition,  appropriate
humidity has a positive effect on the OIHP memristors.
Water  molecules  on  the  HPs  surface  can  fill  carrier
surface  trap  mechanisms  and  improve  the  conductivity
of  thin  films  [154].  Appropriate  humidity  will  improve
the performance of the device [155, 156]. In 2021, Zhang
et  al.  [157]  studied  the  effect  of  humidity  on
Au/CH3NH3PbI3/FTO  memristor  and  found  that
increasing humidity from 5% to 75% decreased the LRS
of  the  device  continuously  while  keeping  the  HRS
unchanged  [Fig.  3(h)],  leading  to  an  increase  in  the
switching ratio. However, after the humidity increases to
90%, the resistive state retention of the device collapses
rapidly  and  completely  dissolves  in  3  minutes.  This
humidity-sensitive  resistive  switching  behavior  has
potential applications in sensing and safety inspection.

In  conclusion,  OIHP  memristors  have  shown  great
potential  as  a  novel  type  of  memristive  device  due  to
their  unique  electronic  and  ionic  properties,  low  cost,
and  simple  fabrication  process.  The  development  of
OIHP memristors has led to significant advances in various
fields such as neuromorphic computing, in-memory sens-
ing,  and  energy  storage.  However,  there  are  still  many
challenges that need to be addressed, such as environmental

and thermodynamic stability, scalability, and integration
with  existing  electronic  systems.  Further  research  and
development  are  needed  to  overcome  these  challenges
and  fully  unlock  the  potential  of  OIHP  memristors.
With continued efforts,  OIHP memristors  are  poised to
become key players  in  the  next  generation of  advanced
electronic devices.

 4.1.2   All-inorganic HP memristors

The  stability  of  OIHP  memristors  is  inferior  under
humid  conditions  and  ambient  atmosphere,  which  can
be  improved  by  using  all-inorganic  HPs  material  [158,
159].  All-inorganic  HPs  are  currently  recognized  as  the
most  stable  type  of  perovskites  [74, 160, 161].  In  2019,
Zhang et al.  [123] made a nonvolatile memristor with a
structure of Au/PMMA/PMMA: CsPbBr3 NCs/PMMA
/ITO,  which  demonstrated  the  behavior  of  resistive
switching with a ratio up to 105 shown in Fig. 4(a). The
resistive behavior was attributed to the jump of electrons
between  capture  centers  and  the  ionization  of  the
trapped charges. Under illumination, the photoresponsive
currents  are  high,  and  the  response  speed  is  fast,  as
shown in Figs.  4(b,  c).  The  photosensitive  behaviors  of
CsPbBr3 NCs help to reduce the operating voltage and
power consumption of the device, as shown in Fig. 4(d)
[123]. The researchers also fabricated a memristor with a
line width of 2 μm by CMOS process, demonstrating the

 
Fig. 4  (a) I–V curve in light (365 nm) and dark conditions. (b) Light response with and without laser diodes at 365 nm,
405 nm, 420 nm, and 500 nm. (c) Rise and decay time of light response under 365 nm. (d) Set voltage statistics in light
(365 nm) and dark conditions. (e) Schematic diagram structure and (f) optical image of CsPbBr3-based memristor.  (a–d)
Reproduced from Ref. [123]. (e, f) Reproduced from Ref. [162].
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integration capability of HPs. As illustrated in Figs. 4(e,
f), the innovation of the process lies in the use of parylene
as a protective layer, which enables HPs to adapt to the
harsh  environment  of  lithography  and  development.
This  soft  packaging  process  is  compatible  with  CMOS,
improving the stability of  the HPs layer  in the air  and
establishing a broad prospect in the application field of
HPs-based electronic information devices [162].

In 2021, Liu et al. [163] developed a CsPbBrxI3–x-based
memristor with a retention time of 104 s in an ambient
atmosphere at 510 K. They improved the thermal stability
of HPs by adjusting the stoichiometric ratio of bromide
ions.  The  CsPbBr2I  memristors  demonstrated  tolerance
to temperatures of up to 540 K and could perform electronic
read,  write,  and  erase  functions  at  370  K,  thereby
expanding the range of applications for HP devices and
enabling  them  to  operate  in  extreme  environments  to
handle  more  complex  tasks  [163].  In  2023,  the
Cs2AgBiBr6-based memristors with a three-level memory
state were prepared and able to maintain stable perfor-
mance for a period of one-year [164].

Despite having lower photoluminescence quantum effi-
ciencies and shorter photoluminescence lifetime than the
best OIHPs, all-inorganic HPs have demonstrated satis-
factory  stability,  particularly  thermal  stability.  Unlike
OIHPs,  all-inorganic  HPs  are  capable  of  withstanding
high-temperature treatment due to the absence of MA+

and FA+ organic cations. This characteristic of all-inor-
ganic HPs makes them an attractive candidate for elec-
tronic devices applied in harsh environmental conditions
such as extreme temperatures, humidity, and light expo-
sure.

 4.1.3   Lead-free HP memristors

Lead is an essential  element in the preparation of HPs,
but toxicity concerns have driven research into alternative
elements for preparing HPs [165, 166]. Bi ion is a popular
substitute  element  for  Pb  since  its  radius  is  similar  to
that of Pb ion and does not disrupt the crystal phase of
HPs [167, 168]. Additionally, other elements such as Ge
[169],  Cu  [170],  Sb  [171],  and  Sn  [172]  have  also  been
extensively studied.

Doping lead-based perovskite materials with alternative
elements  can  also  reduce  the  content  of  Pb2+.  For
instance,  Ge et  al. [173]  achieved  long-term  stable  and
uniform  resistive  switching  behaviors  by  doping  Bi3+

into  the  CsPbI3,  which  stabilized  the  cubic  lattice  and
enabled  multi-stage  HRS  for  the  first  time.  Similarly,
Ruan et  al. [174]  also  greatly  improved  the  stability  of
HPs  by  doping  Bi,  which  increased  the  switching  ratio
of LRS to HRS by 4 orders of magnitude.

Lead-free  HP  memristors  have  also  been  explored,
such  as  iron-based  materials  with  perovskite-like  struc-
tures. In 2016, Lv et al. [175] investigated their resistive
switching behaviors and observed a hysteresis window in

the voltage scan, with a resistive state maintained at a
small read voltage even after 100 V voltage is removed.
The interface effect is attributed as the main contributor
to  the  conductance  state  change  behavior  of  the  Ag/
(CH3NH3)2FeCl4/Cu memristor. To study the reliability
of the device, the effects of temperature changes between
290  K  and  340  K  on  HRS  and  LRS  are  tested  and
shown  in Figs.  5(a,  b).  As  the  sampling  temperature
increases, the HRS and LRS may exhibit some fluctuations
but remain distinguishable from each other [175].

Besides,  there  have  been  several  studies  showing
potential  for  practical  applications  in  neuromorphic
computing  and  flash  memory  based  on  lead-free  HP
memristors. Yang et al. [176] demonstrated the synaptic
characteristics  of  MA3Sb2Br9 memristors  for  the  first
time [Fig. 5(c)] and paved the way for lead-free HPs in
neuromorphic  computing.  The  self-formed  conducting
filament  and  forming-free  characteristics  of  as-prepared
MA3Sb2Br9 were induced by the initially formed metallic
Sb and bromide vacancies. The device had a low power
consumption of 117.9 fJ/μm2 and can perform multilevel
storage  and  various  biological  synaptic  behaviors  using
voltage  pulses  [176].  Furthermore,  Zeng et  al.  [177],
Wang et  al. [178],  and  Lao et  al.  [179]  constructed
neural  networks  based  on  lead-free  HP  memristors  to
simulate  the  supervised  image  recognition  system  with
good  accuracy.  The  reported  devices  demonstrate
promising  potential  for  combining  visual  information
processing  with  machine  learning,  as  they  possess  both
effective optical memory and bio-inspired functionality.

In  2019,  Cheng et  al.  [180]  used  Cs2AgBiBr6 for  the
first time to build memristors with long-term potentiation
and  depression  properties  under  continuous  pulse
sequence  stimulation  shown  in Fig.  5(d).  Besides,  they
found  that  the  memristors  can  withstand  harsh  condi-
tions, as shown in Figs. 5(e, f), including high humidity,
high temperature, alcohol lamp burning, and 60Co γ-ray
irradiation.  Due  to  the  strong  Ag–Br  bond  and  proven
good crystallinity of the Cs2AgBiBr6 in the field of PSCs
[180], the sandwich structure device maintained its high-
end performance after more than 104 times bending and
105 cycles  of  reading  and  writing.  This  memristor
exhibits  exceptional  resistance  to  harsh  environments,
surpassing that of current commercial flash memory and
marking a breakthrough in the lifespan of HP memristors
[181, 182].

Qian et  al.  [183]  developed  ITO/MASnBr3/Au
memristors  that  achieved  a  switching  ratio  of  103 and
could  withstand  more  than  104 pulse  stimuli.  On  this
basis,  the multi-stage storage of information is realized.
The  device  can  store  information  in  four  different
conductance  states  and  maintain  these  states  for  more
than 104 cycles. The time for writing and reading is 0.6
and  8  μs  respectively,  and  the  device  maintains  good
repeatability even after being bent 1000 times, suggesting
potential  for  flexible  devices  [184, 185].  In 2023,  due to
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the unique structure of isolated octahedrons of the lead-
free HPs, memristors of Al/Cs3Cu2Br5/ITO can maintain
robustness  in  harsh  environments  with  humidity  up  to
80%, which is ideal for moisture-proof electronics [183].

In  2020,  Zeng et  al.  [177]  produced  Cs3Cu2I5-based
perovskite with similar performance indexes such as high
switching ratio,  low operating voltage, and stable dura-
bility. The conductance of the device can be accurately
adjusted through a series of  square waveforms, and the
conductance adjustment is converted into weight modu-
lation information. It was applied to the 28 × 28 neural
networks  simulations,  which  achieved  more  than  94%
accuracy  of  digital  recognition  from  the  MNIST
database. This provides a promising way for the manu-
facture of hardware-based neural networks [177].

In  conclusion,  the  use  of  lead-free  and low-lead  HPs-
based memristors offers several advantages beyond being
environmentally  friendly.  These  advantages  include  a
high  switching  ratio,  low  power  consumption,  and  long
lifespan, making them highly suitable for a wide range of
practical  applications,  especially  in  neuromorphic
computing and flash memory. However, the lower carrier
mobility  of  lead-free  HPs  presents  a  challenge  for
memristors,  and  more  research  is  needed  in  areas  such
as  band structure  engineering,  forming  alloys  with  lead
HPs, and adding conduction dopants like graphene and
carbon nanotubes.

 4.2   Low-dimensional HP memristors

Although  3D  HPs  have  various  advantages,  they  are
facing limitations in the pursuit of high-performance HP
memristors  due  to  high  trap  density,  phase  separation
caused by photons or electrically active ions, and unstable
grain boundaries with high defect density [186]. To over-
come these issues, low-dimensional HPs are considered a
potential solution and have recently been studied exten-
sively. Unlike polycrystalline HPs films, low-dimensional
HPs devices exhibit fewer defects and higher crystallinity
due to  the  anisotropy and large  specific  surface  area of
single  crystal  structures.  Moreover,  the  quantum
confinement  effect  in  low-dimensional  HP  memristors
produces  a  special  density  of  state  (DOS)  according  to
the dimension and can adjust the band gap according to
the number of atoms. A variety of low-dimensional HPs
structures  including  QDs  [187],  1D  nanowires  and
nanorods,  and  2D  layered  planes  have  been  widely
reported [188–190].

 4.2.1   Two-dimensional HP memristors

The distinct properties of low-dimensional HPs, such as
reduced  trap  density,  limited  grain  boundaries,  and
anisotropic  electronic  and  optical  characteristics,  can
enhance  the  performance  of  memristors  [191, 192].  The

 
Fig. 5  (a) The I–V characteristics of Ag/(CH3NH3)2FeCl4/Cu devices measured in the temperature range from 290 K to
340 K, and (b) the ratio of HRS/LRS at different temperatures when the reading voltage is 0.5 V. (c) The biological synaptic
conceptual diagram simulated by the memristor. (d) The long-term potentiation and long-term depression properties of the
memristor  under  continuous  pulse  sequence  stimulation. I–V characteristic  curves  of  Cs2AgBiBr6-based  memristor  under
(e) different humidity and (f) continuous alcohol lamp burning. (a, b) Reproduced from Ref. [175]. (c, d) Reproduced from
Ref. [176]. (e, f) Reproduced from Ref. [181].
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anisotropic properties can facilitate the control of filament
formation  and  decomposition  by  limiting  the  electrical-
induced  movement  of  ions  and  vacancies  within  the
intralayer  of  the  2D structure.  The  high  intrinsic  resis-
tivity,  which  comes  with  lower  trap  density,  can  also
improve  memory  performance  by  suppressing  the  OFF
current.  Additionally,  low-dimensional  HPs  have  better
stability due to their lower hygroscopicity [193].

In 2018, Kumar et al. [194] used 2D HPs (C4H9NH3)2
PbBr4 as the active layer in memristors and the structure
of  the  device  is  shown  in Fig.  6(a).  As  shown  in  the
following Fig. 6(b), the device represented the transition
from LRS to HRS with a set voltage of 2.3 V. No abrupt
change  of  current  was  observed,  and  it  indicated  that
the  conduction  mechanism  of  the  device  can  be  well
explained  by  Br  ion  migration  induced  by  electric  field

[194].  It  also  displayed  an  optical  response  that  can  be
controlled by bias voltage shown in Fig. 6(c), making it
suitable for intelligent optical detection equipment [195].
The  novel  bilayer  optoelectronic  devices  composed  of
highly transparent see-through HPs open up new oppor-
tunities for designing high-performance memristors with
photosensitivity and simple architectures based on two-
terminal transistors.

 4.2.2   One-dimensional HP memristors

Yang et al. [196] compared the impact of different lattice
orientations  of  1D perovskite  on  memristors  properties.
With the same device structure shown in Fig. 6(d), the
study found that 1D-hexagonal FAPbI3 (δ-FAPbI3) can
show  resistive  switching  behavior,  while  3D-trigonal

 
Fig. 6  (a) Designed  device  structure  of  simple  two-terminal  photodetector  and  the  active  layer  is  (C4H9NH3)2PbBr4.
(b) Current–voltage  characteristics  of  the  device  in  the  dark  for  four  consecutive  cycles  in  a  semi-logarithmic  scale.
(c) Reversible  write  and  erasure  using  pulses  of  ±  2.5  V  (read  voltage  is  1  V). (d) Schematic  device  structure  and  bias
configuration  of  δ-FAPbI3.  Resistive  characteristics  of  δ-FAPbI3: (e) Retention  time  of  LRS  and  HRS; (f) Multi-valued
memory characteristics measured at different current levels. (a–c) Reproduced from Ref. [195]. (d–f) Reproduced from Ref.
[196].
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FAPbI3 (α-FAPbI3)  did  not  due  to  varying  migration
barriers.  The  effect  of  different  annealing  temperatures
on the resistive switching process in memristors was also
studied, and an optimal temperature of 395 K was identi-
fied to achieve symmetrical switching voltage and a high
on/off ratio of 105 shown in Fig. 6(e). Multi-stage storage
capacity  was  also  confirmed  shown  in Fig.  6(f)  [196].
Different  structures  of  FAPbI3 prepared  at  high/low
temperatures  exhibit  significant  differences  in  memris-
tors,  which  provide  valuable  insights  for  the  material
design of resistive switching memory devices.

In 2021, Poddar et al. [197] made new progress in the
application  of  MAPbI3 quantum  wires  (QWs)  memris-
tors. They successfully prepared the memristor arrays on
the flexible  PET substrates  with the structure  of  ITO/
Ag/MAPbI3/Au/PET  shown  in Fig.  7(a),  achieving  a

switching ratio of  107 [Fig.  7(b)],  an ultra-fast  response
of  about  100  ps,  and  a  holding  time  of  more  than  two
years. Through the rigorous study of the mechanism, it
is  proved  that  the  switching  behavior  comes  from  the
redox of Ag ions and the migration under the action of
the electric field, which is consistent with the mechanism
of most memristors with Ag as electrodes. The team also
studied  the  relationship  between  the  wire  length  and
programming voltage, concluding that there is a threshold
electric field in the device. The multi-level storage function
of the device is confirmed by continuous reading, writing,
and  erasing.  In Figs.  7(c,  d),  the  device  has  four  LRS
and a string of  letters  is  programmed into  the  memory
device  in  the  form  of  ASCII  code.  The  erase  voltage
increased by 70% and the LRS current increased by an
average of 25% under light due to the AgI generated by

 
Fig. 7  (a) Schematic showing MAPbI3 QWs memristors: (i) Device structure of ITO/Ag/MAPbI3/Au/PET; (ii) enlarged
schematic of a single QW; (iii) crystal structure of MAPbI3. (b) The durability of different resistance levels of QWs devices
is studied, showing the constancy of the on/off ratio and repeatability of the system. (c) For different voltage pulses, multiple
different LRS are displayed, and constant amplitude voltage pulses are used to read and erase. (d) The concept of storing
data in alphabetical is illustrated matrix design order and the corresponding data time retention. (e) EPSCs of the device
under single pulse, illustrated with a schematic diagram of the connection between EPSCs behavior and biological synapse.
(f) The change of photocurrent of the device under different light intensity. (g) Structure diagram of synapses and devices.
(a–d) Reproduced from Ref. [197]. (e, f) Reproduced from Ref. [199]. (g) Reproduced from Ref. [200].
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the  reaction  of  Ag  with  MAPbI3,  which  decomposes
under  light  to  produce  additional  Ag+ migration  and
improves  the  response  current  [197].  In  2023,
CH3NH3PbIxCl3-x single  ultra-long  nanowires  were
successfully  synthesized  and  exhibited  bipolar  resistive
switching  behaviors  [198].  The  unique  features  in
nanoscale  exhibited  by  perovskite  QWs  memristors
suggest  their  potential  as  a  promising  technology  for
next-generation  nonvolatile  memory  with  diverse  appli-
cations  in  integrated  optoelectronics  and  wearable
devices.

 4.2.3   Zero-dimensional HP memristors

In 2020, two research groups successfully fabricated arti-
ficial synapses based on monolayer CsPbBr3 QDs. Chen
of Tianjin University simulated various synaptic functions
using optical  or electrical  pulses,  such as photo-induced
excitatory  postsynaptic  currents  (EPSCs)  behavior,
short-term  memory  (STM),  long-term  memory  (LTM),
STM to LTM transition, and learning-forgetting-relearning
behavior [Figs. 7(e, f)]. To verify the mechanical flexibility
of the memristor, the device can still show slow switching
behavior after 100 times bending [199]. Gong et al. [200]
discussed the effects of electrode symmetry and wavelength
of  light  on  the  memristor  behaviors  and  fabricated  a
nonvolatile memristor with photon modulation and inte-
grated  synaptic  plasticity  customization  behavior
[Fig.  7(g)].  The  photoelectric  plasticity  and  memory
phenomenon  of  both  groups  of  research  can  be
attributed  to  charge  trapping  and  de-trapping.  Similar
optical  programming  capabilities  enable  the  memristors
in  both  studies  to  simulate  synaptic  plasticity  under
light stimulation, which provides a cost-effective direction
to  build  artificial  synapse  devices  with  photoelectric
operations  in  the  field  of  memory  architecture  design
using QDs.

Recently,  reconfigurable  devices  which  can  convert
between  volatile  and  nonvolatile  devices  have  also
received  extensive  attention  [201, 202].  And  in  2022,
Rohit et al. [203] proposed reconfigurable HP memristors,
which for the first time realized the on-demand switching
between  diffusion/volatile  and  drift/nonvolatile  modes
while maintaining high performance. The memristor was
encapsulated  with  oil-based  guanidine  bromide  (OGB)
ligands and achieved champion durability in both modes,
as  shown in Figs.  8(a,  b).  The  author  also  verified  the
excellent performance of  this  circuit  by calculating four
different  nerve  pulse  modes:  burst,  adaptation,  rigidity,
and  irregularity,  and  achieved  a  classification  accuracy
of  85.1%  for  these  four  distinctive  pulse  sequences
[Figs. 8(c, d)]. The order of priority of STM is an important
part  of  the  calculation  of  the  reserve  pool,  enabling
threshold switching using Ag and Br ions driven by an
external  electric  field  along  the  migration  of  NCs  soft
crystal  lattices  for  diffusion  mode  [203].  In  2023,  the

incorporation  of  Cs2AgSbBr6 nanoparticles  at  different
concentrations in PMMA films has been found to modulate
the  resistive  switching  behavior  of  memristors.  It
provides  a  simplified  approach  for  the  transition  of
memristors from digital to analog functionality, opening
up new possibilities for reconfigurable devices [204].

In  summary,  Low-dimensional  HPs  have  wider
bandgap and higher stability than 3D HPs due to their
reduced  dimensionality  and  suppressed  ion  migration.
These  properties  make  them  suitable  for  memristor
applications  requiring  tunable  conductance  states,  low
power  consumption,  and  fast  response.  However,  low-
dimensional  HPs  also  face  some  challenges,  such  as
structural  complexity  and  carrier  transport  barriers.
Moreover,  their  synthesis  can  be  complex  and  time-
consuming. Therefore, more research is needed to optimize
their  performance  and  overcome  their  limitations  for
memristor applications.

 4.3   Multi-dimensional and heterostructured HP
memristors

A  semiconductor  heterostructure  refers  to  a  composite
arrangement  consisting  of  two  or  more  different  semi-
conductor materials stacked together [205]. These struc-
tures  find  widespread  use  in  various  optoelectronic
devices,  including  PSCs,  LEDs,  memristors,  and
photodetectors,  among  others[206].  Heterostructures
exhibit  distinct  carrier  behaviors,  interactions  of  light
and electrons, and other physical properties compared to
single-component  semiconductor  materials.  Leveraging
the  outstanding  properties  of  HPs,  the  formation  of
heterostructures with other materials enables the realiza-
tion of increasingly advanced device functions.

One notable category is 3D-1D HP memristors, where
a  3D  HP  interfaces  with  1D  nanostructures,  such  as
nanowires, nanotubes, or nanorods. These 1D nanostruc-
tures demonstrate unique electronic and optical properties
due to quantum confinement effects. In 2021, Sun et al.
[207]  utilized  a  heterojunction  composed  of  carbon
nanotubes (CNTs) and HP QDs to develop an efficient
neuromorphic vision system capable of information stor-
age, processing, and light-tunable synaptic characteristics
at the array level.  As shown in Figs.  9(a,  b),  this well-
designed  interface  between  CNTs  and  CsPbBr3 QDs
enables efficient dissociation of photogenerated electron-
hole  pairs  at  the  interfaces  between  the  two  materials.
The  integration  of  1D  nanostructures  with  3D  HPs
enhances charge transport, reduces charge trapping, and
improves overall memristor device performance [207].

Another  type  of  heterostructure  is  the  3D–2D halide
perovskite  memristors,  wherein  the  3D  HPs  are
combined  with  2D  layered  materials  like  graphene  or
transition metal dichalcogenides (TMDs). These 3D HPs
possess  excellent  charge  transport  properties  and  light-
harvesting abilities, while the 2D layered materials offer
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exceptional  electrical  and  mechanical  characteristics.  In
a notable study by Yang et al.  [207]  in 2020,  an OIHP
(MAPbI3)  was  combined  with  a  Si  nanomembrane  to
create  a  3D–2D  heterojunction.  The  resulting  photo-
gating effect  enhanced the device’s  light sensitivity and
achieved  low  energy  consumption  while  mimicking
synaptic functions, as shown in Figs. 9(c–f) [208].

Incorporating low-dimensional HP heterojunctions and
hybrid interfaces will capitalize on the unique properties
of  each  material  to  enhance  device  performance  and
functionality.  For  example,  the  integration  of  CsPbBr3
memristors  with  ZnO  [209]  or  PMMA [210]  has  shown
improved  charge  transport  and  device  stability.  The
semiconductor layer can also serve as a buffer to prevent
direct contact between the HPs and metallic electrodes,
reducing  device  degradation.  Similarly,  a  study  by
Thomas et al. [211]  demonstrated  high  efficiency  in
charge generation and transport by combining HP QDs

with  graphene  to  create  G-HP  QDs,  as  shown  in
Fig.  9(g).  The  device  exhibited  different  response  char-
acteristics  under  varying  gate  voltages,  which  allowed
for  the  building  of  an  SNN  for  unsupervised  machine
learning and face recognition.

The  exploration  of  multi-dimensional  and  multi-layer
HP  memristors  holds  promise  for  advanced  memory
devices  and  neuromorphic  computing  applications.  By
combining  HPs  with  2D,  1D  nanostructures  or  other
semiconductor  materials,  opportunities  for  enhanced
device  performance,  energy  efficiency,  and  novel  func-
tionalities  arise.  The  preparation  of  perovskite/
perovskite heterostructures is also a promising but rela-
tively  complex  method  that  holds  potential  for  future
applications  in  this  field  [212].  However,  challenges
related  to  stability,  scalability,  and  understanding
complex  switching  mechanisms  remain,  necessitating
further  investigation  to  unlock  the  full  potential  of
heterostructured HP memristors.

 
Fig. 8  (a) The evolution and durability of the conductance of devices as volatile devices in diffusion mode. (b) The evolution
and durability of conductance of devices as nonvolatile devices in drift mode. (c) The ANN model built to demonstrate storage
cell calculation; and (d) Four different neural discharge input modes and their resulting conductance changes in the device
(voltage stimulus is 1 V, a read voltage is ±0.5 V). (a–d) Reproduced from Ref. [203].
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 5   Applications

In the traditional information system, a traditional von
Neumann architecture is often adopted. The architecture
indiscriminately transmits all received data to the cloud
for processing, which aggravates the computing pressure
of  the  processor,  leading  to  a  significant  amount  of
redundant data [213]. At the same time, it also hinders
the  optimization  of  information  processing  speed  and
energy consumption.

In the realm of overcoming the von Neumann bottle-
neck, HP memristors stand out as a promising innovation
with diverse  applications,  offering solutions  to  the limi-
tations of traditional information systems. One significant
advantage of HP memristors is their ability to mimic the
accumulation  process  of  membrane  threshold  potential
in biological neurons through the drifts and diffusion of

movable  ions.  This  behavior  enables  HP  memristors  to
demonstrate the integrating and firing function of artificial
neurons,  resulting  in  faster  and  more  energy-efficient
data  parallel  processing  compared  to  CMOS  devices.
Adopting  HP  memristors  in  neuromorphic  computing
architectures that employ ANNs for tasks like recogniz-
ing,  memorizing,  and  creating  offers  potential  solutions
to overcome the limitations of traditional von Neumann
architecture.  Unlike  conventional  CMOS-based  systems
that  require  multiple  sets  of  Booleans  to  implement
essential  synapse  functions,  memristor-based  neuromor-
phic  hardware  enables  a  single  memristor  unit  to  serve
as an individual artificial synapse [214]. This progress in
architecture  holds  promise  for  enhancing computational
capabilities in neuromorphic systems.

Furthermore,  HP  memristors  offer  greater  flexibility
when  integrated  into  big  data  memory  systems.  Unlike

 
Fig. 9  (a) Schematic of the phototransistor with a CNTs/CsPbBr3-QDs channel. (b) Energy band diagram at the light-off
(top panel)  and light-on states  (bottom panel). (c) Dependence of  the EPSC triggered by an optical  spike on the source-
drain voltage (VD). (d) EPSC of a synaptic transistor at VD = 0.01 V triggered by an optical spike. (e) PPF behavior of a
synaptic transistor at VD = 0.01 V. (f) Transition from STM to LTM for a synaptic transistor at VD = 0.01 V with the
increasing  quantity  of  optical  spikes. (g) Schematic  showing  the  growth  of  HP QDs on  graphene  to  form the  G-HP QDs
heterostructures  and  the  proposed  applications.  (a,  b)  Reproduced  from  Ref.  [207].  (c–f)  Reproduced  from  Ref.  [208].  (g)
Reproduced from Ref. [211].
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digital  devices  with  binary  states  of  “0” and  “1”,  HP
memristors enhance localized data processing capabilities
with their tunable multi-conductance states, providing a
vast  storage  capacity.  Through  their  unique  properties
and  applications,  HP  memristors  have  the  potential  to
optimize  IoT  systems  by  reducing  the  burden  on  the
processing  system  and  minimizing  the  transmission  of
redundant  data,  thereby  improving  the  overall  system
performance.

 5.1   Optical logic gates and non-volatile memory

One of the most promising applications of HP memristors
is  in  photonics  due  to  their  excellent  light  absorption
and  emission  properties,  particularly  in  photovoltaic
devices and optoelectronic synapses. A variety of revolu-
tionary computing technologies, including photon memri-
stor  and  photon  computing,  are  being  used  to  replace
traditional  methods.  In  2018,  Lu et  al.  [215]  used  the
genetics  of  light  to  promote  the  progress  of  memristors
in  regulating  nerve  and  synaptic  functions  [Fig.  10(a)],
and  the  strategy  of  regulating  Ca+ concentration  by
light to simulate synaptic plasticity and its learning and
forgetting behaviors at different stages of nerve develop-
ment  [Fig.  10(b)].  An  effective  method  for  real-time
(≤ 20  ms)  modification  of  synaptic  plasticity  and  opti-
mization  of  memristor  functions  is  proposed.  Memory

behaviors,  including  PPF,  STM  to  LTM  transition,
LTM effect,  learning,  and  forgetting,  were  observed  on
the  MAPbI3 memristor  by  controlling  the  wavelength
and  intensity  of  light  [215].  HP  memristors  have  the
potential  to  offer  faster  switching  speeds  and  lower
energy consumption compared to other types of memris-
tors,  making  them  a  particularly  attractive  option  for
this application.

In 2020, Zhao et al. [215] made perovskite memristors
using light-assisted electroforming, and for the first time,
proposed  a  simple  photo-assisted  electroforming  (PAE)
method  to  restrain  current  overshoot,  which  helps  to
restrain  the  performance  degradation  of  the  resistive
switching  process  [87].  By  using  the  PAE  method,  the
reset  current  and  power  consumption  is  significantly
reduced, as shown in Fig. 10(c). The authors also inves-
tigated the effects of different light intensities and wave-
lengths  on  the  resistive  switching  behaviors  of  devices.
They  found  that  higher  light  intensities  lead  to  lower
switching  voltages  up  to  a  certain  threshold,  while
shorter  wavelengths  had  a  more  significant  effect  on
reducing  the  operation  voltage  [216].  Memristors  based
on  HPs  could  potentially  be  used  as  optoelectronic
switches and memory in photovoltaic devices with more
efficiency and versatility.

Another potential application for HP memristors is in
the field of non-volatile memory. Non-volatile memory is

 
Fig. 10  (a) Schematic diagram of the mechanism of optically tunable synaptic behavior. (b) The conductive state retention
of the device when the light is selectively turned on. (c) Current curves of memristors with and without PAE processing in
pulse  programming  mode. (d) The  structure  diagram  of  the  light-induced  logic  gate. (e) Light-induced  switching  of  the
device under HRS (read voltage is 10 mV). (f) The light-induced switch of the device under LRS (the reading voltage is 0.1,
1, and 10 mV). (a, b) Reproduced from Ref. [215]. (c) Reproduced from Ref. [216]. (d–f) Reproduced from Ref. [217].

TOPICAL REVIEW FRONTIERS OF PHYSICS

Sixian Liu, et al., Front. Phys. 19(2), 23501 (2024)   23501-17

 



used  to  store  data  even  when  power  is  turned  off  and
has  a  wide  range  of  applications  in  electronic  devices
such as computers, mobile phones, and wearable devices.
In 2015, Lin et al. [215] used OIHP materials as building
blocks of non-volatile memristors. Devices with structures
of  ITO/PEDOT:  PSS/MAPbI3/Cu  show  obvious  char-
acteristics  of  electrical  stability  and  non-volatile
rewritable memory effects. By applying the voltage scan-
ning of 0 V→ –3 V→3 V→0 V, fitting data of characteristic
curve can be divided into ohmic conduction region and
FPE  region.  They  believe  that  the  mechanism  of  the
device is the interlayer barrier, in which charge transfer
was caused by trap-controlled SCLC processes. In addi-
tion, they also found the light response characteristics of
CH3NH3PbI3. Based on this, the OR gates of optical and
electrical inputs can be constructed [Fig. 10(d)], and the
current  levels  can  be  used  as  outputs.  As  shown  in
Fig. 10(e), under simulated sunlight (100 mW/cm2), the
device  responds  significantly  to  light  only  in  the  HRS
state,  and  it  cannot  be  turned  on  or  off  by  selecting  a
different read voltage in LRS [Fig. 10(f)]. The information
flow  can  be  further  realized  by  additional  current-to-
voltage converters, which help to realize logic gate oper-
ations at the hardware level [217].  HP memristors have
demonstrated excellent stability and long data retention
times, making them an attractive option for non-volatile
memory applications.

In 2020, Xing et al. [215] reported the latest progress
of  MAPbBr3 single  crystals  [Fig.  11(a)],  and  fabricated
the  memristor  based  on  a  single  crystal  block  for  the
first  time,  showing  adjustable  conductances  and  stable
switching effects. Polarization is carried out by applying
voltage bias, and a voltage of 20 V is selected to adjust
the  defects.  In  this  study,  the  conduction  voltage  was
maintained  at  ~0.4  V  due  to  the  larger  ion  transport
energy in the single crystal, so the J–V hysteresis loop in
Fig.  11(b) was mainly attributed to the charge capture
and de-trapping mechanism. Under a reading voltage of
1  V,  the  Au/MAPbBr3/Au  device  shows  stable  multi-
conductance  states  by  adjusting  different  biases,  as
shown in Fig. 11(c) [218]. It has the potential to realize
the multi-stage storage function of the basic memristor.

 5.2   Artificial synapses and neural networks

HP  memristors  also  have  the  potential  to  be  used  in
neuromorphic  computing.  In  this  field,  the  memristors
can mimic the synaptic behaviors of  biological  neurons,
allowing  for  the  creation  of  ANNs  [219].  In  organic
organisms,  using  electrical  or  chemical  signals  as  the
transmission media of  biological  synapses can achieve a
very  low  power  consumption  and  fast  processing  speed
[220, 221].  This  is  mainly  due  to  the  large  number  of
synapses  and  the  advanced  function  of  nerve  cells.
Therefore,  brain-like  and  bionic  synaptic  devices  are
becoming the focus of scientific and industrial attention

because of their low power consumption, small size, and
high  speed  [222, 223].  Zhang’s  group  [224]  utilized  air-
stable CsCu2I3 perovskite thin films to fabricate artificial
synapses and demonstrated their high accuracy in neuro-
morphic  computing  in  MNIST  database  recognition.
They  also  provided  an  adequate  explanation  for  the
emergence  mechanism  of  synaptic  behaviour  in  two-
dimensional  perovskite  thin  films  through density  func-
tional  theory  (DFT)  calculations  [192].  By  uncovering
the  underlying  principles  of  perovskites  and showcasing
their  applicability  in  neuromorphic  computing,  the
research lays the foundation for further advancements in
the field.

In 2020, Zhu et al. [225] proposed a reservoir computing
(RC)  system  based  on  CsPbI3 memristors  shown  in
Fig. 11(d). The HP memristors can be driven by simulated
nerve  spikes,  with  the  state  of  the  memristor  reflecting
the  time  characteristics  of  the  nerve  spikes.  The  RC
system  relies  on  STM,  which  means  that  the  reservoir
state depends on the input of the recent past in addition
to the present input. The Ag/CsPbI3/Ag reserve pool is
evaluated  in  terms  of  internal  dynamics,  nonlinearity,
fading memory, separability, and echo state characteris-
tics,  and  applied  to  the  analysis  of  real-time  neuron
interactions. The results show that these devices can be
potentially  driven by actual  biological  nerve  spikes  and
interface  with  nerve  probes  for  nerve  discharge  pattern
recognition and nerve synchronization analysis [225].

In the same year, Huang et al. [225] fabricated a zero-
power  photoelectric  synaptic  device  based  on  a  mixed
structure  of  Si  NCs  and  HPs.  The  device  successfully
simulated  synaptic  plasticity  such  as  PPF,  spike-rate
dependent  plasticity  (SRDP),  and  spike-number  depen-
dent  plasticity  (SNDP).  By  specifying  the  frequency  of
the  filter,  the  device  sharpens  the  pattern  by  passing
signals  whose  frequency  is  higher  than fH through  the
filter  and  attenuating  signals  whose  frequency  is  lower
than fH, as shown in Figs. 11(e–h). Based on the number
of  applied  pulses,  a  corresponding  relationship  between
numerical  values  and  EPSC  pulse  numbers  could  be
established, enabling the mimicking of arithmetic calcu-
lations in analog neuromorphic computing. The arithmetic
functions  of  addition,  subtraction,  multiplication,  and
division using EPSCs pulse numbers as numerical values
have been successfully simulated [226].

In  2022,  Rohit et  al. [225]  made  new progress  in  the
task  of  simulating  high-order  synaptic  devices.  They
demonstrated the second-order switching dynamics using
the  ion-electron  conductivity  of  MAPbI3.  In  traditional
synaptic  devices,  the  simulation  of  plasticity  is  mainly
based on the facilitation of single pulses or paired pulses
(such  as  PPF  and  spike-timing  dependent  plasticity
(STDP)). This Hebbian learning rule brings some limita-
tions and cannot fully  show the impact of  spike timing
series  and  the  history  of  synaptic  activity  on  biological
synapses.  This  issue  is  exemplified  by  inconsistent
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results  in  response  to  the  same  frequency  input.  To
address  this,  the  authors  applied  the  Bienenstock–
Cooper–Munro  (BCM)  learning  rule  using  mixed  ion-
electron  conductivity  of  HPs  and  the  triplet  spike
sequence  dependent  plasticity  (TSTDP)  scheme,  which
considers  the  variable  third  factor  interacting  with
paired  pulses.  The  BCM  rule  was  applied  to  the
mammalian binocular vision system using a feedforward
neural network (FNN) simulated by taking advantage of
the  physical  properties  of  HPs.  Using  light  bars  from

eight  different  angles  as  inputs,  the  same  output  from
the left and right eyes can always win the final choice of
the network in the absence of winner-take-all and back-
propagation  as  shown  in Figs.  12(a,  b).  The  devices’
timing/frequency  processing  characteristics  make  it
possible  to  develop  a  completely  unsupervised  system.
The  authors  demonstrated  the  BCM  mechanism  in
maximizing  the  response  of  synapses  to  specific  inputs
after receiving stimuli [227].

Overall,  the  field  of  HP  memristors  is  witnessing  a
growing trend toward exploring the applications of  bio-

 
Fig. 11  (a) Optical  photographs  of  centimeter-sized  MAPbBr3 single  crystal  blocks  with  gold  electrodes  deposited.
(b) J–V characteristic  curves  of  the  device. (c) Various  resistance  states  of  the  device  under  different  bias  stimuli.
(d) Schematic diagrams of input, reservoir, and readout for the classification of different pulse sequences. (e) Original images
of flowers. (f) The sharpened flower image through the filter when the cutoff frequency is 4.8 Hz. (g) The sharpened flower
image through the filter when the cutoff  frequency is  19 Hz. (a) Reproduced from Ref.  [218].  (b–d) Reproduced from Ref.
[225]. (e–g) Reproduced from Ref. [226].
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inspired  synaptic  devices.  This  research  direction  holds
significant  promise  for  driving  advancements  in  post-
Moore device design and integration, big data revolution,
perceptual  computing,  and  other  fields  [228–230].  By
drawing  inspiration  from  the  principles  of  biological
synapses,  HP  memristors  offer  unique  opportunities  for
pushing  the  boundaries  of  current  technologies  and
shaping the future of computing.

 5.3   Retinomorphic computing

HPs  materials  possess  unique  optical  responses  and
certificated  excellent  performance  in  PSCs.  Thus,  HP
memristor-based  systems  are  capable  of  processing
complex  information  similar  to  human  visual  systems,
including image perception and preprocessing, as well as
recognition and memory of images in the visual receptive
area of the brain. HP memristor-based intelligent retinal
sensing  system  can  be  used  in  high-density  and  low-
power neural  networks,  and may also contribute to the
development of humanoid sensory electronics in the next
generation of robots and IoT.

In  2020,  Chen et  al.  [225]  demonstrated a  switchable

visual  sensor  based  on  CsFAMA  perovskite  shown  in
Fig. 12(c). This device is designed to simulate the adap-
tive process of human eyes to light intensity and enables
image  contrast  enhancement.  Probabilistic  Neural
Networks (PNN) were used to achieve a higher recognition
and  classification  accuracy.  CsFAMA  thin  films  have
wide band absorption covering almost the whole visible
spectrum of solar radiation, which lays a foundation for
RGB imaging of  human eyes.  The adaptive  function of
the  device  is  attributed  to  photogenerated  carriers  and
voltage-induced ion migration, which has been confirmed
by  photo-induced  force  microscopy  (PiFM)  technology.
The  TensorFlow  framework  for  machine  vision  utilized
optical  illumination  intensity  as  input,  optical  response
as variable weight, and photocurrent as output. Taking
the  case  of  overexposure  into  account,  as  shown  in
Figs. 12(d, e), the photocurrent of spontaneous relaxation
of  ion  migration  induced  by  photovoltaic  field  in
CsFAMA devices is very similar to the adaptive behavior
of image sensing in the biological vision system, and the
recognition  accuracy  is  improved  by  263%  under
complex lighting environment [231].

In 2020, Yang et al. [225] designed a self-powered artificial

 
Fig. 12  (a) The  postsynaptic  activity  is  caused  by  network  exposure  to  specific  input  patterns.  After  some epochs,  the
postsynaptic activity became higher for the selected mode (–22.5°), and the choice of the left and right eyes was the same. (b)
The time evolution of the synaptic weight of the left eye and the right eye: the selectivity increased significantly after continuous
exposure to the input mode after the random weight matrix was initialized. (c) The device structure of the CsFAMA photovoltaic
sensor and the schematic diagram of the crossbar array. (d) The adaptive dynamic process of the overexposed image. (e)
The recognition accuracy of  the car with the door open,  aircraft  and bird images increase with the increase of  adaptation
time. (a, b) Reproduced from Ref. [227]. (c–e) Reproduced from Ref. [231].
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retinal  sensing  system  composed  of  solar  cells  and
perovskite-based  memristors.  The  system  consists  of
high-density and low-power neural networks with cross-
array  hardware,  as  shown  in Fig.  13(a).  The  authors
used  passivated  HP  memristors  with  history-related
conductance  and  reliable  state  maintenance  capabilities
to  simulate  the  learning  and  memory  functions  of  the
human brain. The passivated memristor is connected to
the solar cell, and the photovoltaic action drove the cell
to produce a positive voltage that simulated HP memris-

tors. The researchers also studied the effects of irradiation
time, frequency, intensity, as well as wavelength-dependent
plasticity of artificial  optical  synapses on image prepro-
cessing.

Based on the radiation intensity-dependent plasticity,
the system could enhance image memory with enhanced
contrast  and  feature  extraction  in  convolutional  neural
networks (CNNs). Image preprocessing with distinguishing
irradiation wavelength can simulate the color resolution
of human eyes, reduce the interference of other colors to

 
Fig. 13  (a) Schematic  diagram  of  the  recognition  results  of  the  self-powered  artificial  retina  system  and  ANNs.
(b) The charge transfer characteristics of HPs can be used as the source of entropy for designing a new type of PUFs. The
coexistence of many kinds of switching physics in HPs makes the resistance states highly random, and the encryption key is
generated from the difference of the HRS of these memories. (c) Before a cycle of reconstruction. (d) After a cycle of recon-
struction,  analog-digital  maps  and  digital  maps  show different  results.  (a)  Reproduced  from Ref.  [232].  (b–d)  Reproduced
from Ref. [233].
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the  image,  and  achieve  a  better  noise  reduction  effect.
Overall,  the  self-powered  artificial  retina  system
improved  the  recognition  rate  and  reduced  energy
consumption  at  the  hardware  level.  The  proposed
system  is  expected  to  be  introduced  to  detecting  and
preprocessing  environmental  conditions  for  human-like
sensory electronics in the next generation of robots [232].

 5.4   Physical unclonable functions

Physical  unclonable  functions  (PUFs)  is  a  hardware
security technology that uses inherent device changes to
produce a unique device response that cannot be cloned.
similar to human biometrics, PUFs are the inherent and
unique identifiers of each chip, making them a promising
technology  to  further  improve  the  safety  of  electronic
products in the future, as shown in Fig. 13(b).

In 2021,  John et al.  [225]  proposed an attractive and
inexpensive alternative for designing efficient encryption
hardware  using  OIHPs  (PrPyr[PbI3]).  The  authors
tested  50  devices,  showing  a  switch  ratio  of  105,  which
improves  the  reliability  of  PUF.  By  using  HRS  as  the
entropy  source  of  PUF  design,  the  PUF  generated  a
unique  key  of  the  device  by  converting  the  random
analog  conductance  value  into  binary  digits.  For  the
first time, the authors reported a 1024-element array can
control the bit error rate under unwanted time, voltage,
and  temperature  fluctuations.  Furthermore,  they  used
write-back  measures  to  ensure  a  reliable  PUF,  and  the
bit error rate of the regenerated response bits after write-
back is 0%.

The  authors  also  demonstrated  that  reconfiguring
PUF  keys  can  support  ownership  changes,  permission
changes,  or  prevent  information  disclosure  due  to
overuse. By leveraging the memory computing capabilities
of  crossovers,  as  shown  in Figs.  13(c,  d),  the  proposed
PUF  construction  scheme  can  protect  PUF  from
modelling attacks without the need for additional cross-
bars. The quality of the random bit stream generated by
the device is  comparable to or even better  than before,
with  an  average  uniformity  of  512  bits  at  49.02%.  The
work shows that OIHP can be an effective and reliable
material for designing PUFs, paving the way for further
research in this area [233].

 6   Outlook and challenge

In  this  paper,  we  review  the  latest  trend  of  systematic
research based on HP memristors  and briefly  introduce
the materials, mechanisms, performance, and applications
of HP memristors. Compared with other materials, HPs
have  unique  electrical  and  optical  properties,  including
excellent  optical  absorption  efficiency,  high  charge
mobility, and long charge lifetime [234]. This provides a
guarantee for the multi-level modulation of HP memristors

and shows great potential in the further development of
neuromorphic  computing.  HPs  have  successfully  been
utilized  in  photovoltaic  applications,  while  steady
progress  is  being  made  in  other  photonic  electronic
applications  such  as  detectors  and  memristors.  HPs
exhibit  hysteresis  in I–V characteristics  due  to  the
migration  of  ions  or  defects,  which  is  suitable  for  the
application  of  memristors.  HP  memristors  can  be
reduced to a characteristic size of less than 2 μm, main-
taining a storage state of more than 105 s and a nanosecond
time scale switching. These characteristics are significant
for  realizing  various  functions,  which  is  why  extensive
research  has  been  done  on  HP  memristors  in  the  past
few years.

The  unique  characteristics  of  HP  memristors  make
them  suitable  for  applications  such  as  logic  switches,
non-volatile  memory, bio-inspired computing, and intel-
ligent  retinal  recognition  systems  [235].  HP  memristors
with  simple  device  structures  provide  an  alternative  to
the  components  of  traditional  silicon  circuits  using  von
Neumann  architecture.  The  HP  memristors  also  have
the  advantages  of  low  manufacturing  cost  and  low
energy consumption.

Research on the key challenges should be strengthened
to  further  promote  its  practical  application  of  HP
memristors.  Specifically,  materials  should  be  considered
in terms of their performance and environmental impact.
Unlike  PSCs,  which  rely  heavily  on  Pb  elements  for
their  excellent  performance,  the  performance  of  HP
memristors is relatively unaffected by the replacement of
B-site  elements.  Therefore,  component  engineering  in
HPs  should  be  considered  in  future  research.  Addition-
ally,  the  stability  of  low-dimensional  HPs  needs  to  be
improved,  requiring  further  exploration  of  perovskite
packaging  technology  and  passivation  engineering  to
achieve long-term device stability [236].

Miniaturization of HP memristors should also be paid
attention to, as the final performance of the HP memristors
is  highly  dependent  on perovskite  film quality.  Current
methods,  such  as  spin  coating,  will  inevitably  produce
holes and uneven grains that hinder miniaturization [237,
238]. The use of anti-solvent and multi-step spin coating
will  improve  the  above  situation  to  some  extent  [239],
but  the  final  solution  to  this  problem  may  require  the
development  of  more  novel  HPs  growth  methods  to
obtain  highly  dense,  smooth,  and  uniform  HPs  films,
such as physical and chemical vapor deposition. Bolink’s
group  has  made  advancements  in  the  multi-source
preparation  of  multi-cation  HPs,  resulting  in  improved
power conversion efficiency (PCE) and stability of solar
cells  based on this  material  [240].  In the field of  LEDs,
the difficulties of obtaining dense and compact crystalline
films  through solution methods  have  been overcome by
Bulović’s  group  [241],  who  achieved  uniform crystalline
CsPbBr3 films  with  complete  surface  coverage  through
vapor co-evaporation of CsBr and PbBr2 precursors. As
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demonstrated  in  these  studies,  precise  control  over  the
morphology  of  HPs  films  leads  to  reduced  defects  and
improved  charge  collection,  which  highlights  the  effec-
tiveness  of  vapor  deposition  techniques  in  enhancing
device efficiency and stability.

Furthermore,  the  integration  of  HPs  layers  with  the
CMOS process, utilizing protective layers or other meth-
ods,  is  a  crucial  step  in  advancing  the  large-scale
commercial production of HP memristors. Achieving the
desired  device  architecture  requires  precise  deposition
techniques  like  photolithography  or  printing  methods.
However, the compatibility of these patterning techniques
with HPs and their seamless integration into the device
manufacturing  process  poses  significant  challenges.
Zhang et al. [242] have demonstrated a potential solution
by using electron beam lithography (EBL) and inductively
coupled  plasma  (ICP)  etching  to  pattern  HPs  single
crystals,  covering  them  with  PMMA.  This  approach
holds  promise  for  the  fabrication  of  microscale  and
nanoscale  perovskite  structures,  which  can  be  extended
to the field of HP memristors preparation. The successful
implementation of high-quality, uniform, and reproducible
patterning  techniques  for  HP  memristors  is  a  complex
task.  Overcoming this  challenge  facilitates  the  commer-
cialization  of  HP memristors  and  may unlock  their  full
potential  in  next-generation  electronics  and  computing
applications.

In terms of application, a series of new optoelectronic
devices based on HP memristors have been designed and
implemented.  The  combination  of  resistive  switching
and optoelectronic properties will broaden the application
range of HPs, such as photoelectric synapses and intelligent
vision systems [243]. In the field of neuromorphic devices,
HP  memristors  have  been  successfully  combined  with
various neural networks (such as CNNs, recurrent neural
networks  (RNNs),  and  deep  neural  networks  (DNNs)),
but  research  based  on  SNN  is  still  in  the  early  stages.
However, most of the applications are still in the conceptual
stage  at  present.  Research  on  the  relationship  between
the structure and function of neuromorphic devices and
the  synaptic  mechanism  based  on  HPs  is  necessary  to
reduce  device  deviation  and  improve  storage  perfor-
mance.

In  a  word,  HP  memristors  are  showing  promising
prospects  for  various  applications,  and  research  on
system-level  integration  will  continue  to  progress.  HPs
are proving their influence in future information electronic
devices through their excellent performance in a variety
of applications, but further research is needed to address
key challenges and improve device performance.
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