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Recent advances in artificial neuromorphic
applications based on perovskite composites

Huaxin Li,a Qingxiu Li,a Tao Sun, a Ye Zhou c and Su-Ting Han *b

High-performance perovskite materials with excellent physical, electronic, and optical properties play a

significant role in artificial neuromorphic devices. However, the development of perovskites in

microelectronics is inevitably hindered by their intrinsic non-ideal properties, such as high defect density,

environmental sensitivity, and toxicity. By leveraging materials engineering, integrating various materials

with perovskites to leverage their mutual strengths presents great potential to enhance ion migration,

energy level alignment, photoresponsivity, and surface passivation, thereby advancing optoelectronic and

neuromorphic device development. This review initially provides an overview of perovskite materials

across different dimensions, highlighting their physical properties and detailing their applications and

metrics in two- and three-terminal devices. Subsequently, we comprehensively summarize the

application of perovskites in combination with other materials, including organics, nanomaterials, oxides,

ferroelectrics, and crystalline porous materials (CPMs), to develop advanced devices such as memristors,

transistors, photodetectors, sensors, light-emitting diodes (LEDs), and artificial neuromorphic systems.

Lastly, we outline the challenges and future research directions in synthesizing perovskite composites for

neuromorphic devices. Through the review and analysis, we aim to broaden the utilization of perovskites

and their composites in neuromorphic research, offering new insights and approaches for grasping the

intricate physical working mechanisms and functionalities of perovskites.

Wider impact
Perovskite materials have emerged as excellent candidates for artificial neuromorphic devices due to their exceptional physical, electronic, and optical
properties. Nevertheless, their intrinsic non-ideal properties, such as high defect density, environmental sensitivity, and potential toxicity, have limited their
widespread application in microelectronics. This review summarizes the approach of using materials engineering to integrate high-performance novel
materials (including organics, nanomaterials, oxides, ferroelectrics, and crystalline porous materials) with perovskites to leverage their complementary
strengths, which have great potential to enhance ion migration, aligning energy levels, improving photoresponsivity, and achieving effective surface
passivation. Such a rational composite strategy could lead to significant advancements in the development of perovskite composite devices including
memristors, transistors, photodetectors, sensors, LEDs, and artificial neuromorphic systems. Through rational design and optimization of material
combinations, the performance and functionality of optoelectronic devices and artificial neuromorphic computing devices can be further improved to
provide a strong support for future scientific research and engineering applications.

1 Introduction

The groundbreaking architecture introduced by von Neumann
in 1945, built upon principles outlined by Alan Turing in the
1930s, forms the foundation of contemporary computers.

Despite its significance, the traditional von Neumann architec-
ture is burdened by the physical separation of processing units
and memory units, inevitably leading to elevated power con-
sumption and inefficiency, which fail to meet the urgent demand
for high computing power in the intelligence era.1–4 In contrast,
the human brain is a biocomputing system endowed with ultra-
fast, ultra-low power consumption (at a mere B20 W) and the
ability to process multiple complex computations in parallel.5,6

With an event-driven mode of operation and highly parallelized
computation, the human brain is far superior to modern com-
puters in performing complex tasks such as recognition, acquisi-
tion, and decision-making. The human brain has B1011 neurons
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and B1015 synapses, which form a complex network responsible
for handling our senses, thinking, memory, emotions, languages,
movements, and various other functions, enabling self-repair,
self-learning, and self-evolution.7,8 Learning from the human
brain could address intelligent hardware development chal-
lenges. Inspired by bionics, neuromorphic computing systems
have emerged as a field of intense study since the concept was
coined by Mead at Caltech in the 1980s, promising to revolutio-
nize our approach to computing.9–11 Artificial neuromorphic
computing chips based on conventional, complementary metal
oxide semiconductor (CMOS) circuits represent a significant
advancement. Yet, implementing individual neuronal and synap-
tic functions in CMOS circuits often requires multiple circuit
modules consisting of transistors and capacitors. This inevitably
increases the complexity of the architecture, excessive high-power
consumption, diminished local fault-tolerant robustness, and
constrained integration scale and chip density. Consequently,
pursuing innovative neuromorphic devices is the optimal way to
achieve brain-like computing capabilities in the future.

Massive efforts have been devoted to developing novel
memory devices, including two- and three-terminal devices such
as memristors, phase-change memories, ferroelectric mem-
ories, magnetic memories, floating-gate transistors, etc., to
realize neuromorphic with neuron and synapse functions in
individual devices.4,12–16 For example, the memristor is a typical
two-terminal, non-linear resistor with a memorization function,
which features the unique ability to save information even after
the power off, while being able to classify it into two morphol-
ogies, digital and analog, based on its physical phenomena.17–19

The conductance state of the memristor analog morphology
depends on the history voltage or current and has been demon-
strated to model synaptic plasticity. Another three-terminal
computing device for brains, the ‘‘synaptic transistor,’’ can
simultaneously process and store data to simulate brain plasti-
city. The underlying logic of these neuromorphic devices is
based on the intrinsic physical phenomena of the dielectric
material in response to external stimulation (electrical and
optical). In general, for ideal neuromorphic devices to serve as
building blocks for neuromorphic systems, several details need
to be considered, including low operating power consumption,
nonlinearity, programmable symmetry, and retention.20,21

To address these challenges, scientists have concentrated on
identifying breakthrough materials with superior properties. Over
the past decade, numerous efforts have been made in the
exploration of novel materials for use in artificial neuromorphic
devices as well as enhancing the application of traditional func-
tional materials, including organics (polymers,22,23 small organic
molecules,24,25 etc.), two-dimensional (2D) materials (black phos-
phorus (BP),26,27 hexagonal boron nitride (h-BN),28 MoS2,29,30

etc.), one-dimensional (1D) materials,31 oxides32–35 and ferro-
electric materials (a-In2Se3,36,37 CuInP2S6,38,39 etc.), in their inte-
gration into artificial neuromorphic devices. For example,
polymers are widely used in memristors and organic electroche-
mical transistors (OECTs) due to their chemical sensitivity and
biocompatibility. In contrast, the chemical and electrochemical
environments of polymer electrolytes facilitate plasticity in

multi-gated coupled transistors as well as localized or even globally
coupled activities that mimic biological neural networks.40–43

Additionally, owing to superior optical functionality, tunable
bandgap engineering, and compatibility with CMOS platforms,
2D van der Waals (vdW) heterojunctions are pioneering advance-
ments in the development of neuromorphic sensors, encoders and
processors and are also promising to enable functionally inte-
grated all-in-one devices.44–46 Typical physical and chemical prop-
erties of representative materials are summarized in Table 1.
Nevertheless, due to the limitations associated with the intrinsic
properties of these materials, such as stability, electrical conduc-
tivity, light absorption, and large-area fabrication, they often fail to
satisfy more demanding applications. Thus, the quest for new
materials and the exploration of their rational composite strategies
to address the limitations of existing materials have become
significant areas of research and ongoing challenges.

A perovskite, initially identified as a mineral composed of
CaTiO3 in the Ural Mountains by the German mineralogist
Gustav Rose, was subsequently named ‘‘perovskite’’ to honor the
Russian scientist Count Lev A. Perovski.47,48 The term ‘‘perovskite’’
has been adopted to classify materials with the same structure as
CaTiO3, characterized by the ABX3 structure in which A and B sites
represent cations of different radii, while the X position is allo-
cated to the anion that forms a bond with the cation.49 Perovskite
materials have been utilized in solar cells since 2009, and numer-
ous studies have been carried out to achieve an impressive
increase in efficiency from an initial 3.8% to over 25% in just a
decade, concurrently fueling enthusiasm for the deployment of
perovskites in various other electronic domains.50,51 Due to the
outstanding photovoltaic conversion efficiency, long-term carrier
dynamics, high carrier mobility, and tunable optical and electrical
properties, perovskites are ideal candidates for optoelectronic and
artificial neuromorphic devices. The high ion mobility and low-
energy excited states provide perovskite materials with the
potential to construct fault-tolerant neuronal networks.52–54

Furthermore, the electrical conductivity of perovskites enables
devices to respond quickly to external stimuli (electricity, light,
magnetism, etc.), effectively mimicking the behavior of biological
neurons. Additionally, ion transport can be tailored through
structural modulation of perovskite materials to facilitate synapse
formation and connectivity.53,55,56 However, challenges remain in
harnessing perovskites for artificial neuromorphic devices. The
perovskite is limited by its solution-process method and crystal-
lization process, necessitating that each process step is strictly and
precisely controlled. Non-ideal crystallization, including surface
defects, lattice defects, oxidation defects, and inhomogeneity,
compromises the electrical performance and lifespan of devices.
For instance, the defect density of MAPbI3 thin films prepared
by the spin-coating method is approximately 1017 cm�3, which
inevitably and deeply impacts the energy band structure, carrier
transport properties, and optoelectronic performance of
perovskites.57 Moreover, the well-documented instability of
perovskites (e.g., sensitivity to humidity, oxygen, temperature,
light, and circuit) poses a persistent challenge for researchers.
As an ionic crystalline material, the perovskite is more delicate
and less stable than crystalline silicon, facing issues such as
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oxidation, high-temperature intolerance, short lifespan, and
high decay rate. These issues are the main barriers to commer-
cialization and require additional investment to improve the
stability and durability.51,58,59

Recently, perovskites have received widespread attention for
their comprehensiveness when combined with other materials.
Thanks to materials engineering, a wide range of materials, such
as organics, nanomaterials, oxide semiconductors, ferroelectrics,
and novel CPMs, are utilized in the form of composites with
perovskites to counterbalance the deficiencies or amplify their
strengths. These synergistic effects manifest at the physical
mechanism level as follows: (1) modulation ion migration. In
artificial neuromorphic devices based on perovskite memristors,
the intrinsic aspect relies on ion migration (electron/hole trans-
port) in perovskite crystals and exhibits voltage–current hysteresis
effects.60 Unfortunately, the intrinsic low activation energy (Ea) of
perovskites leads to a rapid return of ions to their initial

positions, resulting in less pronounced hysteresis and lower
synaptic plasticity weights. Fortunately, the coupling of ferro-
electric materials with perovskites provides opportunities for the
development of perovskite neuromorphic devices. The polariza-
tion reversal and polymorphic behavior of ferroelectric materials
introduce tunable nonlinear properties to perovskite neuron-
mimetic devices, thereby establishing them as ideal candidates
for brain-like computation.61 (2) Energy level alignment. Lattice
mismatches occur at the contact interface between perovskite
materials and adjacent materials due to variations in lattice
parameters and ionic radii, leading to distortions and mis-
matches in the energy band structure. However, the mismatched
energy bands result in large energy band shifts at the interface,
which induces high-energy trapping or injection of electrons and
holes, increasing the non-radiative complexation of electron–hole
pairs and generating significant carrier complexation rates.62–64

These issues can lead to degradation of device performance, such

Table 1 Summary of typical physical and chemical properties of representative materials

Materials Structures Methods Advantages Limitations

Small
molecule

� Linear structures � Molecular self-assembly � Precise chemical composition � Poor mechanics
� Spiraled � Vacuum evaporation method � High purity � Potential biotoxicity

� CVD � High carrier mobility � High preparation environment
� Transparency � Difficulty in recycling

Polymer � Linear structures (including
branched)

� Solution method � Controllable synthesis � Potential toxicity

� Bulk structures (cross-linking
between molecular chains)

� Vacuum evaporation method � Controllable structure � Low adherence

� Printing method � Tunable energy band structure � Poor remodeling
� Flexible
� Regularity
� Heat resistance
� Biocompatible
� Low cost

2D � Nanosheet � CVD � Foldability � Biological toxicity
� Mechanical peeling method � High carrier transport � Large-area film
� Liquid phase stripping � Optical properties � High cost
� Chemical reduction � High-temperature resistance � Specific modification required

� Transparency
� Ultrathin

1D � Nanowire � Spin-coating � Directivity � High cost
� Nanorod � Electrospinning � High aspect ratio � Poor plasticity
� Nanofiber � Molding � High carrier transport � Poor toughness

� Flexibility
� Low power

0D � Nanoparticle � Langmuir–Blodgett � Charge trapping � High cost
� QDs � Hydrothermal method � High surface-to-volume ratio � Aggregation

� CVD � Better solubility � Temperature susceptible
� Sol–gel � Light responsible � Spatial inhomogeneity

� Transparency
Metal oxide � Solid � Sol–gel � Controlled components � Poor flexible

� Hydrothermal method � High mobility � High leakage current
� Chemical precipitation � High transmittance � High defect density
� Plasma oxidation � Environmental stability
� Magnetron sputtering � Low-cost

� CMOS-compatible
Ferroelectric � Perovskite structure � Sol–gel � Spontaneous polarization � Temperature susceptible

� 2D � CVD � Optical properties � Aging
� Tripartite structure � Mechanical peeling method � High-density storage � Poor toughness

� Liquid phase stripping � Non-volatile � Poor conductivity
� High cost

CPMs � 2D � Template method � High specific surface area � Difficult film formation
� 3D � Vacuum freeze drying � High porosity � Poor mechanical properties
� Porous � Sol–gel � Tunable structure � High cost

� Pyrolysis
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as a slower switching speed and an unstable current output of the
memristor and transistor. The alignment of energy band edges
and the adjustment of energy levels can be achieved by rationally
designing and controlling the energy band structure of oxide
semiconductor materials, 2D materials and organic semiconduc-
tors. This approach aims to optimize the interfacial properties
and charge transport characteristics of perovskite devices. For
example, organic molecules or metal ions can modify the surface
energy level of the material, and the oxide semiconductor or the
2D material layer can effectively suppress interfacial defects,
reduce energy band shifts, and thus significantly improve the
device performance. (3) Enhance photoresponsivity. Typical per-
ovskite optoelectronic devices (such as LEDs, photodetectors,
solar cells, etc.) demonstrate capabilities in terms of photocon-
ductivity, the separation of photogenerated carriers (electrons
and holes), and photoluminescence (PL). However, the intrinsic
defects of perovskites may lead to increased recombination rates
of electrons and holes, thereby diminishing the photogenerated
charge separation effect. Additionally, perovskites are sensitive to
the external environment. They are susceptible to moisture,
oxidation, temperature, etc., leading to instability in material
properties and subsequently diminishing the photo-responsive
efficiency and external quantum efficiency (EQE). Moreover, the
intrinsic band gap of perovskites constrains the optical
response to the visible infrared region, while a wider spectral
range can be achieved with the aid of other materials.65–67 To
surmount the limitation of the photo-response efficiency and
EQE of single-component perovskites, the integration of organic
semiconductors, oxide semiconductors, zero-dimensional (0D)
materials, 2D materials, and CPMs with perovskites could
significantly enhance the capabilities for the fabrication of
multifunctional optoelectronic devices. (4) Surface passivation.
In practice, perovskite materials often encounter issues related
to their inherent defects or environmental factors (such as light,
temperature, humidity, etc.), which lead to adverse effects
like impeded charge migration and increased non-radiative
re-combinations, adversely affecting the optoelectronic perfor-
mance. Recent research suggests that the application of surface
modification, interfacial engineering, or passivation layers can
markedly reduce the intrinsic defect density and prolong the
lifespan of perovskites. For instance, small organic molecules or
inorganic substances can serve as capping agents or passivation
layers, protecting the perovskite photosensitive layer from envir-
onmental factors such as humidity and oxides and thus signifi-
cantly improving its stability.68,69 In summary, integrating
various materials with perovskites offers a novel approach for
developing neuromorphic devices while concurrently enhancing
the performance and efficiency of optoelectronic devices. With
rational design and optimal composite structures, controlled
ion migration, optimal interfacial energy levels, more efficient
light absorption and charge separation, and superior stability
can be achieved. Consequently, extensive investigation into the
integration of diverse materials with perovskites for device
applications holds great scientific significance and practical
value. However, a comprehensive review of this topic has not
been published.

In this review, we provide a comprehensive overview of the
existing challenges of perovskite-based devices, specifically
addressing and summarizing the research progress of neuro-
morphic devices based on composites of perovskites with differ-
ent materials. Firstly, we overview various morphologies of
perovskites, encompassing both three-dimensional and low-
dimensional structures, and detail their chemical compositions
in Section 2. Secondly, we present an in-depth perspective on the
working mechanisms of perovskites in two- and three-terminal
devices in Section 3. Thirdly, we summarize the application of
perovskites in combination with other materials, including
organics, nanomaterials, oxides, ferroelectrics, and CPMs, to
develop advanced devices such as memristors, transistors, photo-
detectors, sensors, LEDs, and artificial neuromorphic systems in
Section 4. Finally, Section 5 addresses the challenges and future
research directions for perovskites and the development of
neuromorphic devices based on perovskite complexes. Through
detailed review and analysis, we aim to broaden the utilization of
perovskites and their composites in neuromorphic research,
offering new insights and approaches for grasping the intricate
physical working mechanisms and functionalities of perovskites.
The overview of this review article is illustrated in Fig. 1.

2 Overview of perovskites

Perovskites, a semiconductor material with exceptional physical
properties like high mobility, long carrier lifetime, and low trap
density, have received significant attention as ideal candidates
for high-performance, low-energy memory and neuromorphic
computing platforms. Perovskites can be categorized into three
main types based on their composition: (1) inorganic perovs-
kites, (2) organic perovskites, and (3) hybrid organic–inorganic
perovskites (HOIPs). Inorganic perovskites are characterized by
inorganic cations and anions, including compounds like lead
titanium trioxide (PbTiO3)70 and barium titanium trioxide
(BaTiO3).71 Organic perovskites, entirely consisting of organic
cations and anions, such as MDABCO–NH4I3 (where MDABCO
refers to N-methyl-N0-diazabicyclo[2.2.2]octonium), form a
unique class.72,73 HOIPs, integrating both organic and inorganic
cations and anions, are exemplified by MAPbI3 (MA = methy-
lammonium) or FAPbI3 (FA = formamidinium). Furthermore, by
manipulating the organic and inorganic compositions, we
achieve modulation of structural dimensions, including 3D,
2D, 1D, and 0D. 1D perovskites, known for their large specific
surface area and adjustable photovoltaic properties, are suited
for flexible optoelectronic devices and sensors. The layered
structure and quantum-limited domain effect endow 2D per-
ovskites with exceptional photoelectric conversion efficiency
and stability, highlighting their significance in solar cells,
photoelectronics, catalysis, and photoelectric storage. Conver-
sely, 3D perovskites are favored in photodetectors, LEDs, and
photocatalysts due to their high structural stability and optimal
photoelectric properties.

The 3D perovskite structure is predominantly defined by the
ABX3 configuration, where cations of varying radii fill A and B
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sites and the X site denotes the anion bonded to the cation; a
schematic is shown in Fig. 2 (left panel). This specific arrange-
ment facilitates the creation of coordination octahedra through
corner-sharing, leading to the formation of the [BX6]4� unit. As
early as the 1980s, MAPbX3-type (X = Cl, Br or I) perovskites
were synthesized, and in the 1990s, metal halide perovskite
solar cells were systematically investigated, which established
the foundation for perovskites in the field of optoelectronic
devices.74–76 3D perovskites are ideal candidates to replace
silicon-based products in the construction of storage and
neuromorphic devices due to their inherent physical properties
and their prominence in semiconductors, including ferro-
electricity, dielectricity, and resistive effects. The preparation
methods for 3D perovskite thin films have been well-developed,
with the most widely used technique being the solution-

processed spin-coating method.77 Nonetheless, the spin-coating
method often suffers from issues like an inhomogeneous film
layer, high defect density, and the challenge of achieving precise
control of thickness, which affects the stability and efficiency of
the memory device. Fortunately, physical vapor deposition (PVD)78

methods, including pulsed laser deposition (PLD),79 magnetron
sputtering, and molecular beam epitaxy (MBE),80 have also been
developed to obtain high-quality and low-defect perovskite films.

To address the problem of increased density of highly defect
densities in 3D perovskite films, low dimensional (LD) perovs-
kites have been extensively studied as a potential solution in
recent years. Notably, modifications in perovskite dimensions
can be observed from both the molecular angle perspective and
the morphological aspect, as shown in Fig. 2 (bottom panel). The
former involves altering the material composition at the mole-
cular level and the molecular structure, while the latter focuses
on ‘‘slicing’’ 3D structural bodies to yield LD perovskites with
unique morphologies while maintaining the chemical structure.
Dimensionality reduction at the molecular level typically involves
separating layers (lines or polyhedrons) from each other within
bulk crystals by incorporating organic cations or ion clusters as
new A sites, which enables the bulk crystals to exhibit the unique
characteristics of the individual building blocks. This is achieved
by chemically modifying or alloying the A, B, and X sites to
enhance the structural stability while also reducing the material’s
structure from 3D to 2D, 1D, or even 0D.81–83 In contrast to
dimensionality reduction at the molecular level, the morpholo-
gical approach to engineering perovskite materials achieves low-
dimensional (LD) perovskites by ‘slicing’ their bulk structure.
This method preserves the chemical composition and retains the

Fig. 1 Schematic illustration of the contents of this review.

Fig. 2 Illustration of 3D perovskites (left-panel) and low-dimensional (2D,
1D, and 0D) perovskites. Low-dimensional perovskites are divided into
morphological low dimensional perovskites (top panel) and molecular
level low dimensional perovskites (bottom panel).
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crystalline architecture characteristic of 3D perovskites, which
consists of corner-sharing octahedra. As depicted in Fig. 2 (top
panel), various methods have been employed to thin these
materials to nanoscale dimensions. Recently, innovative
approaches such as chemical vapor deposition (CVD),84 one-step
solution self-assembly,85 colloidal chemistry,86 hot-injection,87,88

template-assisted strategies,89 and vapor phase methods90 have
been successfully utilized to reduce the thickness of 3D perovskites
ABX3. These techniques have led to the formation of LD nano-
structures in diverse morphologies, including 2D nanosheets,91 1D
nanowires (NWs),92 and 0D quantum dots (QDs).93,94

3 Fundamentals of perovskites for
neuromorphic computing

In principle, an essential aspect of perovskites applicable in
neuromorphic devices is its ability to undergo ion/vacancy migra-
tion when driven by an external field (such as an electric field and
a light field), featuring a time delay for these ions/vacancies to
recover to their initial positions after the removal of external
fields. Perovskite neuromorphic devices typically include two-
terminal (memristors) and three-terminal (field-effect transistors)
devices. The two-terminal memristor, wherein resistive switching
(RS) is realized by reversible and controllable charge storage,
exhibits great potential in the field of neuromorphic computing
due to its simple structure, low power consumption, tunable
conductance, and rapid response speed. The three-terminal
transistor exploits quantum tunneling to control electron storage
in the perovskite channel layer through electric fields, providing
an approach to the development of high-performance, high-
density, and large-capacity perovskite storage devices. Typical
two- and three-terminal device structure schematics and their
electrical property curves are shown in Fig. 3(a) and (b). More-
over, the photosensitivity of perovskite materials coupled with
programmable gate voltages enables tunable light-responsive
characteristics. This section will elaborate on the common
mechanisms and crucial parameters of perovskites as a dielectric
layer in two- and three-terminal devices (memristors and field-
effect transistors), emphasizing important parametric metrics of
artificial synapses and neurons.

3.1 Main mechanism of memristors

Memristors are categorized as volatile and non-volatile. Volatile
memristors demonstrate a reversible resistance state that is
maintained only when power is supplied, making them well-
suited for tasks requiring temporary data storage or dynamic
processing. On the other hand, non-volatile memristors retain
their resistance state even without power, ensuring long-term
data retention and making them suitable for permanent mem-
ory applications in computing architectures.95,96 The resistance
switching mechanism of the memristor is controlled by physi-
cal/chemical processes within the resistive dielectric propelled
by field effects, including ion/vacancy migration, charge trap-
ping/de-trapping, redox reactions, interfacial effects, etc.,
thereby facilitating information storage and retention within

the memristor device. In this section, we will summarize the
common types of resistive mechanisms observed in perovskite
memristors, encompassing the valence change mechanism
(VCM), electrochemical metallization mechanism (ECM), mecha-
nism regulated by interfacial barriers, space charge limited
current (SCLC) mechanisms, and phase change mechanism
(PCM), alongside an exposition of their specific mechanisms
and operational principles, as schematically depicted in Fig. 3(c).

3.1.1 Valence change mechanism. The VCM is triggered by
the migration of anions (e.g., oxygen vacancy migration) and the
valence change of cations (e.g., metal ions), resulting in inhomo-
geneity of the components of the material in the active layer as
anions are rearranged to form non-metallic conductive filaments
(CFs), thereby endowing the device with CF switching behavior.97

Perovskite-based VCM memristors, in which CFs are formed and
ruptured by the migration of vacancies (e.g., V�I ) or interstitials
(e.g., I0I) between two inert electrodes, trigger the on/off
switching.98 Particularly, the application of a voltage at the inert
top electrode entails anion migration to the anode, forming CFs
at the electrode–dielectric interface, the vacancies move toward
the cathode, causing the device to transition from the HRS to the
LRS. The reversal is implemented by applying a reverse voltage,
which is the migration of the vacancies to the top electrode while
interacting with the ions and the CFs rupture.91,99 It is undeni-
able that the formation and rupture of perovskite-based memris-
tor CFs rely on their intrinsically low activation energy for the

migration of vacancies (e.g., Ea V�I
� �

is B0.58 eV), a critical factor

for the devices to achieve a small set/reset voltage and low power
consumption. For example, in 2016, Jang-Sik Lee’s team reported
that low activation energy I� defects in MAPbI3 tend to move
along perovskite grain boundaries to form CFs, which is a key
factor in causing resistive switching.100 Ye et al. identified that

the bromide vacancies V�Br
� �

in Cs2AgBiBr6 serve as the main ion

constituting the CFs under the electric field due to its lowest
activation energy (0.438 eV) and high mobility.101 Furthermore,
the soft inorganic lattice of perovskites enables ions to navigate
through their matrix effortlessly, allowing for facile RS and
minimizing energy consumption in perovskite-based memris-
tors. As early as 2015, Yoshitaka Tateyama’s team102 utilized
first-principles theoretical calculations to reveal that I� anions
in organic–inorganic perovskite MAPbI3 and FAPbI3 possess a
lower migration activation energy and are more easily diffused at
lower potential barriers than MA+ and FA+ cations. For the first
time, Jinsong Huang’s team103 has provided visual evidence by
scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) that ion migration occurs along the perovs-
kite grain boundaries to form ion channels, thus offering a
reliable explanation for the mechanism behind CF formation.
Jeong et al. investigated the RS effects in the quasi-2D perovskite
((RNH3)2(FA)1Pb2Br7) memristor, and they found that the Br�

ions migrate towards the anode/gold interface, generating V�Br
along grain boundaries within the perovskite film.104

3.1.2 Electrochemical metallization mechanism. The ECM
is predicated on the oxidation of active electrodes (Ag, Cu, Ni,
etc.) to form cations (Ag+, Cu2+, Ni2+, etc.) under the electric
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field, subsequently leading to migration and reduction pro-
cesses that enable the formation and dissolution of metallic
CFs within a solid-state electrolyte. Conducting a forming
process in ECM-based memristors is imperative, where metallic
CFs require a heightened forming voltage excitation during the
first operation. Nevertheless, it is worth noting that the RESET
process does not entirely dissolve the CFs and residues remain
in the dielectric layer. Consequently, during the subsequent
SET operation, only a small SET voltage is required to trigger
the formation of metallic CFs.105 In 2018, Lin et al. analyzed the
cross-section of a flexible Ag/CsPbBr3/PEDOT:PSS/ITO device
based on the polyethylene terephthalate (PET) substrate
through SEM and EDS. They observed the diffusion of Ag atoms
from the top electrode into the perovskite layer, consequently

bridging the connection between the top and bottom
electrodes.106 The formation of metallic CFs is closely related
to the thickness of the perovskite dielectric layer. Sun and
coworkers observed the competition and coexistence of Ag
CFs and V�I CFs in Ag/MAPbI3/FTO cells with a dielectric layer
of 90 nm thick using a conductive atomic force microscope
(C-AFM), and demonstrated the correlation between the CF
formation and the thickness of the perovskite layer.107 Specifi-
cally, the thickness is more than 90 nm, the SET voltage is
unable to support the Ag/Ag+ redox reaction, migration, and
accumulation (at least 1 � 107 V m�1 is required), which leads
to the formation of V�I CFs rather than Ag CFs, and the smaller
the thickness of MAPbI3 (o90 nm), the preferential the for-
mation of Ag CFs.

Fig. 3 Schematic diagrams of typical (a) two-terminal and (b) three-terminal devices and their electrical properties. (c) Summary of the switching
mechanism of typical two-terminal memristor devices, including the VCM, ECM, interface-type mechanism, SCLC mechanism, and PCM. (d) Schematic
of a typical FGFET device structure (left panel) and diagrams of the energy band. (e) A classical device structure of the phototransistor (left panel) and the
two modulation mechanisms (right panel).
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3.1.3 Interface barrier-regulated mechanism. In contrast to
the CF mechanism, interface barrier-regulated type RS occurs
across the entire interface between the electrode and the
intermediate dielectric and is based on the Schottky barrier
height variation. The resistance of interface-type RS devices is
typically inversely proportional to the electrode area.108 Upon
the interaction of two materials with disparate work functions
and electron affinities, carriers are necessitated to migrate to
reach an equilibrium state where the Fermi energy levels align
on both sides of the interface. This interaction induces the
bending of the semiconductor energy bands due to a built-in
electric field, forming a Schottky barrier.109 The fundamental
reason for the change in interface contact resistance is the
injection/extraction of carriers and charge trapping/release of
vacancies or other defects under the influence of an electric
field (or illumination, etc.), which in turn modulates the
Schottky barrier height. Guan’s group reported on interfacial
barrier-regulated RS mechanisms in devices based on the Au/
MAPbBr3/ITO structure. The primary mechanisms underlying
the RS behavior are attributed to the p-type doping caused by
the migration of MA vacancies (V�MA) within the perovskite layer,
coupled with changes in the Schottky barrier height resulting
from the Schottky barriers and applied bias voltages at the
perovskite/ITO interface.110 Similar to the previously mentioned
electronic switch, light illumination can further instigate charge
trapping and release (de-trapping) at the bulk and interface of
perovskite devices.111 The capture/release lifetimes of photogen-
erated charge carriers in perovskites can be intricately regulated
by adjusting the light intensity and wavelength, as well as the
repetition time of the light stimulation. Such meticulous control
subsequently refines the ion ratio in perovskites, thereby orches-
trating the conductivity to engineer optoelectronic artificial
synapses and facilitate neuromorphic computing.112

3.1.4 Space-charge limited current mechanism. The SCLC
mechanism in perovskite-based two-terminal RS devices is depen-
dent on the charge-trapping mechanism, where the specific RS
behavior is closely related to the density of charge traps in the
dielectric material. Since perovskites commonly use solution-
based thin-film deposition processes, this leads to abundant
defects and impurities, which can introduce energy levels within
the forbidden bands of the dielectric material, thereby altering the
carrier concentration and conductivity. The classification of
charge-trapping mechanisms based on the log plot of current–
voltage (I–V) curves, where the SCLC mechanism exhibits three
distinctive stages: Ohmic region (I p V), Child’s square law region
(I p V2), and high field region (I p Vn, n 4 2).113,114 In 2015, Yoo
fabricated Au/CH3NH3PbI3�xClx/FTO memory devices through a
low-temperature solution-process method. The I–V curve of the
device notably conformed to the triple-stage structure of the SCLC.
Upon a higher electric field surpassing the Ohmic region, defects
were filled, causing a significant increase in the number of charge
carriers within the perovskite and transitioning the device to LRS.115

Other examples of halide perovskite compositions and device
structures following the SCLC mechanism include Au/(PEA)2PbI4/
FTO (PEA: phenethylamine),116 Pt/CsPbBr3/Cu2O/FTO,117 and
ITO/PMMA/PeQDs:PMMA/PMMA/Ag (where PeQDs refers to

CH3NH3PbBr3 QDs).118 In addition, charge traps are also present
at the interface of the Schottky barrier. In contrast to the interfacial
barrier mechanism, SCLC focuses on the filled and unfilled states of
the charge traps induced by a field action, which contribute to the
RS. This modulates the width of the Schottky barrier to change the
conductivity state via charge capture and release.

3.1.5 Phase change mechanism. The PCM reliant on phase-
change materials with two distinct phase structures (amorphous
and crystalline phases) is widely utilized in rewritable optical
data discs. The microstructural differences between the amor-
phous (disordered) and the crystalline (ordered) phases lead to
significant variations in optoelectronic properties.119 Leveraging
this distinction, state transitions can be triggered by subjecting
materials to current or laser pulses. By applying a small pulse
heating to increase the material’s temperature above its crystal-
lization point but below its melting point, an energetically
favorable atom rearrangement is induced, converting the amor-
phous HRS into the crystalline LRS. Subsequently, with a more
intense pulse, Joule heating rapidly elevates the temperature of
the material above its melting point, initiating a rapid heat
dissipation process with cooling rates exceeding 109 K s�1.
Thus, the crystalline LRS phase can be quenched back to the
amorphous HRS phase.120 Owing to the rapid crystallization
rate of phase-change materials, the writing operation can be
performed at high speeds. Zou et al. achieved a breakthrough in
the perovskite-based PCM by employing gas-phase deposited
CsPbIBr2 thin films to achieve reversible phase transformation
between the cubic (a) phase and the orthorhombic (d) phase via
laser-induced heating and humidity exposure cycles.121 The
photo-memory (PM) pixels in the a phase showed a higher
responsivity than those in the d phase (up to 1.5 A W�1), a
broader absorption spectrum (from 350 to 600 nm), along
excellent endurance and retention performance. Akash Singh
et al. achieved structural customization of 2D perovskite nanos-
tructures using chiral organic cations, resulting in [S-(�)-1-(1-
naphthyl)ethylammonium]2PbBr4 (S-NPB) with temperature-
dependent and reversible crystalline-glass phase transition.122

Each phase exhibits distinctive optoelectronic properties, pre-
senting new opportunities for applications such as non-volatile
memory (NVM), optical communication, and neuromorphic
computing.

3.2 Main mechanism of field-effect transistors

3.2.1 Floating-gate transistors. The floating-gate transistor
(FGFET), conceived as a non-volatile storage element, was first
proposed by Kahng and Sze at Bell Labs in 1967.123 The FGFET
boasts a distinctive design that incorporates a floating gate (FG)
within its dielectric layer. This FG acts as a charge storage layer
(CSL), setting it apart from the blocking dielectric layer (BDL)
that impedes charge transfer, and the tunneling dielectric layer
(TDL) that regulates charge transfer between the FG and the
channel, as illustrated in Fig. 3(d). The resistive state of the
device mainly depends on the state of the charge of the FG
acting as a charge trap, which enables the switching of HRS and
LRS states of the device.124,125 In 2017, Chen’s group developed
a perovskite-based non-volatile FG optical memory, where
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polystyrene (PS) substrates mixed with MAPbBr3 are used as FG to
regulate current transfer in the pentaphenyl active channel. By
virtue of its photosensitive feature, this novel non-volatile memory
facilitates multi-level storage.116 Lai and co-workers utilized 2D
Ruddlesden–Popper perovskite (2D-RPP (BA)2MAPb4I7) layers as
FG. With a unique inorganic/organic chain-substituted structure
and appropriate tunneling barriers, the device achieves a control-
lable maximum memory window up to 92 V, 104 high on/off ratios,
500 ms fast write speed and multi-bit storage capability.125

3.2.2 Phototransistors. Due to the attractive properties
inherent in perovskite materials, they have shown great potential
in optoelectronic devices. Compared to other detectors, photo-
transistors based on the inherent amplification gain of the
transistor itself and the tunable nature of the gate electrode offer
a feasible approach to enhance the internal photocurrent gain,
modulate the charge carrier transport and separation processes,
and further optimize the device performance. In these devices,
incident light influences the channel conductance of photogen-
erated carriers and acts as an additional gate electrode, and the
electrical gate can be either open-circuited or applied to modulate
the carrier density in the channel and adjust the photoresponse
characteristics shown in Fig. 3(e). The photoinduced charge
transfer mechanism in perovskite phototransistors involves sev-
eral critical steps, beginning with the absorption of photons that
generate electron–hole pairs. These charge carriers quickly sepa-
rate within the material to avoid recombination and move toward
their respective electrodes under the influence of the internal
electric field, thereby generating a photocurrent. The efficiency of
this process is significantly influenced by the state of the material
interfaces and the alignment of energy levels. Optimizing these
interfaces can substantially enhance the photovoltaic conversion
efficiency and overall performance of the device, which is crucial
for advancing the application potential of photodetectors and
photovoltaic devices.126 In another case, the photoelectric effect
can also be utilized in photoelectric transistors, where the built-in
electric field of the Schottky barrier is modulated by the gate
voltage to separate the photogenerated charge carriers.127 For
example, Chen et al. demonstrated highly sensitive visible-light
transistors using ((C6H5C2H4NH3)2SnI4(PEA)2SnI4) as the channel
layer. The remarkably high EQE confirms the controlled conduction
of photogenerated carriers through visible light-triggered charge
injection from the biased electrode, while the unique LD structure,
extending along the direction of carrier transport, achieves efficient
charge injection resulting in a high photoresponse (104 A W�1).128

Liu et al. fabricated a (C4H9NH3)2(CH3NH3)n�1PbnI3n+1-based FET,
where the device current is dominated by the Schottky barrier at a
low gate voltage, enhancing the charge injection efficiency of
photogenerated carriers and linear dependence of photocurrent
on light intensity. In contrast, at a higher gate voltage, the photo-
generated carriers only modulate the channel conductivity.129 These
hold the potential for developing sensitive perovskite-based photo-
electric transistors or optically triggered memory devices.

3.3 Key performance metrics of artificial synapses and neurons

Artificial neuromorphic devices, emerging as a pivotal research
avenue in the interdisciplinary field of neuroscience and

artificial intelligence, hold a significant value for the realization
of brain-like computation in artificial intelligence. Mimicking
the functionalities of biological neurons and synapses, as
illustrated in Fig. 4(a), these devices facilitate the construction
of neural networks that resemble the human brain’s intricate
architecture.130 Synaptic plasticity is one of the all-important
features of artificial neuromorphic devices, rooted in the ability
of synaptic connections in the device to change connection
strengths or weights (physical parameters including current,
conductivity, and resistivity) reflecting historical experience,
and is fundamental to the realization of learning and memory
functions. Artificial neuromorphic devices achieve synaptic
plasticity by modeling the adjustability of parameters such as
currents, voltages, and thresholds between pre- and post-
synaptic neurons. Moreover, these devices can implement the
electronic or optical methods to simulate synaptic activation
and renewal processes, thus closely simulating the dynamics of
synaptic plasticity observed in biological nervous systems.131,132

The basic functions of neurons and their synapses in the neural
system are summarized in Fig. 4(b). Post-synaptic currents (PSC)
typically arise following external stimulation of the pre-synaptic
membrane and involve excitatory and inhibitory post-synaptic
currents (EPSC/IPSC). The phenomenon of synaptic plasticity is
characterized by two primary forms: short-term synaptic plasti-
city and long-term synaptic plasticity. The short-term synaptic
plasticity refers to a series of physical changes, including short-
term potentiation/depression (STP/STD), elicited by a stimulus
with a short duration (lasting only a few seconds to a few
minutes). It is mainly shown as paired-pulse facilitation (PPF),
paired-pulse depression (PPD), spike-number-dependent plasti-
city (SNDP), and spike-voltage-dependent plasticity (SVDP). Con-
versely, the long-term synaptic plasticity refers to the plasticity
of neurons that lasts for a longer period (days or even years)
after repeated stimulation, including long-term potentiation/
depression (LTP/LTD). Typical long-term synaptic plasticity
includes spike-rating-dependent plasticity (SRDP) and spike-
timing-dependent plasticity (STDP) as an important tool for
exploring interactions and neuronal connections’ adaptation
to adjust input patterns and strength.

4 Perovskites and different materials
composites in neuromorphic devices
4.1 Organic materials and perovskite complexes

An organic material is a broad term used to describe a wide
range of substances that contain carbon atoms, and almost all
living organisms on Earth are made up of carbon-based com-
pounds. Owing to their intricate chemical structures, organic
compounds are incredibly versatile. They can be modified in
many ways to endow them with unique optical, electrical,
thermal, and biological properties, making them well-suited
for a diverse range of applications. For example, incorporating
functional groups such as diazo groups, cinnamoyl, acrylates,
etc., can modify the light-sensitive properties of the organics to
make them single/multiple light-responsive functionalities.133
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Moreover, the wettability can also be modified by surface modifica-
tion with hydrophilic/hydrophobic groups or surfactants.134,135 Con-
jugated systems of organic materials significantly contributed to the
development of organic semiconductors and delivered the pro-
spect of future innovations in the field of organic electronics,
paralleling the achievements of silicon in the semiconductor
industry. Attributable to their unique optical and electrical

properties as well as abundant synthesis space for chemical mod-
ification, organic semiconductor materials (including p-conjugated
polymers, small-molecules, and composites) have established a
strong position and significant commercial potential in the
fields of organic light-emitting transistors (OLETs), organic
light-emitting diodes (OLED), organic solar cells, and electro-
chromic devices.136–138 For example, organic semiconductor

Fig. 4 Schematic diagram of the basic composition and function of neurons and their synapses in the neural system. (a) The synapse section highlights
the process of signal transmission from the axon hillock to the synapse, while the neuron section illustrates the flow of signals from dendrites to axons.
(b) Various types of synaptic plasticity, including EPSC, IPSC, STP, LTP, PPF, PPD, SNDP, SVDP, SFDP, LTP/LTD, and STDP. The graphs in the illustrations
depict current changes in neuronal synaptic transmission under specific stimulus conditions, emphasizing the intricate nature of biological nervous
systems in information processing and memory formation.
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materials such as polythiophene (P3HT) and phenyl-C61-butyric
acid methyl ester (PCBM) and other hybrid materials are utilized
to assemble solar cells, emerging as a hotspot for research on
new renewable energy sources.139–142 Homogeneous small mole-
cule semiconductor and polymer light-emitting materials in the
field of OLEDs can achieve more colorful, high-definition image
effects.143,144 In the following, we will discuss the effects of
different types of organics, including organic semiconductors
(small-molecule organics and polymers) and organic salts coupled
with perovskites, on enhancing the performance of optoelectronic
devices.

4.1.1 Small-molecule organic and perovskite complexes.
Small-molecule organic semiconductors offer an attractive option
for microelectronics because of their simple molecular structure,
tunable molecular architecture, precise and controllable molecular
packing capabilities, and high-mobility. In particular, the recent
development of n-type small-molecule semiconductors provided the
driving force for the evolution of electrochemically stable and high-
mobility organic field-effect transistors (OFETs).145,146 The integra-
tion of organic small-molecule semiconductor materials, known for
their excellent charge-transfer properties, with perovskite materials,
recognized for their excellent optoelectronic properties, is antici-
pated to improve the performance of a single perovskite device, both
by enhancing the photosensitivity of the system and by adopting the
simple solution method.

The solution method stands as an effective method to realize
high efficiency, simple, and facile large-scale preparation of
small-molecule semiconductors that are compatible with perovs-
kites. Wang et al.147 implemented a flash memory utilizing a type
II heterojunction (suitable valence and conduction band relation-
ships between the two semiconductors in contact) of CsPbBr3

perovskite QDs and pentacene to realize photonic memory and
emulate artificial synaptic functions (Fig. 5(a) and (b)). Notably,
the heterostructure formed between CsPbBr3 perovskite QDs and
pentacene semiconductor layers can be used as the basis for the
optically programmable and electrically erasable properties of the
memory device and achieved basic synaptic functions, including
STP, LTP, PPF, PPD, SRDP, etc. Utilizing the optical/electrical
properties of the device, the synaptic weights of the memory
device were adapted in response to varying light wavelengths
(365, 450, 520, and 660 nm). More importantly, Wang employed
the in situ Kelvin Probe Microscopy (KPFM) to visually explain the
device’s working mechanism through the change of the penta-
cene/PMMA/CsPbBr3 film surface potential in Fig. 5(c)–(h). They
found that the electrons accumulated in the CsPbBr3 QD layer
and the holes could easily escape into the pentacene due to the
bending of the energy bands at the heterojunction interface. Such
dynamics led to a sudden increase of the surface potential, which
in turn indicated that the photon synaptic behavior of the device
originated from the electron trapping ability of the CsPbBr3 QD
layer and demonstrated the photonic synaptic behavior of the
device originated from the electron trapping ability of the
CsPbBr3 QD layer. An interesting observation is that mixed halide
perovskites induces halide-ion segregation following photo-
stimulation, while after the withdrawal of illumination, halides
and ions within the halide perovskites with low Ea slowly revert to

their original positions. Taking advantage of this phenomenon,
Liu et al. designed neuromorphic phototransistors with mixed
halide perovskites (CsPbBrxI3�x) and 6,13-bis(triisopropylsilyl-
ethynyl)-pentacene (TIPS) thin films through a solution method
for modeling experience-history-dependent sensory adaptation
(Fig. 5(i)).148 They found that the CsPbBrxI3�x film tended to
accumulate more I ions localized after each photo-stimulation,
leading to energy band bending, which subsequently influenced
the separation of photogenerated carriers at the CsPbBrxI3�x/
TIPS interface (Fig. 5(l)). Additionally, CsPbBrxI3�x forms type II
aligned heterojunctions with TIPS contributed to a delayed
photocurrent response and facilitated the phototransistor to
simulate photo-stimulated biological synaptic events (Fig. 5(j)).
The above research studies provide ideas for solution-processed
all-inorganic perovskites and rational modulation perovskite
heterojunction interfaces, which can be used to simulate
human visual-sensory adaptation and advance artificial neuro-
morphic device technology.

4.1.2 Polymers and perovskite complexes. For the design
and application of perovskite neuromorphic devices, small mole-
cule and polymer materials play a crucial role, each optimizing
device performance through their unique physical and chemical
properties. Although small molecule materials can provide high
carrier mobility and satisfactory energy level modulation, however,
the poor environmental stability of such materials limits their
reliability in long-term applications. In contrast, with their long
molecular chains and high molecular volume, polymer materials
not only improve the interfacial compatibility and mechanical
strength of the devices but also enhance the environmental
stability and durability of the devices, improving carrier injec-
tion efficiency and overall device performance. This makes
polymer materials particularly suitable for applications that
require flexibility, such as flexible electronics and wearable
devices.151–154 In addition, the high malleability of polymers
supports more diverse device designs, enabling them to cope
with variable computing tasks.

Owing to the diverse rheological properties of polymer
solutions, solution-processing techniques can be easily adapted
to realize high-throughput, low-cost, and large-area device fabri-
cation, which is more compatible with the solution-processed
method of perovskites, thus providing a new opportunity for the
development of perovskite devices. For instance, most perovskite
photosensor devices fail to realize the function of recording
transient signals or storing signals under light conditions, where
solution-processed polymer semiconductors emerge as an opti-
mal choice. Pioneering this field, Chen and co-authors149 deli-
cately designed perovskite–semiconductor interfaces with
appropriate energy offsets and morphology to facilitate charge
storage capabilities through optostimulation. They developed a
non-volatile optical memory with a hybrid substrate based on the
MAPbBr3 NPs perovskite and polystyrene (PS) as shown in
Fig. 5(m). The threshold voltage shifted from �7.4 V to �0.69 V
after 120 s of UV illumination (365 nm, 3.5 mW cm�2) as shown
in Fig. 5(n), indicating that the MAPbBr3 NPs/PS composite
membranes act not only as electron trapping sites but also in
eliminating the electron/hole radiative complexes, thus effectively
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Fig. 5 (a) Schematic of the CsPbBr3 QDs-based flash memory and (b) SEM cross-section image of the Au/pentacene/PMMA/CsPbBr3/SiO2/Si device. (c)
Schematic of the in situ KPFM manipulation on CsPbBr3/PMMA/pentacene films. (d) Surface potential and (e) potential distribution diagrams before and
after illumination at 660 nm, 520 nm, 450 nm, and 365 nm wavelengths with a light intensity of 0.153 mW cm�2. (f) Schematic of the process of charge
injection into the CsPbBr3 QD layer charge using a Pt/Ir conducting tip. (g) Snapshots of the preservation properties of the field recordings of the
captured charge at 0, 1, 2 and 3 h and (h) surface potential difference from (g). Reproduced with permission from ref. 147. Copyright 2018, Wiley-VCH. (i)
Schematic of the mechanism for simulating experience-history-dependent adaptation in CsPbBrxI3�x/TIPS hybrid phototransistors. (j) Transfer curves of
CsPbBrxI3�x/TIPS hybrid phototransistors under 400 nm, 500 nm and 650 nm illumination (10 mW cm�2). (k) Repeated photo-potential and electrical
inhibition of postsynaptic currents. (l) Schematic of the carrier transport mechanism of CsPbBrxI3�x/TIPS hybrid phototransistors under positive and
negative gate biases at 400 nm, 500 nm and 650 nm light, respectively. Reproduced with permission from ref. 148. Copyright 2021, American Chemical
Society. (m) Schematic of MAPbBr3/PS photomemory devices. (n) Transfer characteristics of the device at VDS = �60 V. (o) Time–IDS curves at 450, 530,
and 630 nm at VDS = �5 V.149 Copyright 2017, Wiley-VCH. (p) The FT-IR spectra of pristine BCP-1 and MAPbBr3 and BCP-1/MAPbBr3 composite
membranes. (q) Schematic of the PS-b-PEO/MAPbBr3 photomemory device. (r) Optical absorption spectra of P3HT films and BCP/MAPbBr3 composite
films. Reproduced with permission from ref. 150. Copyright 2020, Wiley-VCH.
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storing the charge. Conductivity retention properties at 450, 530
and 630 nm wavelengths with a light intensity of 3.5 mW cm�2

lasers were also achieved (Fig. 5(o)). The impact of photoinduced
charge transfer at the interface of pentacene and MAPbBr3 NPs
was analyzed using KPFM. The results showed that the average
potential of the surface after exposure to light at a wavelength of
630 nm for 120 s was the same as that in the dark. In contrast, the
potential of the pentacene surface was elevated after exposure to
light at 530 nm and 450 nm. All these explain the mechanism of
photogeneration of electrons within the perovskite floating gate
followed by electron capture leading to the multilevel optical
memory behavior. Subsequently, Chen’s group155 explored the
floating-gate transistor memory based on the above device archi-
tecture and investigated the effect of different polymers/perovs-
kite matrix dielectrics on the nonvolatile optical response of the
device in depth. Different photo memory behaviors were
observed for the four polymers (polystyrene (PS), poly(4-vinyl-
phenol) (PVPh), poly(methyl methacrylate) (PMMA), and
poly(methacrylic acid) (PMAA)) studied in mixed dielectrics with
the MAPbBr3 perovskite, primarily attributed to the variance in
MAPbBr3 perovskite particle sizes with different morphologies
distributed in the dielectric layer (their FT-IR spectra and optical
absorption spectra are shown in Fig. 5(p) and (q)). It was observed
that the smaller perovskite particles in the dielectric layer,
especially for PMMA and PMAA, benefit from the confinement
of the boundary, enhanced light-induced charge transfer at the
dielectric/pentacene interface, and a corresponding increase in
the photo-responsive behavior and on/off current ratio.

Block copolymer (BCP) represents a polymer synthesized by
the polymerization of two or more monomers containing at
least two chemically different units connected by chemical
bonds. A simple solution-processed self-assembled BCP film
provides a simple path toward miniaturization and enhanced
precision for the sustainable advancement of the electronics
industry.156–158 Besides, the BCP films prepared by the in situ
self-assembly method boasted high charge storage capacity and
prolonged storage duration, suitable for non-volatile memory
devices.159 Chen et al.150 first reported that a nonvolatile flash
photomemory employed an in situ synthesis strategy to fabricate
MAPbBr3 perovskite nanostructures as a photoactive floating gate
within BCP polystyrene-block-poly(ethylene oxide) (PS-b-PEO), and
with solution-processing of poly(3-hexylthiophene-2,5-diyl) (P3HT)
as the active channel. Asymmetric linear block copolymers of two
types named BCP-1(PS24k-b-PEO21k) and BCP-2(PS114k-b-PEO31k),
respectively, as well as the responsive homopolymers PEO and
PS were selected as matrix-dispersed perovskites. The perovskite
films geometrically constrained in the BCP were confirmed by
SEM characterization. The on/off current ratios of BCP-1/MAPbBr3

and BCP-2/MAPbBr3 films under field-effect modulation were 4.07
� 104 and 8.15 � 103, respectively. After illumination with a light
source of 520 nm (454.36 mW cm�2) for 4 min, the electron
transfer curves for both BCP-1/MAPbBr3 and BCP-2/MAPbBr3 were
shifted to positive values, owing to the electron-trapping cap-
ability of the perovskite. In contrast, devices incorporating non-
BCP layers of PS/MAPbBr3 and PEO/MAPbBr3 as photo-induced
charge storage layers exhibited deteriorated modulation effects

post-illumination. Additionally, the device enables long-term,
non-volatile optical memory capabilities extending up to 4000 s,
with storage at different light wavelengths and intensities, as
well as an extremely short (5 ms) photoprogramming time.
Mechanistic studies have shown that perovskite photo-
generated carriers, in which holes are injected into the P3HT
and electrons are trapped by the discontinuous BCP/perovskite
films, effectively prevent charge depletion. Then, Chen’s group
extended this work and further investigated the degree of the
preferential orientation of perovskite crystals in photomemory
devices towards the optoelectronic properties.160 Here, pheny-
lethyl ammonium bromide (PEABr) was integrated into the
formamidinium lead bromide perovskite (FAPbBr3), aiming to
enhance the crystal orientation of the quasi-2D perovskite over
the traditional 3D perovskite (FAPbBr3). They explored the
impact of varying perovskite content within the BCP(PS-b-
PEO)/FAPbBr3-x% PEABr in the active layer (1, 5, 10, and 15%)
on the nonvolatile photomemory properties. Compared to the
pure 3D perovskite, this quasi-2D perovskite (BCP/FAPbBr3-5%
PEABr) photomemory improved the charge-transfer efficiency
from 76% to 90% and elevated the photo-switching current ratio
to 104, achieving a photoprogramming rate of 5 ms and the data
storage capacity of more than 7 bits (128 levels) per cell under
450 nm illumination (617.49 mW cm�2). These investigations
provide a balanced approach towards increasing the area
between the perovskite and charge-transport interfaces while
reducing the photoprogramming time to sub-millisecond levels.
A comprehensive analysis of the perovskite crystal orientation
sheds light on its photosensitization characteristics, offering
valuable insights.

4.1.3 Organic salt passivation of perovskites. Organic–
inorganic hybrid perovskites are considered to be one of the
optimal candidates for low-power artificial synapses. Yet, the
conventional in-solution preparation process that makes the
perovskite films suffer from massive defects. These surface/
interfacial defects mainly arise from the vacancies within the
perovskite, including A-sites, B-sites, halide vacancies, and so
on, and these defect states are capable of acting as electron–
hole complex centers, hindering the transport of charge car-
riers, and severely increasing the energy loss. Meanwhile, the
sensitivity of the perovskite to environmental factors like oxy-
gen, water, and heat exacerbates its degradation, further limit-
ing its application in practical deployment. Passivating grain
boundaries on chalcocite surfaces is crucial in preventing sur-
face defects and enhancing stability. Grätzel et al.161 conducted
comprehensive studies on organic and inorganic passivation
with different molecular structures and compositions based on
different mechanisms of passivation of perovskites and classi-
fied the passivation into four categories: organic small mole-
cules, organic ammonium salts, polymers, and inorganic salts.
Perovskite passivation has emerged as the most potentially
attractive method for enhancing the stability and efficiency of
perovskite solar cells. Here, we will concentrate on the advance-
ments in the organic salt-passivated perovskite for artificial
synapses and neuromorphic devices, aiming to underscore its
potential to enhance the device performance and longevity.
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As we mentioned above, a significant challenge with
solution-processed perovskite-based devices is the defects and
inhomogeneities on the surfaces, which lead to device instability
and high power consumption. Perovskite-based memristors have
been criticized for having similar problems. Xu et al.162 success-
fully demonstrated a flexible multilayer architecture of the PET-
ITO/MAPbI3/PEAI/Au artificial synapse by passivating the perovs-
kite with phenyliodonium (PEAI) to eliminate defects and charge
traps (Fig. 6(a)). Various characterization methods, including X-
ray diffraction (XRD), cross-sectional SEM, X-ray photoelectron
spectroscopy (XPS), time-resolved photoluminescence (TRPL),

and trap density (ntrap) calculations, show that the MAPbI3

perovskite layers were successfully passivated. Thanks to the
reduced trap density post-passivation, the energy consumption
per synaptic event was decreased to 13.5 aJ, which is a world
record for bipartite synapses. Additionally, the device demon-
strated an ultrafast response frequency of up to 4.17 MHz,
surpassing previous generations of perovskite artificial synapses
by several orders of magnitude. Furthermore, artificial synaptic
devices can realize the similar properties of synaptic information
transfer in the human brain, such as PPF, EPSC, SDDP, SRDP,
and so on (Fig. 6(b) and (c)). Finally, a multi-stimulus cumulative

Fig. 6 (a) Schematic representation of biological neurons/synapses and perovskite artificial synapse devices. Comparison of (b) EPSC and (c) PPF indices
of chalcogenide artificial synapses with/without PEAI passivation. (d) Schematic of an artificial synapse and a neuromuscular electronic system of the
device. Reproduced with permission from ref. 162. Copyright 2022, Springer Nature. (e) Schematic of the device structure with the PEAI surface
passivator and (f) XRD test plot. (g) Mobility statistics of the pristine device, the PEAI device, and the FPEAI device for 10 devices. (h) The change in drain
current of the device after irradiation with a 405 nm laser and (i) normalized drain current of (h). (j) Histograms of switching current ratios and off-current
ratios. Reproduced with permission from ref. 163. Copyright 2023, Wiley-VCH.
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artificial neuromuscular system was constructed for early warn-
ing of muscle fatigue, as shown in Fig. 6(d). Such artificial
synapses will be used in future biomimetic electronics and neural
robotics.

However, in the 3D perovskite transistor system represented
by Pb-based halides, a serious barrier effect induced by large
amounts of ion migration reduces the charge transport efficiency,
leading to low mobility, low stability, and Pb toxicity problems.
With a lighter element and an atomic radius comparable to that
of the Pb2+, Sn2+ (Pb2+: 1.19 Å, Sn2+: 1.12 Å) is an ideal substitute
for toxic Pb, offering a path toward the fabrication of the high-
mobility halide perovskite.164 In addition, 2D perovskite struc-
tures can effectively reduce the drawbacks caused by ion migra-
tion in 3D perovskites owing to their layered structure. Chueh
et al.163 systematically investigated the effect of PEAI and
4-fluorophenethylammonium iodide (FPEAI) passivation on
improving the charge transport rows and stability of 2D
Sn-based perovskite (PEA2SnI4) transistors (Fig. 6(e)). High-
quality, low-defect perovskite films enabled PEAI- and FPEAI-
passivated devices to achieve hole mobilities (mh) of 2.15 cm2 V�1

s�1 and 2.96 cm2 V�1 s�1, respectively, significantly surpassing
the performance of the unpassivated devices (0.76 cm2 V�1 s�1)
as depicted in Fig. 6(f) and (g). Moreover, the PEAI/FPEAI
passivation increases the photoresponsiveness of the device,
exhibiting a value of a current switching ratio of more than 106

after 3 s of irradiation in blue light (405 nm, 30 mW cm�2) as
shown in Fig. 6(h) and (j) and achieving long-term retention and
non-volatile photosensitive attributes extending over 1200 s as
shown in Fig. 6(i). This long photomemory effect is attributed to
the high photosensitivity of the passivated perovskite films and
generated highly photoexcited excitons that further dissociate
into electrons and holes while reducing the non-radiative com-
plexation rate of electrons and holes. This work demonstrates
that surface passivation serves as a pivotal strategy to effectively
increase the photocurrent and air stability of the device, provid-
ing ideas for the future development of Sn-based 2D perovskites.

4.2 Nanomaterials and perovskite complexes

Nanomaterials with their unique physical and chemical proper-
ties alongside highly programmable architecture structures are
widely used in the fields of energy, optoelectronics, and biome-
dicine. For instance, 1D nanowires are instrumental in pushing
forward the development of low-power, miniaturized memories,
while 2D materials such as graphene, transition metal dihalides
(TMDs), BP, and others are celebrated for their exceptional
qualities in transistors and artificial synaptic devices.165,166

Furthermore, nanoparticles hold potential in crafting high-
density memory devices, including flash memory and memris-
tors. Nonetheless, both individual nanomaterials and perovskites
encounter specific challenges in certain applications. For exam-
ple, the energy band structure and optical properties of nanoma-
terials might not meet the precise requirements of certain
devices, whereas the perovskite is challenged by issues related
to stability and photoelectric conversion efficiency. To address
these challenges, compositing nanomaterials with perovskites
has emerged as a highly promising research field. Here, we

explore the different dimensions (including 2D, 1D and 0D) of
nanomaterials combined with perovskite materials for their
applications in electronic devices and neuromorphic computing.

4.2.1 2D layered materials and perovskite heterostructures.
2D layered materials with exceptional mechanical, electronic,
and optical properties and exceptional in-plane stability are avail-
able to promote the limitations of conventional semiconductor
technology and deliver unusual functionality for their attractive
structural, electronic, and optoelectronic properties.167 In particu-
lar, the bonding between adjacent layers is facilitated by weak
vdWs interlayer forces, ensuring a dangling-bond-free surface. This
distinctive characteristic permits the splitting of layers to atomic
thickness and the formation of high-quality stacked heterojunc-
tions, irrespective of the atomic co-compatibility present in bulk
materials. Furthermore, the atomic thickness endows the 2D
layered materials with superior electrostatic control, and the
dangling-bond-free surface preserves high mobility even at a single
atomic layer. Integrating perovskites with 2D layered materials in
heterojunctions presents a highly attractive option for the follow-
ing reasons. Firstly, the atomic-level thinness of 2D materials
renders them vulnerable to neighboring electric and magnetic
fields generated by perovskite oxides. Secondly, 2D materials
possess vital electronic and optoelectronic features that are not
present in perovskites. Lastly, high-quality interfaces of 2D materi-
als enable the assembly of 2D-perovskite heterostructures in
arbitrary combinations without limitations such as interfacial
lattice mismatches. Here, we summarize the application of 2D
material/perovskite heterostructures in optoelectronic devices,
including graphene/perovskite, TMDs/perovskite, and BP/perovs-
kite heterostructures.

4.2.1.1 Graphene/perovskite heterostructures. Graphene emerges
as an ideal candidate for electronic and optoelectronic devices on
account of the features like broadband absorption, ultrahigh
carrier mobility (surpassing 15 000 cm2 V�1 s�1), environmental
stability, and remarkable flexibility.168,169 Numerous composite
devices incorporating graphene have been created for energy
harvesting and storage, photodetectors, and transistors. Nonethe-
less, the low absorption rate of visible light (merely 2.3%) by the
single-layer graphene and high carrier complexation rates restrict
its application in optoelectronics. Additionally, to date, the sensi-
tivity of graphene photodetectors to light has been confined to
approximately 10�2 A W�1.170–172 Conversely, organic–inorganic
halide perovskites have emerged as highly promising materials for
optoelectronic devices, owing to their bandgap tunability across
the visible spectrum, high PL quantum yield, narrow emission
spectrum, and high extinction coefficient. However, the perovskite
inferior charge transport relative to graphene constitutes a sig-
nificant limitation. Consequently, combining perovskites with
graphene nanosheets forms heterostructure devices that solve
their shortcomings and enhance charge transfer, opening up
new possibilities for electronic and optoelectronic devices.

To improve the photoresponse of pristine graphene photo-
detectors, Lee et al.173 hybridized single-layer graphene with the
PbMAI3 perovskite as shown in Fig. 7(a), which allowed for an
increase in the optical absorption and photochemical mechanisms
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Fig. 7 (a) Schematic of the CH3NH3PbI3 perovskite–graphene hybrid photodetector. (b) Photocurrent of the hybrid photodetector at VG = 0 V as a
function of illumination wavelength. (c) Photoresponsivity (R) and EQE with an illumination light wavelength.173 Copyright 2014, Wiley-VCH. (d) A growth
schematic and application schematic of the formation of a G-PQD layer grown on graphene. (e) Neuronal network structure for face recognition and
synaptic weights of trained real images and corresponding output neurons. Reproduced with permission from ref. 175. Copyright 2020, American
Association for the Advancement of Science. (f) Schematic illustration of the graphene–perovskite hybrid phototransistor. (g) Band diagrams of graphene
and the perovskite. Reproduced with permission from ref. 176. Copyright 2017, Springer Nature. (h) Adaptation of the human eye and CsPb(Br0.5I0.5)3–
MoS2 phototransistor. The inset is the schematic of the sensory-adaptation sensor device. (i) Schematic of the energy band structure diagrams of
CsPbBr3, CsPb(Br0.5I0.5)3, and MoS2. (j) The energy band diagram structure of CsPb(Br0.5I0.5)3–MoS2 heterojunctions under RGB short- and long-term
illumination. Reproduced with permission from ref. 177. Copyright 2020, American Chemical Society. (k) Schematic and SEM images of the gas-phase
synthesis of MAPbI3/WS2 heterostructures. (l) I–V curves of MAPbI3/WS2 photodetectors at different laser illumination powers. (m) Vg dependence of
photocurrent (Vd = 10 V; Plaser = 4.4 mW cm�2). Reproduced with permission from ref. 178. Copyright 2020, American Chemical Society. (n) Schematic
diagrams of electron/hole transport and the energy bands of the Schottky contact in the metal/BP cross-sections in the absence of illumination and the
presence of light. Reproduced with permission from ref.179. Copyright 2019, Wiley-VCH. (o) Schematic diagram of the FLBP-CsPbBr3 double-ended
threshold switching memristor (TSM). (p) I–V curves for 100 TSMs. (q) Schematic structure of the attached compound eye of Locusta migratoria with an
omnidirectional optical sensing function. (r) I–V curves of FLBP-CsPbBr3 TSM under different optical power positive scans. Reproduced with permission
from ref. 27. Copyright 2021, Springer Nature.
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of the hybrid system, with the device exhibiting a broad-spectrum
photoresponsivity between 800 and 400 nm (Fig. 7(b) and (c)). In
addition, the photoresponse and EQE were 180 A W�1 and 5 �
104%, respectively, at a 1 mW illumination power. Addressing the
serious charge-compounding phenomenon caused by poor-quality
perovskite films, Wang et al.174 adopted a solvent method and
rapid crystalline deposition to control the isolated perovskite
islands on graphene sheets serving as the transistor channel
material (Fig. 7(d)). With the benefit of an effective photovoltaic
effect on graphene and increased photocarrier lifetimes trapped in
separate islands of the well-controlled perovskite, the device
achieved a responsivity of 6.0 � 105 A W�1 and a substantial
photoconductivity gain of 109. Subsequently, Pradhan et al.175

developed ultrathin transistors and photonic synapses by directly
growing perovskite quantum dots from the lattice of graphene
(Fig. 7(d)), with the device architecture. Density functional theory
(DFT) calculations explain the mechanism by which the direct
growth of perovskite quantum dots on graphene facilitates more
efficient charge transfer compared to other heterostructures fabri-
cated via deposition methods like spin coating. The results
revealed that the photoresponsivity at 430 nm was 1.4 �
108 A W�1 and the specific detectivity (D*) was 4.72 � 1015 Jones.
The investigation highlights that the device features typical photo-
nic synaptic properties under tuning light, with the advent of PPF,
STP, and LTP functionalities. A spiking neural network (SNN) was
constructed to perform unsupervised machine learning and face
recognition with the fitted conductance properties of the device
(Fig. 7(e)). A high-quality heterojunction interface is crucial for
improving the charge transport efficiency. To improve the interface
quality between perovskite films and graphene, Chang et al.176

adopted a sequential vapor deposition method to fabricate
MAPbI3 perovskite–graphene hybrid phototransistors (Fig. 7(f)). This
method enables the formation of ultra-flat perovskites on graphene
nanosheets, achieving high-quality heterojunction interfaces.
Thanks to the unique energy level mismatch heterojunction struc-
ture of graphene covered by homogeneous perovskites, the hetero-
junction delivers high exciton separation under light exposure,
which enables efficient photocurrent generation depicted in
Fig. 7(g). This architecture achieved an ultra-high responsivity
(1.73 � 107 A W�1), a detectivity (2 � 1015 Jones), and an ultra-
high effective quantum efficiency (108%) in the visible range of
450–700 nm.

4.2.1.2 TMDs/perovskite heterostructures. 2D materials of
TMDs represent a large family with a stoichiometric ratio of
MX2 (MX2 = X–M–X, where M is a transition metal and X are
typically S, Se, or Te), with a stacked M atomic layer sandwiched
between two X atomic layers, adjacent TMD layers being con-
nected by vdWs forces.180 There are three common polymorphs
of TMDs, including 1T, 2H, and 3R (where T, H, and R represent
triangles, hexagons, and rhombuses, respectively).181 While
TMDs exhibit properties such as suitable bandgaps and high
carrier mobilities that are beneficial for photovoltaic applica-
tions, they primarily act as charge transport layers in solar cell
architectures rather than the main photoactive materials.182–185

Recent studies have emphasized the role of TMDs in enhancing

charge carrier mobility and reducing recombination losses
when used in conjunction with high-absorption materials such
as perovskites.186,187 It is important to clarify that in the context of
TMDs/perovskite heterojunction photovoltaic devices, TMDs typi-
cally do not function as the primary photoactive layer but rather
contribute to the device’s efficiency as excellent charge transport
layers. The perovskite layer acts as the main light absorber while
TMDs enhance interfacial charge carrier dynamics, demonstrating
a synergistic effect that boosts the device performance.188

Numerous studies have delved into various TMDs/perovskite
heterojunctions for photodetectors, phototransistors, and other
optoelectronic devices, for example, WS2/perovskite, MoS2/perovs-
kite, WSe2/perovskite189 heterojunctions and so on. Hong et al.177

reported that the CsPb(Br0.5I0.5)3 perovskite/MoS2 heterojunction-
based phototransistor emulates the sensory adaptation in
response to a continuous light stimulus. The transfer characteristic
curves revealed that the CsPb(Br0.5I0.5)3 perovskite/MoS2 hetero-
junction exhibited a higher photocurrent (Iph = Itotal � Idark) under
blue, red, and green light illumination compared to pure MoS2,
and it was observed that the photocurrent of the phototransistor
diminished over time (Fig. 7(h)). The energy band diagram of the
CsPb(Br0.5I0.5)3 perovskite/MoS2 heterojunction under illumination
present in Fig. 7(i) and (j) demonstrates the photogenerated
carriers transferred from the perovskite to the MoS2 channel owing
to the difference of band-edge positions to enhance the photo-
current of the device. Finally, they investigated the time-resolved
photo response of the device under continuous red and pulsed
illumination, effectively stimulating the sensory adaptation beha-
vior of neuromorphic phototransistors. Traditionally, perovskite
synthesis relied on methods such as solution spin coating, vacuum
evaporation, or mechanical stripping methods. However, these
methods produce relatively thick perovskite layers (50–320 nm),
which could compromise the performance and efficiency of
perovskite-based devices.190–192 In particular, the thickness of
perovskites contrasts strongly with that of monolayer TMDs, and
the possible coupling between heterojunction interfaces is difficult
to visually detect or explore, which may hinder understanding the
mechanism involved properly. For the first time, Erkılıc et al.178

achieved large-area 2D perovskite/WS2 heterojunctions through a
novel selective growth method. This process involved vapor-phase
deposition of the PbI2 layer on monolayered WS2 surfaces, fol-
lowed by intercalation of MAI further transformed into the MAPbI3

perovskite (Fig. 7(k)). The MAPbI3 perovskite/WS2 photodetector
under 532 nm laser irradiation at 4.45 mW cm�1 and Vg = 60 V
exhibited a maximum photocurrent of 32.8 nA and a normalized
photoresponsivity of 43.6 A W�1 (Fig. 7(l) and (m)), which signifi-
cantly surpass the photoresponsivity of the monolayer WS2 (3.3 nA)
and the spin-coating perovskite/WS2 photodetector. The PL spectra
demonstrate that the exciton binding energy of MAPbI3 is much
lower than that of WS2; hence, MAPbI3 serves as both a strong
light-absorbing layer and a charge-transfer layer in MAPbI3/WS2

heterojunctions to improve the efficiency of the photodetector.

4.2.1.3 BP/perovskite heterostructures. BP is a highly coveted
layered material due to its layer-tunable bandgap, which can be
tuned by adjusting the number of layers. A monolayer of BP
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exhibits a bandgap within the range of 1.8–2.0 eV, which
gradually diminishes with an increase in layers, converging to
a bulk bandgap of 0.3 eV. These attribute features make BP an
ideal candidate for near- and mid-infrared optoelectronic
applications.193–195 BP uniquely fills the material gap between
zero-gap graphene and larger-gap TMDs, offering versatile
utility across a broad spectrum of applications. Additionally,
high-quality BP films exhibit an impressive hole mobility at
room temperature as well. For example, as previously reported
in 2014, a 10 nm-thick BP film exhibited a hole mobility of
around 1000 cm2 V�1 s�1, while a 4 nm-thick BP layer
sandwiched between hBN layers achieved a hole mobility of
5000 cm2 V�1 s�1 at room temperature.196,197 What’s more, the
carrier mobility of BP at low temperatures reached 2 �
104 cm2 V�1 s�1.198 These exceptional properties make BP a
promising candidate for various electronics applications.

Enhancing the performance of perovskite heterostructures
can be achieved by incorporating the high-performing, low-
dimensional BP material, which makes it ideal for optoelectro-
nics applications. In a study conducted by Ogale’s group199 in
2018, electronic coupling and charge-transfer dynamics between
CsPbBr3 QDs and few-layer BPs (FLBPs) were investigated. In
extensive research involving time-resolved photoluminescence
studies, DFT calculations, and photoconductivity measurement,
it was found that the heterojunctions between FLBPs and
CsPbBr3 QDs lead to an amplified photoelectric effect, owing to
the transfer of charges resulting from the alignment of the type I
energy bands. Subsequently, Chen et al.200 adopted a thermal
injection method for the in situ growth of the CsPbBr3 perovskite
on BP nanosheets to enhance the heterojunction for photodetec-
tion applications. PL spectroscopy confirmed that the in situ
synthesized CsPbBr3/BP heterojunction structure fosters more
efficient charge transfer than the CsPbBr3/BP hybridized nanos-
tructures, while an optimized heterojunction interface signifi-
cantly enhances the BP stability. Finally, the CsPbBr3/BP
heterojunction photodetector boasts high detectivity (2.6 �
1011 Jones). The above strategies for the heterojunction construc-
tion not only provide innovative synthetic methods for optimiz-
ing the perovskite/BP heterojunction interface but also contribute
to improving the effective carrier transfer. Ultrafast high respon-
sivity and fast response speed transistors are reported by Zou
et al.179 owing to the effective carrier transfer efficiency within the
MAPbI3�xClx perovskite/BP heterojunction. The contact interface
between MAPbI3�xClx perovskite/BP forms a Schottky barrier that
restricts the channel current from the source. Under illumina-
tion, MAPbI3�xClx perovskite-generated holes diffuse into the BP
channel while electrons accumulate in the MAPbI3�xClx perovs-
kite layer. Meanwhile, the accumulated electrons generate an
additional electric field near the Schottky barrier, thereby redu-
cing its height and playing a crucial role in ensuring carrier
longevity (Fig. 7(n)). Results show that the transistor delivers a
high responsivity (108 A W�1) and a high specific detectivity
(9 � 1013 Jones) in a wide wavelength spectrum from UV to NIR,
coupled with a rapid response time (10 ms). With the superior
photoelectric coupling and charge transfer effects in the
FLBP/perovskite heterojunction, our research group designed a

real-time collision detection compound eye based on the Ag/
FLBP-CsPbBr3/ITO threshold switching memristor (TSM) for
bionics as depicted in Fig. 7(o) and (p).27 It was observed that
the threshold voltage of this FLBP-CsPbBr3 TSM varied signifi-
cantly at different optical powers (0–0.72 mW) and wavelengths
(Fig. 7(r)). As the light intensity escalated, the conductance of
FLBP-CsPbBr3 TSM exhibited a non-linear behavior—initially
enhancing and subsequently declining—thus rendering it suita-
ble for integration with the lobular giant motion detector (LGMD)
artificial neuron. In addition, our team has successfully demon-
strated robot navigation with obstacle avoidance capabilities and
biomimetic compound eyes featuring an expansive field-of-view
(FoV) detection capacity (Fig. 7(q)).

4.2.2 1D materials and perovskites. 1D materials with high
surface-to-volume ratios have been widely applied across var-
ious nanostructured materials to realize electronic devices with
lower dimensions. Benefitted from the unique advantages of
1D materials, such as flexibility, orientation, photo responsive-
ness, and transparency, 1D materials have been leveraged
extensively. Numerous studies have been reported on the
feasibility of 1D materials, such as single nanowires, carbon
nanotubes, protein fibers, etc., for use in electronic and photonic
devices.201 For example, Fu et al. used microbe-generated protein
nanowires to achieve signal matching at the biological level
(o100 mV) in a memristor.202 Lv et al. exploited quasi-1D crystal-
line nanowires with low ion mobility activation energy and low
dimensionality to effectively limit the growth of CFs and achieve
highly uniform memristors.203

With high carrier mobility, CNTs can effectively interact with
perovskites to accelerate the transport of photogenerated carriers
and greatly improve the overall mobility of the device. For
perovskite/CNT composite-based transistors, electrons and holes
are separated in the channel due to the type-II interfacial band
arrangement, leading to superior carrier mobility. In 2021, Zhu
et al. developed a 1024-pixel flexible optoelectronic sensor array
using CNTs and all-inorganic CsPbBr3 QDs as active materials as
shown in Fig. 8(a).204 The sensor array exhibited a high response
rate of 5.1 � 107 A W�1 and an ultra-high specific detectivity of 2
� 1016 Jones, emphasizing the key role of active channels in
semiconductor CNTs/CsPbBr3 QDs in the separation and trans-
port of photogenerated carriers (Fig. 8(d)). Additionally, photo-
transistors demonstrated synaptic characteristic behaviors in the
PPF of the optical pulse (48 mW cm�2, pulse width = 20 ms, and
pulse interval = 10 s) and LTP induced by 500 light pulses at
different light power densities (4.9–74.5 mW cm�2) as shown in
Fig. 8(e) and (f). Finally, the phototransistor served dual roles as
an artificial photoreceptor and biological synapse within a neu-
romorphic visual system on a 32 � 32 sensor array (Fig. 8(g)). It
demonstrated neuromorphic reinforcement learning capabilities
by training the sensor array with a weak light pulse of 1 mW cm�2,
achieving an impressive computational accuracy of 95% at 200
pulses, as shown in Fig. 8(h). Subsequently, Li et al. successfully
developed high-performance multi-modal optoelectronic synap-
tic transistors using all-inorganic CsBi3I10 hybrid single-walled
carbon nanotubes (SWCNTs) as the channel material, enabling
the integration of multiple functions of artificial synapses, flash
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memory, and logic operations in a single transistor framework as
shown in Fig. 8(i).205 The synaptic plasticity (including STP, LTP,
and EPSC) of synaptic phototransistors is closely related to the
charge-trapping phenomena occurring at the SWCNT and
CsBi3I10 interface. Upon exposure to monochromatic light,
CsBi3I10 generated a significant number of photoexcited carriers.
Then, the holes are trapped by the SWCNT under the bias voltage,
while the electrons retained inside the CsBi3I10 to form a built-in
electric field, accelerating the hole flow towards SWCNTs. Finally,
they mimic common synaptic behaviors, including photorecog-
nition and NOR logic, alongside integrating Pavlovian condi-
tioned reflexes (Fig. 8(j)) within ANN neural networks for
handwritten digit recognition from the MNIST database, achiev-
ing an impressive accuracy rate of approximately 85.46%
(Fig. 8(k) and (l)). These works provide an opportunity to combine
1D materials and perovskite films in designing high-performance

neuromorphic sensors or transistors. It paves the way for the next
generation of flexible, low-power, multi-modal, and optoelectro-
nics spatiotemporal information-processing devices.

4.2.3 0D materials and perovskites. In recent years, 0D
materials, notably QDs, nanocrystals (NCs), and nanoparticles
(NPs), have been widely investigated due to their unique optoe-
lectronic properties, solution processability, cost-effective, scal-
able preparation, etc. A key aspect of 0D materials is that their
optoelectronic properties and bandgap structures can be ration-
ally modulated during synthesis by controlling factors such as
nano-size, core–shell configurations, or morphology. Then, the
nanometer-range scale endows them with a large specific sur-
face area and quantum size effect, enhancing their optical,
electrical, and thermal properties.206,207 In particular, the QDs
deliver excellent photoelectric conversion efficiency and the
ability to modulate energy bands, which is attributed to the

Fig. 8 (a) Schematic of a phototransistor with CNT/CsPbBr3-QD channels. (b) SEM image of CNT films. (c) AFM image of CsPbBr3-QD films. (d) Energy
band diagram of CNTs and CsPbBr3-QDs. (e) PPF index based on an optical pulse interval, where the optical intensity = 48 mW cm�2, pulse width = 20 ms,
pulse interval = 10 s. (f) Long-term potentiation with 500 optical pulses at various lighting power densities (pulse width, 20 ms; pulse interval, 500 ms). (g)
The sensor array chip on the PCB (left), an optical micrograph of the 32 � 32 sensor array (center), and an enlarged view of a single device (right). (h)
Measurement of training weight results for sensor arrays and human face simulation training results. Reproduced with permission from ref. 204.
Copyright 2021, Springer Nature. (i) Schematic of neurons and transistors based on SWCNT/CsBi3I10 devices. (j) A program of both light (powered) and
electric (bell ringing) pulses and the after-training results of Pavlov’s dogs were included. (k) Schematic illustration of constructed SLP-based ANN and (l)
training recognition rate results. Reproduced with permission from ref. 205. Copyright 2021, Elsevier Inc.
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quantum confinement effect, which limits the movement of
electrons and photons. Additionally, the QDs also boast high
carrier mobility, wide spectral response range (from visible to
near-infrared range), and strong spectral modulation ability.
More importantly, both air-stabilized p-type and n-type QDs
provide ideal candidates for further construction of new electro-
nic device architectures.208

Single-component 0D materials or perovskites alone often fall
short in simultaneously achieving excellent electro-transport

properties and high radiation efficiency. Thus, a new hetero-
structure needs to be designed to complement material proper-
ties and attributes harmoniously. In 2015, Edward H. Sargent’s
team209 at the University of Toronto discovered that an epitaxial
arrangement of organochloride perovskite (MAPbI3) and PbS
colloidal quantum dots (PbS-CQD) to form ‘‘dot-in-matrix’’ crys-
tals (Fig. 9(a)) could effectively improve the photoluminescence
quantum efficiency (PLQE), achieving a two-order-of-magnitude
improvement over the PbS-CQD in a NaI matrix as shown in

Fig. 9 (a) Schematic of the theoretical model for the epitaxial growth of perovskites on CQDs. Gray for Pb, purple for I, and yellow for S. (b) PLQE of
CQDs in the matrix. (c) Schematic of the energy band structures of CQDs and MAPbI3. (d) Photoluminescence excitation spectra of CQDs. (e)
Corresponding time constants for transient photoluminescence of MAPbI3 and CQDs. Reproduced with permission from ref. 209. Copyright 2015,
Springer Nature. (f) Schematic of SPG for the formation of strongly coupled and improved passivated monolayer perovskite bridges. (g) Schematic of the
two crystalline planes for the epitaxial growth method and HRTEM confirming the (200) crystalline plane (left panel below) and the (111) crystalline plane
(right panel below). (h) Time-resolved terahertz photoconductivity testing of three thin films. (i) J–V curves and (j) stability tests of champion devices for
treated and untreated CQDs. Reproduced with permission from ref. 210. Copyright 2020, Elsevier Inc.
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Fig. 9(b). The energy band structures show that the LUMO and
HOMO energy levels of PbS-CQD are between the CBM and VBM
of MAPbI3, emphasizing that the energy level alignment is crucial
for any carrier injection from MAPbI3 to PbS-CQD (Fig. 9(c)).
Impressively, the carrier transfer efficiency was observed to reach
80% at a 28% PbS-CQD volume content in the MAPbI3 matrix.
Moreover, the PL spectrum (l o 780 nm) demonstrates that the
PL intensity of PbS-CQD improved with the increase of the
MAPbI3 content (from 0% to 3.8%) as shown in Fig. 9(d),
indicating that the carriers excited in MAPbI3 are transferred to
PbS-CQD. Furthermore, ‘‘dot-in-matrix’’ heterogeneous crystals
effectively avoided non-radiative recombination due to efficient
lattice matching and passivation between the MAPbI3 matrix and
the PbS-CQD as shown in Fig. 9(e). Subsequently, Sargent’s
group210 adopted a novel approach, utilizing a monolayer FAPbX3

(X = Br, I) perovskite as a bridging layer to enable the coupling of
PbS QDs and achieve a high-efficiency solar cell power conversion
efficiency (PCS) of 13.8%. As shown in Fig. 9(f) and (g), PbS QDs
are grown in bridging across the monolayer perovskite, which not
only passivates the surface but also increases the point-spacing
coupling of perovskites, reducing the carrier tunneling distance
and further enhancing the charge transport performance. The
findings revealed that the mobilities of FABr-PbS QDs and FAI-
PbS QDs reached 0.37 and 0.3 cm�2 V�1 s�1, respectively, which
were higher than that of the pure PbS film (0.12 cm�2 V�1 s�1),
and still exhibited a stable PCE (18%) after 104 s as shown in
Fig. 9(h)–(j). These pioneering investigations by Sargent’s group
not only provide insights into the physical mechanisms for
coupling between perovskites and QDs to boost their photo-
electric properties but also provide new opportunities for the
formation of high-quality semiconducting nanocrystalline solids.

4.3 Metal oxide semiconductors and perovskites

Oxide semiconductors include typical two-element oxides such
as SiOx, TiOx, ZnOx, CuOx, HfOx, NiOx, etc., and three-element
and multi-element oxides like SrTiO3, SrZrO3, SrRuO3, etc.,
which are commonly used in non-volatile data memory
devices.19,131 Among them, two-element oxide semiconductors
are highly regarded both in industrial and in academics for
their simple structure, controlled components, high mobility,
simplified preparation methods (e.g., magnetron sputtering,
sol–gel, and plasma oxidation), and compatibility with CMOS
backchannel integration.211–213 Despite the practicality of metal
oxide semiconductors, they are somewhat limited by challenges
such as the higher forbidden bandwidth and dielectric constant
and poor performance in light absorption and light emission,
which restrict their suitability for optoelectronic devices. Addi-
tionally, achieving optimal substrate matching remains a chal-
lenge, impacting both the material crystal quality and the
overall performance of devices.

There have been reports in the literature confirming the use
of perovskite films alongside oxide semiconductors to enhance
the optical and electrical properties of various devices. Depend-
ing on the vacuum level, the ideal n-type metal oxides exhibit
compatibility with the energy levels of most perovskite layers,
permitting efficient extraction of carriers and the inhibition of

the recombination of electron–hole pairs.212 However, another
challenge persists in the chemical instability found at the metal
oxide/perovskite interface. The direct interaction between the
perovskite and the metal oxide surface can lead to the dete-
rioration of perovskite’s structural integrity. A more refined
approach should be employed to ensure that the metal oxides
serve as passivation layers on the perovskite surface, enhancing
stability while preserving the intrinsic properties of both materi-
als and preventing undesirable chemical interactions at the
interface. To address this problem, Zhang et al. constructed
CsPbX3/ZnO type II heterojunction nanocrystals (PZNCs) via an
in situ growth strategy as shown in Fig. 10(a).214 This approach
effectively employs ZnO as a passivation layer for the CsPbX3

perovskite to eliminate the trap states on its surface and grain
boundaries, which achieved more than 500 hours (Fig. 10(b))
without significant fluorescence degradation under exposure to
air and illumination conditioning as well as excellent
fluorescence-converting LED performance (Fig. 10(c)). To mod-
ulate the photo-response spectrum of the phototransistor effec-
tively, Shi’s team designed a transistor incorporating a single-
crystal Cs2AgBiBr6 perovskite and indium–gallium–zinc oxide (a-
IGZO) thin-film heterojunction as the light-absorbing active layer
as shown in Fig. 10(d).215 The transistor exhibits a large memory
window (the switching ratio is B107 higher than under dark
conditions) alongside capabilities for photoprogramming and
electrical erasure characteristics under 455 nm and 365 nm light
irradiation as shown in Fig. 10(e) (the intensity is 12.7 mW
cm�2). The proposed mechanism indicates that upon light
irradiation, the built-in electric field at the Cs2AgBiBr6/IGZO
interface instigates the spontaneous migration of photogener-
ated electrons in Cs2AgBiBr6 towards IGZO. The interface energy
band between IGZO and SiO2 bends, culminating in electron
accumulation within the channel (Fig. 10(f)). Moreover, Cs2Ag-
BiBr6/IGZO phototransistors under double-pulse stimulation
were able to efficiently simulate photosynaptic PPF plasticity,
as well as STP and LTP plasticity under continuous light pulses
(Fig. 10(g)–(j)). Finally, their pattern recognition EMNIST data
set, which was simulated by artificial neural networks, achieved
an accuracy of 83.8%.

Developing highly transparent and flexible optical devices
based on perovskites is another significant challenge. Owing to
the sensitivity and stability of the inorganic CsPbCl3 perovskite to
UV light, Yang et al.216 adopted ITO/SnO2/CsPbCl3/TAPC/TAPC:-
MoO3/MoO3/Ag/MoO3 (TAPC: 4,40-cyclohexylidenebis[N,N-bis(4-
methyl phenyl)benzenamine]) two-terminal devices to establish
photonic artificial synapses as depicted in Fig. 10(k). High
flexibility and high transmission were demonstrated on perylene,
PET, and glass substrates as shown in Fig. 10(m). In this
structure, CsPbCl3 served as the UV light-absorbing layer, while
SnO2 and TAPC function as the electron-transport layer and hole-
transport layer, respectively. The energy level alignment between
SnO2 and CsPbCl3 heterostructures induces exciton segregation
at the heterojunction interface as shown in Fig. 10(l), laying the
foundation for optically mediated charge trapping in CsPbCl3-
based photonic artificial synapses. This system exhibits typical
synaptic functions such as PPF, SDDP, SNDP, SFDP, and artificial
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Fig. 10 (a) Schematic diagram of the growth of PZNCs. (b) Long-term stability of PZNCs and CsPb(Br/I)3 PNCs in light. (c) Stabilisation of red-LED and
blue-LED devices. Reproduced with permission from ref. 214. Copyright 2021, American Chemical Society. (d) Schematic of the Cs2AgBiBr6/IGZO
optoelectronic synapse. (e) I–V curve of the Cs2AgBiBr6/IGZO device at different light wavelengths (dark, 455 nm, and 365 nm), programming and
electrical erasing operations. (f) Energy band diagrams of Cs2AgBiBr6/IGZO devices before and after light illumination. (g) Typical double-pulse facilitation
as well as PPF index plots at pulse intervals of (h) 1 s and (i) 2 s, respectively. (j) Synaptic plasticity of Cs2AgBiBr6/IGZO devices. Reproduced with
permission from ref. 215. Copyright 2022, Tsinghua University Press. (k) Schematic of the inorganic perovskite CsPbCl3 based two-terminal device and
biological synapse. The right is the SEM images of SnO2/CsPbCl3 and SnO2 films. (l) Band diagram under equilibrium and after UV light illumination. (m)
Demonstration of device transmittance under flexible substrates (perylene, PET, and glass). (n) Device responsiveness under two lights: deep-red light
(665 nm) and UV light (365 nm). (o) The photonic artificial synapses stimulate different light-responsive behaviors to UV and deep-red light depending on
the device for different light-responsive PSCs applied. Reproduced with permission from ref. 216. Copyright 2018, Wiley-VCH.
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neuromorphic properties such as STP and LTP under UV light
(365 nm) with light intensities of 1.25–50 mW cm�2. In contrast,
under red light illumination at a wavelength of 665 nm, the above
photon synapse phenomena were not observed, enabling the
potential for image recognition and detecting different light
colors as shown in Fig. 10(o). This work provides ideas for the
development of multifunctional photonic synapses for intelligent
recognition as well as transparent and flexible perovskite-based
bionic smart devices.

4.4 Ferroelectric materials and perovskite heterojunctions

The ferroelectric material is a high-functioning insulator with a
unique self-charging surface and memory capabilities. When
subjected to an external electric field, these materials exhibit a
unique ability to reconfigure their charge distribution, maintaining
this new state even after the removal of the external stimulus
(Fig. 11(a) and (b) display the structural re-arrangement of CuInP2S6

and WTe2 in different polarization states, respectively).217 The ferro-
electric memory device takes advantage of the ferroelectric effect
to achieve data storage and has emerged as a potential candi-
date for the next generation of data storage devices with low
power consumption, long endurance, and high switching
speed.218 A well-known mechanism for the application of per-
ovskites in artificial synapses is attributed to the diffusion and
drift of ions/vacancies in perovskite films, which produce an
intrinsic electric field opposite to the supplied electric field and
hysteresis. However, once the external electric field is removed,
these ions/vacancies revert to their original positions, leading to
poorer synaptic plasticity. Benefited from the ferroelectric mate-
rial poling and memory characteristics, a thoughtfully engi-
neered ferroelectric/perovskite heterojunction is anticipated to
revolutionize the modulation of the ion migration within the
perovskite film and allow for the construction of storage device
model with ultra-low-power, high-speed and high-reliability.

To effectively modulate non-volatile ion migration within
metal halide perovskites, Jeong et al. developed a three-
terminal transistor for the first time with a ferroelectric gate
to modulate the conductance state of the perovskite channel
(Fig. 11(c)).219 By utilizing a ferroelectric gate of the polymer
poly(vinylidene fluoride-co-tri fluoroethylene) [P(VDF-TrFE)],
the transistor can maintain a remnant polarization, effectively
immobilizing migrating ions in the perovskite (CsPbBr3) and
exhibit a non-volatile binary storage state. One aspect of the
P(VDF-TrFE) under a negative gate voltage, the movable cations
are attracted to the top surface and create a reliable upward
polarization; conversely, a positive gate voltage reverses the
polarization direction. This unique behavior results in the
transistor possessing both memory characteristics and a stable
on/off ratio of 1.9 � 103 as shown in Fig. 11(d) and (e). Most
importantly, the investigation revealed that perovskite transis-
tors emulate biological synapses, such as LTP, LTP, PPF, STDP,
etc., as shown in Fig. 11(f) and (g). These transistors have the
potential to mimic biological synapses physically and offer
insights into the identification of diverse ion–electron hybrid
conductors in the artificial intelligence hardware. Furthermore,
Gao et al.61 investigated P(VDF-TrFE) as a top-gate insulator to

modulate ion mobility within a three-terminal MAPbI3 memris-
tor as shown in Fig. 11(h) and comprehensively analyzed the
mechanisms of Schottky barriers, perovskite ion mobility, and
ferroelectric polarization effect factors on both volatile and non-
volatile operational modes.220 Initially, they observed that the
MAPbI3 memristor, when integrated with a non-poled ferro-
electric layer, is affected by the Schottky barrier at the Au(�)/
MAPbI3 interface, exhibiting typical bipolar volatile properties
with stable set voltages (3.44 V/�3.42 V) and cycle-to-cycle and
cell-to-cell uniformity as shown in Fig. 11(i). Subsequently, both
vertical and horizontal ion migration of MAPbI3 under gate
positive/negative polarization states (+20 V/�20 V for 60 s) can
change the contact barrier at the Au(�)/MAPbI3 interface, mod-
ulating the device conductance level (Fig. 11(j) and (k)). It was
demonstrated that the polarization state accelerates the ion
transport within the perovskite film and promotes the non-
volatile resistive switching process. Finally, they ventured into
the field of bio-inspired applications by using volatile/non-
volatile properties in non-poled/poled modes to simulate the
response of pain receptor neurons to stimulus-induced injury as
shown in Fig. 11(l).

In conclusion, the integration of ferroelectric materials with
perovskites provides an effective and practical idea for low-power,
tunable, and high-speed storage devices. Despite the potential,
several challenges remain to be addressed: (1) lowering the
threshold voltage could potentially be achieved by adjusting the
defects in perovskite thin films or reducing electrode distances
with advanced photolithography; (2) constructing two-terminal
perpendicular device structures facilitating alignment of the
electric field with the direction of polarization, is posited to
superior device performance; and (3) further investigation of
the poling reversal mechanism on perovskite ion migration will
provide clearer guidance for designing ferroelectric engineered
devices.

4.5 Crystalline porous materials and perovskites

Emerging CPMs represent a novel category of lightweight,
porous framework materials composed of organic and metallic
linkage units via covalent connections or organic structure units
via coordination bonds. These include metal–organic frame-
works (MOFs), covalent organic frameworks (COFs), hydrogen-
bonded organic frameworks (HOFs), and zeolites. The intrinsic
porous structure, molecular tunability, and facile chemical
functionalization of CPMs have endowed their applications in
a broad field, including catalysis, batteries, and energy, show-
casing rapid development.221–227 However, the limited electrical
conductivity and charge transfer capability of CPMs hinder their
widespread application in the field of electronic devices. To
address this issue, strategic molecular engineering of CPMs or
the incorporation of dopants, such as redox-active molecules,
cations, and conductive polymers, enhance their conductivity.
Research has been dedicated to advancing the application of
CPMs in electronic devices and neuromorphic computing in the
recent decade. For example, Li et al. effectively modulated the
porosity of the COFs to induce the formation of uniform Ag CFs
in RRAM devices. This modification enabled the achievement of
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Fig. 11 (a) Schematic crystal structure of the CuInP2S6 ferroelectric material and relaxation structure at low and high polarization. (b) Crystal structure of
a WTe2 bilayer with upward and downward polarization (black arrows). Reproduced with permission from ref. 217. Copyright 2022, Springer Nature. (c)
Schematics of perovskite transistor artificial synapse working principles. (d) Electrical characteristics and (e) retention of the CsPbBr3 transistor. (f) Short-
term plasticity and (g) spike-timing-dependent plasticity. Reproduced with permission from ref. 219. Copyright 2021, Wiley-VCH. (h) Schematic of the
P(VDF-TrFE)/MAPbI3 based bimodal memristor, and (i) I–V curves of the memristor. (j) Device current after ferroelectric polarisation of P(VDF-TrFE) and
(k) I–V curves of the mixed field effect after ferroelectric polarization at different voltages. Schematic diagrams of the two field effects are shown below.
(l) Schematic comparison of a biological nociceptor and the perovskite bimodal memristor. Reproduced with permission from ref. 61. Copyright 2022,
AIP Publishing LLC.
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multilevel memory behaviors and synaptic responses to alcohol
chemical media, further facilitating the recognition of different
concentrations and classes of alcohols via the KNN algorithm.228

The HOFs@Au-based memristor reported by Zhang et al. exhibits
gradual conductance under continuous voltage scanning or pulsed
algorithms, effectively simulating the synaptic functionality of
biological neurons and constructing color coding algorithms.229

Despite these advancements, there have been few reports or
studies on electronic devices (such as memristors, transistors,
flash memory, sensors, etc.) employing composite media of per-
ovskites and PCMs. Herein, we will elaborate on the potential
directions of the development, applications, and dissection of the
possible physical/chemical mechanisms of perovskites and PCM
composites in electronics.

Although halide perovskites hold significant promise for
important research in the areas of photovoltaic devices and
photodetectors, they face significant challenges, including a high
extinction coefficient, wide absorption bandgap, high non-
radiative recombination, and environmental sensitivity. Fortu-
nately, a promising strategy for rational encapsulation of perovs-
kite ions through a chemical or physical barrier has been proven
effective.230,231 With the tunable pore size and pore shape of CPMs,
it is possible to precisely match different perovskite crystal sizes
and shapes effectively, significantly enhancing the compatibility
between CPMs and perovskite crystals. Additionally, by serving as a
domain-limiting factor, anchoring perovskite grains in a specific
area using porous materials inhibits inter-grain crosstalk or ion
escape during the ion migration process, Qiao et al. innovatively
synthesized MOFs (named PCN-333 (Fe)) with stable configura-
tions and mesoporous cages (B5.5 nm and B4.2 nm), and
successfully ‘‘confined’’ CsPbBr3 perovskites in the cages of MOFs
to form CsPbBr3@PCN-333 (Fe) composite crystals as synergistic
photocathode materials as shown in Fig. 12(a).232 DFT calculations
elucidated that the suitable distance between the perovskite and
the cage facilitates significant interfacial charge transfer from
CsPbBr3 to PCN-333(Fe), making this composite an ideal candidate
for photocatalysis, and employed as a synergistic photocathode in
light-assisted Li–O2 batteries and exhibited a high cathode dis-
charge voltage and better cycling stability as shown in Fig. 12(b).
This highlights the essential role of the CsPbBr3 and PCN-333(Fe)
synergistic effect in advancing the efficiency and durability of
photocathode materials. To improve the environmental stability
of perovskites, Wu et al. encapsulated MAPbI3 QDs within the
interstices of Fe-porphyrin-based MOFs (named PCN-221(Fex)) and
schematic illustrations for synthesis as shown in Fig. 12(c).233 This
innovative approach was successfully practiced in the field of
artificial photosynthesis for the photocatalytic production of CO/
CH4 (as shown in Fig. 12(d) for CO/CH4 yields of different Fe
fractions). This strategy ensures that the encapsulated QD crystal
structure remains intact while facilitating swift electron transfer
from the photogenerated perovskites to the Fe sites, effectively
separating the electron–hole pairs. The above two studies provide
new ideas for the development of novel, stable, and efficient
photocatalysts, as well as broaden the perspective on the integra-
tion of PCMs and perovskites, particularly inspiring applications in
optoelectronic devices.

The 2D COFs with semiconducting properties are emerging
as promising candidates in the field of gas sensors, optoelectronic
devices, and photocatalysts due to their highly desirable designa-
bility in the structure, high specific surface area, high porosity,
abundance of active sites, and unidimensional channels.235–237

Sensors, within this context, hold pivotal roles in environmental
surveillance, food quality assessment, and medical diagnostics.
However, autonomous systems with advanced sensor hardware
and computational capabilities remain a significant challenge
to break through the von Neumann computational architecture.
Regarding the challenge of preparing continuous films of 2D
COFs, Ye et al. introduced the Cs2PdBr6 perovskite as a
semiconductor-connected colloid for COFs (named TpPa-1) to
activate their sensitivities for NO2 gas sensing as shown in
Fig. 12(e).234 With a remarkable detection limit of 40 ppb for
NO2 gas, the sensor exhibits a sensitivity 70 times greater than
20 other gases (e.g., CO and NH3) at the same concentration.
They analyzed the adsorption of NO2 molecules on three con-
trasting films (TpPa-1/Cs2PdBr6, Cs2PdBr6, and TpPa-1) by DFT
and sum frequency generation (SFG); it was elucidated that the
SFG intensity signals of the three films were increased by the
treatment of NO2, with the most pronounced enhancement of
the background signal in the TpPa-1/Cs2PdBr6 film, which
indicated that NO2 adsorption occurred to generate stronger
charge transfer between the interfaces as shown in Fig. 12(f).
This study not only devises a straightforward and efficacious
strategy for COF–perovskite system hybridization but also
extends the application spectrum of both materials across
various domains.

Although research on complexes of perovskites and emerging
CPMs have been reported, there are few applications reported in
memristors, transistors, sensors, and other electronic devices,
and thus, there are still bottlenecks and problems that need to be
explored and solved. Firstly, the interface contact issue between
CPMs and perovskites should be rationally modulated and
engineered to preserve the perovskite crystal structure while
leveraging the benefits of both materials. Secondly, an in-depth
investigation of the physical mechanism of the operated CPMs/
perovskite composite devices promises to inspire design and
improve the device performance. Thirdly, an in-depth exploration
of CPMs/perovskites for applications in a variety of device areas,
including data storage, sensors, transistors, and multimodal,
multisensory artificial neuromorphic devices, is performed.

5 Conclusions and perspectives

Rapid advances in materials science and nanotechnology have
provided a wide potential for artificial neuromorphic devices.
This review explores the comprehensive application of perovs-
kites in combination with other materials, including organics,
nanomaterials, oxides, ferroelectrics, and CPMs, to develop
advanced devices such as memristors, transistors, photodetec-
tors, sensors, LEDs, and artificial neuromorphic systems. The
versatility of perovskites is enhanced by integration with these
materials, leveraging their unique properties in the form of
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composites with perovskites to counterbalance the deficiencies
or amplify their strengths, such as modulating the ion migra-
tion, aligning energy levels, enhancing conductivity, improving
light absorption, and improving stability. Consequently, the
devices exhibit superior performance, including high sensitivity,
high speed, low power consumption, and excellent durability. In
Table 2, we summarize the typical performances and working
mechanisms of typical perovskite composite devices. Despite
significant strides in the combination of perovskites with various

materials through techniques like hybridization and the for-
mation of heterojunctions, challenges remain in fully harnessing
their potential for new equipment. There are still significant
challenges that need to be overcome to break through the
current bottlenecks. For instance, perovskites are highly sensi-
tive to moisture and oxygen, leading to degradation and
instability issues. Additionally, they tend to have a limited
lifespan and are prone to defects that can detract from their
efficiency. Efforts are being made to address these challenges

Fig. 12 (a) Schematic view of the preparation of PCN-333(Fe) and CsPbBr3@PCN-333(Fe) composites. (b) Charge and discharge profiles at 0.01 mA
cm�2 under illumination with CsPbBr3@PCN-333(Fe), PCN-333(Fe), and CsPbBr3 cathodes, and their cyclic performance. Reproduced with permission
from ref. 232. Copyright 2021, American Chemical Society. (c) Schematic illustration of MAPbI3 QDs encapsulated in PCN-221(Fex) pores. (d) Yield of
carbon dioxide reduction to CH4 and CO after 25 h using PCN-221(Fex) and MAPbI3@PCN-221(Fex) as the photocatalysts. Reproduced with permission
from ref. 233. Copyright 2019, Wiley-VCH. (e) Schematic diagram of the gas sensor and Cs2PdBr6 glue to bond COF crystallites. Theoretical modeling of
Pd and N and O combinations exposed by defects on Cs2PdBr6 surfaces. (f) Grand canonical Monte Carlo simulation of the NO2 adsorption density plot
on TpPa-1 and schematic of electron transport between TpPa-1 and Cs2PdBr6 for NO2 gas. (g) The SFG spectra of the film before and after NO2

adsorption. Reproduced with permission from ref. 234. Copyright 2023, Springer Nature.
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through the development of new fabrication techniques and the
exploration of novel material combinations. However, there is
still much work to be done before these materials can become a
viable alternative to traditional silicon-based technologies in the
electronics industry.

Firstly, an in-depth investigation of interface engineering
and interaction mechanisms is performed. A well-thought-out

and expertly executed strategy for combining perovskites with
diverse materials can effectively amplify their benefits and
showcase their dual functionality. Meanwhile, when working
with varying material compositions, it becomes crucial to design
a compatible approach that aligns with the specific traits of
each material, and this represents a significant challenge that
must be addressed. With regard to materials selection, it is

Table 2 Summary of the key performances and working mechanisms of typical perovskite composite devices

Materials Device performances Mechanisms Ref.

Perovskites/
small-molecules

� High photosensitivity � Energy level alignment and energy band adjustment 147, 148 and
238� Low energy consumption � Efficient charge transfer

� Multi-level storage and wavelength response � Promote interfacial photogenerated carrier
separation

� High charge transfer efficiency � Complementary absorption spectra
Perovskites/
polymers

� High on/off current ratio � Energy level alignment and energy band adjustment 155, 238 and
239� High photosensitivity � Modulation of electron–hole complexation and

transfer kinetics
� Long non-volatile optical storage � Efficient charge storage
� High charge transfer efficiency � The polymer provides a stable matrix for perovskites
� Efficient optoelectronic conversion and signal processing

Perovskites/
organic salts

� High environmental stability and device uniformity � Passivates surface defect states of the perovskite 68, 161, 162
and 240� High light absorption capacity � Reduces charge trapping density

� Low energy consumption � Inhibits perovskites ion migration
� Ultrafast response � Increase carrier mobility
� Simulate synaptic properties (PPF, EPSC, SRDP, SDDP) � Extend lifetime of carriers

Perovskites/2D
materials

� Improve light responsivity, detection rate and quan-
tum efficiency

� Energy level alignment and energy band adjustment 178, 179, 199
and 241–243

� Highly efficient exciton dissociation � Efficient charge transfer
� Broad and high spectral photoresponsivity � Inhibit photogenerated electron–hole pair

recombination
� High photosensitivity � Promote photogenerated carrier separation
� High environmental stability and device uniformity � Extend lifetime of carriers
� Simulate photonic synaptic properties (PPF, STP, LTP) � Synergetic effect

Perovskites/1D
materials

� High light responsivity and detection rate � Energy level alignment and energy band adjustment 205 and 244
� Increase environmental stability and device
uniformity

� Efficient charge transfer

� Simulate synaptic properties (PPF, STP, LTP) � Enhanced directionality
� Improved mechanical and thermal stabilities � Enhanced light absorption and scattering

� Synergetic effect
Perovskites/0D
materials

� High photoelectric conversion efficiency and sensing
sensitivity

� Improved interfacial charge transfer 209–211

� Light absorption and luminescence properties � Enhanced quantum effects
� Tunable photophysical properties � Efficient charge transfer
� High environmental stability � Increased surface activity

� Light absorption and light enhancement effects
Perovskites/
metal oxide
semiconductors

� High environmental stability and device uniformity � Energy level alignment and energy band adjustment 111, 214 and
245� Simulate synaptic properties (PPF, STP, LTP) � Surface passivation and defect repair

� Large memory window, photo programming
characteristics

� Improved interfacial charge transfer efficiency

� Promote photogenerated carrier separation
� Modulation of optical properties

Perovskites/fer-
roelectric
materials

� Ferroelectric polarisation modulates the volatile and
non-volatile properties of devices

� Ferroelectric material polarization direction mod-
ulation ions migration model of perovskites

61 and 219

� High on/off current ratio � Energy level alignment and energy band adjustment
� Long retention and cycle-to-cycle endurance � Enhanced built-in electric field
� Low energy consumption and fast response speed � Optimisation of charge injection and extraction
� Simulate synaptic properties (STDP, STP, LTP)

Perovskites/
CPMs

� Wide light absorption range and improved photo-
electric conversion efficiency

� Energy level alignment and energy band adjustment 232–234

� High sensitivity � Efficient charge transfer
� Environmental stability � Tunable porous structure of CMP anchors the

perovskite particles
� Development of new devices with multifunctionality
(e.g., self-driven sensing, photoelectric memory, and
sensor)

� Inhibit inter-grain crosstalk and ion escape of
perovskites

� Promote photogenerated electron–hole-pair
separation
� Synergistic enhancement of optical performance
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necessary to consider the key physical and chemical properties
when it comes to perovskite composites, such as bandgap
modulation capability, photoelectric sensitivity, and environ-
mental stability. Additionally, in terms of structural design, it is
essential to delve into the structural design principles of per-
ovskite composites in optoelectronic and neuromorphic
devices. This includes exploring the impact of the layer struc-
ture, interfacial engineering, and dimensional effects on the
performance of these devices.

Secondly, research on long-term stability and sustainability
is performed. Achieving consistent and reliable device perfor-
mance necessitates a thorough imperative to recognize the
impact of both the perovskite surface and intrinsic defects
within perovskite structures, as well as their susceptibility to
environmental degradation. This aspect is critical for facilitat-
ing widespread production and ensuring the devices’ effective
deployment. Strategically employing passivation agents offers a
promising solution to these challenges.

Thirdly, it is important to address the challenges of inte-
grating and scaling perovskite composites by considering
advanced solutions for improving the homogeneity and engi-
neering interfaces. This includes utilizing scalable deposition
techniques and effectively transitioning from lab-scale to
industrial-scale production while maintaining homogeneity
and cost-effectiveness. Future research should prioritize inno-
vative material solutions and hybrid structures to overcome
these barriers and expand the application of perovskite compo-
sites in neuromorphic computing.

Finally, the exploration and application of innovative devices
merit further attention. Besides the currently existing applica-
tions such as solar cells, photocatalytic materials, photodetec-
tors, neural sensors, and synaptic devices, the potential of
composites and perovskites promises significant advancements
in various fields in the future. For instance, the unique attri-
butes of these composites and perovskites are poised to revolu-
tionize the energy storage sector, facilitating the development of
highly efficient supercapacitors and lithium-ion batteries. As
mentioned in Section 4.5, the MOF is integrated with perovs-
kites for photocatalysis and new energy battery fields, while the
COF is hybridized with perovskites synergistically to improve
gas detection capabilities. Furthermore, in the field of artificial
intelligence, the combination of composites and perovskites
also provides new solutions for building efficient AI hardware.

In conclusion, synergistically integrating perovskites with
various high-performance novel materials can significantly
enhance device performance, especially in controlling ion
migration in perovskites, energy level alignment, enhancement
of optical responsiveness and effective surface passivation. This
combination is crucial for the advancement of neuromorphic
memory devices and optoelectronic equipment. Through
rational design and optimization of material combinations,
the performance and functionality of optoelectronic devices
and artificial neuromorphic devices can be further improved to
provide strong support for future scientific research and engi-
neering applications. Moreover, we hope that the insights and
comprehensive discussions presented in this review will

deepen our understanding of neuromorphic devices based on
composite perovskites and other materials. This knowledge is
essential in guiding the design and production of high-
performance electronic devices, paving the way for their appli-
cation in novel devices geared toward next-generation electro-
nic advancements.
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