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Abstract: The development and utilization of perovskites
are beneficial to improve or even change the optical prop-
erties of devices and obtain fascinating performances
such as higher photoelectric conversion efficiency, better
thermal stability, higher external quantum efficiency,
more excellent remodeling, and flexibility. So, there are
many articles on perovskite reviews having been reported
from synthesis, properties to various applications (such as
optoelectronic devices, electrical memristor, etc.). Based
on the reported review of perovskites, this study will
make a further supplement to the research progress of
perovskites in visible light communication (VLC), optical
neuromorphic devices, and highlight huge development
prospects in these emerging fields in recent years. First,
we briefly reviewed the preparation methods of common
perovskite materials, followed by the optical and electrical
characteristics. Then, the specific applications of optical

properties based on perovskite materials are emphatically
investigated, in addition to traditional photovoltaic devices,
especially the latest cutting-edge fields of information
encryption and decryption, VLC as well as optical memris-
tive devices for photonic synapse and photonic neuro-
morphic computing. Finally, the main conclusions and
prospects are given. Perovskite-based optical memristive
devices are enabled to assist photonic neuromorphic cal-
culations, showing huge potential application prospects in
intelligent integrated chip fusing sensing, storage, and
computing.

Keywords: perovskite materials, optical memristive devices,
photonic synapse and photonic neuromorphic computing,
visible light communication, information encryption and
decryption

1 Introduction

As a semiconductor material and a new type of functional
material with huge application potential, perovskite is
developing rapidly. Perovskite refers to a class of com-
pounds that have a chemical structure similar to calcium
titanate (CaTiO3), which was the first perovskite material
discovered in 1839. Its molecular formula can be expressed
as ABX3 structure, where A, B, and X represent different
elements. A represents the organic or inorganic cations,
such as +CH NH3 3, ( )+CH NH2 2 , and Cs+, B denotes the metal
ions, such as Sn2+ and Pb2+, and X is the halogen anions
such as Cl−, Br−, and I− [1,2]. The crystal structure of the
perovskite material has a stable and regular octahedral
structure, with the metal cation B as the nucleus, the
halogen anion at the top corner, and the organic or inor-
ganic cation in the middle to balance the charge [3].

Studies have found that perovskite materials have
excellent photoelectric properties, suitable band gap,
strong light absorption, high luminous efficiency, strong
carrier mobility, high ion conductivity, and long carrier
lifetime. The distinctive photoelectric properties of perovs-
kite materials make it have broad application prospects in
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solar battery [4,5], information encryption and decryption
[6,7], visible light communication (VLC) [8,9], photonic
memristor [10,11] as well as neural morphology calculation
[12,13], as shown in Figure 1. Among them, the perovskite
solar cell (PSC) has the advantages of high conversion
efficiency, low cost, and simple preparation process, making
it one of the most popular research fields in perovskite.
In 2009, Kojima et al. applied the perovskite materials
CH3NH3PbI3 and CH3NH3PbBr3 to quantum dot (QD)-sensi-
tized solar cells for the first time, achieving a conversion
efficiency of 3.8% [14]. With further research, the high-
power conversion efficiency of more than 22% has been
achieved [15,16]. In the field of VLC, perovskite materials
are not only used as light emitters such as light-emitting
diodes (LEDs) [17,18] and laser diodes [19] but also as light
receivers such as PINs and photodetectors (PDs) [20,21].
Among them, perovskites combined with QDs have great
research value due to their narrow emission and short fluor-
escence lifetime [9,22]. In addition, fluorescent materials
such as carbon dots [23], inorganic QDs [24], and transition
metal complexes [25] are used in information encryption and
decryption, but they all have disadvantages such as poor
luminescence performance and high cost. Fortunately,
perovskite materials have the characteristics that the
photoluminescence quantum yield (PLQY) of perovskite
quantum dots (PQDs) exceeds 90%, and the full width at

half maximum of the PL peak is very narrow [26,27],
making it a promising candidate for excellent fluorescent
materials [28]. Sun et al. reported for the first time the use
of PQDs to achieve information encoding, encryption, and
decryption of full-color stimulus-response ink [7], which
confirmed the application prospects of perovskite materials
in information encryption. In recent years, the research of
photonic memristor for photonic synapse and photonic
neuromorphic calculation based on perovskite materials
has been put on the agenda gradually. These studies will
help simulate artificial synapses for data processing and
promote the development of artificial intelligence. As an
example, Pradhan et al. prepared photonic synapses based
on graphene-PQDs (G-PQDs) superstructure materials, which
successfully realized face recognition function through neural
network calculation [29].

Based on optoelectronic properties, perovskite mate-
rials can be used in various optoelectronic devices. However,
due to the complicated environment, the stability of the
device will be reduced to a certain extent. Therefore, how
to improve the stability of optoelectronic devices has become
a hot topic. For humidity stability, moisture in the air is an
important cause of accelerated device damage. Niu et al.
added polyvinylpyrrolidone to methylammonium lead
iodide (MAPbI3) perovskite precursors and introduced
hydrogen bonds to form high-performance PSCs [30].

Figure 1: Schematic diagram of the application of perovskite materials in various fields.
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The PSCs have a strong self-healing ability in an envir-
onment of high humidity (65 ± 5% relative humidity),
and the photoelectric conversion efficiency (PCE) of
20.32% is almost unchanged after working for 500 h.
For the stability of ultraviolet (UV) light, the UV light
will degrade perovskites and cause serious damage to
PSCs. In this regard, Wang et al. used 2-hydroxy-4-
methoxybenzophenone to protect perovskite materials
and used functional group interactions and intermole-
cular tautomerism to passivate molecular defects [31].
This approach can enhance the UV resistance of PSCs,
resulting in long-term UV (UVa: 365 nm and UVb: 285 nm)
stability. In addition, perovskite materials can also be phy-
sically or chemically encapsulated, for example, Hou et al.
formed a composite of lead halide perovskite and metal-
organic frameworks (MOFs) glass by liquid-phase sin-
tering [32]. The glass is equivalent to the matrix, and the
interfacial interaction can effectively stabilize the non-
equilibrium perovskite phase. Therefore, the stability of
the composite material in environments such as light,
heat, and water can be improved. It is also a good way
to stabilize perovskite precursors by utilizing the syner-
gistic cooperation between functional groups. Li et al.
used 3-hydrazinobenzoic acid (3-HBA) containing car-
boxyl (−COOH) and hydrazine (−NHNH) functional groups
as stabilizers, which can effectively inhibit the oxidation of
I−, the amine-cation reaction and the desorption of organic
cations [33]. The NiOx-based inverted device can achieve
an efficiency of 23.5% and still maintain 94% of the initial
efficiency at the maximum power point after 601 h.

In recent years, there have been numerous reviews
on the application of perovskite materials. For example,
Liu et al. reviewed low-dimensional metal halide perovs-
kites. With excellent photoelectric and mechanical prop-
erties, perovskites have potential applications in solar
cells, lasers, and waveguides [34]. Choi et al. reviewed
the applications of organic–inorganic hybrid halide per-
ovskites in transistors, memory, and artificial synapses,
especially highlighting the compositional flexibility of
high-performance polymers, which are expected to become
high-performance electronic-device materials in the era of
massive data in the future [35]. Wang et al. summarized the
applications of perovskites in non-volatile memory, espe-
cially resistive switches, and artificial synapses based on the
flexible properties of perovskite materials [36]. Zhao et al.
introduced the research progress of memristors based on
the photoelectric properties of organic–inorganic halide
perovskites, such as non-volatile storage, photo-related,
and many other advanced applications [37]. Pecunia et al.
summarized the current status, prospects, and explorations
of lead-free metal halide perovskite photovoltaic (PV) cells,

and emphasized the potential room for progress in this
direction, which is expected to achieve breakthroughs in
high-performance PV cells [38]. Many reviews on perovs-
kites have been reported from a variety of perspectives,
such as perovskite synthesis, perovskite properties, various
applications, and so on [34–38]. In addition to the applica-
tion fields of the abovementioned perovskite materials, the
excellent photoelectric properties of the perovskite mate-
rials also make them have application value in information
encryption and decryption, VLC, and optical neuromorphic
calculation of photon memristors. Therefore, on the basis of
previous reviews, this work will further complement the
research progress of perovskite in these latest cutting-
edge areas to highlight huge development prospects in
these emerging fields in recent years.

In this article, we mainly introduce the preparation
methods, photoelectric properties, and applications of
perovskite materials, especially information encryption
and decryption, VLC with optoelectronic devices, and neu-
romorphic computing with photon memristive devices
resulting from the advantages of perovskite materials.
According to the different molecular structures of perovs-
kites, the commonly used preparation methods of three-
dimension (3D) and low-dimension perovskites will be
explained in turn. Based on the photoelectric characteris-
tics of perovskites, wemainly elaborated their applications
in solar cells, information encryption and decryption, VLC,
and optical memristive devices. Perovskites have important
research value in these latest cutting-edge fields and have
excellent development prospects. Thus, we have compiled
and listed the latest research progress in these areas in
recent years, and briefly described and summarized the
results. The application of perovskites in photonmemristive
devices is enabled to assist photonic neuromorphic calcula-
tions, showing its huge potential application prospects in
the field of artificial intelligence in the future.

2 Preparation and properties of
perovskite materials

2.1 Preparation methods

The synthesis of perovskite materials with excellent prop-
erties is an indispensable part of the preparation of cor-
responding devices. In this section, some preparation
processes of perovskites that have emerged in recent
years will be briefly overviewed according to the classifi-
cation of 3D perovskites and low-dimension perovskites.
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2.1.1 3D perovskites

In order to prepare 3D perovskites, there are two syn-
thetic approaches that can be utilized, “bottom-up” and
“top-down” [39–41]. The first approach is more com-
monly used, mainly by adjusting the composition at the
molecular or atomic level, and synthesizing the final pro-
duct through solution routes such as sol–gel chemical
solution deposition and hydro/solvothermal synthesis.
This approach has low costs and does not damage the
sidewalls of the structure. However, because particles are
distributed irregularly, it is difficult to obtain a regular
size distribution. The top-down approach mainly uses
focused ion beam milling or photolithography methods
to carve away the bulk ferroelectric material and create
coherently and continuously ordered nanostructures. The
advantage of this process is that the size and shape of the
synthesized nanostructures can be controlled precisely,
and the drawback is the synthesis speed, and it is not
suitable for volume patterned nanostructures [42]. The
preparation methods of 3D perovskite and 3D hybrid per-
ovskite are briefly investigated below.

A new tin-based 3D perovskite {en}FASnI3 (en = ethy-
lenediammonium, FA = formamidinium) (Figure 2a) was
proposed and prepared by Ke et al. By introducing a
cation, the stability of the tin-based perovskite in the

atmospheric environment can be significantly improved,
as shown in Figure 2b, and the optoelectronic properties of
the absorber prepared by the material are also optimized
[43]. More recently, in order to obtain perovskite semicon-
ductor devices that can work stably at above room tem-
perature, an A-site cation [CH3PH3]+(methylphosphonium,
MP) is employed to fabricate a lead-free 3D ABX3 organic–
inorganic halide perovskite semiconductor MPSnBr3.
Attributed to the large volume and heavy mass of MP
cation, MPSnBr3 has a high Curie temperature [44]. At
above room temperature, this material exhibits obvious
ferromagnetic properties and the direct band gap of it is
2.62 eV. In addition, MPSnBr3, as a multiaxial molecular
ferroelectric, has 12 ferroelectric polar axes, much higher
than other materials of the same type [45]. Due to this spe-
cial feature, the polarization in each grain can be switched
more easily betweenmultiple directions to achieve an excel-
lent ferroelectric performance [46]. Furthermore, Körbel
et al. have screened the periodic table of the elements
for hybrid organic–inorganic halide perovskites via high-
throughput density-functional theory calculations [47]. By
extracting the band gap energy and the effective masses,
they have found that MPSnI3 is one of the most promising
compounds for PVs. It has a smaller band gap (1.18 eV)
than MPSnBr3, indicating more efficient light harvesting.
In another study by Ozório et al., a density functional

Figure 2: (a) Crystal structure of {en}FASnI3. (b) Under constant conditions, an aging test of {en}FASnI3-based unencapsulated solar cells
with and without 10% en. Reproduced with permission from ref. [43]. Copyright 2017, American Association for the Advancement of Science.
(c) Structural formula of PPP polymer for fabricating PPP-based 3D structure perovskite, reproduced with permission from ref. [50].
Copyright 2021, American Association for the Advancement of Science. (d) 2D–3D schematic diagram of heterostructured butylammonium-
caesium-formamidinium lead halide perovskites, reproduced with permission from ref. [51]. Copyright 2017, Springer Nature. (e) Schematic
diagram of the heterostructural 1D–3D hybrid perovskite film by introducing PZPY into lead halide 3D perovskites, reproduced with
permission from ref. [52]. Copyright 2018, Wiley-VCH.
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theory investigation of the MPSnI3 perovskite phases was
reported [48]. By calculating the enthalpy of formation,
they found that MPSnI3 has a higher thermodynamic sta-
bility at 0 K compared with the FASnI3 phase. However,
due to the weaker structural cohesion, the MPSnI3 struc-
tures can be more affected by moisture and oxygen-rich
environment. Currently, the research on MPSnI3 is only in
the theoretical calculation, and its preparation and experi-
ment still need to be further studied. Without organic
ligand and toxicity elements, a facile antisolvent method
at room temperature is introduced by Wu et al. to synthe-
size novel lead-free CsAgCl2 perovskite microcrystals, which
exhibit excellent air, thermal, and light stability [49]. Cao
et al. designed a 3D star-shaped polymer (polyhedral oligo-
meric silsesquioxane-poly(trifluoroethyl methacrylate)-b-
poly(methyl methacrylate) (PPP)) as a novel modulator
to regulate perovskite film crystallization, as shown in
Figure 2c [50]. The core of the star-shaped PPP can offer
the PPP-based perovskite 3D structure stability. Some
researchers found that cation engineering in 3D perovskite
absorbers can lead to reduced degradation. As a conse-
quence, two-dimension (2D) Ruddlesden–Popper phase
layered perovskites are explored to improve device stabi-
lity. Take (RNH3)2(A)n−1BX3n+1 as an example, RNH3 are
large alkylammonium cations. Wang et al. prepared a
kind of 2D–3D heterostructured perovskites by introducing
n-butylammonium cations into FA0.83Cs0.17Pb(IyBr1−y)3 3D
perovskites, as shown in Figure 2d. The use of this material
can improve the performance and stability of PSCs [51].
Inspired by the 2D-layered perovskites where the A site
molecule is substituted by large alkyl ammonium cations,
Fan et al. innovatively introduced a controlled amount
of one-dimension (1D) 2-(1H-pyrazol-1-yl)pyridine (PZPY)
into the 3D perovskite precursor system to synthesize het-
erostructural 1D–3D perovskite for preparing 1D–3D per-
ovskite solar cells, as shown in Figure 2e, which possess
thermodynamic self-healing ability, high efficiency, and
long-term stability [52].

2.1.2 Low-dimension perovskites

Compared with 3D perovskites, low-dimension perovs-
kites exhibit unique electrical and optical characteristics
such as quantum confinements, anisotropic geometry and
large surface to volume ratio, which make them promising
candidates for next generation electronic and optoelec-
tronic applications. Therefore, most efforts are made to
investigate the synthesis of low-dimensional perovskites
with high-quality, including 2D nanoplatelets (NPLs), 1D
nanowires (NWs), and zero-dimension (0D) QDs.

For 2D materials, the mechanical exfoliation method
is an easy-to-operate preparation method, but it can only
be used for the preparation of layered perovskites, there
is no way to control the morphology of the product, and
the yield is low. In order to overcome these shortcomings,
solution-phase growth and chemical vapor deposition
(CVD) are more used in the preparation of 2D perovskites
[5]. In 2014, Ha et al. presented for the first time a synthesis
method for perovskite family NPLs with thickness from
several atomic layers to several hundred nanometers,
which has sizes from 5 to 30 μm and an electron diffusion
length exceeding 200 nm. The corresponding schematic of
the synthesis setup using a home-built vapor-transport
system is shown in Figure 3a [53]. To crystallize MAPbI3
rapidly at room temperature without the participation of
strongly coordinating aprotic solvents, a solvent system
with a low-boiling point and low viscosity was introduced
by Noel et al. By using this kind of solvent, pinhole-free
films with uniform coverage and compactness can beman-
ufactured, which exhibits good photoelectric properties
[54]. Another method of anti-solvent-extraction tech-
nology can also be employed to prepare uniform pin-
hole-free CsPbI2Br film, which possesses good stability,
even in a high-temperature pressure environment and
continuous light infiltration under the conditions of
maximum power point tracking. Figure 3b shows the
solvent engineering procedure for preparing the uni-
form and dense perovskite film [55]. With the need for
the actual application, the large-scale synthesis of high-
quality perovskite NPLs is desired. Tong et al. proposed a
versatile, polar-solvent-free, single-step approach without
a polar solution, which can synthesize CsPbX3 (X = Br or I)
NPLs on a large scale, and the NPL thickness can be tuned
by direct ultrasonication to the related precursors [56].

With the continuous deepening of perovskite research,
researchers are pursuing high purity and high-stable 2D
perovskite [57–59]. Duan et al. proposed a multistep solu-
tion-processing strategy to synthesize CsPbBr3 perovskite
films with high purity. The phase conversion of perovskite
can be achieved by adjusting the number of deposition
cycles of a CsBr, which is conducive to the formation of
monolayer and vertical-aligned grains. During the synthesis
process, a clear crystal structure transformation can be
observed, shown in Figure 3c [57]. Studies have shown
that retarding the crystallization rate of perovskite can
improve the stability and efficiency of the perovskite-based
device [58–61]. A method of hydrogen bonding formed by
adding poly(vinyl alcohol) (PVA) to the FASnI3 perovskite
precursor solution was introduced to retard the crystalline
rate of perovskite by controlling the growth of FASnI3 per-
ovskite, thereby reducing the trap density of the resulting
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FASnI3-PVA perovskite film and improving its compactness.
Meanwhile, it exhibited striking long-term device stability
[59]. Another method of a one-pot hot injection is employed
by controlling the reaction temperature to synthesize
CsPbBr3 NPLs, then neighboring NPLs make facet-to-facet
contact and then fuse into larger 2D NPLs (2–5 times)
without defects, which is used to fabricate photocon-
version device with long-term performance stability.
Figure 3d and e shows two different dimensional CsPbBr3
perovskite nanocrystals (PNCs) synthesized at different
temperatures [60]. In 2021, Yang et al. proposed a multi-
functional 2D perovskite passivation approach named the
dimensionally graded perovskite formation approach to
prepare low-photovoltage-loss PSCs and enhance the sta-
bility of the solar-cell device. The schematic of 2D/3D

perovskite film formed via this approach is shown in
Figure 3f [61]. To further grow large-grain and less-defect
perovskite films, Yang et al. introduced ammonium ben-
zenesulfonate (ABS) into MAPbI3 precursor, as shown in
Figure 3g. During the entire reaction process, the presence
of the ABS can slow down the crystallization process and
improve the film quality. In addition, positive and negative
charged defects are also effectively passivated for the zwit-
terion-structured ABS which remains in the perovskite
[62]. Chu et al. combined large cation ethylammonium
with PEA2(CsPbBr3)2PbBr4 (PEA = phenylethylammonium)
perovskite. Through decreasing the Pb-Br orbit coupling
and increasing the band gap for blue emission, efficient
and spectra stable blue perovskite LEDs were fabricated
successfully [63].

Figure 3: (a) The schematic of the synthesis setup for 2D perovskite nanoplate using a home-built vapor-transport system, reproduced with
permission from ref. [53]. Copyright 2014, Wiley-VCH. (b) The solvent engineering procedure for preparing the uniform and dense inorganic
CsPbI2Br perovskite film, reproduced with permission from ref. [55]. Copyright 2018, Elsevier. (c) A clear crystal structure transformation in
the synthesis process of the all-inorganic cesium lead bromide halide, reproduced with permission from ref. [57]. Copyright 2018, Wiley-
VCH. TEM images of CsPbBr3 PNCs synthesized at (d) 120°C (NPLs) and (e) 185°C (nanocubes), reproduced with permission from ref. [60].
Copyright 2021, American Chemical Society. (f) Schematic of 2D/3D perovskite film formed via the dimensionally graded perovskite
formation method, reproduced with permission from ref. [61]. Copyright 2021, Springer Nature. (g) Schematic reaction process of mono-
lithic CH3NH3PbI3 grain from the precursor to monolithic perovskite grains, reproduced with permission from ref. [62]. Copyright 2019, The
Royal Society of Chemistry.
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The synthesis method of 1D perovskite can be divided
into solution‐phase synthesis, vapor-phase synthesis as
well as combined solution-phase and vapor-phase synth-
esis methods. For example, Yang et al. reported a simple
and easily scaled synthesis method at room temperature
without any organic solvent and expensive alkyl halide to
prepare 1D organic–inorganic hybrid perovskite micro-
belt (AD) Pb2Cl5 (AD = acridine), and the process is shown
in Figure 4a. The obtained low-dimension perovskite has
high water stability and luminescent properties, and exhi-
bits optical properties such as up-conversion fluorescence,
polarized photoemission, and optical waveguide perfor-
mances with a low loss coefficient during propagation. It
has great potential to be applied in optical communication
micro-devices [64]. Lately, Hu et al. synthesized a new
1D chiral hybrid perovskite material through a solution

process, which was determined to be a previously
unknown low-dimensional hybrid perovskite (R)-(−)-1-
cyclohexylethylammonium/(S)-(+)-1 cyclohexylethylam-
monium) PbI3 shown in Figure 4b [65]. The exploration of
this type of material will help to understand some phe-
nomena such as photo-galvanic effects, electric field, and
chiral enantiomer-dependent Rashba-Dresselhaus splitting.
In addition, water-stable 1D hybrid lead-free tin and lead
halide perovskites were synthesized by a solution process.
The SnCl2·2H2O and 1,8-diamino octane (2:0.5) were added
to a mixed solution of hydrogen iodide and hypopho-
sphorous acid (H3PO2) in a volume ratio of 5:8 to prepare
(DAO)Sn2I6 (DAO, 1,8-octyldiammonium), which is water
stable for more than 15 h [66]. Latest, a one-pot solution
process anisotropic growth was introduced to synthesize
super longmonocrystalline CsPbBr3 perovskite wires, which

Figure 4: (a) The facile synthesis process of organic–inorganic hybrid perovskite-AD crystals in aqueous solution at room temperature,
reproduced with permission from ref. [64]. Copyright 2019, The Royal Society of Chemistry. (b) A diagram of the structure of the 1D
perovskite, reproduced with permission from ref. [65]. Copyright 2020, American Association for the Advancement of Science. (c) Optical
microscope photograph for in situ monitoring wire growth, reproduced with permission from ref. [67]. Copyright 2021, Wiley-VCH. (d) A
schematic illustration of the epitaxial growth of CsPbBr3 NWs on mica, reproduced with permission from ref. [68]. Copyright 2017, American
Chemical Society. (e) Schematic of the solution process to fabricate PbI2 microwires and the vapor phase conversion process to transfer
PbI2 into hybrid perovskite NWs, reproduced with permission from ref. [70]. Copyright 2016, The Royal Society of Chemistry.
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exhibit well-defined morphology and a high aspect ratio
over 105 [67]. The optical microscope photograph for
in situ monitoring wire growth is shown in Figure 4c. In
contrast, 1D perovskites prepared from the vapor-phase
synthesis method have less defect density and higher
crystallinity. In 2017, Chen et al. first reported the direct
epitaxial growth of CsPbBr3 NWs and microwires with
controlled crystallographic orientations on both p-mica
and m-mica, which was carried out in a home-built CVD
reactor, the related A schematic illustration is shown in
Figure 4d [68]. The wires typically have a width of ∼1 μm
and a length of tens of micrometers. Very recently, a non-
catalytic CVD growth method was introduced by Hossain
et al. to prepare all-inorganic CsPbX3 perovskite NWs [69].
Besides,mixed preparationmethods, such as solution–vapor
growth, solution–vapor–solid growth were studied to make
high-quality perovskite NWs, which enabled the growth of
anisotropic perovskites [70]. Figure 4e shows a schematic
of the process to synthesize hybrid perovskite NWs.

The solid-state reaction method is a traditional method
for synthesizing perovskite nanopowders, but in order
to obtain homogenized colloidal nanocrystals (NCs), the

liquid-phase synthesis method is widely used. Among
them, the hot injection (HI) method and the ligand-
assisted reprecipitation (LARP) method are the two most
developed 0D perovskite fabrication methods [71]. In 2015,
Protesescu et al. proposed a HI method that can synthesize
the solution-processed monodisperse CsPbX3 (X = Cl, Br, I,
mixed Cl/Br, or Br/I systems) NC [72]. NCs are also known
as nanocrystal QDs. This research shifts the focus from
hybrid organic–inorganic lead halides MAPbX3 to the pre-
viously unresearched all-inorganic cesium lead halide per-
ovskites (CsPbX3) colloidal nanomaterials. However, the
unpurified QDs obtained by this method will be trans-
formed into the orthorhombic phase within a few days.
In 2016, Swarnkar et al. improved the preparation method
reported by Protesescu et al. and stabilized the CsPbI3 QDs
in the cubic phase in an ambient environment by purifying
the QDs [73]. The prepared a-CsPbI3 QDs are phase-stable
for months in ambient air and even at cryogenic tempera-
tures. Lately, Yang et al. presented a modified HI method
of one-step synthesis strategy for CH3NH3PbBr3 PQDs. The
colloidal solution obtained by this method has bright
green emission, and the particle size of the PQDs is less

Figure 5: (a) Preparation diagram of CsPbBr3 PQDs solid powder, reproduced with permission from ref. [76]. Copyright 2021, Elsevier. (b)
Schematic diagram of anion exchange based on long alkyl ammonium and aryl ammonium, reproduced with permission from ref. [79].
Copyright 2018, Springer Nature. (c) Schematic diagram of the microfluidic system for producing CsPbBr3/Cs4PbBr6 PNCs, reproduced with
permission from ref. [81]. Copyright 2021, Elsevier.
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than 10 nm [74]. These strategies can improve the stability
or optical properties of PQDs to a certain extent. Yet, the
synthesis of PQDs by HI requires a high temperature, inert
environment, and some other conditions [75].

LARP is another popular synthesis method because it
can be carried out in an atmospheric environment through
an ordinary mixing process without heating equipment
or inert gas protection. Guo and co-authors employed 3-
aminopropyltrimethoxysilane as ligands to prepare large-
scale stable CsPbX3 PQDs at room temperature [76]. Figure 5a
is the preparation diagram of CsPbBr3 PQDs solid powder.
In order to further overcome the poor stability of 0D per-
ovskites, Guo and co-authors proposed thioacetamide-
ligand-mediated synthesis to prepare novel CsPbBr3-CsPbBr3
homostructured NCs through a facile room-temperature
reprecipitation method [77]. Because of consuming a large
amount of toluene and N, N-dimethylformide, LAPP might
lead to low stability, a mixture of morphologies [78]. For
the sake of improving the quality and properties of 0D
perovskite, many other methods were explored for the
synthesis of high-quality and high-performance perovskite
with few defects. For instance, an atomic exchange method
was introduced by Chiba et al. to prepare red PQDs, which
converted the original green CsPbBr3 QDs into red QDs
through the halide-anion-containing alkyl ammonium and
aryl ammonium salts, as shown in Figure 5b [79]. The
material exhibits a strong red shift and higher PLQY
from green emission to a deep-red emission at 649 nm.
Another approach of comprehensive defect suppression
in perovskite NCs, that is, an ideal one-dopant alloying
strategy was designed by Kim et al., which can produce
monodisperse colloidal perovskite NCs with smaller sizes

and fewer surface defects [80]. As is well-known, the
synthesis of large-scale complex NCs is difficult. In 2021,
a microfluidic system, as shown in Figure 5c, was applied
by Bao et al. for a simple, continuous, and stable synthesis
of large-scale CsPbBr3/Cs4PbBr6 complex NCs with a high
PLQY of up to 86.9% [81].

2.2 Optical and electrical properties of
perovskites

2.2.1 Optical properties of perovskites

Perovskite is a direct band gap semiconductor, which
exhibits strong absorption of up to 105 cm−1 from UV to
visible light. Thus, an extremely thin perovskite film can
achieve complete light absorption, which is beneficial to
carrier collection and further design of device structure.
In addition, the perovskite band gap is within 1.4–3.0 eV,
and the light absorption and emission can just cover the
entire visible light region, that is why perovskite has
broad application prospects. Figure 6 shows the corre-
sponding spectra of different perovskite materials in the
visible range [72], in which the spectral range of organic
perovskite MAPbX3 is 390–790 nm, and the spectral range
of inorganic perovskite CsPbX3 is about 400–710 nm.
According to the corresponding calculation, the band
gap of the perovskite is in the range of 1.4–3.0 eV.

As the composition changes, the perovskite absorption
and fluorescence spectra can be continuously adjusted. For
instance, Protesescu et al. developed a series of CsPbX3

Figure 6: Spectral absorption and emission ranges of different perovskite materials in the visible light region, reproduced with permission
from ref. [82]. Copyright 2017, Wiley-VCH.
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(X = Cl, Br, I) perovskite nanoparticles (NPs) with different
components and realized the continuously adjustable fluor-
escence spectrum from 410 to 710 nm in the visible light
range (Figure 7) [72]. Figure 7a shows the tunable lumines-
cence color of the perovskite solutions under the excitation
light of 365 nm. Figure 7b and c shows the adjustable optical
absorption and emission spectra of CsPbX3 in the entire
visible spectrum by adjusting their composition and particle
size. According to Figure 7b, it can be observed that the
half-width of the perovskite PL peak is very narrow,
between 12 and 42 nm, which fully proves that the material
has high monochromaticity. The optical performance adjust-
ment between the same type of perovskite can be achieved
through ion exchange, and this can also be achieved
between different types of perovskites. Wang et al. pre-
pared FA0.33Cs0.67PbBr3−xIx (0 ≤ x ≤ 3) organic–inorganic
hybrid perovskite through the solution method and
adjusted its PL performance by changing the proportion
of halogen ions [83].

Compared with 3D materials, low-dimensional semi-
conductors such as QDs and 2D NWs have different optical
properties. Under the quantum confinement effect, QD-
perovskites and 2D nano-perovskites have variable PL
peak positions and absorption edges and have better light
stability than 3D-structured perovskites. In addition, PQDs
have the advantage of defect tolerance. Although the
system has a large number of inherent structural defects,
its optical properties still have unique advantages. In
recent years, there have been many research reports on
PQDs. Including all-inorganic materials and organic–inor-
ganic hybrid materials, almost all types of PQDs have been
reported. Furthermore, some experts have discovered that

a well-designed hybrid 2D/3D perovskite is a combination
of ideal optoelectronic properties and moisture resistance
stability, which can cover the advantages of 2D and 3D
perovskites.

For perovskite nanomaterials, because of the exis-
tence of quantum effects, the optical properties of the
perovskite nanomaterials will change to a certain extent
with the thickness of the perovskite nanomaterials. Taking
MAPbI3 as an example, Liu et al. synthesized MAPbI3
nanosheet structures with different thicknesses by solu-
tion method and tested PL of samples with different thick-
nesses [84]. The results show that as the nanosheets
increase from a single layer to 10 layers, the PL peak posi-
tion has a significant redshift from 724 to 755 nm. From a
single layer to a bulk phase, the band gap shift can reach
100meV, which indicates that the thickness of the perovs-
kite nanosheet has a great relationship with its optical
properties.

2.2.2 Electrical properties of perovskites

Perovskite has strong carrier transport capacity and higher
carrier mobility comparable to GaAs and Si inorganic
materials. The carrier mobility of polycrystalline thin-film
perovskite is 1–30 cm2 V−1 s−1. Because of high purity, few
grain boundaries, and low defect density, mobility can
reach more than 200 cm2 V−1 s−1 in the perovskite single-
crystal material [85].

Yang et al. observed that the ion conductivity in
MAPbI3 was significantly higher than the electronic con-
ductivity, indicating the importance of ion transport in

Figure 7: (a) The luminescence color of the perovskite solution under UV light (λ = 365 nm). (b) The PL fluorescence peak position change of
the corresponding component (except for the CsPbCl3 excitation wavelength of 350 nm, the rest are all 400 nm). (c) The absorption
spectrum of the corresponding component. Reproduced with permission from ref. [72]. Copyright 2015, American Chemical Society.
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perovskite [86]. They tested the electrical data obtained
by pure phase doping with a small amount of MAPbI3.
Based on a variety of characterization methods, Seno-
crate et al. finally determined that the conductive ion in
MAPbI3 is I

−, that is, the ion conductance in perovskite is
mainly contributed by halogen ions [87]. Due to the
increase in I− vacancies caused by Na+ doping, both the
ion conductivity and the electronic conductivity increased
by more than one order of magnitude after doping, so
it can be inferred that I− plays an important role in ion
conductivity. In addition, the conductivity of perovskite
is not only related to temperature and I2 partial pressure
but also related to light. Kim et al. found that under light
conditions, compared with the dark state, the electronic
conductance and ion conductance of perovskite increased
significantly, and the ion conductance increased by three
orders of magnitude [88]. That is because light effectively
increases the chemical potential of I−, making it more
prone to migration. As the light intensity increases, ion
conductance and electronic conductance will continue to
increase.

3 Latest cutting-edge applications
of perovskites

Perovskite materials have many excellent optoelectronic
properties such as high electron mobility, suitable band
gap, strong light absorption, and high luminous effi-
ciency. Moreover, perovskite nanomaterials such as NWs
and nanosheets usually have very high crystalline quality,
small size, and superior performances. These characteris-
tics make it have broad application prospects in many
fields such as solar cells, information decryption and
encryption, VLC, and memristors for memory and com-
puting as well as artificial synaptics. The following mainly
introduces the applications of perovskite materials in the
abovementioned aspects in detail.

3.1 Solar battery

A solar cell is a device made of a certain light-absorbing
material that can directly absorb sunlight and convert
light energy into electrical energy. In physics, it is referred
to as PV. In general, solar cells have experienced a second
revolution in the historical sense: the first generation is
based on silicon wafers (monocrystalline silicon and poly-
crystalline silicon), of which the power conversion efficiency

is 15–20%, but these batteries aremore expensive because of
their high cost of processing and raw materials; the second
generation is based on amorphous silicon, copper indium
gallium selenide (CIGS), and cadmium telluride (CdTe),
but there are still problems with low conversion effi-
ciency and module stability. PSCs are expected to become
mainstream for third-generation solar cells in the next few
years because of their low processing cost, easy manufac-
turing, and large-area production using electrospray tech-
nology [89].

Hybrid halide perovskites are commonly used mate-
rials in solar cells. A in the ABX3-structure hybrid halide
perovskite is usually a stable organic cation, such as HC
(NH2)2 (FA) and CH3NH3 (MA). At present, formamidine
lead iodide (FAPbI3) has attracted the attention of scho-
lars due to its excellent properties and broad application
prospects. Based on density functional theory, Pachori
et al. conducted experiments using PBE-sol and WC-
GGA exchange-correlation potentials [90]. The structural,
electronic, optical, and thermal properties of FAPbI3 were
successfully verified. FAPbI3 is a direct band gap semi-
conductor (1.30 eV) with an absorption coefficient much
higher than 104 cm−1 in the visible region. At the same
time, it shows higher compressibility and low-tempera-
ture dependence, which can improve the stability of PV
devices. In addition, they also studied the physical prop-
erties of the tin-based formamidinium (FASnX3, X = I, Br,
Cl) for the first time [91]. It was found that all these com-
pounds have similar band gaps, high thermal and elastic
stability, and high dielectric constants and absorption
coefficients. This research is conducive to the search for
more stable and more efficient hybrid compounds com-
posed of lead-free perovskites, thereby realizing higher
performance solar cells.

For the simulated efficiency, MonikaPachori et al.
used the full potential linearized augmented plane wave
method to study the structure and properties of FAPbI3
and fabricated FAPbI3 PV devices [92]. According to the
energy band structure, FAPbI3 has a direct band gap of
1.44 eV at the symmetry point R(0.5, 0.5, 0.5). The stability
of the structure mainly depends on the strong hybridiza-
tion of the s orbital of Pb atom and the p orbital of I atom in
the valence band. It was found that when the materials in
the buffer layer were ZnS and CdS, the FAPbI3 thin-film
solar cells had the highest efficiencies, which were 20.48
and 20.77%, respectively. Since the Pb element will cause
certain damage to the environment, MonikaPachori et al.
used Analysis of Microelectronic and Photonic Structures-
one dimensional (AMPS-1D) to analyze the FASnI3 PV
device [93]. Experiments show that FASnI3 has semicon-
ductor properties. When the temperature of the FASnI3
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absorption layer is 300 K and the thickness is 300 nm, the
spectral limit maximum efficiency is 28.37%.

Moreover, MAPbI3 has excellent PV properties, becoming
one of the main research areas in solar cells. MAPbI3 has the
characteristics of high dielectric constant and cubic structure–
tetragonal phase transition. So it is speculated that it has ferro-
electric properties. In this regard, Kim et al. used piezoelectric
force microscopy (PFM) to study the ferroelectric polarization
behavior of MAPbI3 [94]. They sequentially employed positive
and negative polarization processes and measured the
PFM phase in both darkness and illumination. The study
found that MAPbI3 has spontaneous polarization behavior,
confirming its ferroelectric properties. Positive polarization
can further promote electrical polarization, while negative
polarization weakens electrical polarization. Under strongly
polarized electric fields, light-induced polarization is promi-
nent. Positively polarized light-induced polarization can
provide efficient electron channels, which are beneficial for
charge transport and collection. Jia et al. incorporated the
ferroelectric polymer P(VDF-TrFE) into the absorber layer of
solar cells [95]. The ferroelectricity of P(VDF-TrFE):MAPbI3
hybrid films was observed by PFM. Applying a bias voltage
across the ferroelectric thin films can tune the PV properties
of PSCs. The results showed that the PCE of MAPbI3-based
PSCs increased from 13.4 to 17.3%. Taya et al. used Sn and
Ge to partially or completely replace Pb, which can greatly
improve the absorption of solar cells [96]. By adjusting
the Sn and Ge doping concentrations in MAPb1-x-ySnxGeyI3
[(x, y) = (0, 0.5), (0.25, 0.25) (0.5, 0)], the band gap can be
reduced from 1.16 to 0.77 eV, while improving the light
absorption coefficient in the visible region and even the
mid-infrared region.

Besides hybrid organic–inorganic halide solar cells,
inorganic perovskite-PSCs are also a hot research direc-
tion. Next we will briefly introduce the latest achievements
of several solar cells based on inorganic perovskite mate-
rials, and list their photoelectric parameters in Table 1.

According to reports, the PCE of organic–inorganic
hybrid PSCs has surpassed 23% [57], and the PCE of all-
inorganic PSCs has also exceeded 17%. Compared to organic–
inorganic hybrid PSCs, inorganic perovskite materials
have become one of the hot spots in the research field of
PSCs due to their good thermal stability. Beal et al. applied
the prepared CsPb(BrxI1-x)3 inorganic lead halide perovs-
kite material to a solar cell, which has a layered structure
[97]. It can be obtained through spectral analysis that the
inorganic lead halide perovskite material can make the
light absorption layer of the battery have better light
absorption performance and thermal stability. The disad-
vantage is that the PCE of solar cells based on inorganic
lead halide perovskite CsPb (BrxI1−x)3 is only 6.5%. There is
still a certain gap with the efficiency of organic–inorganic
hybrid perovskite. In order to obtain practical applica-
tions, all-inorganic PSCs must be continuously optimized.

Inorganic CsPbX3 (X = Cl, Br, I) PNCs not only have
the same good optoelectronic properties as bulk mate-
rials but also have the properties of nanomaterials. For
example, the colloidal ink has an adjustable gap and easy
handling characteristics, which makes it easy for integra-
tion into many kinds of electronic devices and compatible
with printing technology. Liu et al. used a simple hexane/
ethyl acetate (MeOAc) solvent treatment method to change
the number of ligands around CsPbBrI2 NCs [98]. Figure 8a
also demonstrated the effect of the number of ligands on
the film, which further affects the performance of the solar
cell. Then, the nuclear magnetic resonance (NMR) internal
standard method was used to accurately quantify the
number of ligands. The final measured reverse scan cur-
rent density–voltage (J–V) curve is shown in Figure 8b. By
controlling the amount of ligand, the trapped state density
was reduced by about 4 times, the carrier mobility was
increased by nearly 15 times, and the PCE of 12.2% was
finally realized. This is almost the highest reported perfor-
mance of the hybrid halide CsPbX3 PNCs solar cell.

Very recently, remarkable achievements have been
made for solar cells based on perovskites. He et al.mixed
passivation of organic phenethylammonium bromide and
inorganic cesium bromide for the first time, and specifically
studied its effect on all-inorganic perovskite (CsPbI2Br) solar
cells [99]. The structure diagram of the experimental device
is shown in Figure 8c, which is consisted of Glass/ITO/ZnO/
SnO2/CsPbI2Br/(PEABr + CsBr)/Spiro-OMeTAD/Ag. Different
passivation mechanism treatments can obtain different effi-
ciencies. After experimental verification, the characteristics
of the best device with an optimized PEABr + CsBr are
measured, which have a circuit current density (Jsc) of
15.64mA cm−2, an open-circuit voltage (Voc) of 1.30 V, an
excellent fill factor (FF) of 0.82, and a high PCE of

Table 1: PV parameters of the inorganic perovskite-based solar cells

Inorganic perovskite PCE (%) JSC (mA cm−2) VOC (V) Ref.

CsPb(BrxI1−x)3 6.5 10.9 — [97]
CsPbBrI2 12.2 14.22 1.20 [98]
CsPbI2Br 16.70 15.64 1.30 [99]
CsPbI2Br 16.93 14.71 1.38 [100]
CsPbI3 18.02 20.30 1.125 [102]
CsPbI2.1Br0.9 18.06 12.77 1.89 [101]
CsPb(BrxI1−x)3 18.14 1.22 18.16 [104]
CsPbI3 20.08 20.76 1.148 [103]
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16.70%, as shown in Figure 8d. Besides, in order to solve the
serious electrical loss problem of PSCs, Li et al. designed a
small conjugated donor molecule (SMe-TATPyr) to control
the accumulation characteristics of P3HT. Figure 8e is a
schematic diagram of molecular stacking, showing the
destructive effect of SMe-TATPyr on the structure of P3HT
and the formation of P3HT clusters, which improves hole
mobility. The PCE of the final prepared CsPbI2Br PSCs was
16.93% [100]. Thismethod effectively improves themoisture
stability and thermal stability of PSCs.

All-inorganic perovskite and CsPbI3 PSCs have attracted
more attention due to their superior stability and suitable

band gap. For all-inorganic perovskites, Wu et al. invented
an all-inorganic perovskite/organic tandem solar cell, in
which the top cell is CsPbI2.1Br0.9 with a wide band gap,
and the bottom cell is an organic photosensitive layer
(PM6:Y6) with a narrow band gap [101]. This solar cell can
finally obtain a PCE of 18.06%, which is one of the highest
efficiencies of all-inorganic/organic tandem solar cells cur-
rently reported. For CsPbI3 PSCs, Yan et al. prepared efficient
CsPbI3 PSCs by adding guanidine hydrobromide (GABr) to
the exterior of the CsPbI3 film [102]. Figure 8f is the energy
band diagram, the optimized maximum PCE is 18.02%,
which is higher than the original PCE (16.58%). Through

Figure 8: (a) The cross-sectional SEM images of NC2.35, NC1.87, and NC1.01 and the SEM images of the annealed CsPbBrI2 film fabricated by
NC2.35, NC1.87, and NC1.01. (b) The reverse scan J–V curves of NC2.35, NC1.87, and NC1.01. Reproduced with permission from ref. [98]. Copyright
2020, Wiley-VCH. (c) Structure diagram of the experimental device with the structure of Glass/ITO/ZnO/SnO2/CsPbI2Br/(PEABr + CsBr)/
Spiro-OMeTAD/Ag. (d) J–V characteristic curve of the best device with the optimized PEABr + CsBr. Reproduced with permission from ref.
[100]. Copyright 2021, The Authors, published by Wiley-VCH. (e) Structure diagram of the molecular stacking of P3HT and P3HT/SMe-
TATPyr, reproduced with permission from ref. [99]. Copyright 2021, Wiley-VCH. (f) The energy band diagram of CsPbI3 PSCs, reproduced with
permission from ref. [102]. Copyright 2020, The Royal Society of Chemistry. (g) J–V curve and structure diagram of CsPbI3 PSC modified by
the UAT, reproduced with permission from ref. [103]. Copyright 2021, Wiley-VCH.
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further research, the characterization of passivation was
found, resulting in the decrease in the non-radiative recom-
bination rate. In addition, the energy band arrangement
between CsPbI3 and the interface layer is optimized, redu-
cing the electron transport barrier, providing good hole con-
tact, and ultimately hindering the flow of electrons in the
opposite direction. Furthermore, Yu et al. also optimized the
crystal of the CsPbI3 film and added a new type of urea-
ammonium thiocyanate (UAT) molten salt as an additive
for all-inorganic cesium triiodide lead solar cells, which
obtained a PCE of up to 20.08% with excellent stability, as
shown in Figure 8g [103]. Specifically, it is to utilize and
release the coordination activity of SCN− asmuch as possible
to deposit high-quality CsPbI3 film.

Light immersion can improve the performance indi-
cators of PSCs, but the unstable output power will cause
damage during the period. In this regard, based on the
discovery that light immersion can promote the migration
of halide ions, Wu et al. proposed that the CsPb(BrxI1−x)3
precursor solution was doped with slightly higher stoi-
chiometric PbI2, and finally obtained a PCE as high as
18.14% [104].

In short, new and stable charge transport materials,
additives, and doping concentrations are the direction for
future research on the efficiency and stability of PSCs. In
particular, inorganic PSCs can effectively solve the pro-
blem of low stability of organic PSCs, but the PCE still
needs to be continuously improved.

3.2 Decryption and encryption of
information

Perovskite crystals can be used to decrypt and encrypt
confidential information. Zhang et al. found that tradi-
tional smart fluorescent materials are visible under UV
light or ambient light, which may damage the protection of
confidential information [6]. Therefore, they proposed a
method to protect and store confidential information by con-
verting lead-based MOF into luminescent perovskite NC
and used lead-based MOF powder to prepare CH3NH3PbBr3
(MAPbBr3) NCs, as shown in Figure 9a. The invisibility and
controllable printing characteristics of lead-based MOF can

Figure 9: (a) Schematic diagram of the conversion of lead-based MOF powder to CH3NH3PbBr3 (MAPbBr3) NCs, reproduced with permission
from ref. [6]. Copyright 2017, The Author(s), published by Springer Nature. (b) XRD pattern of CsPbCl3 QDs, reproduced with permission
from ref. [7]. Copyright 2019, American Chemical Society. (c) Reversible fluorescence conversion characteristics and application in optical
information protection of MAPbBr3@UiO-66, reproduced with permission from ref. [105]. Copyright 2020, Elsevier. (d) PL intensity of the
uncoated PQDs, PQD/PS, PQD/PMMA, and PQD/PVDF, reproduced with permission from ref. [106]. Copyright 2020, American Chemical
Society. (e) Schematic diagram of a highly narrow-band PD and TPA PD based on inorganic halide perovskite, reproduced with permission
from ref. [107]. Copyright 2018, The Royal Society of Chemistry.
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record and encrypt confidential information through the
MOFmode. However, common decryptionmethods cannot
read confidential information. Only by using polar sol-
vents (such as methanol) and halide salts to react with
MOF can the high-luminescence perovskite NC be quickly
and simply formed, thereby promoting effective informa-
tion decryption.

For information security applications, fluorescent ink
has become the most convenient way to be used due to its
convenience and low cost. However, the PL characteristic
of fluorescent ink makes it usually visible under ambient
light or UV light, so there is still the possibility of infor-
mation leakage. In this regard, Sun et al. used the full-
color stimulus-response ink based on high PLQY, bright
PL, ion exchange reaction, and wide color gamut PQDs to
encrypt and decrypt information [7]. Figure 9b is the data
after X-ray diffraction (XRD) measurement of the crystal
structure of CsPbCl3 QDs. The average particle size of
10 nm can be obtained by calculation. Using butylamine
and acetic acid as reagents to turn off and turn on the
light, thereby encrypting and decrypting the printed infor-
mation. The information made by the halide salt solution
can only be read under UV light after spraying with a
specific developer and has high stability. It can be stored
for several decades at most, and it can be stored for several
weeks even after decryption.

In addition, MAPbBr3 perovskite has attracted wide-
spread attention because of its high PLQY and tunable PL
advantages. MAPbBr3 exhibits poor stability and low vis-
ibility under UV light and ambient light, so Shi et al.
combined PbBr2, MAPbBr3 based on Zr-based MOF UiO-
66 [105]. Figure 9c shows the reversible fluorescence
conversion characteristics and application in optical infor-
mation protection of MAPbBr3@UiO-66. PbBr2@UiO-66
was converted to luminous MAPbBr3@UiO-66 to prepare
stable PbBr2@UiO-66 and luminous MAPbBr3@UiO-66
composite materials, realizing information encryption
and decryption. Since PbBr2@UiO-66 is invisible under
ambient light and UV light, the information can be recorded
and encrypted, and ordinary decryption methods cannot
read this information. Using the MABr solution that reacts
with PbBr2@UiO-66 can quickly form high-brightness
MAPbBr3@UiO-66 in situ, thereby facilitating informa-
tion decryption. Finally, through water and MABr solu-
tion treatment, the luminescence of MAPbBr3@UiO-66
can be quenched and restored for the encryption and
decryption of multiple information.

In optical multiplexing, using the time dimension is
an effective way to improve the security of data encryp-
tion. Unfortunately, adjusting the fluorescence lifetime of
a luminescent material usually changes its fluorescence

spectrum, which is not conducive to the protection of
confidential information. Therefore, Liu et al. prepared
an ideal multi-dimensional data encryption material,
which has a long and adjustable fluorescence lifetime
but the same fluorescence spectrum as various perovskite
QDs/polymer nanospheres [106]. Figure 9d is the PL
intensity of the uncoated PQDs, PQD/PS, PQD/poly(methyl
methacrylate) (PMMA), and PQD/poly(vinylidene fluoride)
(PVDF). As can be seen in the figure, the stability of the
three PQD/polymers has been improved, but the stability
of PQD/PVDF is significantly higher than the other two.
This data encryption strategy takes advantage of the water
sensitivity of perovskite and the water stability between
uncoated perovskite QDs and PQDs/polymer to realize
the spatial dimension encryption of information. In order
to realize the time dimension data encryption, the fluores-
cence lifetime of the PQDs/polymer is used as a coding
element. The data are decrypted byfluorescence lifetime ima-
ging microscope and time-controlled luminescence imaging
technology.

In optical communication, the openness of the optical
channel greatly weakens the confidentiality and security
of information. Therefore, Wu et al. developed a visible
light-infrared dual-mode narrow-band perovskite PD and
proposed to use the two advantages of narrowband and
two-photon absorption (TPA) to encrypt the optical com-
munication of the PD [107]. Figure 9e is the schematic
diagram of a highly narrow-band PD and TPA PD based
on inorganic halide perovskite. When the 532 nm and
442 nm lasers are used to send information and noise sig-
nals at the same time, the perovskite PD only receives
the main information. However, the commercial Si PDs
respond to both types of light, resulting in the loss of the
main information. The final data only can be predeter-
mined by the key through the TPA process.

In short, the use of perovskite materials can be used
to realize the protection of advanced encrypted informa-
tion, and it will occupy an important position in the fields
of future secure communication and information anti-
counterfeiting. However, PQDs contain toxic Pb elements.
In the future, how to reduce Pb elements or find alternative
elements will be an important research direction. Solving
this problem will help it further expand the scope of
application.

3.3 VLCs

In the last decades of the 20th century and the beginning
of the 21st century, wireless communication technology
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developed rapidly and became popular, playing a pivotal
role in the communication industry. However, the capa-
city of the electromagnetic spectrum used by the wireless
system has a limited capacity, and the license to use a
part of the spectrum is expensive. With the rise in the
large amount of data wireless communication, the shortage
of radio frequency (RF) spectrum resources makes compa-
nies consider choosing to use UV visible spectrum instead
of RF. In recent years, wireless optical communication tech-
nology based on visible light has begun to become a
research hotspot in academia. VLC is a kind of environmen-
tally friendly information technology that uses light trans-
mitters (such as LEDs, LD light sources, etc.) to transmit
signals and light receivers (such as PIN, avalanche photo-
diodes, etc.) to receive signals. It can transmit in free space
or underwater to establish a wireless optical communica-
tion link between the receiver and the transmitter. The
development momentum of VLC mainly includes the fol-
lowing aspects: i) A higher frequency, about 10,000 times
the radio frequency, and a higher bandwidth, ii) No impact
on WiFi and RF networks, iii) No harm to human health,
and iv) Lower power and cost than RF [108–111]. Compared
with other popular wireless technologies (such as Blue-
tooth, WiFi, and IrDa), VLC possesses higher data density
and transmission speed (>10 Gbps in an indoor system of
several meters) [112]. VLC has broad application prospects
and can be used anywhere as a communication medium for
computing, television, traffic signs, payment cards [113],
indoor positioning systems [114], wireless local area net-
works, and vehicle networks.

In recent years, LEDs made of perovskite materials
havemade great progress [115–117], especially the external
quantum efficiency (EQE) of green and red emission has
reached more than 20% [79,118]. However, it is difficult to
synthesize stable materials in the form of thin films while
maintaining high quantum efficiency, resulting in the EQE
of blue emission being still low [119]. Therefore, Chu et al.
developed a perovskite film with a blue PLQY greater than
70% [63]. The main method is to introduce large cation

+CH CH NH3 2 2 (EA) into the Cs+ site of PEA2(CsPbBr3)2PbBr4
perovskite, as shown in Figure 10a, and adjust the emis-
sion from green (508 nm) to blue (466 nm). Under light
and heating conditions, the blue emission has good spec-
tral stability, as shown in Figure 10b. The 12.1% EQE sky
blue (488 nm) electroluminescence (EL) obtained will ben-
efit the future development of Perovskite LEDs (PeLEDs) in
the field of full-color displays.

In addition, Pang et al. proposed a method for rea-
lizing a high-efficiency sky blue PeLED by adjusting the
low-dimensional phase distribution in the quasi-2D per-
ovskite [8]. The main method of this sky blue perovskite

LED is to add Na+ to the quasi-2D perovskite mixed with
Cl/Br, cesium lead halide as the inorganic framework, and
phenylethylamine as the organic spacer. By adjusting the
phasedistribution, a stable 11.7%maximumEQE is achieved.

LEDs based on PQDs (QLEDs), which are materials for
high-quality luminescence and display, have the charac-
teristics of a wide color gamut and true-color performance.
However, the QD film caused a large number of defects
during the assembly process, which greatly reduced the
performance of the QLEDs. In optoelectronic devices,
the perovskite layer is usually located in the center of
the sandwich structure. Both the top and bottom surfaces
of the film face interfacial problems, and defects and
partially deposited material can affect carrier motion.
Therefore, Xu et al. proposed a double-sided passivation
method to evaporate a layer of organic molecules between
the QD film and the carrier transport layer (CTL). The inter-
faces between the bottom and top of the QD film and the
organic molecules are passivated. Due to the strong inter-
action of perovskite and the blocking between perovskite
and CTL, the stability of perovskite QLEDs is effectively
improved [9]. Figure 10c is a device structure diagram
and a cross-sectional TEM image of a double-sided passi-
vation device. Finally, the EQE can reach 18.7%, as shown
in Figure 10d, the current efficiency is 75 cd−1 and the ser-
vice life was increased to 15.8 h.

Research has found that liquid perovskite QDs (LPQDs)
have more excellent characteristics than solid perovskite
QDs (SPQDs). Liang et al. synthesized CsPbBr3 perovskite
QDs with ultrasound, finding that LPQDs have a shorter
luminescence lifetime of 24 ns shorter than SPQDs [22]. In
order to make full use of this excellent feature of LPQDs,
they applied LPQDs as color converters to construct LD-
based white light systems for implementing VLC for the first
time, as shown in Figure 10e, finding a data transmission
rate of up to 1 Gbps. According to the bandwidth measure-
ment in Figure 10f, the bandwidth of LPQDs is nearly 30%
higher than that of SPQDs. This experiment proves the wide
application of LPQDs in VLC.

A high-bandwidth system combining blue LED and
PQDs has also been proposed previously. Mei et al. designed
a new VLC all-inorganic white light device, which uses blue
gallium nitride (GaN) micro-size LED (μLED) as the light
source and inorganic yellow light-emitting perovskite
CsPbBr1.8I1.2 QDs (YQDs) as the color converter [120]. The
2D structure diagram of the fabricated μLED is shown in
Figure 11a. Figure 11b is an experimental device designed
to test the communication performance of a white light
system. Using the non-return-to-zero keying (NRZ-OOK)
modulation method, the maximum data transmission rate
of 300 Mbps can be obtained. Combining μLED and
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perovskite QDs, the maximum −3 dB electrical-to-optical
(E–O) modulation bandwidth is about 85MHz, as shown
in Figure 11c. In addition, the bandwidth of the white light
device and YQDs has no obvious attenuation, which fully
demonstrates its high stability.

In order to further increase the data transmission
rate, Leitão et al. used a brand new inorganic perovskite
QD (IPQDs) material to develop a color converter optical

pump based on 450 nm InGaN LED, which can be used
for VLC [121]. Only the light after color conversion can be
used as the signal optical carrier of this experiment,
which can achieve 364Mbps free space data communica-
tion. When mixed with unabsorbed LED light, the data
rate will exceed 1 Gbps and it will also be displayed.

For the development of the visible light integration
platform, Trofimov et al. developed a visible light platform

Figure 10: (a) Structure diagram of EA cation in perovskite lattice replacing Cs+ in quasi-2D perovskite. (b) Normalized PL spectrum of quasi-
2D perovskite film with 60% EABr content after continuous UV radiation and continuous heat treatment. Reproduced with permission from
ref. [63]. Copyright 2020, The Authors, published by Springer Nature. (c) The device structure diagram and cross-sectional TEM image of the
bilateral passivation, the passivation molecules are TSPO1, DPEPO, TPPO, and DMAC-DPS, respectively. (d) EQE of the pristine and bilateral-
passivated devices. Reproduced with permission from ref. [9]. Copyright 2020, The Authors, published by Springer Nature. (e) VLC system
based on LD. (f) Bandwidth measurement of white light illumination system based on LD. Reproduced with permission from ref. [22].
Copyright 2019, IEEE.
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based on a spectrally tunable perovskite (CsPbX3) micro-
scale light source and series low-loss 3D semiconductor
GaP nano-waveguides [122]. In this device, the perovskite
microcrystalline core supports a stable room temperature
laser, and the tuning range of the broadband chemical
emission wavelength is 530–680 nm. The GaP nano-wave-
guide supports high-efficiency light outcoupling, and its
sub-wavelength is <200 nm limitation and long-distance
guiding distance exceeds 20 µm.

PDs are the basis for optical communication and bio-
sensing applications, which can convert an optical signal
into an electrical signal. Unfortunately, there are pro-
blems such as crosstalk, interference, and data leakage
in VLC, so higher requirements are placed on the PD and
the receiving end in terms of fast and accurate signal
identification and fast decoding. In this regard, Huang
et al. proposed a dual-frequency PD based on MAPbBr3
and MAPbI3 as the photoactive layer, and superimposed
two photodiodes with opposite polarities as the effective
receiving end of the VLC [123]. By controlling the direc-
tion of the bias voltage, the response of the device can be
switched between 300 and 570 nm and between 630 and
800 nm, the optical crosstalk is less than −30 dB, and the
detection performance is 1.75 × 1010 Jones. The device can

efficiently detect signals of different wavelengths from
commercial white LED (WLED) transmitters, allowing
simple encryption at the receiving end in VLC, reducing
the potential for message leakage. To further expand the
spectral response range and improve the EQE of perovs-
kite PDs, Wang et al. prepared highly sensitive perovskite
PDs with an active layer of (FASnI3)0.6(MAPbI3)0.4 [124].
When the thickness of (FASnI3)0.6(MAPbI3)0.4 is 1,000 nm
and the thickness of the C60 layer is 70 nm, the spectral
response range of PDs is extended to the near-infrared
region, and the EQE value exceeds 65%. Miao and Zhang
reviewed the latest progress and specific methods on how
to expand the spectral response range of perovskite PDs
and improve various performance indicators [125]. At the
same time, promising directions such as multifunctional
perovskite PDs and flexible transparent perovskite PDs are
also proposed. Tong et al. combined CH3NH3PbI3 and dioctyl-
benzothieno [2,3-b] benzothiophene (C8BTBT) to construct
PDs with perovskite/organic heterostructures, which work in
the UV to near-infrared region, with a fast response time of
4.0ms and a high Ilight/Idark of 2.4× 104 [126]. In addition, Zhou
et al. proposed a perovskite PDs with high detection of ∼1013

Jones and responsivity of 105AW−1 at 360nm, composed of
graphene-poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]

Figure 11: (a) 2D structure diagram of the fabricated μLED. (b) VLC link diagram and experimental device. (c) Comparison of -3 dBmodulation
bandwidth between μLED, μLED + YQDs system, and YQDs. Reproduced with permission from ref. [120]. Copyright 2018, American Chemical
Society.
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(PTAA)-perovskite-poly(methyl methacrylate) (PMMA)
[127].

In a VLC system, fast response and highly sensitive
detectors are also indispensable. Ma et al. used organic/inor-
ganic hybrid perovskite (CH3NH3PbI3) to prepare a PDwith a
fast response time and high response rate by improving the
quality of the photosensitive layer and selecting the appro-
priate transport layer [128]. Figure 12a and b are the sche-
matic diagram and physical image of the VLC system based
on the organic/inorganic hybrid perovskite PD, and Figure
12c is the text data waveform received by the detector. Under
zero bias conditions, the device has a high response rate of
436mAW−1 at 753 nm, a fast response time of 1.7 µs, a linear
dynamic range of 106 dB, and a bandwidth of 75 kHz. Based
on the abovementioned remarkable characteristics, the
perovskite PD can be integrated into an optical communi-
cation system as a receiving end optical sensor, and can
quickly, successfully, and accurately transmit character
strings, texts, and data files through optical coding.

The traditional fluorescent solid-state lighting (SSL)
in VLC is composed of wide-area LEDs that emit blue light
and phosphors that emit yellow light. However, the E–O
modulation bandwidth of the phosphor is very low, which
limits the data communication rate to a certain extent.
Therefore, we need to find a color converter with higher
bandwidth to increase the communication rate. QDs also
have the characteristics of the tunable emission spectrum,
narrow emission spectrum, and high QY, so they have

become popular SSL conversion materials. In addition,
QDs can achieve a high data transmission rate and mod-
ulation bandwidth within a few nanoseconds or even
tens of nanoseconds due to their short fluorescence life-
time. For example, Xiao et al. proposed a light conversion
material based on CdSe/ZnS QDs and related luminescent
microspheres as QD-LEDs [129]. The modulation band-
width of the proposed QD-LED and QD-WLED was
increased by 74.19% and 67.75%.

At present, silicon (Si) PDs have become basic com-
ponents and are widely used in optoelectronic devices.
These devices are based on their broadband spectral
response, ultra-high response rate, high reliability, and
mature low-cost manufacturing process. But the UV light
response of Si PDs is relatively low due to the limitation of
high reflection coefficient and light penetration depth.
Ding et al. perfected the thermal injection method to pre-
pare Cr3+, Yb3+, Ce3+ triple-doped CsPbCl3 PQDs [130].
The 188% PLQYs and excellent stability confirm the
extremely efficient UV-NIR quantum cutting emission,
which greatly improves the effectiveness of the UV response
of Si PDs. This is mainly due to the enhanced exciton
binding. Doping Cr3+ can reduce energy, reduce defects,
and improve tolerance coefficients. At the same time, Ce3+

is used to increase the bridge coefficient, which improves
the energy transfer from PQD to Yb3+. In addition, the 5d
high energy state of Ce3+ ion significantly enhances the
UV absorption of PQDs. A full spectrum response of

Figure 12: (a) Schematic diagram of VLC with perovskite as the PD. (b) Text data waveform received by perovskite PD. (c) Experimental setup
of the VLC system based on organic/inorganic hybrid perovskite PD. Reproduced with permission from ref. [128]. Copyright 2020, Springer
Nature.
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200–1,100 nm is achieved with excellent stability by the
integration of Si PDs and PQDs.

It is well known that efficient UV light detection
methods are also an important means to promote the
development of UV light communication. Kang et al. pro-
posed a hybrid Si-based light detection scheme [131]. The
solution uses CsPbBr3 perovskite NCs with high PLQY and
fast PL decay time, which can be used as an UV-visible
color conversion layer for high-speed solar-blind UV com-
munication. Compared with commercial silicon-based PDs,
the response rate of the solar-blind zone has increased
by nearly three times, and the EQE has increased by about
25%.

In order to solve the problem of poor stability of
CsPbBr3 NCs, Mo et al. proposed a simple method to
synthesize CsPbBr3@ZrO2 NCs in the air at room tempera-
ture, which only takes 20 s, as shown in Figure 13a [132].
They also combined CsPbBr3@ZrO2 NCs with blue InGaN
chips to prepare WLEDs. The prepared high-performance
WLED is applied to the VLC system (Figure 13b) to
achieve a –3 dB bandwidth of 2.75 MHz (Figure 13c) and
a communication rate of 33.5 Mbps.

For PDs with a wide range of applications, Hu et al.
developed a high-performance broadband heterojunc-
tion PD [133]. Because the perovskite film designed on
the single crystal germanium layer is uniform and pin-
hole-free, the perovskite/germanium PD has a stronger
performance and wider spectrum. In the photon response

characteristics, when the optical fiber communication
wavelength is 1,550 nm, the highest response rate of the
heterojunction device is 1.4 AW−1, the thickness of the
telecommunication band is optimized to 150 nm, and
the performance is significantly improved. At the visible
wavelength of 680 nm, the response rate of the device
is 228 AW−1, and the detection rate is 1.6 × 1010 Jones.
Based on this germanium/perovskite heterostructure con-
figuration, it provides a new foundation for new optoelec-
tronic devices.

In short, perovskite materials can be used for both
light emitters and light receivers. It is a promising mate-
rial for high-speed VLC in the future and has made great
progress. In particular, inorganic perovskite materials
have extremely short response times, extremely high sta-
bility, and simple manufacturing. They have great poten-
tial in affecting the development of VLC.

3.4 Optical neuromorphic devices for
photonic synapse and photonic neural
calculation

As we can see from the previous sections, the industry
has mastered the technology of preparing metal hybrid
perovskite by solution method, which is the most main-
stream preparation method at present. Meanwhile,

Figure 13: (a) Preparation process of CsPbBr3@ZrO2 NCs. (b) Schematic diagram and (c) frequency response of the VLC system. Reproduced
with permission from ref. [132]. Copyright 2021, Wiley-VCH.
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perovskite has been diffusely used in optical communica-
tions, information encryption and decryption, third-gen-
eration solar cells, and other fields due to its excellent
optical and electrical properties, which have been discov-
ered by researchers. However, few reviews have investi-
gated and studied photonic memristors made of perovskite
materials for optical computing. Compared with electrical
computing, optical computing uses photons instead of
electrons for computing, which can overcome the inherent
limitations of electronics and increase energy efficiency,
processing speed, and computing throughput, as shown
in Figure 14. Figure 14a–c shows the difference in time
scales between biological neurons (Figure 14a), electronic
spiking neurons (Figure 14b), and photonic neurons
(Figure 14c), which exhibit many orders of magnitude
faster than their biological counterparts. Furthermore,
the acceleration factors of time resolution and proces-
sing speed are close to 100 million [134]. A photonic
spiking processor for optical computing is shown in
Figure 14d. By reducing the abstraction between process
(spikes) and physics (excitability), significant advantages
can be obtained in terms of speed, energy usage, and
scalability. Figure 14e shows the comparisons of computa-
tional speed and efficiency metrics among various neuro-
morphic hardware platforms [135]. It can be seen that neu-
romorphic photonics exhibit excellent performances.

Advanced photonic memristors based on perovskite
materials are a dynamic and promising field, especially
photonic memristive devices based on the excellent lumi-
nescence properties of perovskite, which will become the
focus of future research in the optical memristor field for
photonic synapse, optical computing, light accelerated
learning, and so on. It will promote the development of
artificial intelligence and make further progress in all
optical artificial neural networks. In this section, we
give a concise overview of perovskite optical memristors
as well as photonic morphology calculation based on
perovskites, and make a reasonable prospect for their
future development.

3.4.1 Optical neuromorphic devices based on perovskite
materials

Generally, optical neuromorphic devices based on perovs-
kite materials can be mainly divided into two categories:
two-terminal memristors and three-terminal transistors.
Therefore, we will investigate the research progress of
two-terminal and three-terminal optical neuromorphic
devices based on perovskite materials in this chapter.

In 1971, when Leon Chua studied the relationship
between charge, current, voltage, and magnetic flux, he

Figure 14: The physical time scales of (a) biological neurons, (b) electronic spiking neurons, and (c) photonic neurons. (d) Photonic spiking
processor for optical computing analogies. Reproduced with permission from ref. [134]. Copyright 2017, Taylor & Francis Group. (e)
Computational speed and efficiency metrics of various neuromorphic hardware platforms, reproduced with permission [135]. Copyright
2017, Thomas Ferreira de Lima et al., published by De Gruyter.
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first proposed the concept of the fourth type of passive
device memristor [136]. Due to a lack of empirical evi-
dence, the relevant theory has not attracted attention in
the past few decades, until General Electric Research
(GER) laboratory Hickmott first reported resistance switch
characteristics of the aluminum/alumina/aluminum struc-
ture in the 1960s [137]. In the report and study before
2008, most memristors have the mega-ohm resistor sand-
wich structure using the same metal as a top and bottom
electrode. The research on the intermediate function layer
focused on the complex perovskite metal oxide [138]. How-
ever, the enthusiasm of the researchers for the materials has

waned due to complex processing and compatibility issues.
In recent years, with the appearance of perovskite halides
with simple process and strong compatibility, coupled with
their excellent optical properties, the research of perovskite-
based photo-memristor has been put on the schedule.

A photonic flash memory based on all-inorganic
PQDs was demonstrated by Wang et al. [10] The optical
programmable and electrical erasable properties of the
implement are based on the heterostructure formed between
the CsPbBr3 QDs and the semiconductor layer (Pentacene/
PMMA/CsPbBr3). Figure 15a is a schematic diagram of
synapse structure and artificial synaptic device based on

Figure 15: (a) Schematic diagram of synapse structure and artificial synaptic device. (b) Presynaptic application of 365 nm photon pulses to
achieve EPSCs under light pulses of different intensities. The device is read at 0.2 V. (c) Reliable potentiation-depression functions of
CsPbBr3-based synaptic devices under photonic pulses and negative electric pulses. Reproduced with permission from ref. [10]. Copyright
2018, Wiley-VCH. (d) Learning and memory models of short-term and long-term memory in the human brain. (e) The letter “U” composed of
3 × 3 pixels and coded according to different light intensities and light times. Reproduced with permission from ref. [11]. Copyright 2021,
Wiley-VCH. (f) Schematic diagram of the synaptic cleft connecting the axon of the pre-neuron and the dendrites of the posterior neuron (top)
as well as the schematic diagram of the electrical and chemical signals in the synaptic cleft (bottom). (g) Statistical analysis of VSET and
VRESET for the OHP synaptic devices. Schematics of the suggested mechanism in the absence (h) and presence (i) of light for the perovskite-
based photonic memristor. Reproduced with permission from ref. [139]. Copyright 2019, Wiley-VCH.
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CsPbBr3 QDs. In addition, this device not only successfully
simulates the characteristics of photon enhancement and
electrical habit but also simulates the phenomena of spike-
rate-dependent plasticity, long-term plasticity, and short-
term plasticity in synapses by optical modulation. Figure 15b
shows the excitatory postsynaptic current (EPSC) of
CsPbBr3-based synaptic devices, which simulates the
phenomenon of memory decline, confirming that stronger
memories can be retained in the brain as long-term mem-
ories. Figure 15c displays the reliable potentiation-depres-
sion functions of CsPbBr3-based synaptic devices under
the photonic pulse (365 nm, 0.153mWcm−2, 1 s duration
with 10 s interval) and electric pulse (−20 V, 10ms dura-
tion with 1 s interval). Yang et al. demonstrated an ITO
substrate-based inorganic perovskite photonic artificial
synapse with a two-terminal construction, which more
closely resembles the structure of biological synapses
[11]. Figure 15d is a typical human brain learning and
memory model. The new memory will be temporarily
encoded into the hippocampus as short-term memory.
Figure 15e confirms the dependence of current on light
intensity and illumination time in human visual memory
simulated by artificial optical synapses. Moreover, the
extra charge transfer absorption of TAPC (an organic
matter) doped molybdenum oxide membrane gives the
device a transparent appearance. The device responds to
light by emitting UV light vertically from the substrate,
while performing dual-mode operation under UV and
red-light irradiation. This device not only achieves high
transparency but also high flexibility. These features help
to improve the integration of 3D stacked memristors.

In biological nerves, synapses are the interconnecting
parts of the axons of the pre-neurons and the dendrites of
the posterior neurons, and can be used as transmission
channels for converting chemical signals into electrical
signals (Figure 15f). To build a device with basic synaptic
functions such as short-term potentiation, long-term poten-
tiation (LTP), and long-term depression, Ham et al. demon-
strated a photonic memristor founded on double-ended
organic lead halide perovskite (OHP) with the structure of
Ag/CH3NH3PbI3/ITO [139]. Statistical analysis of the OHP
synaptic device is shown in Figure 15g, from which it can
be seen that the VSET and VRESET are about 0.29 ± 0.03 and
–0.31 ± 0.11 V, respectively. In addition, the authors inves-
tigated the corresponding conductive switching mechanism
without (Figure 15h) and with (Figure 15i) light, and the
MNIST pattern recognition based on the perovskite-based
photonic memristor in detail. Not only that, the threshold of
LTP was further reduced when light was exposed to the
OHP synaptic device. This increases the number of available
intermediate states and reveals the potential mechanism of

light influence on the device. Lin et al. proposed to extract
organic–inorganic hybrid perovskite material and use it as a
resistive layer to prepare non-volatile memory, and the
device structure was ITO/PEDOT: PSS/organic–inorganic
hybrid perovskite/Cu [140]. The device exhibits excellent
electrical bistability and a nonvolatile rewritable memory
effect. The new special structure enables it to have light
response behavior. Using electric field and light as input
sources, the device is proved to have the function of elec-
tronic memory and optical induction logic circuit.

CsPbBr3 QDs were applied to memristors and an
asymmetric electrode structure of memristors was pre-
pared [141]. This device can be used to create non-volatile
memristor functions with photon modulation and inte-
grated synaptic plasticity tailoring behavior. The device
can be programmed and erased by the input bias voltage.
In addition, the device exhibits synaptic plasticity and
sensitivity to low UV light. Yang et al. proposed to apply
the ITO/PMMA/PQDs: PMMA/PMMA/Ag structure based
on CH3NH3PbBr3 perovskite quantum dots (PQDs) to nonvo-
latile memory [74]. The preparation process of QD colloidal
solution uses the centrifugal method, which makes the per-
ovskite particle size greatly reduced. The PL peak moves
from 552 nm to 535 nm, and the full-width half peak of the
PL spectrum decreases from 25 nm to 18 nm, resulting in the
quantum confinement effect. Meanwhile, the switching cur-
rent ratio of the device is greater than 103 with good repro-
ducibility, reliability, and flexibility. The preparation and
synthesis method of QDs are also simple and easy.

An all-inorganic non-volatile memory cell was fabri-
cated by using Cs4PbBr6 thin film by Cai et al., which was
prepared by the low-temperature synthesis method [142].
The device structure was Au/Cs4PbBr6/PEDOT:PSS/Pt,
and Cs4PbBr6 was used as an insulating layer. This novel
structure enables the device to have the light response
behavior reflected by the resistance state change. The
formation and annihilation of the bromide ion vacancy
filaments lead to the logical “OR” function of the device,
which can be observed by applying bias voltage and illumi-
nation as input signals. Zhang et al. used all-inorganic mate-
rials to prepare non-volatile resistive random-access memory
(RRAM) with the structure of Au/PMMA/PMMA:CsPbBr3
NCs/PMMA/ITO. The fabricated device exhibits a change
in the formless bipolar high and low resistance ratio from
106 to a stable 10 [143]. In the high resistance state and
high resistance ratio, the device shows a fast optical
response to the light wavelength from 365 nm to 500 nm,
that is, the resistance value changes. At a low resistance
switching ratio, the starting voltage of the resistance switch
can be controlled by illumination. The work shows that the
adjustable resistance switch is realized by light irradiation,
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and the light response is embodied by the change in the
resistance state.

When it comes to three-terminal neuromorphic devices,
a synaptic transistor with ionic-liquid-gated SrFeOx (SFO)
films by exploiting the continuous topotactic phase change
reported by GE’s group is a good example [144]. Ionic-
liquid-gated SFO films play an important role in the struc-
ture. The structure shown in Figure 16a is responsible for
insulation, while conductivity is due to the filling of oxygen
atoms (Figure 16b). Because of the good reversibility of the
device, the resistive transition is realized by the transforma-
tion between the insulating brownmillerite-SFO phase and
the conductive perovskite-SFO phase. LTP and long-term
depression (LTD) were successfully simulated by applying
pulses of different polarities. Symmetric and asymmetric
spike-timing-dependent plasticity (STDP) have also been
successfully implemented. Besides, the neural network con-
structed by the device is able to achieve high recognition
accuracy.

Periyal with his team fabricated the IGZO/ITO/CsPbBr3/
PMMA device with a type-II heterostructure, which is
formed by spin-coating CsPbBr3 QDs (≈ 60 nm) on sput-
tered IGZO (≈60 nm) thin films [145]. Figure 16c is the
proposed multi-gate transistor as an artificial synapse.
The device makes photoelectric programming and decou-
pling optical absorption and charge transport possible.

Under dark conditions, the devices exhibit typical N-type
enhanced mode operation. While being illuminated, the
device behaves in depletion mode. By applying a positive
(negative) voltage, holes (carrier electrons) move toward
the IGZO-CsPbBr3 interface, resulting in an increase (decrease)
in conductivity. The conductance of the device can be
adjusted flexibly by the pulse of different parameters,
and various synaptic functions can be simulated. Different
learning rules can be realized by adjusting the pulse wave-
form. This is because the wavelength, intensity, and pulse
width of optical stimulation all affect the conductance of
the device and the weight of the stimulated synapses.
Electrical perturbation results in short-term potentiation
and, while optical perturbation results in LTP.

Duan et al. further fabricated a photo-synaptic thin-
film transistor (TFT) based on the IGZO/perovskite (CsPbBr3)
NP composite active layer (Figure 16d) [146]. In aspects of
absorbability, perovskite NPs had a broad peak located at
∼520 nm. And for perovskite NPs, an emission peak located
at 515 nm can be observed in the PL spectrum. Besides, it is
reported that more oxygen vacancies ionized in oxide semi-
conductors can promote the persistent photoconductivity
effects and the negative bias illumination stress stability.
The device successfully simulates the typical functions of
biological synapses. By adjusting the number of pulses,
the device can behave as short-term plasticity and long-

Figure 16: The schematic crystal structures of brownmillerite SrFeO2.5 (a) and perovskite SrFeO3−δ (b) thin films in the SrTiO3 substrate.
Reproduced with permission from ref. [144]. Copyright 2019, Wiley-VCH. (c) The proposed multi-gate transistor as artificial synapses.
Reproduced with permission from ref. [145]. Copyright 2020, Wiley-VCH. (d) Schematic of emulating a biological synapse by IGZO/
perovskite NPs/IGZO TFT. Reproduced with permission from ref. [146]. Copyright 2021, American Chemical Society.
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term plasticity. Also, paired-pulse facilitation (PPF) phe-
nomena that the second pulse takes much less time than
thefirst to reach the same current can be observed,which is
consistent with the law of learning and relearning in the
human brain. Compared with pure IGZO devices, the com-
posite TFTs havehigher performance and lower power con-
sumption, which is a significant step forward.

3.4.2 Computation of perovskite photonic neural
morphology

Inspired by dopamine promoting synaptic behavior, Ham
et al. designed and fabricated a photonic synapse based
on double-ended OHP, in which synaptic plasticity was
altered by electrical impulses and light exposure [139].
When the light was applied to the device, the threshold of
long-term enhancement was lowered and synaptic weight
was further modulated. These factors allow for higher-
order tuning of synaptic plasticity, which can accelerate
learning at lower power levels in neuro-inspired hardware
architectures.

Sun et al. demonstrated the plasticity of photoelectric
synapses based on 2D lead-free perovskite ((PEA)2SnI4) and
demonstrated several basic synaptic functions of the photo-
electric synapses [12]. The intensity of synaptic connections
can be effectively modulated by varying the duration, irra-
diance, andwavelength of the light spikes. In addition, the
electrical and optical properties of 2D perovskites can
be rapidly modulated through chemical engineering
such as composition control, increasing the complexity
and freedom required for neuromorphic calculations.

To construct photoelectric synaptic devices, Yin et al.
applied the hybrid structure formed by OHP (MAPbI3)
and Si NPs to transistors [13]. The device is very sensitive
to light stimulation and can simulate various functions of
biological synapses under low-energy consumption light
stimulation. Among them, the tunability of EPSC is used
to simulate visual learning and memory processes in dif-
ferent emotional states, which is of great significance for
the development of silicon-based neuromorphic compu-
tation. Hao et al. combined perovskite CsPbBr3 QDs with
organic semiconductor materials and applied them in
transistors as photonic synapses to realize functions.
Synaptic responses include tunable synaptic integration
behaviors that implement the “AND” and “OR” optical
logic functions [147]. By lighting an array of synapses
with different densities of light to change the weight of
the synapses, the team successfully simulated an artifi-
cial vision system. Ma et al. fabricated photoelectric
synapses using all-inorganic perovskite nanosheets and

investigated the plasticity of electronic and photonic
synapses, respectively [148]. The device has excellent
optical response properties and successfully simulates
multifunctional synaptic functions of the nervous system,
including pair impulse facilitation, short-term plasticity,
long-term plasticity, a transition from short-term to long-
term memory, and learning and experiential behavior. In
addition, the photoelectric synapse exhibits a unique
memory recall function that can extract historical photo-
electric information, a detail previously overlooked in this
area of research.

A novel neuromorphic optoelectronic device based
on a vertical van der Waals heterojunction phototran-
sistor of colloidal 0D-CsPbBr3-QDs/2D-MoS2 heterojunc-
tion channel was proposed by Cheng et al. [149]. The
device is photoresponsive and exhibits classical out-
standing features such as excitatory postsynaptic current,
pairwise impulse facilitation, dynamic time filtering, and
phototunable synaptic plasticity. In a simple synaptic net-
work, using synaptic plasticity, the efficiency of tunable
photoelectronic Pavlovian associative learning and photo-
electronic hybrid neuron encoding behavior were success-
fully realized by the photoelectric collaboration method.

By growing PQDs directly from the graphene lattice,
Pradhan et al. prepared G-PQDs superstructure materials,
which compensated for the weak charge transfer perfor-
mance of PQDs [29]. The synaptic function was successfully
realized in the photoelectric transistor. The experiment
proved that after machine learning, the photon synapse
successfully realized the facial recognition function
through neural network calculation.

In Table 2, we have a summary of the optical mem-
ristive devices based on perovskites. From what has been
discussed above, it can be seen that photonic memristor
and neural morphology calculation based on perovskites
have made great progress and remarkable achievements.
Then, there is still a long way to go to satisfy the application
of all-optical computing and neuro network. Therefore,
great efforts will be made to promote the rapid development
of perovskites in photonic memristive devices to meet the
exponential growth of data storage and processing as well
as brain-inspired synaptic and artificial intelligence.

For a three-terminal transistor, in Feng’s work, a ver-
tical ITO transistor based on the sodium alginate (SA)-
based biopolymer electrolyte surface is fabricated [150].
The device less than 10 nm breaks through the ultra-short
channel technology for the first time, and can be used to
simulate the pain-perceptual nociceptors and the sensiti-
zation-regulated nociceptors. Therefore, it has a non-neg-
ligible prospect in the bionic robot with the requirements
of regulating pain threshold, pain perception, sensitization
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behavior, and soon. For example, thepain thresholdcanbe
adjusted by adjusting the length of the transistor channel
(channel layer thickness).

Van der Waals heterostructures have so good inter-
facial charge transfer characteristics that they are able to
solve the problem of insufficient light absorption of single
semiconductor materials. Therefore, Cheng’s team devel-
oped a novel photoelectrically modulated neuromorphic
device based on an ion-coupling gate-tunable vertical
0D-CsPbBr3-QDs/2D-MoS2 hybrid-dimensional van der Waals
heterojunction architecture [151]. The Boolean logic operation
of “AND” and “OR” is completed by adjusting the presy-
naptic stimulus. In addition to the simulation of typical
synaptic functions (such as STDP and PPF), the device can
also simulate dendritic structures in biological synapses and
achieve dendritic integration behaviors. The appearance of
such devices has made great contributions to the develop-
ment of the intelligent cognitive system and photoelectric
neural computing.

Similarly, Xie et al. fabricated 0D-CsPbBr3-QDs/2D-MoS2
mixed-dimensional heterojunction transistors capable of
simulating biological visual adaptation [152]. Different
frequencies and intensities of photoelectric cooperative
stimulation have a key impact on the adaptive precision,
sensitivity, inactivation, and desensitization of the device.
For photoelectric neural devices, the exploration of devices
of this kind is of great significance to the construction of
artificial vision system and themanufacture of bionic robots.

4 Conclusion and prospects

With the rapid development of perovskite materials in
recent years, new development possibilities have been

brought to many fields, and we are in the era of a new
“perovskite boom.” In order to discuss some current
research and development directions of perovskites, this
review introduces the preparation of perovskite materials
and summarizes their optical and electrical properties. On
this basis, we focused on the application and development
of perovskites in various fields, for instance, optical com-
munications, solar cells, and information encryption and
decryption, especially in the field of photonic memristive
devices and reviewed the recent results of research.

Although perovskite has made breakthroughs in mul-
tiple fields, there are still many new opportunities and
challenges that researchers need to face and solve in the
future. In view of the short life span, perovskite has high
research value in future high-speed optical communica-
tions. VLC has attracted wide attention due to its many
advantages such as high data transmission rate, good
security, and no electromagnetic interference. The charac-
teristics of short response time, good stability, and ease
of manufacture make it more conducive to large-scale
commercial applications. At present, MAPbI3, LPQDs,
and organic/inorganic hybrid perovskites are all popular
development directions. As a new field of perovskite, infor-
mation encryption and decryption has broad research pro-
spects. It can not only improve the security of information
but can also perform repeated encryption and decryption.
Although perovskite materials are suggested as a potential
strategy for information encoding and decoding, the short-
comings of insufficient color modes still restrict their
development. Therefore, it is still a huge challenge to
develop luminescent materials and systems with efficient
encryption and decryption functions. At present, metal
halide perovskitematerials have attracted a lot of attention
in many research fields. It is also a feasible idea to develop
luminescent materials with excellent performances by

Table 2: Overview of optical memristive devices based on perovskites

Group Structure Application Ref.

Wang et al. Si/SiO2/CsPbBr3 QDs/PMMAa/pentacene/Au Photon artificial synapse [10]
Yang et al. ITOb/SnO2/CsPbCl3/TAPC

c/TAPC:MoO3/MoO3/Ag/MoO3 Dual-terminal photonic artificial synapses [11]
Ham et al. ITO/OHPd:CH3NH3PbI3/Ag Photon artificial synapse [139]
Lin et al. ITO/PEDOT:PSSe/organic–inorganic hybrid perovskite/Cu Nonvolatile memory [140]
Gong et al. Si/SiO2/CsPbBr3 QDs/Al2O3/pentacene/Au Photoelectric programmable memristor [141]
Yang et al. ITO/PMMA/PQDsf:PMMA/PMMA/Ag Nonvolatile memory [74]
Cai et al. Si/Pt/PEDOT:PSS/Cs4PbBr4/Au Nonvolatile memory [142]
Zhang et al. ITO/PMMA/PMMA:CsPbBr3 NCs

g/PMMA/Au RRAMh [143]

a: PMMA represents polymethyl methacrylate; b: ITO represents indium tin oxide; c: TAPC represents 4,4′-Cyclohexylidenebis[N,N-bis (4-
methylphenyl)benzenamine]; d: OHP represents organo-lead halide perovskite; e: PEDOT:PSS represents poly(3,4ethylenedioxythio-
phene) polystyrene sulfonate; f: PQDs represent perovskite quantum dots; g: NCs represent nanocrystals; h: RRAM represents resistive
random-access memory.
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changing the chemical composition or structure of the
material. In addition, the outstanding characteristics of
perovskite make it an attractive prospect in the novel
and promising field of artificial intelligence. Advanced
photon memristive devices based on perovskite mate-
rials have excellent resistance switching characteristics.
Due to the unique signal transmission characteristics of
the memristive devices and the excellent performance of
the perovskite, the perovskite-based memristive devices
can flexibly combine light and electricity, which will
break the limitations of traditional electrical devices. It
can also simulate the signal learning, processing, and
memory of the nervous system, and at the same time will
promote the development of artificial intelligence and
make further progress in practical applications. However,
equipment-level obstacles have always plagued researchers.
For example, poor sustainability, non-linear writing, and
excessivewriting noise all limit the efficiency of thememristor
close to the neural architecture. In practice, it also faces tech-
nical obstacles in synthesis, manufacturing, and assembly.

Overall, perovskite materials have quite optimistic
application prospects and have proved to be promising
candidates in many fields. We firmly believe that in the
near future, with the advancement of device design, man-
ufacturing, and materials, logic devices based on perovs-
kite materials will become promising candidates for com-
mercial applications, especially integrated chip fusing
sensing, storage, and computing.
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