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A B S T R A C T

Metal-halide perovskites are emerging as promising semiconductors for next-generation (opto)electronics. Due to 
their excellent optoelectronic and physical properties, as well as their processing capabilities, the past decades 
have seen significant progress and success in various device applications, such as solar cells, photodetectors, 
light-emitting diodes, and transistors. Despite their performance now rivaling or surpassing that of silicon 
counterparts, halide-perovskite semiconductors still face challenges for commercialization, particularly in terms 
of toxicity, stability, reliability, reproducibility, and lifetime. In this Roadmap, we present comprehensive dis
cussions and perspectives from leading experts in the perovskite research community, covering various perov
skite (opto)electronics, fundamental material properties and fabrication methods, photophysical 
characterizations, computing science, device physics, and the current challenges in each field. We hope this 
article provides a valuable resource for researchers and fosters the development of halide perovskites from basic 
to applied science.

Introduction

Ao Liu*
Institute of Fundamental and Frontier Sciences, University of Elec

tronic Science and Technology of China, Chengdu 611731, China
E-mail address: ao.liu@uestc.edu.cn
The past decade has witnessed significant progress in metal-halide 

perovskites across various applications, from initial energy harvesting 
and light emission/detection to recent advances in electronics [1–7]. 
Their broad modulation of physical dimensionality and chemical 
composition, and consequently optoelectronic properties, makes halide 
perovskites versatile for various applications. This emerging semi
conductor family possesses remarkable optoelectronic properties, 
including large absorption coefficient in the order of 105 cm− 1, [8]. 
composition-tunable band gap, mild charge-carrier mobilities up to 
hundreds of cm2 V− 1 s− 1, [9]. long carrier lifetime up to 1 µs and 
diffusion lengths of ~1 µm, high emission efficiency, small exciton 
binding energy, and small Urbach energy as small as 12.6 meV. [8,10,
11]. Meanwhile, halide-perovskite materials can be easily fabricated 
from solution or vapor, enabling integration into industrial 
manufacturing and facilitating low-cost mass production [12]. As a 
result, significant strides have been made in developing 
high-performance solar cells, light-emitting diodes (LEDs), detectors, 
and electronic devices such as memory and transistors. Concurrently, 
there has been an increase in fundamental studies aimed at under
standing the underlying physical, chemical, and electronic properties of 
halide perovskites, which will drive future advances in device 
performance.

In this Roadmap, we summarize key aspects to provide an overview 
of the current status of perovskite semiconductor research and highlight 
promising directions for future research. We firstly introduce funda
mental properties and unique characteristics of this class of materials. In 
later Sections, we discuss key strategies for improving the efficiency and 
stability of halide perovskite solar cells, focusing on interface passiv
ation, tandem construction, self-assembled monolayer hole transport 
layers, and low-dimensional perovskite layers. At this stage, lead (Pb) 
halide perovskites represent the most promising candidates for next- 
generation photovoltaic technologies. Considering its toxicity, we also 
discuss the safety of Pb for commercial applications. The following 
sections delve into the other intriguing optoelectronic topics of perov
skite LEDs, laser diodes, and photodetectors for broadband and circu
larly polarized light. The demonstration and discussion of a high- 

throughput solution deposition approach is expected to further 
enhance the efficient and reproducible batch fabrication of diverse 
perovskite optoelectronics.

The success of halide-perovskite semiconductors in high- 
performance optoelectronics has reignited great interest among theo
reticians and physical scientists in exploring and highlighting the un
derlying optical and physical mechanisms and functionalities. The 
following sections will specifically introduce the theoretical studies on 
defect engineering, charge transport property, and the photophysics, 
respectively. Besides their giant progress in various optoelectronic de
vices, we are excited to see halide perovskites extend their applications 
in diverse electronic devices, such as the neuromorphic electronics for 
applications in brain-inspired computing and artificial sensorimotor 
nerves, and memory and filed-effect transistors.

I. Fundamental properties of metal hybrid perovskites
Jun Xi*, Hanlin Cen, Jinfei Dai
Key Laboratory for Physical Electronics and Devices of the Ministry 

of Education & Shaanxi Key Lab of Information Photonic Technique, 
School of Electronic Science and Engineering, Xi’an Jiaotong University, 
No.28, Xianning West Road, Xi’an, 710049, China

E-mail address: jun.xi@xjtu.edu.cn
1. Status of the field
In general, metal hybrid perovskites (MHPs) adopt the corner 

sharing octahedra, following a similar manner of CaTiO3 (Pm3m space 
group), to crystallize in a three-dimensional (3D) network [11]. The 
typical formula is ABX3 (Fig. 1a), for which A refers to methyl
ammonium (MA+), formamidinium (FA+) and cesium (Cs+) cation, B 
denotes Pb2+, Sn2+, and Ge2+ divalent cation, and X includes the 
halogen anion. According to Goldschmidt’s tolerance factor (t), [13] 

t = (rA+rX) /√2 (rB + rX)                                                                    

where rA, rB and rX represents the radii of corresponded ion, supposed t 
falls in a range of (0.81~1.11), the structure is allowed to be stabilized. 
Accordingly, to promise the target optoelectronic properties and rein
force stabilities, the MHP composition can be designed more flexible by 
rationally choosing hybrid A, B and X ions.

In addition to 3D structure, two-dimensional (2D) architype has been 
widely investigated owing to its peculiar anisotropic exciton and 
improved formation energy [14]. Accordingly, for 2D perovskites, the 
carrier mobility along the inorganic plane can be at least one order of 
magnitude higher than that out of the plane, which will be beneficial for 
on-chip integrated electronic energy supply. In principle, 2D lattice can 
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viewed as the bulky organic cations (spacers) intercalating into inor
ganic octahedra sheets (one to several layers) by van der Waals in
teractions (Fig. 1a) [15]. Considering the strain release ability of local 
spacer on octahedra, t used in defining 3D lattices is not adapted to 2D 
ones any more, making oversized A cations (such as guanidium (GA)) 
enter the cavity possible [16]. Notably, when bulky cations cannot 
support the 2D arrangement, the octahedra fashions becomes single 
chains or clusters, leaving 1D or 0D prototypes (non-perovskite metal 
halides). By virtue of leveraging novel spacers as well as A cations, a 
plenty of unprecedented 2D structures can be expected for versatile 
applications [17,18]

MHPs are known as direct gap semiconductors, that the valence band 
maximum (VBM) and conduction band minimum (CBM) lie at the same 
position in k-space. Taking MAPbI3 as an example (Fig. 1b), CBM is 
dictated by Pb 6p orbital while VBM is composed of hybrid orbitals by I 
5p and Pb 6s in an approximate ratio of 3:1 [10]. Following this elec
tronic theory, most studies have proved that the bandgap of MHPs can 
be tuned in a ultrabroad range by introducing variegated [BX6]4- stoi
chiometry, thus greatly favoring the tandem photovoltaics and colorful 
diodes. Regarding 2D structures, due to their natural quantum-well 
regime, the bandgap is more like a hybrid from spacer barrier and 
[BX6]4- well, where VBM resembles 3D fashion but CBM involves more 

Fig. 1. a, Schematic diagram and basic formula of halide perovskite structure from two-dimensional to three-dimensional, [26]. b, The wave functions of MAPbI3 at 
the gamma point in VBM and CBM demonstrate the distribution of electrons and holes in the material. VBM is mainly composed of the p orbitals of iodine (I), while 
CBM is mainly composed of the p orbitals of lead (Pb), [11]. c, Absorption coefficient, [11]. d, mobility and diffusion length of charge-carrier in different semi
conductors, e, Transient time measurement results including charge-carrier diffusion length (D) and mobility (μ) of MAPbBr3 single crystal, [11]. f, Comparison of 
exciton binding energy (Eb) and exciton effective mass (m*) of III-V compound quantum wells, two-dimensional graphene materials, two-dimensional halide pe
rovskites, and three-dimensional halide perovskites [11,24]
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complexity with strong spin-orbit coupling [19]. As such, reduced di
mensions open more possibilities to modulate bandgap with manageable 
exciton states.

Unlike the defect sensitive natures of traditional semiconductors, 
MHPs are gifted with highly defect tolerance, that the mostly observed 
vacancies work as more like shallow defect states [20]. Hence, MHPs 
present efficient charge-carrier diffusion capacity and high photo
luminesce quantum yield. Here we summarize several key physical pa
rameters of MHPs compared with some traditional semiconductors 
(Figs. 1c and 1d). Although the effective mass (m*) revealed in MHPs is 
close to that in Si and GaAs, the charge-carrier mobility (μ) cannot 
compete, lagging behind several magnitudes [21]. Nonetheless, the 
charge-carrier diffusion length (D) is considerable (Fig. 1e). Such low 
correlation between μ and D interrogates what dominates the 
charge-carrier mechanism [11]. In light of the Boltzmann equation (μ =
(e/m*)*τ, τ is thermal scattering lifetime), scattering issues should 
matter the mobility with the lower effective mass [11]. Due to the 
shallow defect states, phonon interactions with charge-carriers have 
been deduced as the possible interpretation for the mediated mobility 
[22]. Meanwhile, large polarons, which are induced by the dynamic 
lattice decorated with charge-carriers, can fully address the superb 
diffusion length due to charge screening effect [23]. Last, one should be 
aware of the exciton binding energy (Eb) when discussing 
charge-carriers in particular MHPs (Fig. 1f): as dimensions decreased 
from 3D to 2D and even to 0D, Eb can increase from tens to hundreds 
millielectronvolt (meV), making free carriers to bound excitons, which 
can be applicable for desired optoelectronics [24,25]

2. Current and future challenges
Different from the strong covalent bond in their chalcogenide ana

logues, the ionic bonding natures of [BX6]4- units in MHPs pose highly 
risk of degradation especially exposed to humidity or even high-energy 
stimuli [27]. Previous works reveal that the halide vacancies as the 
active sites can significantly trap the water and oxygen molecules in 
ambient, and their long-lives states can trap excitons to induce 

I2-associated photochemical degradation upon light soaking (Fig. 2a) 
[28]. In this scenario, it is of high significance to improve the structure 
stability of MHPs used in particular devices.

Afterwards, most optimization usually adopt hybrid compositions 
especially the mixed halides used in wide-bandgap MHPs. Such design is 
found extremely sensitive to long-term light soaking or electrical 
driving, that the binary I/Br or Br/Cl moieties separate easily each other 
[29]. In parallel, the weakly bonded B-X is able to initialize ion (halide) 
migration along the vacancies-channel under stimuli, leading to defec
tive hysteresis and lattice collapse (Fig. 2b) [30]. Hence, the challenges 
on the hybrid halide MHPs lie in confining the homogeneous domains 
and regulating ionic activities.

Regarding the lower dimensional MHPs, a wealthy of issues remains 
on the crystallographic and atomic levels given the vast variety of 
compositions. Despite the difficulty in setting scaling laws here, the 
community should pay more attention to the synthesis reproducibility 
when using particular spacer/ligand molecules (Fig. 2c) [31]. This is due 
to the uncertain miscibility of the preset compositions in a hybrid 
polar-nonpolar solvent system for single crystal growth. In addition, the 
identification of anisotropy properties strongly depends on the layer 
thickness, which asks for more reliable thin-sample fabrication espe
cially for the strongly interacted Dion-Jacobson phase [15].

As discussed above, MHPs can be tailored as narrow- or wide- 
bandgap, which is formed by Pb-Sn alloyed or I-Br binary compositions. 
In Pb-Sn alloyed system, due to the easy tendency of Sn (II) being 
oxidized, the lattices are forced to break down, degrading into I2, SnO2, 
and excess PbI2 [32]. In Br-I mixed one, halide separation as mentioned 
is the key problem to limit access to commercialization of tandem de
vice. Definitely, when connecting narrow- with wide- bandgap MHPs in 
heterojunction regime, the local molecular interfaces have to be 
designed carefully to greatly resist ion shuttle effects between these two 
different MHPs [33].

During the past progress, irrespective of lattice compositions, MHPs 
are more prepared in polycrystalline film states. Even though the 

Fig. 2. a, Illustration of the migration path of I− ions in MAPbI3 crystal [30]. b, The relative energy diagram of the gap between bromine and iodine ions which 
indicates that the negative bromine ion gap is more difficult to oxidize than its iodine homologues [30]. c, Schematic diagram of phase purity and crystal orientation 
structure [24]. d, Schematic diagram of possible doping sites in 3D perovskite, especially doping sites within grain boundaries [34]. e. Schematic diagram of ion (I− ) 
migration channels in MAPbI3 [36].
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theoretical superior charge-carrier behaviors, as the nucleation and 
coarsening processes evolves, exotic impurities can be introduced into 
the perfect periodic dot matrix (Fig. 2d), breaking the centrosymmetric 
structures. Hence, deeper trap states likely produce to scatter charges, 
and Rashba and Dresselhaus effects will be generated [34]. In this case, 
charge-carrier behaviors have to be treated critically, that the detailed 
events (mobility, diffusion length etc.) need to be well decoupled under 
standard conditions.

Last, we revisit the ionic-electronic hybrid natures of MHPs. Inevi
tably, ion migration always accompanies with the charge-carrier mo
tions even using the lower dimensional MHPs in operando devices 
(Fig. 2e) [35]. In other words, dynamic competition between ions and 
charges cannot easily detangled for their respective kinetics. This leaves 
a complex impact: On one hand, mobile ions that induced internal field 
screening will result in performance degradation for optoelectronic de
vices; On the other hand, well controlled ion conductivity will shine 
light on non-volatile memristivity characteristics for developing artifi
cial neural networks. Following the potential, to draw a clearer picture 
on ionic-electronic mechanism in MHPs remains a great challenge.

3. Advances to meet challenges
Since MHPs have different degrees of structural vulnerability to 

ambient air, radiation exposure, and electric fields, the community 
should always pay attention to the decomposition mechanism behind 
each factor from a thermodynamic perspective. In most well-performing 
optoelectronic devices, 3D MHPs are the main active compounds, and 
their low native formation energy is a key factor limiting their stability 
[37]. Based on this knowledge, owing to the enhanced formation energy 
in lower dimensional (2D/1D/0D) structures, incorporating these moi
eties into 3D frame forming bulk heterojunction, or assembling these 
staffs upon 3D interfaces forming planar heterojunction, have been 
proposed to resolve the stability issue (Fig. 3a) [38]. Such strategies can 
be further generalized to MHPs with various bandgaps, especially Pb-Sn 
alloyed series.

Nevertheless, spacer/ligand molecules presented in different MHP 

systems and devices cannot invariably reach a consensus on the formed 
local microstructure and produced physical effects. For the purpose of 
building a spacer/ligand database on structure-property relationship, it 
is imperative to elaborate associated principle by determining key 
thermodynamics factors, and interpret the quantitative effects related to 
stability, including vacancy densities and halide separation rates. 
Correspondingly, machine learning can be a powerful tool to accelerate 
the development of this scope [39]

Except for the dimensionality reduction manner, high quality single 
crystals can greatly suppress the bulk trap states in MHPs, resulting in 
improved stability and charge-carrier mobility (Fig. 3b) [40]. Another 
way to surpass the dilemma is to replace the natural ionic bond with 
strengthened covalent bond, such as metal chalcogenide (Fig. 3b). 
However, this should be carefully treated due to the critical formation 
energies of general Pb-S/Se bonds and the potential 2D or 1D lattice 
formation instead of expected 3D archetype.

We would like to underline that aforementioned engineering stra
tegies have been further validated to decrease the trap densities, sup
press the phonon interaction, cultivate the built-in field, which turn to 
improve charge-carrier motion in both lattice structures and electronic 
devices. For potential ion issues, reverse electric pulses on the operating 
device and high scan speeds of J-V measurements can be used to di
agnose factors affecting ion migration at built-in potentials (Fig. 3c) [36,
41]. Accordingly, targeted engineering (e.g., bulk passivation, dimen
sionality tuning, etc.) can be adopted to minimize ion effects to achieve 
steady-state output in practical scenarios.

4. Concluding remarks
MHPs are believed as the perfect semiconductors to outperform in 

cutting-edge electronic applications. Their relaxed crystallographic lat
tices do not ask for strictly following tolerance factor theory, leaving 
large space to tune the electronic levels and charge-carrier behaviors. 
Their ionic bonds and soft lattices, however, raise most concerns on 
phase instability and phonon-mediated charge-carrier mobility. With 
years of dedication in both science and engineering, finely designing the 

Fig. 3. a, Three interaction case of ligand molecular with MHPs surface: (I) The ligands reacting with the perovskite work as covers on the surface of the 3D 
perovskite surface, (II) Partial ligands reacting with perovskite form a non-conformal 2D perovskite layer, (III) Ligands sufficiently reacting with perovskite lead to a 
conformal 2D perovskite layer formed upon 3D layer [38]. b, (I) Photos of integrated single crystal devices for perovskite solar cells, (II) Structural schematic diagram 
of (A) (MA) PbX3: A new lead halide perovskite structure formed by combining CYS molecules act as zwitterions, with the amino end (NH3+) serving as the cation A 
site and the sulfur end (CH2S− ) serving as the anion X site [41,42]. c, (I) A schematic diagram of the impact of Pulsatile therapy (PT) on the long-term stability of 
perovskite solar cells and its comparison with maximum power point tracking (MPPT), (II) Schematic diagram of the variation of steady-state and ion freezing 
efficiency with aging time measured at different scanning speeds [36].
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mixed lattices or even dimensional heterostructures in thin-films as well 
as single-crystals states has advanced the relevant photophysics and 
facilitated the device performance. In near future, their device 
commercialization still calls for comprehensive insights of structure- 
property interplay and exceptional techniques of device architecture.

II. Interface passivation for high-efficiency and stable perov
skite solar cells

Yi Yang, Cheng Liu*
Department of Chemistry, Northwestern University, 2145 Sheridan 

Rd, Evanston, Illinois 60208, United States
E-mail address: cheng.liu@northwestern.edu
1. Status of the field
Perovskite solar cells (PSCs), composed of multiple functional layers, 

contain numerous interfaces that are critical to their performance. The 
efficient operation of PSCs relies on the effective separation of charge 
carriers within the perovskite active layers and the subsequent transport 
of these carrier across interfaces [43]. However, during fabrication or 
under operating conditions, unintended perovskite defects and minority 
carriers at these interfaces often lead to significant non-radiative 
recombination, which undermines device performance [44]. The 
impact of recombination losses becomes even more pronounced in 
tandem devices due to the increased number of interfaces [45].

Defects in perovskite materials can be classified into point defects 
and higher-dimensional defects [46–48]. Point defects include vacancies 
(missing ions at lattice sites), interstitials (extra ions at non-lattice sites), 
and anti-site occupations (ions at incorrect lattice sites) [49–51]. 
Higher-dimensional defects encompass one-dimensional (1D) disloca
tions (irregularities within the crystal lattice), two-dimensional (2D) 
grain boundaries (interfaces between different crystalline grains), and 
three-dimensional (3D) precipitates (clusters of impurities or secondary 
phases within the crystal) [52].

Minority carriers, which are less abundant charge carriers, generally 
arise due to thermal excitation, doping, or external stimuli such as light 
or radiation [53]. At PSC interfaces, these minority carriers (electrons at 
the p-type interface and holes at the n-type interface) serve as recom
bination centers, thereby increasing contact resistance for majority 
carriers [44,54]. Reducing surface defects and minimizing minority 
carrier recombination are therefore crucial for enhancing the perfor
mance of PSCs.

Interface passivation has emerged as the most effective strategy for 
mitigating carrier recombination at interfaces and can be categorized 
based on the passivation mechanism. Chemical passivation involves 
treating the perovskite surface with functional molecules—such as 
ammonium halide salts [55–58], Lewis acids/bases [59–62], and 
cationic metal ions [51]—that react with defect sites, forming covalent 
or ionic bonds with perovskites and deactivating the electronic or 
chemical reactivities of these defects [63]. Physical passivation, on the 
other hand, improves material properties by altering the physical 
structure or relieving internal stresses through methods such as strain 
relaxation, thermal annealing treatment, or surface polishing [64,65]. 
Additionally, field-effect passivation reduces recombination rates by 
creating an electric field at the interface to repel minority carriers, 
achieved either through materials with built-in electric fields or 
applying external electric fields [66,67].

2. Current and future challenges
Despite significant advancements in passivation strategies that have 

improved the efficiency and stability of PSCs, several challenges persist, 
including the complexity of interface recombination, the stability of 
passivation layers, and the difficulty of passivating buried interfaces.

The surfaces of perovskite films often exhibit various defects, leading 
to complex recombination processes at PSC interfaces [44,68]. For 
instance, volatile organic halides may escape during solvent evaporation 
and high-temperature annealing, leaving behind halide vacancies at the 
X-sites (occupied by anions in the perovskite structure) and cation va
cancies at the A-sites (occupied by cations in the perovskite structure) on 
perovskite surfaces [47]. Additionally, the presence of minority carriers 

at the interface increases the recombination rates, exacerbating energy 
loss. The interaction among different defect types, charge carriers, and 
materials within the solar cell, especially in tandem structures, further 
complicates the identification and mitigation of all recombination 
sources.

Moreover, while bulk perovskite stability has been well-studied, the 
stability of passivation layers has received comparatively less attention 
[69]. The cations in common passivation materials, such as ammonium 
halide salts or their low-dimensional perovskites, tend to migrate into 
the 3D perovskite bulk under thermal stress, degrading device perfor
mance [70]. Additionally, the decomposition of passivation materials 
during operation is a concern. For example, ammonium-based passiv
ation ligands can deprotonate into amines and react with for
mamidinium on perovskite surface, which may create new 
recombination pathways and degrade the long-term stability of the de
vice [71,72]. Addressing the stability of passivation layers is therefore 
critical for ensuring sustained performance improvements in PSCs.

Buried interfaces present further challenges, as they can harbor de
fects that are difficult to diagnose and access for direct passivation. 
Moreover, most interfacial modulation materials tend to dissolve in 
perovskite precursor solvents and may be washed away during coating 
process. Beyond addressing defects at buried interfaces—similar to those 
on the top surface caused by the abrupt interruption of the perovskite 
lattice—the properties of these interfaces significantly influence perov
skite nucleation, film growth, defect formation, and overall stability 
[73]. For example, the development of organic hole transport materials 
at buried interfaces has rapidly advanced inverted (p-i-n) PSCs, but 
hydrophobic nature of these materials increases the likelihood of void 
formation and reduces interface contact between the perovskite and 
hole transport layers [74]. Additionally, exposure of buried interfaces to 
sunlight raises concerns about ultraviolet (UV) stability, as the degra
dation of contact materials or their photocatalytic effects on perovskite 
under UV light can lead to interface degradation during operation [75,
76].

3. Advances to meet these challenges
Overcoming these challenges requires a thorough understanding of 

the defect landscape in perovskite films, the development of more robust 
and durable passivation materials, and innovative strategies to manage 
buried interfaces (Table S1).

Several approaches have been proposed to address the complex 
recombination processes at PSC interfaces. For instance, Liu et al. 
identified intricate recombination mechanisms at the perovskite/elec
tron transport layer interface and proposed a bimolecular passivation 
strategy, employing two types of functional molecules for comprehen
sive surface passivation (Fig. 4a) [44]. Sulfur-modified methylthio 
molecules were used to passivate surface defects and suppress recom
bination through strong coordination and hydrogen bonding, while 
diammonium molecules repelled minority carriers and reduced 
contact-induced interface recombination through field-effect passiv
ation. Based on this bimolecular passivation, Chen et al. incorporated 
4-chlorobenzenesulfonate as a dual-site binding ligand to minimize the 
energy mismatch with the fullerene electron-transfer layer (Fig. 4b) 
[77]. These studies demonstrate that a multimolecule passivation 
approach, with diverse functionalities, is a promising direction for 
developing next-generation passivation strategies to achieve improved 
performance and stability in PSCs. The concept of creating multifunc
tional passivation ligands capable of simultaneously passivating multi
ple defect types is also worth exploring, although integrating all these 
benefits into a single molecule remains challenging.

To enhance the stability of passivation layers, tuning molecular 
structures has emerged as a key strategy. Addressing cation migration, 
Liu et al. tuned the ligand structures of aromatic phthalimide moieties 
and developed a set of perovskitoids of varying dimensionality to serve 
as passivation materials (Fig. 4c) [78]. Among these perovskitoids, a 2D 
perovskitoid (A6BfP)8Pb7I22—where A6BfP stands for N-amino
hexyl-benz [f]-phthalimide—provided the most efficient passivation. 
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The superior performance of (A6BfP)8Pb7I22 over other perovskitoids is 
due to its higher dimensionality, increased corner-sharing octahedral 
connections, and improved charge transport from out-of-plane orienta
tions atop perovskite films. The robust organic-inorganic networks, 
enabled by combined corner-, edge-, and face-sharing, effectively sup
pressed cation migration within the perovskitoid/perovskite hetero
structures. Furthermore, Liu et al. designed the structural isomers of 
phenylenediammonium and designed ortho-(phenylene)di(ethyl
ammonium) iodide (o-PDEAI2) as non-2D passivation ligands, which do 
not react with PbI2 or 3D perovskite to form 2D perovskites, thereby 
suppressing cation migration at the interface [63]. Park et al. system
atically investigated various ligand molecular structures and found that 
fluorinated aniliniums, such as 3,4,5-trifluoroanilinium, offer interfacial 
passivation while simultaneously minimizing reactivity with perovskites 
and spacer cation penetration [79]. In addition to molecular structure 
tuning, Luo et al. introduced a cross-linked polymer layer between the 
2D and 3D perovskite layers, inhibiting the diffusion of cations from the 
2D perovskite passivation layers into the 3D perovskite active layers 
[80].

Beyond cation migration, the deprotonation instability of commonly 

used ammonium ligands presents a critical yet insufficiently addressed 
challenge. Recently, Yang et al. introduced a library of amidinium li
gands that leverage the resonance-stabilized N–H bonds to resist 
deprotonation, thereby enhancing the thermal stability of passivation 
layers on perovskite surfaces [81]. These ligands not only retain their 
dual role in field-effect and chemical passivation but also achieve a more 
than 10-fold reduction in the deprotonation equilibrium constant, 
markedly improving the operational stability of devices under elevated 
temperature conditions. Additionally, Wang et al. and Jiang et al. pro
posed a pre-reaction strategy involving amines and formamidinium to 
synthesize iminium-based passivation materials. These materials, char
acterized by high acid dissociation constant values, exhibit enhanced 
resistance to deprotonation, thereby improving the passivation effi
ciency and thermal stability of perovskite films (Fig. 4d) [71,72]. The 
innovative structures of these passivation agents simultaneously 
enhance efficiency and long-term stability, providing a promising 
foundation for future passivation design strategies.

Despite the challenges in passivating buried interfaces, efforts are 
being made to reduce defects and improve the wettability and stability 
of interfaces beneath perovskite layers. Low-dimensional perovskites 

Fig. 4. a, Schematic of the perovskite surface without passivation and with both chemical and field-effect passivation [44]. b, Structure and electrostatic potential of 
BZS, 4CH3-BZS, and 4Cl-BZS ligands and atomic structures of ligand adsorbed in a preferred orientation on the perovskite surface [77]. c, Crystal structure of 2D 
perovskitoid (A6BfP)8Sn7I22. Carbon, nitrogen, oxygen, tin, and iodine are shown in black, blue, red, lavender, and purple, respectively. Hydrogens are omitted for 
visual clarity [78]. d, Condensation reaction scheme of FA+ and 3-APy and DFT modelling of the atomic structures of the perovskite with charged VI and 3-APy 
modification. The brown, blue, pink, black and purple spheres denote C, N, H, Pb and I atoms, respectively [72]. e, Schematic description of the “porous insu
lator contact” device structure with Al2O3 passivation at the perovskite/SAMs interface [73]. f, Illustrations for the different HTMs on the ITO substrate and the 
outdoor stability of the minimodules based on the hybrid hole transport materials [75].
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have been constructed at the buried interface to passivate defects and 
improve energy alignments, though the formation process requires 
precise control [82]. Emerging hole transport materials, such as 
self-assembled monolayers (SAMs), have been explored to enhance the 
buried interface passivation in inverted PSCs [83]. These materials form 
strong chemical or coordinating bonds with transparent conducting 
oxide substrates and the perovskite surface, providing effective passiv
ation and improving overall device performance. However, compared to 
metal oxide charge transport materials, widely used SAMs such as 
[2-(9H-carbazol-9-yl)ethyl]phosphonic acid and (4-(3,6-dime
thyl-9H-carbazol-9-yl)butyl)phosphonic acid often suffer from poor 
wettability. This can lead to insufficient contact with perovskite films at 
the buried interface, especially in large-area film deposition. Depositing 
additional inorganic nanoparticle layers, such as NiOx and Al2O3, can 
improve the wettability of the perovskite precursor and enhance the 
overall quality of the perovskite films (Fig. 4e) [73,84]. Additionally, 
inserting a blocking layer at the buried interface can prevent contact 
between the perovskite and photocatalytically active charge transport 
layers, thereby improving UV stability [85]. Enhancing the chemical 
bonding between the perovskite, charge transport layers, and trans
parent conducting oxides also contributes to improving the UV stability 
of buried interfaces (Fig. 4f) [75].

4. Concluding remarks
Interface passivation strategies—whether chemical, physical, or 

field-effect—have shown significant promise in mitigating recombina
tion losses due to surface defects and interface minority carriers, which 
are critical for enhancing the efficiency and stability of PSCs. However, 
several challenges persist, including the management of complex 
recombination processes at different interfaces, ensuring the long-term 
stability of passivation layers, and effectively passivating buried in
terfaces. Future directions for perovskite passivation could focus on 
multi-molecule passivation strategies, the design of more stable 
passivating materials, and the development of robust heterostructures. 
These advancements, coupled with innovative material designs and 
comprehensive defect management, will be essential for driving the 
widespread adoption of PSCs in next-generation optoelectronics.
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Abstract
Self-assembled monolayers (SAMs) have obviously emerged as a 

promising candidate to become the hole-selective materials for the 
perovskite solar cells, especially in the p-i-n structure. The efficiency and 
stability of the device can be improved by using SAMs as the hole- 
selective materials. Here, we provide an introduction to the funda
mental properties of SAMs, list the applications of these commonly used 
molecules in devices, summary the effect of the functional groups on the 
performance of the solar cells, provide insights into the current chal
lenges faced, and hope that this review will provide researchers with 
new ideas and thoughts.

1. Status of the field
Perovskite solar cells (PSCs) are rapidly becoming a popular research 

topic in the new generation photovoltaic technology due to their 
excellent performance [1,86–88]. Single-junction metal halide 

perovskite solar cells have achieved an efficiency of 26.7 %, which are 
very close to that of conventional silicon-based solar cells [89]. Stability 
and reproducibility are key issues for its commercialization [90–93]. 
The hole-selective layer, as a pivotal structure of perovskite solar cells 
(Fig. 5a), has a significant impact on the final performance of the device 
[94,95]. Since self-assembled monolayers (SAMs) was first selected as 
the hole transport material for inverted perovskite solar cells in 201883, 

[96], there have been several reported studies on it. Recent reviews on 
the application of self-assembled monolayers (SAMs) in perovskite solar 
cells (PSCs) emphasize their potential in enhancing both device per
formance and stability. Suo et al. summarized the dual roles of SAM 
molecules in PSCs, where they function both as charge transport mate
rials and as interfacial modulators [97]. Yu et al. discussed current 
research on the stability of buried interfaces in SAM-based PSCs and 
proposed strategies to achieve excellent interface stability [98]. Wu 
et al. highlighted the significant advantages of SAMs in terms of scalable 
fabrication and cost-effectiveness, while also addressing the major bot
tlenecks hindering their commercialization and offering possible solu
tions [99]. This review is based on the molecular structure and 
properties of self-assembled monolayers (SAMs), focusing on recent 
advancements in improving the efficiency and stability of perovskite 
solar cells (PSCs). It also provides a brief overview of the current state of 
SAMs in the field of PSCs. We believe that this review will inspire re
searchers and contribute to the further application of SAMs in PSCs.

Compared to conventional polymers or inorganic materials, SAMs 
offer a simpler fabrication process for large-area production owing to the 
lower synthesis cost [100,101]. The introduction of SAMs has also led to 
obvious advancement in efficiency and stability of inverted perovskite 
solar cells [69,72,102]. Compared to poly [bis(4-phenyl)(2,4, 
6-trimethylphenyl)amine]. (PTAA), the previously widely used hole 
transport material, perovskite precursor solutions on SAMs exhibit a 
smaller contact angle. This is because SAMs can be optimized to form 
surface chemistry that enhances the perovskite affinity, significantly 
improving the wettability of the precursor solution, as well as the 
morphology and crystallinity of the perovskite film [103,104]. In 
addition, SAMs can tune the work functions of the transparent electrodes 
for matching with perovskite, which enhances hole extraction capacity 
[105]. Generally, SAMs are often spin-coated onto the substrate for 
small-area devices, while dip-coating is used for large-area devices. 
Thermal vapor deposition is a recently proposed method that has further 
facilitated the large-scale production of perovskite [106]. Utilizing the 
interaction between the anchoring groups and the metal oxide sub
strates, mixing the SAM into the perovskite solution and depositing them 
together is also a novel approach [107,108].

2. Functional head groups of SAMs
SAMs have a molecular structure comprising of three parts: an 

anchoring group, a linking group, and a terminal group (Fig. 5b) [109,
110]. The anchoring group generates a strong physical or chemical force 
with the substrate surface, ensuring that the molecular layer remains 
tightly fixed to the substrate and preventing displacement during use. 
The most common and widely used anchoring groups include phos
phonic acid (-PO(OH)2), carboxylic acid (-COOH), and silanes 
(-SiR2OH), which are able to interact with hydroxyl groups (-OH) on the 
surface of the substrate and coordinate with metal atoms [111,112]. The 
anchoring process can modify the work function of the substrate surface 
and affect the interfacial dipole moment, electron transport, binding 
energy of the electrode surface, and contact resistance [113]. The link
ing group connects the anchoring and terminal groups, supporting the 
entire molecular layer. Alkyl chain and aromatic group are two typical 
linking units with different charge transfer rates [114,115]. The charge 
transfer ability of intermediate chains is affected by their length and 
rigidity. Longer intermediate chains can form more regular and 
continuous charge transfer channels, improving the charge transfer ef
ficiency [113]. Rigid intermediate chains can maintain the stability of 
the molecular structure and reduce the scattering effect of charge 
transfer. Linking groups can have an effect on the lateral interactions 
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between molecules and ultimately on the orientation of self-assembled 
molecules [114]. The terminal group interacts directly with the perov
skite layer and is able to influence the morphology and structure of the 
overlayer. The choice of appropriate functional groups allows energy 
level matching between the perovskite layer and the self-assembled 
molecular layer, which optimizes the charge carrier transport process, 
increases the open circuit voltage and short circuit current, and 

improves the overall efficiency of the device [116–118]. In inverted 
perovskite solar cells (IPSCs), both carbazole-based and 
triarylamine-based self-assembled monolayers (SAMs) are widely used 
due to their excellent charge transport properties and ability to enhance 
device stability. Carbazole-based SAMs, which typically utilize phos
phonic acid as the anchoring group and a carbazole derivative as the 
terminal group, are known for their chemical stability, favorable energy 

Fig. 5. (a) the typical structure of SAM-based inverted perovskite solar cell, (b) the arrangement of SAM molecules on the substrate.

Fig. 6. Some typical molecular structures of SAMs used as hole transport materials.
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level alignment with perovskites, and high hole mobility. These mate
rials play a critical role in improving hole extraction and minimizing 
interfacial recombination, thereby significantly enhancing the stability 
and performance of IPSCs. In contrast, triarylamine-based SAMs are 
distinguished by their extended conjugated systems and superior hole 
extraction capabilities. These SAMs improve hole mobility and help 
reduce charge recombination at the interfaces, further boosting device 
efficiency and long-term stability. Both types of SAMs are crucial for 
optimizing interfacial properties, charge transport, and the operational 
lifespan of inverted PSCs. The choice of SAM depends on the specific 
performance requirements and stability needs of the device. Addition
ally, specific groups have the ability to resist environmental interfer
ence, safeguarding the perovskite layer from external factors such as 
oxygen, moisture, and ultraviolet rays [119]. This enhances the stability 
of the perovskite layer and prolongs the operating life of device. The 
photovoltaic parameters of SAM-based IPSCs and recent commonly used 
SAM molecules are summarized in Table S2 and Fig. 6.

3. Efficiency improvement by SAMs
SAMs play a significant role in improving the efficiency of perovskite 

solar cells. Through reasonable molecular design, including the intro
duction of specific functional groups or the change of molecular struc
ture, the SAM molecular dipole moment can be adjusted to match the 
energy level of perovskite [120]. SAMs are a dense and organized layer 
via molecule interaction with the substrate surface such as chemical 
bonding or electrostatic which can extract the charges well, suppress 
non-radiative recombination, reduce parasitic absorption loss and adjust 
the work function [121,122]. As known, the quality and grain size of the 
perovskite crystals have a significant impact on the final performance of 
the device, and grain of larger sizes are desired [123]. Smaller perov
skite grains may not absorb sunlight adequately, resulting in lower light 
energy utilization. Additionally, smaller grains increase the number of 
grain boundaries, leading to compound losses of carriers at the bound
aries [124]. In addition, smaller grains make the device more vulnerable 
to environmental factors, reducing the long-term stability of the device. 
Higher quality of the SAMs layer can distinctly increase the crystallinity 
and orientation of the perovskite, improving the crystal grains size 
[125]. Zeng et al. chose MeO-2PACz as the hole-selective material and 
compared it with poly [bis(4-phenyl)(2,4,6-trimethylphenyl)amine]. 
(PTAA), and found that the contact angle of the SAM-based substrate 
was smaller(Fig. 7a and b) [103]. It implies that there has a better 
wettability of perovskite precursor solution on SAM layer. Furthermore, 
compared to PTAA, the contact between the SAM layer and the perov
skite layer was much tighter (shown in Fig. 7c and d). This phenomenon 
also had a positive effect on the photovoltaic performance of the 
SAM-based perovskite solar cells.

Qu et al. developed a novel SAM, [4-(3,6-dimethyl-9Hcarbazol-9-yl) 

phenyl]PA (Me-PhpPACz), which replaces the flexible alkyl linker in 
widely used Me-4PACz with robust phenylene linker (Fig. 8a) [97]. This 
modification results in a more densely ordered arrangement of SAM 
molecules on the substrate and therefore improves charge extraction. 
This structural change enhances the aspect ratio and dipole moment of 
the molecules and forms a better energy alignment with perovskite layer 
(Fig. 8b). The power conversion efficiency (PCE) of the PSC based 
Me-PhpPACz achieved 26.17 % compared with 24.14 % for Me-4PACz. 
This improved means can also be used in other carbazole-based SAMs.

4. Stability improvement by SAMs
Stability is an important indicator for the photovoltaic device 

[126–128]. A high-quality photovoltaic device not only exhibits high 
efficiency and low cost but also ensures long-term operational stability 
[92,129,130]. The introduction of SAMs is considered to be an excellent 
strategy for the stability improvement of PSCs. The effects of SAMs 
include the following: 1) Form a good interfacial bond with the perov
skite materials and improve interfacial adhesion. 2) Protect the perov
skite materials from attack by water, oxygen, etc. 3) Suppress the ion 
migration between perovskite and electrode. People are ongoing 
commitment to developing innovative SAMs for improving the stability 
of the perovskite solar cells. Al-Ashouri et al. found that the Voc of the 
PTAA-based cells decreased significantly under light soaking, while the 
Voc of the SAM-based cells remained stable except for a small initial 
decrease. This may be due to the fact that under open-circuit voltage 
illumination, iodine diffusion into the PTAA interface affects the struc
ture of the PTAA, whereas SAM, due to its lightweight and chemically 
stable nature, is less affected by ionic accumulation and less susceptible 
to structural effects [131]. Aktas et al. synthesized two type of 
self-assembled monolayers with carbazole as the host structure, 4-(3, 
6-bis(2,4-dimethoxyphenyl)-9H-carbazol-9-yl) benzoic acid (EADR03) 
and 4-(3,6-bis(2,4-dimethoxyphenyl)-9H-carbazol-9-yl)- [1, 
1-biphenyl]-4-carboxylic acid (EADR04), which were used for the hole 
transport materials of the inverted perovskite solar cells (Fig. 9a) [132]. 
Around 24 hours after performing the maximum power point (MPP) 
measurement, the control PTAA device dropped below 85 % of its initial 
efficiency, and the device using SAMs showed significant stability. The 
EADR04 device recovered its initial efficiency after 150h and eventually 
maintained 95 % of the initial efficiency. SAMs devices have advantages 
over PTAA devices in terms of stability, which can be attributed to their 
greater stability under ultraviolet light. This is because UV light induces 
the polymer PTAA to break down, while having little effect on SAMs 
(Fig. 9b, c and d).

Liu et al. developed a SAM based [1]. benzothieno- [3,2-b]. [1]. 
benzothiophene (BTBT) (Fig. 9e) [133]. Compared with the traditional 
MeO-2PACz, the device using MeO-BTBT has higher efficiency and 
filling factor, and the SEM image of the buried interface before and after 

Fig. 7. The contact angles of a PTAA-based and b SAM-based. Cross-section SEM images of perovskite films blade-coated on c PTAA-based substrate, and d SAM- 
based substrate [103].
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aging is almost unchanged. The perovskite crystals deposited on 
MeO-2PACz are partially decomposed, and there were voids near the 
grain boundaries accompanied by lead iodide particles. Devices using 
MeO-BTBT achieved an efficiency of 24.53 % and maintained better 

photothermal stability. This is due to the fact that MeO-BTBT molecules 
have larger dipole moments, better energy level arrangement. At the 
same time, larger radius sulfur atoms can strengthen the intermolecular 
interaction, and can coordinate with lead ions to passivate defects.

Fig. 8. a. Molecular structures of Me-4PACz and Me-PhpPACz and their stacking simulations in the device. b. Molecular dipole moment variation and energy 
alignment of Me-4PACz and Me-PhpPACz [97].

Fig. 9. (a) Long-term continuous maximum power point tracking of EADR03, EADR04 and PTAA based devices with BCP at 25 degrees Celsius [132]. (b) the 
interfacial interactions diagram between ITO/SAM/perovskite. (c,d) SEM images of aged perovskite films peeled off from c MeO-2PACz and d MeO-BTBT modified 
substrates. (e) MPP tracking of PSCs under 1 sun continuous illumination [133].
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Self-assembled monolayer molecules are usually dissolved in a sol
vent (e.g. IPA) to function. However, due to their amphiphilic nature, 
SAM molecules tend to form micelles, which is detrimental to SAM 
coverage on the substrate. Liu et al. used N,N-dimethylformate (DMF) as 
a co-solvent to add to the solvent of SAM, and found that it was effective 
in reducing the critical micellar concentration of SAM molecules 
(Fig. 10a) [134]. CbzNaph devices treated with co-solvents were able to 
achieve a PCE of 24.98 % and a fill factor of 85.6 %. It was able to 
maintain 82 % of the initial efficiency under MPPT conditions for 700 h 
and 89 % of the initial efficiency after continuous heating at 654◦C for 
400 h, both of which were significantly higher than those of the control 
group, demonstrating excellent operational and thermal stability 
(Fig. 10b).

Moreover, the traditional method for covering SAMs on substrates is 
solution deposition, but the wettability of certain materials is not ideal. 
Farag et al. first used vacuum deposition to cover carbazole-based SAMs 
(e.g. 2PACz, MeO-2PACz and Me-4PACz) on substrates and found no 
significant difference from devices prepared by solution deposition 
[106]. The vacuum deposition method resulted in a more uniform 
coverage of the SAMs and a significant improvement in the wettability of 
Me-4PACz, which was not well covered by solution deposition, and the 
fabrication yield was close to 100 %. This suggests that the vacuum 
evaporation method is an excellent means of covering SAMs and also 
provides insight for faster commercialization of perovskite solar cells.

5. Concluding remarks
In recent years, the efficiency of inverted perovskite solar cells has 

significantly increased, largely due to the development and optimization 
of SAMs. SAMs have attracted considerable attention from researchers 
because of their low cost, solution processability, flexibility for struc
tural modification, and reduced parasitic absorption. While the benefi
cial role of SAMs in improving perovskite solar cells has been widely 
recognized, challenges remain in their successful application. In this 
context, we will explore the future development prospects of SAMs and 

propose feasible strategies to address the current challenges they face.
The development of SAMs with novel molecular structures is crucial 

for the commercial application of PSCs. As previously stated, the SAM 
molecule is comprised of three distinct structural components: an 
anchoring group, a linking group, and a terminal group. The novel SAMs 
are developed by making adjustments to the group sums between the 
three partial groups. Currently, phosphonic and carboxylic acids are 
often used as anchoring groups, however, strong acidity may lead to 
substrate corrosion. It would be beneficial to investigate the potential of 
utilizing weak acids in lieu of strong acids as anchoring groups in the 
future.

Stability is critical to the application of photovoltaic products in the 
marketplace. Although SAM-based PSCs exhibit excellent PCE, main
taining long-term operational stability remains a challenge, as light and 
heat can damage the structure of the SAM molecules. Therefore, re
searchers should focus their efforts on developing SAMs with enhanced 
stability under light and heat conditions.

The linking group in SAMs typically consists of alkyl chains or aro
matic moieties. However, strong interactions between aromatic moieties 
may deteriorate the wettability of the SAM, which could negatively 
affect device performance. Additionally, the length and orientation of 
alkyl chains can influence the crystallization of the perovskite layer, so 
researchers should explore the use of suitable linking groups for optimal 
SAM performance. The introduction of appropriate functional groups 
can interact with the perovskite layer and impact carrier transport and 
interfacial stabilization. Therefore, terminal groups should be selected 
according to the specific application purpose.

In addition to their use in perovskite solar cells, SAMs show great 
potential in other fields. For example, SAMs are increasingly being 
studied for applications in organic photovoltaics (OPVs), organic light- 
emitting diodes (OLEDs), organic sensors, catalysis, molecular elec
tronics, and high-performance batteries. In these fields, SAMs can 
optimize interfacial properties, enhance device stability, and improve 

Fig. 10. a. Schematic diagram of the modulation process of SAMs by IPA and co-solvent. Steady power output at MMP tracking under one sun illumination in 
nitrogen atmosphere at b 45 ◦C and c 65 ◦C [134].
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energy efficiency. As technology continues to advance, SAMs are also 
expected to play a significant role in large-scale manufacturing and cost- 
effective applications.

Moreover, the issue of SAM coverage uniformity in devices with 
different active areas remains a significant challenge in practical ap
plications, especially as the active area increases. Due to the ultrathin 
nature of SAMs, current characterization methods are limited, and it is 
difficult for researchers to obtain accurate information about the dis
tribution of SAMs on the substrate surface. This calls for the develop
ment of improved characterization techniques to obtain more precise 
data.
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1. Status of the field

Metal halide perovskite-based tandem solar cells (TSCs) have 
emerged as a promising technology to exceed the efficiency limitations 
of traditional single-junction solar cells. The efficiency of single-junction 
solar cells is constrained by the Shockley-Queisser (S-Q) limit, approx
imately 33 %, primarily due to non-absorbed photons and thermaliza
tion losses [135]. Tandem architectures can mitigate these losses by 
combining absorber materials with complementary bandgaps, each 
optimized to absorb different portions of the solar spectrum. This 
configuration offers the potential to enhance overall efficiency beyond 
40 % with two bandgap (Eg)-matched absorber materials, and poten
tially even higher with the inclusion of more absorbers [136]. The 
broadly tunable bandgap of halide perovskites is particularly advanta
geous, allowing them to be engineered as top cells in tandem structures 
to paire with various existing bottom cells. These bottom cells can be 
made from crystalline silicon (c-S, 1.12 eV) [137], 
copper-indium-gallium-selenide (CIGS, ~1.10 eV) [138], cadmium se
lenium telluride (CdSeTe, ~1.39 eV) [139], organic semiconductors 
(~1.33eV) [140], or even perovskite itself (~1.2 eV) [141]. Among 
these tandem technologies, perovskite-perovskite (all-perovskite) 
monolithic TSCs stand out due to their unique advantages, including low 
cost, simple solution-based fabrication, and compatibility with flexible 
substrates. As illustrated in Fig. 11a, a broad range of the solar spectrum 
can be efficiently covered by an ideal all-perovskite tandem design that 
combines a wide bandgap (WBG) perovskite top cell (~1.8 eV) with a 
narrow bandgap (NBG) perovskite bottom cell (~1.2 eV). In this ar
chitecture, the top cell absorbs most of the visible light, while the 
remaining near-infrared light is captured by the bottom cell. A recom
bination layer is required for efficient operation, where electrons and 
holes from the WBG and NBG sub-cells are recombined [142].

Recent years have seen substantial progress in the development of 
all-perovskite TSCs, with a notable increase in power conversion effi
ciency (PCE). As shown in Fig. 11b, the PCE of conventional two- 
junction all-perovskite monolithic TSCs on both rigid and flexible sub
strates has rapidly increased, with the highest certified PCE recently 
exceeding 30 % on rigid substrates [143]. For flexible tandem devices, 
which offer a high power-to-weight ratio, PCEs of around 24 % have 
been achieved using substrates like polyethylene naphthalate (PEN) and 

Fig.11. (a) Reference solar spectrum on earth (AM 1.5G) up to 1100 nm. The blue area depicts the photons that have energy above the wide bandgap perovskite (1.8 
eV), and the red area depicts the photons that are not absorbed by the wide bandgap perovskite but are absorbed by the narrow bandgap perovskite (1.2 eV), below is 
the schematics show a two-junction all-perovskite monolithic TSCs. (b) Efficiency evolution of conventional all-perovskite monolithic TSCs (two-junction). Details 
are summarized in Table S3.
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polyethylene terephthalate (PET) [144,145].
2. Current and future challenges
Performance Losses: Achieving high PCE is a critical objective in 

the development of photovoltaic technologies. In all-perovskite TSCs, 
the WBG and NBG sub-cells are facing different challenges. WBG sub- 
cell, is suffering from large open-circuit voltage (VOC) deficit (Eg/q- 
VOC), which is mainly due to defects in the bulk and surface of the WBG 
perovskites, and their suboptimal band alignment with charge selective 
layers (CSLs) [146]. As shown in Fig. 12a, perovskite solar cells (PSCs) 
with an Eg around 1.5-1.6 eV are approaching 95 % of their theoretical 
S-Q limit for VOC, while WBG devices (~1.8 eV) rarely exceed 90 % of 
this limit. The low open-circuit voltage (VOC) is thus limiting the overall 
VOC of the TSCs.

For the NBG sub-cell, typically composed of lead-tin (Pb-Sn) perov
skites with an Eg around 1.2 eV, challenges arise in achieving thick 
absorber (>1 µm) with high quality [147]. Pb-Sn perovskites generally 
exhibit shorter carrier diffusion lengths and lower absorption co
efficients compared to their Pb-only counterparts. This limitation ham
pers their ability to capture near-infrared light effectively [148]. As 
shown in Fig. 12b, few devices (~1.2 eV) achieve short-circuit current 
density (JSC) values close to 90 % of the S-Q limit. This is in stark 
contrast to devices with higher bandgaps (>1.5 eV), which more 
consistently reach near-limit JSC values. Realizing uniform, thick, and 
high-quality Pb-Sn perovskite is thus, crucial for reducing the JSC losses 
in TSCs

When combining WBG and NBG sub-cells in a monolithic tandem 
configuration, the recombination layer poses another significant chal
lenge. As depicted in Fig. 12c, current recombination layers are not yet 
optimized, suffering from substantial optical and electrical losses. An 
ideal recombination layer would efficiently facilitate carrier recombi
nation, minimize light absorption and reflection, and provide mechan
ical robustness to protect underlying layers during fabrication [149]. 

Additionally, the overall current output from a monolithic TSC is con
strained by the sub-cell with the lowest current. Therefore, optimizing 
the optical coupling between the sub-cells and other functional layers, 
such as the front contact, is crucial for achieving optimal current 
matching and maximizing the device’s output.

Stability challenges: The stability of all-perovskite tandems is 
determined by the combined stability profiles of the WBG sub-cell, 
recombination layer, and NBG rear sub-cell. WBG sub-cells, typically 
incorporating around 40 % bromine (Br) to achieve an Eg near 1.8 eV, 
are prone to phase segregation under prolonged light exposure [128,
168]. Fig. 12d shows that photoluminescence (PL) measurements reveal 
an increasing emission from iodine-rich regions over time, indicating the 
formation of iodide-rich phases [128]. This poses a significant threat to 
the long-term operation of both the WBG sub-cell and the entire tandem 
device. NBG sub-cells based on Pb-Sn perovskites also face severe sta
bility challenges. Divalent tin (Sn2+) is highly sensitive to oxidation, 
converting to Sn4+ when exposed to oxygen, which rapidly degrades the 
absorber quality [167,169]. As illustrated in Fig. 12e, without an anti
oxidant, Pb-Sn perovskite solutions oxidize noticeably, evidenced by a 
color change [167]. This oxidation leads to the formation of Sn va
cancies, degrading the film quality and device performance. Further
more, other layers within the tandem structure, such as PEDOT:PSS (a 
hole selective layer) and ultrathin metals (e.g. Ag, Au) used in recom
bination layers, are susceptible to degradation from environmental 
factors like humidity, oxygen, light, or thermal stress, and ion migration 
[170]. Ensuring the long-term stability of all-perovskite TSCs thus re
mains a major challenge, despite their promising efficiency potential.

Upscaling challenges: Despite significant progress in enhancing the 
PCE of all-perovskite TSCs, scaling this technology from laboratory-scale 
to industrially relevant levels remains challenging. As summarized in 
Fig. 13, some efforts have been made towards scaling up all-perovskite 
TSCs into tandem solar modules (TSMs) [171–174]. Despite these 

Fig. 12. (a) Open-circuit voltage (VOC) of single-junction perovskite solar cells (PSCs) as a function of bandgap; the VOC from the S–Q limit, and 90 % of the S–Q limit 
are shown. Data based on The Perovskite Database till 20240704 and other literatures [45,141,150–161]. (b) Short-circuit current-density (JSC) of single-junction 
PSCs as a function of bandgap; the JSC from the S–Q limit, and 90 % of the S–Q limit are shown. Data based on The Perovskite Database till 20240704 and other 
literatures [150,162–166]. (c) Simplified schematics show a two-junction all-perovskite monolithic TSCs with possible performance losses from different regions. (d) 
Photoluminescence (PL) measurements of a WBG perovskite film (40 % Br) show the increase of emission from iodine-rich regions as a function of illumination time 
[128]. (e) Photographs showing the ease of oxidation of Sn2+ to Sn4+ in ambient air [167].
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achievements in efficiency metrics, it is important to acknowledge that 
the development of TSMs is still in its early stages. It can been seen that 
spin-coating is still the predominant method for depositing small-scale 
all-perovskite TSCs in the lab. For larger-scale fabrication, 
solution-based blade-coating methods have demonstrated scalability to 
areas up to 20.25 cm2 [173]. A very recent report has announced a 
certified PCE of 24.8 % for all-perovskite TSMs on an aperture area of 65 
cm2, of which the fabrication methods have not yet been disclosed 
[175]. Despite these advancements, the reported modules remain at the 
mini-module scale, and the development of larger-area TSMs continues 
to present significant challenges. To scale up to standard module sizes, it 
is essential to overcome issues related to achieving uniformity, repro
ducibility, and compatibility with high-throughput production pro
cesses. This will likely involve exploring industrial-scale deposition 
methods such as slot-die coating, thermal evaporation, vacuum/solution 
hybrid method, etc [176,177]. Moreover, the development of light
weight flexible all-perovskite TSMs, a promising direction for future 
commercialization, remains underexplored. Key challenges include 
achieving conformal coating, ensuring compatibility between multiple 
processing steps for flexible substrates, laser scribing for module fabri
cation, and developing reliable, flexible encapsulation methods. 
Addressing these issues is essential for advancing the technology to
wards practical, large-scale applications.

3. Advances to meet challenges
The best certified PCE for all-perovskite TSCs has now reached 30.1 

%, with key performance metrics including a VOC of 2.2 V, a JSC of 16.72 
mA cm⁻², and a fill factor (FF) of 81.8 %. As the field progresses, an 
exciting but challenging milestone is to push the PCE beyond 35 %, 
which is surpassing the theoretical limit for single-junction cells. 
Achieving a PCE >35 % will require a VOC of approximately 2.3 V, a JSC 
of around 18 mA cm⁻², and a FF of about 85 %. To realize it, all the J-V 
characteristics must be meticulously optimized through multifaceted 
approaches. These efforts must also be balanced with the need to 
enhance the stability of the devices, which remains a critical concern. In 
this context, recent advances that address various challenges in 
achieving high-performance and stable all-perovskite TSCs have been 
widely discussed below.

Performance enhancements: For the WBG sub-cell, the primary 
sources of performance losses stem from issues within the perovskite 
absorber’s bulk and the interfaces between the perovskite and contact 
layers, leading to a significant VOC deficit. In 2022, a notable break
through was achieved with the realization of a low VOC deficit of ~0.42 

V for a 1.75 eV WBG PSC, accomplished by reducing defect density 
through a finely controlled crystallization process during blade-coating 
[156]. Interface engineering is playing a crucial role in modifying band 
alignments between the perovskite and CSLs, which is essential for 
reducing non-radiative recombination [45,141,151,153,154,159,164]. 
For example, He et al. designed a self-assembled monolayer (SAM), 
specifically (4- [7H-dibenzo(c,g)carbazol-7-yl]butyl)phosphonic acid 
(4PADCB) (Fig. 14a), to improve the interface quality between perov
skite and indium tin oxide (ITO) (Fig. 14b), achieving a VOC deficit of 
~0.46 V in a 1 cm2 WBG PSC [141]. Another progress was made by Cui 
et al., who sequentially deposited two different SAMs to enhance the 
buried interface quality, resulting in a record low VOC deficit of 0.42 V in 
a 1.78 eV PSC [151]. Additionally, the engineering of the interface be
tween the perovskite and electron selective layer, such as C60, is also 
important. Chen et al. demonstrated the effectiveness of introducing 
diammonium molecules to regulate perovskite surface potential. Their 
work showed that using 1,3-propane diammonium (Fig. 14c), as 
opposed to butylammonium iodide, helped maintain the photo
luminescence quantum yield (PLQY) after C60 deposition (Fig. 14d), 
enabling 1.79 eV PSCs with a certified VOC of 1.33 V, corresponding to a 
low VOC deficit of ~0.46 V [45].

In the NBG sub-cell, preventing oxidation has been a key area of 
focus. Optimizing anti-oxidation strategies in the perovskite solution 
have been widely explored to suppress the oxidation of Sn2+ and 
enhance the quality of the perovskites [162,167,178–181]. Research has 
also extensively investigated the oxidation pathway of Sn2+ in conven
tional solvent systems, such as dimethyl sulfoxide, highlighting the need 
to explore alternative solvents to further improve device performance 
[182–185]. In addition, many efforts has also been devoted to modify 
the interfaces between Pb-Sn perovskites and CSLs [163,186–190]. 
Recently, Lin et al. developed an innovative approach by creating an 
immiscible 3D/3D bilayer perovskite heterojunction at the interface 
between the Pb–Sn perovskite and the electron selective layer. This 
structure suppresses interfacial non-radiative recombination and en
hances charge extraction (Fig. 14e) [163]. As a results, a PCE of 23.8 % 
with a 1.2-µm-thick absorber was achieved, underscoring the critical 
role of interfacial engineering in improving the performance of NBG 
PSCs.

In a tandem configuration, replacing the conventionally used metal 
or transparent conductive oxide (TCO) has been a main focus for 
reducing both the optical and electrical losses [140,141,166,191–193]. 
Recently, Wu et al. have replaced PEDOT:PSS with solution-processed 

Fig. 13. PCE as a function of the aperture for monolithic all-perovskite TSCs and modules with an indication of deposition techniques for the absorbers. Details are 
summarized in Table S3.
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ITO nanocrystals (NCs) to reduce the parasitic absorption in 
all-perovskite TSCs, which largely reduced the current losses [191]. 
Similarly, Li et al. use ITO NCs to enhance the anchoring of 
carbazolyl-based self-assembled monolayers in NBG PSCs, which de
livers a high JSC of 33.5 mA cm− 2 and contributes to a JSC of 16.7 mA 
cm− 2 when applied into all-perovskite TSCs [166].

Bifacial and multi-junction TSCs: Recent developments in bifacial 
all-perovskite TSCs present a promising avenue for enhancing PCE [194,
195]. As shown in Fig. 14f, a bifacial tandem is realized by replacing the 
rear metal electrodes of monofacial tandem with TCO electrodes, which 
therefore show a high-power output potential due to the rear illumina
tion gain (see the scanning electron microscope image of a bifacial 
tandem in Fig. 14g. In addition, the optimal bandgap of the WBG 
perovskite can thus be reduced due to the changed current matching 
condition, which is beneficial for improving the stability [194]. In a 
recent report, Li et al. have reported a bifacial all-perovskite TSCs tan
dems with a high output power density of 28.51 mW cm− 2 under a 
realistic rear illumination (30 mW cm− 2), showing the great potential of 
the bifacial tandem [195].

Furthermore, research on multi-junction TSCs, especially the triple- 
junction configurations, is gaining traction [196–202]. The perovskite 
triple-junction TSCs, not only offer the potential for higher PCE but also 
improved stability by avoiding unstable perovskites with an Eg of ~1.8 
eV [197]. In 2023, Wang et al. achieved the first certified PCE of 23.3 % 
for all-perovskite triple-junction TSCs with a perovskite Eg of ~1.22 eV, 
1.6 eV, and 2.0 eV [201]. Despite a current lag behind two-junction 
TSCs, this work emphasizes the promise of all-perovskite triple-
junction TSCs.

Towards better stability: Although challenging, research has made 
remarkable progress in improving the stability of all-perovskite TSCs. 
Fig. 15a summarizes the reported maximum power output (MPP) 
tracking results for all-perovskite tandem devices. It can be seen that 

currently, all the operational lifetimes of the devices generally remain 
below 1000 hours. One approach to enhancing stability has been the 
replacement or removal of the problematic PEDOT:PSS layer for NBG 
sub-cell, extending tandem device lifetimes to ~1000 hours [203,204]. 
Noticeably, Li et al. have developed fully inorganic CsPbI3-xBrx with an 
Eg of 1.77 eV, which offers superior light and thermal stability compared 
to commonly used organic-inorganic mixed WBG perovsites [205]. They 
reached a PCE of 25.6 % for tandem cells, which maintained 96 % of 
their initial performance after 1000 hours, as shown in Fig. 15b. Another 
significant development involves the application of substrate configu
ration in tandem device, reported by Wang et al [206]. In a substrate 
configuration, the bottom NBG sub-cell is deposited first, followed by 
the deposition of a top WBG sub-cell. This design effectively protects the 
more oxidizable NBG sub-cell by burying it, resulting in an encapsulated 
device that retains 100 % of its initial efficiency after 600 hours of 
operation (Fig. 15c), indicating the advantageous of this architecture in 
terms of stability. Additionally, the substrate configuration also expands 
the range of compatible flexible substrates, enhancing the commercial 
potential of all-perovskite TSCs.

4. Concluding remarks
All-perovskite tandem solar cells (TSCs) have demonstrated excep

tional promise over the past few years, positioning themselves as a 
highly attractive candidate for the next generation of photovoltaic 
technology. The unique capability of all-perovskite TSCs to be processed 
on various flexible substrates offers an exceptionally high power-to- 
weight ratio, providing significant advantages over traditional silicon 
photovoltaics in specific applications such as building-integrated pho
tovoltaics (BIPV), the Internet of Things (IoT), wearable electronics, and 
space applications. However, to fully realize this potential, the next 
decade must see continued efforts to overcome critical challenges. These 
include achieving higher efficiencies, enhancing long-term stability, and 
scaling up to larger module sizes. Addressing these challenges will be 

Fig. 14. (a) Molecular structure of 4PADCB [141]. (b) Schematic of the interconnection between ITO, 4PADCB and perovskite [141]. (c) Schematic crystal structure 
of perovskite surface treated with a PDA ligand [45]. (d) Photoluminescence quantum yield (PLQY) data from control, BA- and PDA-treated films, with and without 
C60, on an ITO/hole selective layer substrate [45]. (e) Energy diagram for the Pb–Sn PSC with 3D/3D bilayer perovskite heterojunction. The heterojunction enables 
holes to be driven away (blue lines) and accelerates the drift of electrons (red lines) into the C60 transport layer, thereby reducing the non-radiative recombination at 
the defective surface layer. The black and blue lines denote the non-radiative recombination pathways and the directions of carrier drift, respectively [163]. (f) 
Sketch of light absorption in a bifacial all-perovskite tandem device with additional albedo light [194]. (g) Scanning electron microscope (SEM) image of a bifacial 
all-perovskite tandem device [194].
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pivotal in advancing all-perovskite TSCs from the research phase to 
widespread commercial adoption, unlocking their full potential in a 
range of innovative and demanding applications.
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Abstract
The efficiency of perovskite-containing tandem photovoltaic (PV) 

devices has increased rapidly over the past decade, thanks to the 
intensive efforts from the academia and industrial communities. How
ever, solid advancements in their stability are limited, particularly for 
"all-perovskite" multi-junction solar cells. In this chapter, we summarize 
the efficiency and stability results of the most studied perovskite- 
containing multijunction PVs, specifically “perovskite-on-silicon” and 
“all-perovskite” tandems. We provide an overview of the field’s per
formance developments and investigations into various ageing pro
tocols, highlighting the importance of studying the stability of 
multijunction PVs under combined light and temperature conditions. 
We propose potential approaches to detect the origins of instability in 
multijunction devices and explore possible degradation channels and 
mitigation strategies for each subcell. With further developments, we 
anticipate a deeper understanding of the material and device degrada
tion mechanism, ultimately aiding in advancing the stability of 

Fig. 15. (a) Reported operational stability data for all-perovskite tandem devices under different tracking conditions. Details are summarized in Table S4. (b) 
Continuous maximum power output (MPP) tracking of an encapsulated tandem cell over 1,000 hours under simulated 1-sun illumination (equivalent to AM1.5 G, 
100 mW cm− 2, multi-color LED simulator) in ambient air. Device architecture inserted [205]. (c) Operating stability of unencapsulated superstrate- and 
substrate-configured tandems, and encapsulated superstrate- and substrate-configured tandems. The encapsulated device retained 100 % of its initial efficiency after 
600 hours of operation. All tests were carried out under 1-sun illumination (100 mW cm–2) and MPP tracking. Device architecture for substrate configuration 
inserted [206].
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perovskite-containing multijunction PVs.
1. Status of the field
Multijunction photovoltaics (PVs) [207–211]. hold the potential to 

achieve power conversion efficiencies (PCEs) of over 50 %, with three or 
more photovoltaic junctions [212], showing exceptional capability in 
reducing the carbon footprint per unit energy generated [213–216]. 
Within the monolithic two-terminal perovskite-on-silicon device 
configuration, PCEs of over 34.6 [217], a value that surpassed the 
radiative limit of single-junction solar cells, at approximately 33.7 % 
[218], and between 28.6 % [217]. and 30.1 % [219] have been reported 
for devices in small areas (~1 cm2) and M6 size wafer-level devices, 
respectively. Leveraging this tandem technology, encouragingly, the 
60-cell residential-size modules have also achieved an efficiency of 26.9 
% [220], surpassing the current best silicon modules (approximately 25 
%) with a similar designated module area. In parallel, monolithic 
two-terminal perovskite-perovskite tandems have also reached effi
ciencies of up to 30.1, 28.2, and 24.5 % [221] for the small area, 1-cm2, 
and 20.25-cm2 (minimodule) devices, respectively [222]. Monolithic 
two-terminal perovskite-containing tandem cells with a junction num
ber of over two show great potential [223–226], presenting a leading 
PCE of up to 28.7 % (certified 27.28 %) with the 
perovskite-perovskite-perovskite triple-junction devices [227,228]. Be
sides the greatly reduced embodied energy, more encouragingly, the 
triple-junction (or even higher junction) cells should be very likely to 
lead the efficiency race soon through further mitigated carrier ther
malisation in theory [212] and experimentally reduced optical and 
recombination losses [213]. Given the superior efficiencies achieved, 
the device stability is critical to minimise the levelized cost of electricity 
and secure the practically operating perovskite-containing tandem PVs 
with a reasonable payback time [229,230].

Although the maximum power point tracking (MPPT) test under 
elevated temperature (over 65◦C) is becoming more often used for 
single-junction devices, the stability evaluation of tandems is largely 
dominated by the “normal” in-lab MPPT test, i.e., ageing the devices 
under the simulated AM1.5G irradiation at or near room temperature. 
For example, the reported best-in-class perovskite-on-silicon and 
perovskite-perovskite tandem cells show encouraging 80 and 93 % 

efficiency retainment after 347 [231] and 600 [232] hours of operation, 
respectively, from the normal in-lab MPPT test. Although it is a conve
nient protocol to primarily measure the in-lab device stability, the MPPT 
test will not be able to provide sufficiently informative results for the 
stability evaluation of devices being operated under practical outdoor 
conditions [233], where the portion of ultraviolet light differs [234] and 
the temperature varies [235] upon geographical locations and time of 
the day. This, therefore, leads to the MPPT stability results being less 
informative, and most of the time, normal in-lab MPPT results would 
overestimate the stability of practical devices. In particular, we found 
that the in-lab MPPT test conducted at room temperature under simu
lated AM1.5G irradiance (also specified as International Summit on 
Organic Photovoltaic Stability (ISOS)-L-1 protocol [236]) suggests a T80 
lifetime (the time at which the performance of the solar cell has reached 
80 % of its original value) of over 150 times longer than that of the 
lifetime acquired under 85◦C near 1-sun light intensity at open-circuit 
voltage (VOC) ageing conditions (ISOS-L-2 [236]) for the same type of 
all-perovskite multijunction cells [227]. This suggests that 
photo-catalysed thermal degradation plays a crucial role in the stability 
of multijunction devices, a factor that the normal in-lab MPPT test 
cannot assess. This motivates us to call attention to studying the 
degradation of multijunction devices and integrated materials under 
these combined ageing conditions. Historically, the knowledge gained, 
and the database built should ultimately be invaluable in facilitating the 
development of commercially viable perovskite-containing tandem PVs.

2. Current status and future challenges
We statistically summarised the efficiency and stability results for 

the perovskite-on-silicon and all-perovskite tandem PVs reported in the 
past decade. From the results (Fig. 16), we learn that both types of 
tandems have focused on the double-junction cells, while the develop
ment of the triple-junction devices is very limited with only 14 publi
cations in total, and no report on the devices with more than three 
junctions, e.g., quadruple-junction devices. As for the number of device 
terminals [237], the development intensity on two-terminal devices 
historically overcomes the four- and three-terminal devices and no 
three-terminal cells have been reported for the all-perovskite tandems. 
By combining a semi-transparent wide bandgap (~2 eV) perovskite 

Fig. 16. Evolution for efficiency reported from the literature of a, perovskite-on-silicon and b, all-perovskite multijunction cells with the device area (data for the cell 
area over 5 cm2 and modules are not presented, for clarity) plotted on the right side; inset pie charts displaying the percentage of device types on the active area. 
PVSK: perovskite, T: terminal, J: junction. Data updated by the 21st of July, 2024.
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single-junction top cell and middle bandgap (~1.52 eV) 
perovskite-silicon monolithic tandem bottom solar cells, for example, 
the latest four-terminal triple-junction perovskite-perovskite-silicon 
cells report a combined PCE of up to 31.5 % [238]. Although this is 
higher than the highest reported monolithic perovskite-perovskite-Si 
triple junction cell at 27.62 % [226], by the author’s admission, the 
four-terminal tandem was measured by filtering the rear cell with a 
similar cell of the same structure, to the electronically tested top cell, 
rather than making a true four-terminal tandem cell measurement. 
Compared to monolithic two-terminal tandems, mechanically stacked 
four-terminal cells, however, experience significant optical losses due to 
additional illumination transmission between the cells and air (if no 
refractive-index-matching film is included) and parasitic absorption by 
the electrode [239]. Four-terminal devices incur higher costs and are 
less scalable, e.g., to terawatt-scale PVs, primarily because they require 
more transparent conductive glass and electrical connections, often 
containing the earth-scarce element indium and precious metals [240]. 
Positively, a four-terminal structure offers a distinct advantage in pair
ing new PV materials with an existing mature PV technology as its 
insensitive nature on current mismatch resulting from spectrum varia
tion [241] and the facile wiring process. In perovskite-on-silicon tan
dem, for instance, utilizing the four-terminal structure is more feasible 
for fabricating a tandem cell that achieves superior efficiency and sta
bility concurrently compared to its two-terminal counterparts. The 
paired efficient perovskite top-cell can be that near 1.60 eV with a 
well-studied composition — e.g., MA-free and neat iodide/low bromide 
perovskites — that exhibits no light-induced halide segregation and 
demonstrates high stability even under accelerated testing conditions 
[242].

For the all-perovskite tandems, we see the high-efficiency potential 
of bifacial cells [243,244]. For example, the 1.65 eV (neat lead (Pb) 
perovskites)/1.25 eV (narrow bandgap mixed tin–lead (Sn–Pb) perov
skites [245,246]) device generates an equivalent efficiency of up to 29.3 
% under illumination with 30 % of albedo light [247]. Besides the 
improved performance, this strategy should also provide the tandem 
cells with better stability due to the reduced bromine content at the 
X-site of the wide bandgap neat Pb perovskites, compared to the 
mono-facial devices utilizing the 1.8 eV perovskite front absorber, which 
can exhibit detrimental light-induced halide segregation [248]. Ac
cording to the detailed balance limit [218], the PCE of the multijunction 
cells should be increased with the junction number thanks to the pro
gressively reduced thermalization losses. Given the successful develop
ment of low parasitic absorption interconnecting layer materials, 
bifacial triple-junction PVs should achieve PCE values much higher than 
the currently leading double-junction devices. We also recognize the 
high energy yield potential of bifacial four-terminal multijunction de
vices. When the front and rear terminals are electrically connected in 
separate circuits in a module, all the increased current density in the rear 
cell from the albedo effect can be converted into useful energy, without 
upsetting the current matching requirement. Considering the 
difficult-to-control Sn-containing perovskites [211,249], the 
silicon-involving triple-junction tandems unexceptionally employ the 
near 1.50 eV bandgap neat Pb perovskite as the middle subabsorber 
[209,225,226,238,250–254], because this is the lowest bandgap that 
can be accessed with the neat Pb perovskite composition. Therefore, all 
the reported perovskite-perovskite-silicon triple-junction cells show a 
large current density mismatch with the perovskite-perovskite sub
junction limiting. For example, the best-in-class cells show the current 
density values of 12.22, 11.29, and 15.63 mA cm–2 by integrating the 
external quantum efficiency spectra of the 1.93 eV-perovskite, 1.55 
eV-perovskite, and 1.12 eV-silicon subcells, respectively, with the 
AM1.5G sunlight spectrum [226]. The monolithic silicon-based multi
junction cells thus present large limitations on the maximum achievable 
PCE values regarding their theoretical limit, when Sn-containing pe
rovskites are excluded. Accordingly, enriching the bandgap continuity 
with the existing Sn-containing perovskite materials via compositional 

engineering (APbxSn(1-x)IyBr(3-y) (A = A site cation)) or developing new 
alternative PV materials is critical for producing efficient 
silicon-containing multijunction cells as the junction number increases 
to three or more.

With the addition of narrow bandgap Sn-containing perovskite ma
terials [245,246,255–257], in contrast, monolithic multijunction cells 
should achieve higher PCE values due to reduced current mismatch and 
enhanced device VOC. Based on the theoretical photovoltage limit, for 
example, the 1.97 eV/1.61 eV/1.25 eV all-perovskite triple-junction 
cells could achieve the maximum summed VOC of 3.954 V (1.655 +
1.318 + 0.981 V), much larger than that of 3.730 V (1.655 + 1.215 +
0.860 V) for the 1.97 eV/1.50 eV/1.12 eV triple-junction per
ovskite-perovskite-silicon cells [258]. However, depositing the 
Sn-containing perovskite films requires additional care regarding the 
rapid film crystallization and the facile oxidation of Sn(II) to Sn(IV), 
these also undermine their device stability [211]. Despite the chal
lenges, the current indispensable role of Sn-containing perovskite ma
terials warrants further investigation.

By collecting the active area of the cells, we also find that the 
perovskite-on-silicon device field is becoming increasingly standardized 
to an active area of approximately 1 cm2. In contrast, high-performance 
all-perovskite tandem cells rely heavily on utilizing small areas, typi
cally with an active area smaller than 0.1 cm2, due to their considerably 
improved device fill factor (FF) compared to larger area cells. This 
suggests that maintaining spatial homogeneity and quality of perovskite 
films, as well as the resistance of devices, becomes challenging as the 
area increases. However, the scientific insights gained from devices with 
increased area will likely accelerate device optimization and drive their 
ultimate development towards practical implementation at a greater 
level. We therefore encourage further investigation of multijunction 
devices with larger areas, such as 1 cm2, as their silicon-based coun
terparts, which also deserve greater recognition.

Looking into the stability results (Fig. 17), we notice that the stability 
evaluation on the perovskite-on-silicon tandems shows more diversity 
compared to all-perovskite tandem cells, where no documented results 
on the bias, outdoor, and light-cycling stability. The trend clearly shows 
that, in general, the ratio of cases with stability evaluation to the total 
number of counted cases has been increasing each year, thanks to the 
globally increased stability research input. Specifically, the room tem
perature MPPT test has dominated stability protocols since 2017 and 
2018 for perovskite-on-silicon and all-perovskite tandems, respectively. 
This also results in a larger number of cases that conducted single light 
stability evaluation with respect to that of the single thermal stability 
study. Unexpectedly, only 8 cases (7 for perovskite-on-silicon and 1 for 
all-perovskite tandems) examined the stability of the multijunction de
vices under the combined light and thermal stressors (ISOS-L-2). This 
very limited cases of stability evaluation also can be seen for the bias (2 
for perovskite-on-silicon tandem) and thermal cycling (2 for perovskite- 
on-silicon and 1 for all-perovskite tandems) tests. However, stressing the 
devices under the factors of, e.g., light, heat, bias, humidity, etc., in their 
single and combined form is necessary to evaluate their stability, which 
could also provide invaluable information to facilitate the development 
of more feasible and viable perovskite multijunction PVs [259]. 
Considering the complex practical surroundings, we emphasise the 
importance of studying the stability of perovskite devices under harsh 
conditions, e.g., ISOS-V-3, ISOS-L-2 (open-circuit), ISOS-T-3, as well as 
outdoor/field circumstances.

3. Advances to meet challenges and concluding remarks
To study the stability of multijunction cells, we propose using mul

tiple LED lights to selectively illuminate the integrated subcells ac
cording to their bandgaps [260]. This approach will enable us to 
evaluate the lifespan of each subcell individually and aid in developing 
strategies to improve the stability of their multijunction cells. Taking the 
triple-junction all-perovskite cells as an example, the current most effi
cient devices include the wide bandgap (~2 eV) perovskite as the front 
sub-absorber. The wide bandgap perovskite is generally composed of 
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about 60 % Br– at the X-site of the three-dimensional ABX3 perovskite 
structure [223], suggesting a necessity for improving the photostability 
of the materials as the well-known halide segregation is prone to occur. 
For the middle bandgap (~1.60 eV) sub-absorbers, the largely reduced 
X-site halide heterogeneity suggests the absence of halide segregation 
and improved phase stability. For example, the corresponding PV de
vices show T80 lifetimes of hundreds and thousands of hours, even when 
aged under harsh conditions [242]. Research on the stability of perov
skite materials with different bandgaps has progressed independently 
with single-junction device architectures, with a dominant focus on 
bandgaps below 1.65 eV. However, the study on the stability of perov
skites with a bandgap of approximately 1.8 eV or higher is relatively 
limited [261,262], with those near 2 eV posing the most significant 
challenges [223,224]. For the rear mixed Sn–Pb absorber, the facile 
oxidation of Sn(II) to Sn(IV) and the acidic water-dispersed PEDOT:PSS 
(poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, hole trans
port material) introduced material losses should account for most of the 
instability of their devices, as more specifically reviewed together with 
the mitigation approaches provided in our previous publications [211,
249,263].

The number of interfaces is about 5 times the junction number in a 
typical solar cell device, where the triple- and quadruple-junction cells 
yield interface numbers of about 15 and 20, respectively. In multi
junction PVs, new interfaces are created along with the insertion of 
interconnecting layers (ICLs), which generally involve the transparent 
conducting oxide (TCO) or ultrathin metal as a charge recombination 
layer (CRL). For instance, in perovskite-on-silicon tandem PVs, the CRL 
constructed with doped polycrystalline-silicon (poly-Si) – poly-Si(n+)/ 
poly-Si(p+) – tunnelling junction shows a considerable positive effect on 
improving the resultant device stability, thanks to the stronger adsorp
tion of the hole selective self-assembled monolayer onto poly-Si(p+) 
than onto the conventional indium zinc oxide (IZO) [235,264,265]. In 
addition, LONGi and their collaborators reported that the CeO2-doped 

In2O3 (ICO) not only reduced total electrical power loss by 0.1 %, but 
also played a decisive role in enhancing the stability of their 
single-junction silicon devices [266–268]. This also suggests the high 
potential of innovative TCO layers, stacked on silicon contacts to assist 
in collecting carriers to electrodes, in improving the performance and 
stability of the silicon-containing tandem PVs. As for all-perovskite 
multijunction PVs, Au or TCO are typically used as the CRL [211]. 
However, conclusive evidence on how material selection impacts device 
stability is limited, although some negative effects have been observed 
in single-junction cells using metal electrodes [269]. In our opinion, the 
sputter-coated TCO films, given that no active species are contained, 
should have a superior ability to prevent material cross-diffusion due to 
their high compactness compared to nanometre-thick metal nano
clusters [211].

This further emphasizes the importance of addressing potential 
degradations at interfaces with a high density of active sites, which can 
lead to detrimental reactions and material diffusion. From the device 
optimization perspective, tuning the bandgap and the thickness of each 
sub-absorber to reduce the device current mismatch is critical, as the 
resulting electrical field as an internal factor applied to the limiting 
subcell (the one, most of the time will be the perovskite subcell(s) in the 
silicon-containing tandems, does not generate enough charges to 
recombine with those from the non-limiting cell) will cause severe ion 
migration that raises material losses and shortens device lifespan [229]. 
This should be one of the most pressing issues that monolithic 
perovskite-perovskite-silicon triple-junction tandems are currently fac
ing, as discussed above. In addition, the light and heat applied externally 
will be sources of energy that could accelerate the deleterious side re
actions and the destructive material losses, leading to the deterioration 
of device performance. Aside from ensuring the stability of the perov
skite bulk material, there is an urgent need for robust interface engi
neering and effective encapsulation or lamination techniques to enhance 
the stability of all types of these intricate perovskite-containing 

Fig. 17. Stability results extracted from the reported literature and classified with the applied examination protocols [236], i.e., thermal stability (no less than 65◦C, 
ISOS-D-2), damp-heat (85◦C and 85 relative humidity, ISOS-D-3), bias stability (ISOS-V), long-term MPPT or light stability (ISOS-L-1), light and thermal (no less than 
65◦C, ISOS-L-2) stability, outdoor (ISOS-O), thermal cycling (ISOS-T), and light-cycling (ISOS-LC). The ISOS-D-1, steady-state, and no stability evaluation reports are 
grouped and subjected to the case of “Rest”. The ratios of each tested ageing protocol are provided based on the data reported by year. Data updated by the 21st of 
July, 2024.
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multijunction PV devices.
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1. Status of the field
Perovskite solar cells (PSCs) have undergone a rapid evolution over 

the past decade, with their power conversion efficiency (PCE) soaring 
from 3.8 % to above 26 % [77,270–272]. However, the use of lead (Pb) 
in these high-efficiency solar cells, while essential for their performance, 
poses a significant threat to the ecosystem and human health. With the 
field of perovskite photovoltaic witnessing exponential growth in 
high-tech enterprises and scientific research teams, the need to address 
this pressing issue has become more urgent than ever.

However, Pb is a key component of current high-efficiency PSCs 
thanks to its unique atomic orbital properties [273]. As PSCs are exposed 
to various environmental conditions, including acidic rains, heavy snow, 
and hail, they pose a significant risk to the ecosystem by releasing Pb 
from damaged and discarded devices due to their solubility in water. 
Lead substantially threatens humans and wildlife, undermining efforts 
to achieve environmentally friendly and sustainable objectives. Conse
quently, lead safety is a critical issue in its practical application, and the 
solar cell community has devised techniques, such as using lead-free 
elements [274,275], recycling [276,277], and chemisorption [278], to 
address the lead toxicity problem (Fig. 18).

2. Current and future challenges
The potential risks of lead toxicity are extensively documented. 

Ingestion or inhalation of lead can lead to severe health issues, primarily 
because lead has a strong affinity for thiols, numerous enzymes, pro
teins, and cell phosphate groups of cell membranes. The urgency of 
addressing this issue is evident, as it has profound implications for 
human health and the environment.

A life-cycle assessment (LCA) has concluded that PSCs are environ
mentally sustainable compared to alternative technologies, such as 
commercial Si solar cells. However, the potential leaking of Pb from 
PSCs remains a significant concern. The panels’ exposure to increasingly 
severe weather conditions, as warned by the World Meteorological Or
ganization (WMO), could lead to the disintegration and dispersion of 
lead due to rainfall. This could result in lead leakage into aquatic en
vironments, contaminating the atmosphere and food chain thousands of 
times more than the stringent regulations allow. Given these potential 
toxic effects, the urgency of finding an effective strategy to control lead 
leakage in PSCs cannot be overstated. It is a significant challenge for 
researchers today but must be met for our health and the environment.

Various categories of lead-free perovskites have been reported to 
mitigate toxicity, such as Sn2+, Ge2+, and Bi3+ [279]. By adding FPEABr, 

Zhao et al. successfully created 2D/3D heterojunction on 3D FASnI3, 
leading to the highest device performance of 14.81 % (14.03 % certified) 
and stability [280]. Other lead-free materials, such as CsBi3I10 [281]. 
and AgxBiyIx₊3y (x = 1-3, y = 1-2) [282]. still exhibited a low PCE of 
around ~5 %. Despite significant progress in lead-free PSCs, the stability 
and efficiency challenges hinder their further development.

Recycling lead from PSCs can also reduce lead contamination; 
however, the PCE of PSCs made from recycled PbI2 could not always 
match that made from new PbI2. Physical encapsulations were first 
proposed to address the challenges of Pb leakage. However, the physical 
encapsulations can only slow the lead leakage. Chemisorption is a highly 
effective method for preventing the leaching of Pb by using Pb absor
bents within or outside of device structures, in addition to physical 
encapsulation.

3. Advances to address these challenges
3.1 Methods for preventing Pb leakage
Physical encapsulation generally uses polymer and inorganic mate

rials [283]. on the outer surface of PSCs, which could improve their 
stability. However, physical encapsulation can only slow lead leakage 
and cannot prevent the leakage. In addition, the additional glass sub
strate will also increase the cost.

Chemisorption strategies are more effective measures to prevent lead 
leakage. Lead-absorbing materials are primarily derived from some 
containing functional groups such as -C=O, -S− , -SO3

− , and -PO4
− , which 

offer effective binding sites for interaction with mobile Pb2+ and capture 
it. They are generally divided into internal and external chemisorption 
according to the reported locations. Chen et al. introduced cation- 
exchange resins (CERs) containing sulfonic acid group structure to the 
metal electrodes of the PSCs module, significantly reducing lead leakage 
by approximately 90 % [284]. Later, the same group designed a meso
porous sulfonic acid as an insulating scaffold for PSCs to further reduce 
the amount of Pb leakage in acidic water [285], reducing the lead ion 
concentration from 16.0 ± 0.8 ppm to 4.51 ± 0.68 ppm. Although lead 
adsorption additives and interface modifiers with a certain thickness 
(~20-50 nm) have improved performance and reduced lead leakage, 
they cannot wholly prevent lead ions from leaking from the typical 
~500-1000 nm perovskite film. And they are not necessarily compatible 
with different efficient perovskite compositions and device structures. 
Excessive additives can affect PSCs’ performance, which can also in
crease costs.

In contrast, the external Pb-chemisorption strategy has a more sig
nificant potential advantage because of its adaptability to different 

Fig. 18. Strategies to minimize lead toxicity for PSCs.
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device structures. This not only effectively inhibits lead leakage but also 
improves PSCs’s stability. We first reported two Pb sequestrating ma
terials, P, P′-di (2-ethylhexyl) methanediphosphonic acid (DMDP) and 
N, N, N′, N′-ethyl enedia- minetetrakis (methylenephosphonic acid 
(EDTMP-PEO) on the glass and metal side, reducing the lead leakage of 
96 % [286]. However, it required additional spin coating processes, 
which also increased the complexity of device fabrication and may limit 
its scalability. Then, we designed a tape-like film consisting of a standard 
EVA layer and a bladed-coated DMDP film, encapsulated on both sides 
of a device with the normal structure or the inverted structure, achieving 
an extraordinary lead sequestration efficiency (SQE) of over 99 % [287]. 
To reduce the cost and make the film fast-degraded, we developed the 
sulfosuccinic acid-modified polyvinyl alcohol (SMP) coating that pre
vented lead leakage and enhanced device stability without compro
mising device performance, effectively preventing lead leakage by over 
99 % [288].

3.2 Recycling lead from PSCs
Another essential way to reduce lead contamination is to recycle lead 

from waste PSCs. In 2016, lead was recovered from PSCs by the elec
trochemical method for the first time, and the lead recycling rate was up 
to 99.8 % [289]. Since then, more and more lead recycling strategies 
have been developed. Chen et al. used dimethylformamide (DMF)and 
CER to dissolve the perovskite layer and recycle PbI2 [276]. The PCE of 
PSCs made from recycled lead differed greatly from the original device. 
Park et al. first used DMF to remove metal electrodes, HTM, and dis
solved perovskite. Then, the hollow composite material of iron-modified 
hydroxyapatite (HAP/Fe) with a negative surface charge was used. 
Then, the KI solution was added to obtain the recycled PbI2 with a 
recycling rate of 99.97 % [290]. However, due to the complex compo
sition of PSC modules, recycling them is usually very difficult. Although 
there are some feasible and effective methods, they are still limited to 
the laboratory. To achieve large-scale recycling in the future, re
searchers need to further optimize and improve the recycling method of 
lead in terms of cost and process. The lead-acid battery industry has 
developed many mature lead recycling technologies, from which we can 
get some ideas and inspiration to be applied to PSCs.

4. Concluding remarks
To sum up, to improve the lead safety of PSCs, the introduction of 

lead-absorbing materials is essential. Developing new materials with 
one or more lead-absorbing groups is a practical way to mitigate envi
ronmental lead diffusion. However, the current research on lead leakage 
is not deep enough, and there are still many areas to be improved in 
developing lead-absorbing materials. The performance and stability of 
PSCs should not be negatively affected by absorbent materials employed 
as additives or modifiers, as these materials directly impact charge 
transfer, perovskite crystallization, and non-radiative recombination at 
the bulk or interface. The adsorbent material needs high transmittance 
to allow sufficient light to reach the perovskite active layer while 
maintaining device performance. From the point of view of molecular 
engineering, advanced lead-absorbing materials should have a variety of 
functions, such as self-cleaning, anti-reflection, and defect passivation. 
In addition, other properties, such as resistance to environmental stimuli 
(UV exposure, high temperature, and humidity), impact resistance, and 
long-term reliability, are also essential considerations. Additionally, in 
flexible devices, the adsorptive film should exhibit good deformability to 
ensure consistent adsorption efficiency under various bending condi
tions while maintaining the device’s optical performance. Finally, for 
large-area devices, the adsorptive film must demonstrate excellent long- 
term stability and durability, cost-effective, to ensure the sustained 
performance and stability of the device over extended operational pe
riods. Regarding technology commercialization, lead-absorbing mate
rials should be cost-effective and reusable, considering their large-scale 
processability and industrial utility.

To further improve lead safety, we must develop standard test pro
tocols for lead leakage testing of PSCs, simplify data acquisition 
methods, and build mathematical models of lead leakage to simulate 

actual meteorological conditions in computers. For economic reasons, 
lead is not a high-value metal that can be recycled from waste PSCs. Still, 
because lead is so harmful to organisms and the environment, recycling 
lead from PSCs should also attract widespread attention from environ
mental considerations. Future research priorities include integrating 
various encapsulation methods and recycling strategies to reduce costs 
and lead leakage, improve efficiency, and develop testing standards. 
Most importantly, the government should also formulate relevant pol
icies, which may be the key to further mitigating the environmental 
impact and public acceptance of PSCs.
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1. Status of the field
Lighting consumes nearly 20 % of the world’s electrical energy 

annually. The primary consumption way is white-light illumination, 
which mimics natural sunlight. The most popular white light-emitting 
diodes (WLEDs) are made by combining GaN blue emission chips with 
a phosphor coating. However, this multi-color mixing method for pro
ducing white light suffers from energy loss from secondary excitation 
and color degradation over time [291]. Recently, efficient and bright 
white electroluminescence has been developed using single-component 
perovskite halides that eliminate these issues, which position it as an 
ideal white lighting sources [292,293].

Single-component perovskites (SCPs) that emit white light stand out 
as prime contenders for illumination applications, attributed to their 
broad emission spectra, high color rendering index (CRI), and 
outstanding luminescence efficiency. For instance, Cs2Na0.4Ag0.6InCl6: 
Bi and (OCTAm)2SnBr4 both boast a broad white emission spectrum, 
with respective full widths at half maximum of 158 nm and 136 nm, 
coupled with remarkable photoluminescence quantum yield (PLQY) 
values of 86 % and 100 % [292,294]. This broad white emission is a 
result of a strong electron-phonon coupling effect. Furthermore, the high 
PLQY values are attributed to the reduced electronic dimension, where 
the unit with a lower permittivity envelopes the unit with a higher 
permittivity, thereby enhancing the Coulombic interaction between 
electrons and holes, ultimately improving the efficiency of radiative 
recombination.

2. Current progress and future challenges
As shown in Fig. 19, we analyse the performance metrics between 

WLEDs utilizing either SCPs or a hybrid design integrating GaN chips 
with a phosphor coating. GaN-based WLEDs should be fabricated 
through a MOCVD method at temperatures over 700◦C and depends on a 
phosphor coating with uniformly distributed micron-sized luminescent 
particles [295,296]. This reliance poses challenges for miniaturization 
and integration. In contrast, SCP-based WLEDs can be easily prepared 
using simpler methods like solution spin-coating or thermal evapora
tion, offering lower manufacturing costs than GaN-based WLEDs. 
Additionally, SCPs can be patterned into miniaturized arrays using 
photolithography or ultra-fine masks and integrated onto silicon-based 
driver circuits for specialized lighting applications [297]. Moreover, 
the white emission spectrum from GaN-based WLEDs often suffers from 
inconsistent decay rates between blue and yellow components over 
time, leading to color degradation and reduced lighting quality. 
Conversely, the white light spectrum of SCPs-based WLEDs originates 
from a single component material, resulting in superior color stability.

Despite the promising photoluminescence properties, the strong 
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electron-phonon interactions and low electronic dimensions within SCPs 
crystal lattice pose formidable hurdles for carrier injection in WLEDs 
[298]. The heavy effective mass of carriers in lead-free SCPs also results 
in poor carrier transport. Electron-hole injection remains challenging in 
SCPs, ultimately translating into a marked disparity in electrolumines
cence efficiency between SCP-based WLEDs and their GaN-counterparts 
[299].

As shown in Fig. 20a, enhancing the electroluminescence 

performance of SCPs-based WLEDs requires continuous optimization of 
each functional layer in the device structure. For instance, achieving 
higher luminescence efficiency and more efficient charge transport is 
crucial for SCPs-based white emissive layer. Electrons and holes in SCPs 
tend to be bound by lattice defects and subsequently annihilated non- 
radiatively. Common solutions include defect engineering and compo
sition engineering. As illustrated in Fig. 20b, Song et al. from Jilin 
University effectively passivated defects generated during the growth of 
CsPbCl3:Eu white emissive materials by introducing creatine phosphate 
(CP), increasing the PLQY of CsPbCl3:Eu white emissive films from 35 % 
to 61 %. They also achieved different spectral compositions of white 
light emission by altering the Eu component ratio. At a Eu molar ratio of 
3.5 %, they achieved a maximum external quantum efficiency of 5.4 % 
and a maximum brightness of 1678 nits for SCPs-based WLEDs (Fig. 20c) 
[300]. Moreover, electrons in SCPs white emissive materials are easily 
affected by lattice phonons, resulting in insufficient charge transport. 
Additive engineering and energy transfer engineering are commonly 
used to address this issue. Shi et al. from Zhengzhou University intro
duced an additive containing a carbazole group into CsCu2I3 material 
[301]. This additive not only passivated CuCs and CuI antisite defects via 
interaction with uncoordinated Cu+. Importantly, the electron donor 
made it easier for electrons to be oxidized, leaving holes in the orbitals to 
facilitate transport. This effectively improved the charge injection 
capability of CsCu2I3 white emissive layer, increasing the external 
quantum efficiency of SCP-based WLEDs by nearly 8.5 times. Chen et al. 
from Fujian Normal University used 2,6-DCzPPY and Cs2Na0.4A
g0.6In0.97Bi0.03Cl6 as host and guest materials, respectively, to construct 
a host-guest system for SCP-based WLEDs. The host material was used to 
replace charge transport and injection, ultimately achieving efficient 
charge injection and luminescence [302]. For the carrier injection layer, 
it is crucial to ensure the efficient and smooth transfer of charges into the 
SCPs white emissive layer. Therefore, carrier injection engineering and 

Fig. 19. A comparative analysis of the performance metrics between white 
light-emitting diodes (WLEDs) utilizing either single-component perovskite 
(SCP) or a hybrid design integrating GaN chips with a phosphor coating. The 
SCP-based WLEDs demonstrate noteworthy color stabilibity, lower 
manufacturing costs, and a capacity for miniaturization and integration. 
However, it is worth mentioning that these advantages are counterbalanced by 
their power consumption, which lags significantly behind GaN-based WLEDs.

Fig. 20. a, The structure and optimization strategies for SCP-based WLEDs. b, The schematic diagram of defect engineering in lanthanide ions doped CsPbCl3. c, EL 
spectra of WLEDs constructed by lanthanide ions doped CsPbCl3 with different compositions.
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interface engineering are essential to achieve balanced electron and hole 
injection within the device and efficient charge transfer at the interface 
with the SCPs white emissive layer. Lastly, since SCPs are relatively 
sensitive to moisture and oxygen in the air, leading to irreversible 
damage, advanced encapsulation techniques are necessary to ensure the 
stable operation of SCPs-based WLEDs.

Despite significant efforts to improve the performance of SCPs-based 
WLEDs, their performance remains well below the threshold for com
mercial applications due to their relatively short development period. 
For example, the CIE, CRI, EQEs, and luminance of the SCPs-based 
WLEDs mentioned above have been included in Table S5, which 
should be further improved to meet the requirements for commercial 
applications. However, it is evident that SCPs-based WLEDs, which 
achieve white emission covering the visible spectrum using a single 
component material, possess several inherent application advantages. 
For instance, the device structure is greatly simplified compared to 
traditional WLEDs, which require multiple materials emitting different 
colors to form a complex structure for white light emission [303]. The 
SCPs-based WLEDs significantly reduces the number of material layers 
and interfaces, thereby avoiding issues related to energy distribution 
and uneven performance degradation among different materials [304]. 
Additionally, the simplified device structure facilitates heterogeneous 
integration with silicon-based logic circuits, enabling intelligent on-chip 
light source applications.

3. Concluding remarks
It can be anticipated that the research field of SCPs-based WLEDs will 

receive increasing attention. For individual SCPs-based WLEDs, there 
are significant challenges to achieve the performance meeting com
mercial application requirements. Effective injection of charge carriers 
is a key issue that needs to be addressed in the future. In terms of inte
grated SCPs-based WLEDs applications, achieving heterogeneous inte
gration on silicon-based logic circuits is needs to be conquered. More 

effort is needed to advance the development and practical application of 
SCPs-based WLEDs. For instance, the SCPs-based WLEDs is promising to 
realize full-color display by combining with color-filters.

VIII. Perovskite quantum dot LEDs
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1. Status of the field
Colloidal perovskite quantum dot light emitting diodes (Pe-QLEDs) 

represent a promising technology for next-generation displays and 
lighting due to their superior color purity, tunable emission wave
lengths, and solution processability [305–309]. A typical LED comprises 
an emissive layer sandwiched between charge (electron/hole) injection 
layers. In this device architecture, electrons and holes are injected from 
the cathode and anode, transported through charge transport layers, and 
recombined within the quantum dot emissive layer to generate photons 
(Fig. 21a). The external quantum efficiency (EQE), defined as the ratio 
of the number of photons emitted from the device to the number of 
electrons injected into the device, is a critical metric for evaluating de
vice performance. The equation for EQE is given by: 

EQE = ηint × ηext = ηR × ηI × ηext (1) 

where ηint represents the internal quantum efficiency, ηext is the external 
coupling efficiency, ηR is the radiative recombination ratio in the 
emissive layer, and ηI denotes the efficiency of carrier injection balance. 
Thus, achieving optimal performance in Pe-QLEDs necessitates a deli
cate balance of carrier injection, high radiative recombination rates in 

Fig. 21. a, Working principle of multi-layer Pe-QLEDs. b, Evolution curves of the peak EQEs in reported red [311,313–318], green [307,310,319–327], and blue 
[308,310,312,328–333]. Pe-QLEDs. c, Schematic illustration of the proposed structure of active matrix Pe-QLED displays and the challenges faced by Pe-QLEDs. 
Adapted with permission from Dai et al., Adv. Mater. 29, 1607022 (2017). Copyright 2017 John Wiley and Sons.
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the emissive layer, and effective light outcoupling.
For perovskite quantum dots, the high surface-area-to-volume ratio 

and weak ligand bonds of the surface result in surface vacancies, often 
halide vacancies, and associated defects, which trap a portion of charge 
carriers, preventing them from emitting light. Therefore, surface fea
tures critically impact the performance of Pe-QLEDs, prompting exten
sive efforts to reconstruct quantum dot surfaces. Since their first 
demonstration in 2015 [310], Pe-QLEDs have made considerable 
progress, reaching EQEs of more than 28 % for green ((FA0.7MA0.1

GA0.2)0.87Cs0.13PbBr3)/red (CsPbI3) [307,311], and more than 26 % for 
blue (CsPb(Br/Cl)3) (Fig. 21b) [312], comparable to state-of-the-art 
organic and traditional Cd-based QLEDs.

Recently, significant efforts have been directed toward achieving 
active-matrix Pe-QLED displays through advanced processing tech
niques (Fig. 21c). Ye group integrated Pe-QLEDs with specifically 
designed thin-film transistor (TFT) circuits, demonstrating state-of-the- 
art solution-processed microsecond-response and efficient active- 
matrix perovskite displays with a resolution of 90 pixels per inch 
(ppi). The displays feature uniform emission across each pixel, allowing 
for independently controllable pixel output [311,334]. Additionally, 
Zhang et al. developed a nondestructive, ligand-assisted direct photoli
thography approach for quantum dots using rationally designed 
cross-linkers, achieving high-resolution (~4000 ppi) perovskite quan
tum dots patterns [335]. Prototype LED with these patterned layers 
demonstrated high performance for perovskite electroluminescent de
vices, with a maximum luminance of over 60,000 cd m− 2 and a peak 
EQE of 16 %.

2. Current and future challenges
Despite the rapid advancement of Pe-QLED technology, several 

critical challenges remain to be addressed. Here, we primarily focus on 
two major issues crucial for their further development to commerciali
zation: device stability and color integration.

Device stability. Operational stability remains a paramount challenge 
for Pe-QLEDs. State-of-the-art blue, green, and red Pe-QLEDs show a 
lifetime of 59 h (T50, defined as the time for the brightness to decrease to 
50 % of the initial value) [336], 31,808 h (T50) [307], and 780 h (T90, 

defined as the time for the brightness to decrease to 90 % of the initial 
value) [309] at 100 cd m− 2, which is far beyond commercial standards. 
The instability in device operation is mainly due to several factors: the 
intrinsic material instability of halide perovskites, the impact of charge 
injection/transport interlayers, and device instability caused by external 
factors such as applied bias, sustained stress, and thermal effects. 
Addressing these factors requires an integrated approach involving 
materials science, interface engineering, and optical design to enhance 
device stability.

Ion migration is considered a significant factor affecting the opera
tional stability of the devices. Surface defects usually introduce ionic 
mobility channels, with vacancy and interstitial defects facilitating 
halide migration by acting as shuttles for halide hopping. Besides, ion 
migration is strongly field-dependent within the device. Under an 
electric field, ions tend to accumulate at the LED interfaces and defect 
sites within the emissive layer, degrading material interfaces, affecting 
charge injection and transport, and further compromising device sta
bility [337,338].

Color integration. Patterning full-color photo-excited quantum dot 
films has been achieved through techniques such as photolithography 
[339], inkjet printing [340,341], nanoimprinting and transfer printing 
[342], and laser direct writing [343] (Fig. 22). However, most studies on 
Pe-QLEDs concentrate on prototype devices featuring only a single 
emission pixel. Integrating these patterned quantum dot films into 
full-color high-resolution Pe-QLED devices faces significant hurdles, as 
existing patterning approaches struggle to achieve patterned full-color 
quantum dot films with superior integrity, and excellent optoelec
tronic performance.

The ionic nature of perovskite quantum dots leads to rapid ion ex
change upon contact with different perovskite materials, thereby 
altering their emission color purity. Additionally, the significant differ
ences in the energy band structures of red, green, and blue (RGB) 
quantum dots complicate the design of a universal device structure, 
leading to energy level mismatches that adversely affect charge injection 
and transport. Furthermore, the varying lifetimes of different colored 
quantum dots, especially the relatively short lifetime of blue quantum 

Fig. 22. a, Typical PL images of the electrohydrodynamic printed microscale line arrays of RGB under 365 nm UV excitation. Multicolor pattern of a butterfly using 
three-color perovskite. Scale bar: 200 µm [340]. b, Full-colored micro pixelated image of respective Perovskites from consecutive ligand-assisted direct photoli
thography processes [339]. c, PL images of transfer-printed Perovskite RGB pixelated patterns displaying the Girl with a Pearl Earring painting by J. Vermeer. Insets 
(i) to (iii) are magnified fluorescent images showing scaled RGB subpixels to express the full-color image. Scale bars, 100 μm [342]. d, Typical PL images of the 
multicolor patterns produced with CsPb(Cl1− x− yBrxIy)3 NCs in the Cl− -Br− -I− codoped glass. The colorful patterns were produced by adjusting the parameters during 
writing [343].
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dots, would cause color shifts during operation, leading to inconsistent 
color output. These issues all need to be addressed to achieve successful 
integration of RGB-based Pe-QLED.

3. Advances to address these challenges
Over the years, various approaches have been explored to improve 

device stability, and researchers have dedicated significant efforts to 
achieving active matrix full-color Pe-QLEDs displays.

Improving device stability. Given the above factors contributing to the 
instability of Pe-QLEDs, several advanced strategies are commonly 
employed to enhance their lifetimes. These strategies include passiv
ating the surfaces and interfaces of the quantum dot emissive layer to 
mitigate defects and ion migration, doping transport layer materials to 
optimize the device architecture, and promoting balanced carrier in
jection to ensure efficient and stable device performance.

Surface modification through ligand engineering is prospective to 
reduce defects, and haloid acid is demonstrated to effectively drive 
nanosurface reconstruction of quantum dots [311]. The synergistic 
dual-ligand approach is considered to facilitate long-range-order quan
tum dot films by altering the size distribution and arrangement of 
quantum dots in films, enabling ultra-long operational stability for red 
Pe-QLED [309]. Besides, combined with in-situ treatment during 
deposition of quantum dot film, pseudo halogen anions, e.g., thiocya
nate (SCN− ), tetrafluoroborate (BF4

− ), and hexafluorophosphate (PF6
− ) 

can further fill the halide vacancies due to their similar ionic radius to 
halide ions, compensating for inevitable ligand loss during solvent 
evaporation [334].

The energy barriers between multiple interfaces and carrier mobility 
of the transporting layer influence carrier injection in Pe-QLEDs. Charge 
transfers between quantum dots and contiguous electron/hole trans
porting layers may also induce luminescence quenching of quantum dot 
films. Mixing electron-transporting materials or employing multi- 
electron-transporting layers can effectively modulate electron injec
tion. Additionally, inorganic transport materials offer a promising 
alternative for achieving rapid and balanced carrier injection.

Full color active-matrix Pe-QLEDs. The goal of commercialization is to 
realize high-resolution arrays of RGB pixels for highly efficient and 
quick response active matrix Pe-QLEDs. This necessitates the develop
ment of full-color display arrays with TFTs, enabling independent con
trol of RGB pixels. Researchers have verified the feasibility of integrating 
Pe-QLEDs with TFT circuits using solution processes. To achieve 
patterned RGB perovskite quantum dot films, a direct photolithography 
process utilizing surface ligand photo-crosslinking could be a promising 
approach [335]. This method preserves the optical properties of the 
quantum dots and maintains efficient carrier transport performance. 
The crucial issue in such a process is to ensure the color purity of each 
RGB pixel by inhibiting halogen ion exchange. As the synthesis of 
quantum dots is separate from the patterning process, various surface 
modifications and functionalizations of quantum dots can be applied 
beforehand. Incorporating a thin barrier layer between patterned films 
of different colors, while maintaining the excellent electrical perfor
mance of the emitting layers, may also help suppress ion exchange.

4. Concluding remarks
While Pe-QLEDs show immense promise for future display applica

tions, overcoming stability and color integration challenges is essential 
for their commercialization. Continued advancements in quantum dot 
surface passivation, transport layer doping, and innovative patterning 
techniques are vital. Developing strategies for inhibiting ion migration is 
pivotal in advancing active matrix Pe-QLED displays, with ongoing 
improvements aimed at achieving full-color display, enhancing resolu
tion, uniformity, and operational lifetime. The future of Pe-QLED tech
nology hinges on overcoming these challenges to achieve stable, high- 
performance devices suitable for commercial applications. Collabora
tion between material science, engineering, and device physics is 
essential to address these complex issues and realize the practical active- 
matrix Pe-QLED display technology.
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1. Status of the field
Laser diodes (LDs), or named the electrically pumped lasers, are a 

series of semiconductor devices similar to the light-emitting diodes 
(LEDs), where light is generated through electrical injection. Different 
from LEDs where the noncoherent light sources are generated through 
spontaneous emission, LDs utilize the stimulated emission to emit highly 
coherent laser light sources [344]. As a result, the high-quality light 
sources from LDs enable broader applications than LEDs, including 
fiber-optic communications [345,346], barcode readers [347], laser 
pointers [348], CD/DVD/Blu-ray disc reading/recording [349], laser 
printing [350], and laser scanning [351]. By integrating these LDs into 
thin-film matrix, more advanced applications such as face recognition 
and optical chips appear nowadays [352,353]. However, current thin 
film LDs are fabricated with several inorganic semiconductors, which 
requires high-temperature epitaxy [354]. It hinders the direct deposition 
of LDs on field effect transistors for high-density-pixel tuning. Thus, the 
fabrication cost increases exponentially with increased LD pixel density, 
which suppresses the further advancement of thin film LDs. It is urgent 
to develop new materials candidates that are low-temperature process
able for the next-generation LDs.

With decades’ efforts to explore the next-generation LDs, two cate
gories of materials appear to be promising: organics [355]. and colloidal 
quantum dots (QDs) [356]. Both materials can be processed with the 
easy solution fabricating method, which successfully demonstrates 
excellent light emitting properties as well as superior optically pumped 
lasing actions. However, the real LDs based on these materials have not 
been realized yet. The possible limitations might be the serious Auger 
recombination that competes with the lasing actions and serious 
degradation at high current densities due to poor conductivity nature of 
the materials.

2. Metal halide perovskite as the candidate of next-generation 
laser diodes

There are three basic requirements for a successful operation of an 
LD: good gain medium, intense current injection, and feedback cavity. 
Interestingly, the metal halide perovskites seem to meet all these re
quirements according to their excellent optoelectronic properties and 
low-cost processing methods. Specifically, the high gain coefficient and 
ultra-low lasing thresholds are observed in metal halide perovskites 
[357,358], which ensures the perovskites as the good gain medium. The 
high carrier mobilities and crystalline nature allow for the effective 
operation of perovskite devices under high electrical injections 
[359–362]. The relatively soft nature and low-temperature processing 
provide great convenience for the fabricating perovskite cavities 
[363–365].

As shown in Fig. 23a, the first demonstration of the perovskite lasing 
action was dating back to 1998, through optical excitation on 2D 
perovskite (C6H13NH3)2PI4 at low temperature (16 K) [366]. Since the 
low-temperature operation prohibits various detrimental pathways 
against lasing actions, this observation has not drawn much attention for 
more than 20 years. In 2014, Xing et al reported the room-temperature 
amplified spontaneous emission (ASE) phenomenon in different 3D 
perovskites pumped by femtosecond lasers for the first time (Fig. 23b) 
[367]. This observation, demonstrating the promise of perovskite-based 
lasers, triggered booming explorations of various optically pumped 
metal halide perovskite lasers [368]. These efforts, mainly using the 
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femtosecond lasers as pump sources, prove that metal halide perovskites 
are excellent gain medium. Moreover, various feedback cavities have 
been demonstrated, which led to high-performance optically pumped 
lasers based on metal halide perovskites. Owing to the small ON 
time/OFF time ratio for the femtosecond lasers, the lasing death issue, 
another challenge towards LD operation has not been explored yet. In 
2020, Qin et al addressed the lasing death issue through the triplet 
management strategy, resulting in the first optically pumped perovskite 
laser with continuous wave (CW) excitation at room temperature 
(Fig. 23c) [369]. This milestone highlights the potential for the perov
skite gain medium as the LD application. Simultaneously, 
perovskite-based LEDs showed ultrahigh injection current densities, 
with the values exceeding 1 kA/cm2 (Fig. 23d) [359,361]. These high 
values indicate that the intense current injection can be fulfilled in metal 
halide perovskites based electrical devices. Up till now, the three basic 
requirements for realizing LDs, good gain medium, intense current in
jection, and feedback cavity, have been fulfilled individually. The next 
step is to integrate these three conditions into one working device, to 
realize the goal of perovskite LDs.

3. Challenges and opportunities towards perovskite laser diodes
The integration of perovskite LDs is challenging from several aspects: 

1. The loss mechanism against perovskite lasing action; 2. The efficiency 
roll-off in perovskite LEDs; 3. The compatibility of cavity structures with 
perovskite devices.

Loss mechanism against lasing action: Although various optical 
measurements have verified that the threshold carrier density of the 
perovskites can be very low, in some cases even as low as in the range of 
1017 cm− 3 [357]. the loss mechanism in the electrical case is seldom 
explored. Our previous work pointed out that the hot carriers induced 
Auger recombination is one of the loss mechanisms to the perovskite 
lasing action [370]. It increases the lasing threshold significantly, which 
might be the one of the main origins for the failure of perovskite LDs. For 

the real electrical injection case, similar loss mechanisms should be 
addressed. Here, more efforts are suggested in the research directions 
related to figuring out the loss mechanisms in the operating electrical 
devices rather than isolated perovskite thin films. For example, the 
possible effects of the intense electrical injection or strong electric field 
inside the device on the perovskite gain property remains unknown.

Efficiency roll-off in perovskite LEDs: the theoretical threshold 
current densities for the operation of perovskite LDs are in the range of 
kA/cm2 or even below if the external quantum efficiency (EQE) of the 
device is considerably high [358]. However, most perovskite LEDs show 
high EQEs only in the range below 100 mA/cm2, suggesting a big 
derivation towards LDs [371]. According to the free electron hole 
radiative recombination nature (similar to the one in inorganic LDs), the 
perovskite LEDs are supposed to work as efficiently as the inorganic LDs 
under intense electrical injection. However, serious EQE roll-off always 
appears in perovskite LEDs, hindering the development of perovskite 
LDs. Although intense electrical injection has been demonstrated in 
perovskite LEDs, the roll-off issue is seldom explored, or at least not fully 
addressed. Here, several possible factors might be the origin, such as the 
ion migration, imbalanced electron-hole injection and device 
degradation.

Compatibility of cavity structures with perovskite devices: Integra
tion of the electrical device into a rationally designed cavity is the final 
step towards perovskite LDs, which requires extra efforts to ensure the 
maintenance of the perovskite gain property and intense electrical in
jection simultaneously. This strict requirement increases the risk addi
tionally. There are two promising cavity structures for perovskite LDs: 
the distributed Bragg reflector (DBR) cavity [372] and the distributed 
feedback (DFB) cavity [373]. For the former one, two reflective mirrors 
are introduced to sandwich the gain medium, where the preferred laser 
output mode is tuned by the distance between these two mirrors. The 
integration of the DBR cavity into the perovskite LDs seems to be 

Fig. 23. Development of metal halide perovskite laser diodes: (a) first demonstration of 2D perovskite (C6H13NH3)2PI4 lasing action at 16 K. The solid and dashed 
lines show the spectra under the excitation of 24 kW/cm2 and 12 kW/cm2, respectively [366]. (b) First demonstration of room-temperature wide wavelength 
tunability of ASE wavelengths from low-temperature solution-processed organic–inorganic halide perovskite films fabricated by mixing the precursor solutions 
[367]. (c) First demonstration of perovskite laser under CW excitation [369]. (d) Demonstration of perovskite devices showing intense current injection by the 
radiance–current density curves of perovskite LEDs on glass or sapphire substrates, with or without a graphite heat spreader and copper heat sink, all driven in pulsed 
mode [361].
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independent from the perovskite electrical devices. However, such 
structural integration faces at least two challenges: 1. the high-quality 
DBR mirrors require ultra flat surfaces, which are not so compatible 
with the rough perovskite devices that are usually fabricated through 
combined solution processing for perovskite layers and thermal depos
iting for electrodes. 2. The DBR mirrors usually rely on long-time high 
temperature thermal deposition, which can easily damage the perov
skite devices via penetration or thermal heating. For the latter one, the 
whole gain medium is embedded in a distributed reflector structure, 
where the one-dimensional grating structure is widely used. The fabri
cation of the DFB cavity structure is simpler than that of the DBR cavity. 
However, the electrical injection might be affected by the possible shunt 
current through the corners of the gratings owing to the unevenness.

4. Concluding remarks
The development of the next generation thin-film LDs with low 

temperature processing method and low cost is urgent to further 
advance the current technologies. Metal halide perovskites appear to be 
one of the promising candidates, which have shown excellent potential 
for good gain medium, intense injection and feedback cavities individ
ually. The next step is to integrate these three factors into one successful 
LD. For a practical roadmap, it is suggested to first realize the electrically 
pumped amplified spontaneous emission (ASE) in the perovskite de
vices, i.e. the electrically pumped lasing action without cavity structure. 
The focus will be on unraveling the loss mechanism from the perspective 
of perovskite gain medium and addressing the EQE roll-off issue from 
the perspective of perovskite LEDs.
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1. Status of the field
The photodetector is one of the most promising device applications 

of halide perovskites, which plays a vital role in optical communication 
and imaging, covering the light wavelengths from DUV to NIR 
[374–377]. According to the device architectures, photodetectors can be 
categorized into three types, i.e., photodiodes, photoconductors, and 
phototransistors (Fig. 24). Like photovoltaic devices, photodiodes usu
ally have a vertical configuration with p-n, p-i-n structures, or a Schottky 
junction, exhibiting low dark current, large detectivity, and fast 
response speed but low responsivity, and EQE. Photoconductors have 
the simplest metal-semiconductor-metal (MSM) structure with large 
responsivity and EQE but relatively slow response speed and small 
detectivity because of the photoconductive gain mechanism. Photo
transistors usually have a three-terminal device structure analog to the 
field-effect transistors (FETs). Thus, the charge concentration in photo
transistors can be tailored by the gate voltage, which can reduce the dark 

current or enhance the light current.
The DUV photodetectors, especially the solar blind DUV photode

tectors, are technologically essential in civil and military applications 
encompassing missile warning systems, shipboard communication, 
medical imaging, etc [379,380]. For 3D halide perovskites ABX3, they 
should not be ideal choices since their bandgaps are primarily located in 
the visible light range. However, 3D halide perovskites can perform well 
in DUV detection when a down-conversion layer is used [381]. In 
addition, ion doping was also used to improve the performance of 3D 
halide perovskites-based UV detectors. For example, Ce3+ can not only 
improve the UV absorption and stability of CsPbCl3 but also reduce the 
perovskite’s defects, which contributes to the low dark current and high 
detection rate of CsPbCl3:Ce3+ based UV detector [382]. When it comes 
to low dimensional halide perovskites, i.e., 2D, 1D, and 0D halide pe
rovskites, their bandgaps can be broadened and extended to the DUV 
region, which can be applied to the DUV detection directly [383–386].

Visible light photodetectors are predominantly utilized in daily life. 
Owing to the broad absorption of halide perovskites in the visible re
gion, almost all kinds of halide perovskites, including 3D, 2D, 1D, and 
0D, can be applied to visible light detectors. Because of the strong visible 
light absorption of the halide perovskites, the visible light detectors 
show much higher performance than the DUV and NIR ones. Since the 
visible light detectors have thriving development, multifunctional de
tectors have also been explored, including self-powered detection, 
polarized light detection, angle-sensing detection, etc [387–390].

NIR detectors have garnered extensive usage in health diagnosis, 
monitoring systems, space communications, etc [391–395]. However, as 
we know, the bandgaps of 0D, 1D, 2D, or even the Pb-based 3D halide 
perovskites can hardly reach the NIR region. To achieve NIR detectors in 
these halide perovskites, methods like constructing heterostructures and 
utilizing surface trap states have been proposed [396,397]. Besides, 
Sn-based 3D halide perovskites like CsSnI3 and MASnI3 can be used in 
NIR detection owing to their narrow bandgaps of around 1.4 eV. 
Nevertheless, the Sn2+ can easily be oxidized to Sn4+, leading to dra
matic instability of the halide perovskites, impeding its widespread 
application [169,398,399].

Unlike solar cells, the performance of the halide perovskite-based 
photodetectors can be characterized by a series of performance param
eters; among them, responsivity, detectivity, and response times are 
paramount. The responsivity R can be defined as R = Ip/ΦS, where Ip is 
the photocurrent, Φ is the light intensity, and S is the active area of the 
photodetector. The detectivity is analytically described as D* = RS1/2/ 
(2eId)1/2, where e is the electronic charge, and Id is the dark current of 
the photodetector. The response speed can be acquired from photo
response’s rise and decay times. After the tremendous development in 
the past decade, the merits of the halide perovskite-based photodetec
tors have been improved to more than satisfactory values in numerous 
reports (Fig. 25) [385,396,400–413]. However, only high-performance 
parameters are far from enough to achieve commercial photodetectors.

2: Current and future challenges
Despite significant progress in halide perovskite-based photodetec

tors, challenges still crop up. Defects in the perovskites can enlarge the 
dark current of the detectors and accordingly cause a low detectivity, 
which should be kept to a minimum in most electronic devices. Besides, 
since perovskites will degrade rapidly when exposed to harsh conditions 

Fig. 24. Schematic illustrations of the device structures: a, photodiodes, b, photoconductors, and c, phototransistors [378]. Copyright 2023, Wiley-VCH GmbH.
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(e.g., high photon energy, high temperature, and high humidity), 
achieving long-term stability of the detector is also challenging, which is 
one of the main barriers to its commercialization. For example, UV 
irradiation can cause ion migration and compositional degradation in 
perovskite films [414,415]. Moreover, although the Sn-based perov
skites can be used to achieve NIR detectors, the poor stability of the 
Sn-based perovskites also greatly hinders their application [416,417].

Additionally, the perovskite-based flexible detectors and integrated 
perovskite detectors also need more attention, which can contribute to 
developing wearable devices and their imaging and neural network 
functions. Last but not least, although there are several performance 
parameters to evaluate the photodetectors, it is also not reliable to 
directly compare two detectors in different works by them. Unlike the 
PCE of solar cells, the traditional performance evaluation system of 
photodetectors can cause wide divergences when they are acquired by 
different measurement or calculation methods.

3: Advances to meet these challenges
Several effective methods have been proposed to reduce the defects 

in perovskite films, including antisolvent assistant spin-coating, solvent 
annealing, hot casting, etc [418–420]. To minimize defects in the sam
ples, single crystals are the better choice for photodetectors than poly
crystals. Different methods to synthesize halide perovskite single 
crystals have also been proposed [421–424]. Given that the crystal 
growth process varies, insights into them and the application of the 
single crystals to the photodetectors still need more effort.

Intensive efforts have been made to address the stability issue of 
halide perovskites. For instance, different methods have also been pro
posed to enhance the UV irradiation stability of the halide perovskites. 
For example, Fu et al. achieved a stable tolerance factor of 0.903 for 
Cs0.7DMA0.3PbI3 (DMA = dimethylammonium cation) by partially 
replacing A site Cs+ in CsPbI3 nanocrystals with one kind of large cation 
of DMA, which improved the stability of the perovskites under the 
irradiation of UV light [425]. To stabilize the Sn-based halide perov
skites, He et al. used one multi-functional additive 4-amino-2,3,5,6-tet
rafluorobenzoic acid to passivate Sn-Pb perovskite NIR photodetector, 
acquiring a high-performance, stable device, derived from the reduced 
defects and enhanced hydrophobicity [426]. Zheng et al. introduced 
benzylamine boron trifluoride to the FASnI3 precursor solution, inhib
iting the oxidation of Sn2+ and improving the performance of the FAS
nI3-based photodetector [427].

The application scope of the perovskite-based photodetectors has 
also been explored and expanded to demonstrate their versatility. Two 
aspects have been studied to achieve flexible photodetectors: one is 
reinforcing the halide perovskites’ flexibility, and the other is designing 
appropriate device structures. For example, Lai et al. improved the 
flexibility of the quasi-2D halide perovskites by introducing diamine 

cation of ethylenediammonium to the films [428]. Sun et al. fabricated 
halide perovskite-based photodetector arrays with high flexibility by a 
novel PVD-spin-coating combined with a photolithographic process 
[429]. Some efforts have been made to generate different methods and 
ideas for the integrated perovskite photodetector and the corresponding 
multi-functional devices [430]. Wang et al. fabricated photodetector 
arrays based on quasi-2D (BA)2FAPb2I7 perovskites through a bottom-up 
photolithography method achieving high-resolution imaging [431]. 
Huang et al. designed an n-perovskite/p-spiro-MeOTAD heterojunction 
diode, enabling photovoltaic, photodetection, and photosynaptic func
tions in a single device [432].

Some measuring protocols have also been proposed to characterize 
figures of merit of low-dimension materials-based photodetectors 
accurately. Huang et al. reported that the more accurate noise equiva
lent power and detectivity of the photodetectors can be acquired by 
separate measurements of the frequency and illumination intensity- 
related noise spectral density and responsivity [433]. Hu et al. pointed 
out that the detectivity of 2D materials-based photodetectors is consis
tently overestimated because of the improper calculation of noise and 
misestimation of device active area, where incident light power density 
and inconsistent bandwidth of measured responsivity and noise can also 
lead to the overestimation [434].

4: Concluding remarks
In conclusion, we briefly summarize the halide perovskite photode

tectors within the detection range from DUV to NIR. Beyond solar cell 
study, the rapid development of perovskite-based photodetectors sug
gests their promise in high-sensitive photodetecting and high-resolution 
imaging applications. However, there are still chronic challenges: the 
stability issue, the unsatisfactory evaluation parameters of the perfor
mance, and the low-defects single crystal detectors, etc. All these chal
lenges need our attention to realize practical applications of high- 
performance halide perovskite-based photodetectors.

XI. Low-dimensional halide perovskite scintillators
Wen Li, Yuntao Wu*
Shanghai Institute of Ceramics, Chinese Academy of Science, 

201899, China
E-mail address: ytwu@mail.sic.ac.cn
1. Status of the area
Inorganic scintillators as indirect detection materials play an 

important role in the applications of medical imaging, non-destructive 
inspection, and homeland security. Classical inorganic scintillators for 
X-ray detection are CsI:Tl and Gd2O2S:Tb crystalline materials. In the 
recent years, metal halide perovskites have become promising scintil
lation materials for high-performance X-ray detection due to their ad
vantages of efficient radioluminescence and ease of preparation 
[435–437]. According to the connection mode of metal halide poly
hedral units at the molecular structure level, they can be categorized 
into three-dimensional (3D), two-dimensional (2D), one-dimensional 
(1D) and zero-dimensional (0D). 3D perovskite scintillators have 
well-known issues, such as thermal quenching at room temperature and 
severe self-absorption effect. For example, the light yield of 
CH3NH3PbBr3 single crystal is 116,000±23,000 photons/MeV at 8 K, 
but it significantly drops to about 1,000 photons/MeV at room tem
perature [438]. In principle, by decreasing the structural dimension and 
increasing the interval spacing between the metal halide polyhedra as 
luminescent units, higher luminescence efficiency is expected due to 
stronger confinement effect. Up to now, many of high-performance 
low-dimensional lead-based, copper(I)-based, manganese(II)-based 
and other metal halide perovskites as X-ray scintillators are developed 
(Fig. 25).

Lead-based perovskites. Lead-based perovskites usually exhibit free- 
exciton emission characteristics. Compared with 3D lead-based perov
skite scintillators, 2D lead-based perovskites due to the feature of 
quantum-well structure, exhibit stronger quantum confinement and 
higher exciton binding energy, which can enhance radioluminescence 
and thermal stability at room temperature. For example, (PEA)2PbBr4 

Fig. 25. Performance comparison of halide perovskite-based photodetectors 
from DUV to NIR.
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has a light yield of 14,000 photons/MeV at room temperature, and 
achieves a high spatial resolution of > 11 lp/mm for X-ray imaging [439,
440]. The scintillation performance of 2D lead-based perovskites can be 
further optimized through codoping strategies (such as Li+, Ba2+ and 
Sr2+), self-wavelength shifting and dielectric engineering [441–445]. 
Among them, the light yield of Li-doped (PEA)2PbBr4 was improved by 
nearly 80 % along with the good α/γ discrimination capability [441]. 
Tang et al. applied (PEA)2PbBr4 scintillators with self-wavelength 
shifting to demonstrate imaging reconstruction in positron emission 
tomography (PET) [444]. There is limited research on the use of 1D 
lead-based perovskites for X-ray scintillators. 0D all-inorganic lead-
based perovskites have a large bandgap and strong radioluminescence. 
As for the Cs4PbBr6 as the representative 0D halide, a large number of 
CsPbBr3 phases inevitably appear during its preparation process [446,
447]. The CsPbBr3 NCs@Cs4PbBr6 scintillation, prepared by adding 
CsPbBr3 nanocrystals emitter into the solid-state Cs4PbBr6 host, has been 
proven the high resolution X-ray imaging performance [448,449].

Copper(I)-based perovskites. The luminescence of copper-based 
halides usually stems from self-trapped excitons, which possess advan
tages such as high photoluminescence quantum yield (PLQY), large 
Stokes shift, negligible self-absorption, and strong radioluminescence. 
The 0D all-inorganic copper-based scintillators represented by Cs3Cu2I5 
single crystal have attracted great attention in the field of radiation 
detection. Cs3Cu2I5 single crystal exhibits a light yield of approximately 
32,000 photons/MeV and a high energy resolution of 3.4 % at 662 keV 
[450]. It is proven that the scintillation efficiency of Cs3Cu2I5 single 
crystals can be significantly enhanced by doping strategies, such as Tl+, 
In+ and Mn2+ [451–453]. In particular, Tl-doped Cs3Cu2I5 single crystal 
has a steady-state scintillation efficiency of 150,000 photons/MeV under 
X-ray irradiation, and a light yield of 87,000 photons/MeV under 137Cs 
gamma-ray irradiation [451]. The 1D halides have the similar exciton 
confinement effect with that of 0D halides. In addition, due to the 
preferential growth orientation, 1D halides are apt to grown into ori
ented crystalline film with needle-like structure. The nature feature of 
1D halides can secure the high-resolution imaging capability. For 
instance, thanks to the negligible dangling bonds at grain boundaries 
and preferential growth orientation along <001> direction, 1D 
Cs5Cu3Cl6I2 scintillation film has a high light yield of 67,000 photo
ns/MeV, a superior X-ray imaging spatial resolution of 27.1 lp/mm, and 
a negligible afterglow of 0.1 % at 10 ms [454]. In addition to 
all-inorganic copper-based halide scintillators, numerous 
organic-inorganic hybrid copper-based scintillators have also been 
discovered due to the diversity of organic ligands. For example, 0D 
(MTPP)2Cu4I6 has a high steady-state scintillation yield of 63,700 pho
tons/MeV and a high spatial resolution of 18.49 lp/mm [455]. The 2D 
(CISDM)4 [Cu4I8]⋅2H2O has a light yield of 41,000 photons/MeV and an 
ultra-high spatial resolution of 108 lp/mm [456].

Manganese(II)-based perovskites. Mn²+ is an efficient luminescence 
center. The emission characteristics of manganese-based perovskites 
strongly depend on the coordination environment around Mn ions. Due 
to crystal field effects, tetrahedrally and octahedrally coordinated Mn²+

show green and red emission respectively, and have photoluminescence 
(PL) lifetimes ranging from microseconds to milliseconds. The lumi
nescence intensity of manganese-based perovskites is related to the 
distance between the emission centers of Mn-Mn. A longer Mn-Mn dis
tance can effectively weaken the electronic interactions and non- 
radiative energy transfer between adjacent tetrahedral or octahedral 
units of manganese halides, thereby enhancing the radioluminescence 
intensity. Manganese-based perovskites with large steric hindrance of 
organic cations are prone to form 0D structures. Due to large spacing 
between polyhedra by organic cations, they exhibit high radio
luminescence. For example, 0D (C38H34P2)MnBr4, as the first hybrid 
manganese-based scintillators, has a high light yield of 80,000 photons/ 
MeV and a low detection limit of 72.8 nGy/s [457]. As [MnX6]4- octa
hedral has a shared angle, edge, or face chain structure, 1D hybrid 
manganese-based perovskites greatly shorten the Mn-Mn distance, 

interfere with the d-d transition rules and transition energy, and easily 
lead to weaker luminescence than 0D manganese-based perovskites. In 
addition, recently manganese-based hybrid perovskites mostly have 
crystal-glass-ceramic transition characteristics [458,459]. Transparent 
ceramic or glass scintillation screens can be prepared by melt-quenched 
or cold sintering processes, providing an alternative option of preparing 
low-cost, large-size X-ray imaging screens.

Others. Other low-dimensional metal perovskite scintillators, 
including Sn²+, Zn2+, Sb³+, Ag+, Eu²+ and Ce³⁺, etc., have their own 
characteristics, such as emission wavelength, light yield, decay time, 
and stability, providing more choices for the application of X-ray 
perovskite scintillation materials. For example, among a series of 0D 
materials, Cs4EuBr6 and Cs4EuI6 single crystal show a high light yields of 
78,000±4,000 photons/MeV and 53,000±3,000 photons/MeV, respec
tively [460]. Cs2ZnCl4 and Cs3ZnCl5 crystals have ultra-fast scintillation 
decay times of 1.66 ns and 0.82 ns respectively [461], and (PPN)2SbCl5 
has excellent environmental stability [462]. In 1D perovskites, 
Rb2AgBr3 exhibits a short decay time of 5.31 ns, a light yield of 25,600 
photons/MeV, and ultra-fast dynamic imaging [463]. Cs3CeCl6⋅3H2O 
single crystal with efficient ultraviolet emission, has a light yield of 31, 
900 photons/MeV, and is a promising substitute for narrowband ultra
violet photodetectors [464]. In addition, higher quality single crystals or 
scintillation screens for X-ray imaging can be prepared by finely con
trolling crystal growth, composition ratio, and other methods, further 
improving their scintillation performance and spatial resolution in X-ray 
imaging field (Fig. 26).

2. Current and future challenges
An overlook issue of exciton-exciton interaction and exciton- 

defect interaction under ionizing radiation. In principle, the light 
yield is inversely proportional to the band gap. Low-dimensional halide 
perovskites typically have a bandgap of 2.5-3.5 eV, and theoretically can 
reach a light yield ranging from 120,000 to 200,000 photons/MeV. 
However, currently, their practical light yield values are far below the 
theoretical ones. For example, the Cs3Cu2I5 has a theoretical light yield 
of 150,000-180,000 photons/MeV, but measured light yield is about 
32,000 photons/MeV [450]. In fact, the light yield of halide perovskites 
is associated with the scintillation process. When scintillator absorbs 
high-energy X-ray photons, electrons in the inner layer of the atom will 
be excited from the valence band (VB) to the conduction band (CB). A 
large number of electrons and holes will be transported separately in CB 
and VB after relaxation. Subsequently, electron-hole pairs will emit light 
through radiative recombination at the luminescent center. The photons 
emitted by the scintillator are then detected and converted into elec
trical signals by photodetectors (e.g. silicon photomultiplier, photo
multiplier tubes, or charge-coupled devices), and finally imaging can be 
achieved through electrical signal processing and conversion. 
Low-dimensional halide perovskites often exhibit exciton emission, such 
as self-trapped exciton emission and defect-bound exciton emission. 
Halide perovskites with low-dimensional structures at the molecular 
level have looser and softer lattices, exciton relaxation effect was 
enhanced, resulting in a large Stokes shifts and a weak self-absorption. 
At the same time, the energy transfer between luminescent polyhedra 
is weakened, exciton migration is suppressed, thereby reducing the 
probability of exciton quenching, intrinsic defect capture, and 
non-radiative recombination caused by exciton-exciton interaction and 
exciton-defect interaction, resulting in higher luminescence efficiency of 
metal halides

The method for preparing a large-sized high resolution X-ray 
imaging screen. In X-ray imaging, reducing material scattering and 
diffuse reflection can more accurately transmit X-ray information to the 
detector to improve imaging resolution. Moreover, many imaging ap
plications require large-sized scintillation materials to ensure that a 
sufficiently large area is covered in a single imaging process without the 
need for image stitching, thereby improving imaging efficiency and 
reducing image artifacts generated by stitching. However, in the prep
aration process of high-quality scintillation films, ceramics, and single 
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crystals, it is difficult to simultaneously ensure that the materials meet 
high optical performance and large-area requirements [468,469]. At 
present, most materials used for X-ray imaging are composed of 
large-area thin films, ceramics, and glass. The gaps, defects, or grain 
boundaries present in these materials will inevitably lead to signal 
crosstalk and decrease detection efficiency. Single crystal scintillators 
with high optical transmittance can meet the requirements of low defect 
density, high scintillation performance and high-quality X-ray imaging. 
However, the growth of large-sized single crystals with high-quality 
requires more stringent conditions. Therefore, it is necessary to further 
improve and refine the preparation processes of thin film, ceramic, and 
single crystal scintillations to meet the requirements of large-area and 
high X-ray imaging resolution.

3. Advances to meet challenges
Strategies of enhancing scintillation yield of low-dimensional 

halide perovskites. In the past few years, some strategies have been 
proposed to improve the light yield of halide perovskites to meet the 
requirements of X-ray detection and imaging (Fig. 27). 

(1) Manipulating exciton interaction. First, by reducing the struc
tural dimension, the confinement effect of halide perovskites can 
be enhanced. Thus, higher luminescence efficiency is expected as 
the exciton binding energy is increased. For instance, under 137Cs 
irradiation, 1D CsCu2I3 exhibits a light yield of 16,000±2,000 
photons/MeV [470], while 0D Cs3Cu2I5 shows a higher light yield 
of 29,000±580 photons/MeV as the dimension decreases [450]. 
Second, doping with appropriate ions can weaken the 
non-radiative recombination caused by interactions between ex
citons in low-dimensional halides, resulting in an increase of light 
yield. For example, by exciton-harvesting via Tl doping into 
Cs3Cu2I5 lattice, the formation of Tl-bound excitons can effi
ciently suppress the exciton-exciton interactions, and then 
enhance the radiative recombination probability, achieving a 
superior light yield close to the theoretical value of 150,000 
photons/MeV [451]. Third, through dielectric engineering, the 
difference in dielectric constant between the organic layer and 
the inorganic layer in 2D halide perovskites can used to enhance 
the Coulomb force between electron-hole pairs, avoiding exciton 

dissociation, increasing the radiative transition rate. For 
example, 2D BM2PbBr4 scintillator with high exciton binding 
energy designed and prepared by the dielectric engineering 
strategy, has a time resolution of 207 ± 2.2 ps, which is better 
than 250 ± 3.1 ps of LYSO which is the most widely used scin
tillator in PET [445].

(2) Constructing energy transfer channels. The intrinsic strain in 2D 
perovskite crystals has been proven to be a common phenome
non. It can be utilized as self-wavelength shift to reduce self- 
absorption effects without sacrificing radiation response speed 
[444]. Energy transfer can occur by introducing luminescent ions 
whose excited state energy levels match the emission spectra of 
the host halide perovskites, which can reduce the self-absorption 
of materials and improve the utilization rate of photons. For 
instance, adding manganese Mn(II) dopant to 2D DA2PbBr4 in
creases its PLQY from less than 8 % to 61 % [471], and 0D 
Cs3Cu2I5:15 % Mn scintillator has increased light yield from 11, 
900 photons/MeV to 67,000 photons/MeV compared to the 
undoped sample [472]. In addition, through embedded structure 
design, halide perovskite materials can be sandwiched between 
different functional metal halide materials. By optimizing the 
optical properties and energy level matching of each species of 
materials, self-absorption can be reduced. For example, the 
"emitter-in-matrix" structure has recently been proposed. Based 
on this structure, the CsPbBr3@Cs4PbBr6 scintillation crystal is 
designed by taking advantage of the fact that the wide band gap 
Cs4PbBr6 is transparent to the green emission of CsPbBr3 quan
tum dots to further decrease self-absorption [449].

Optimization of preparation processes for single crystal, thin 
film, and ceramic scintillators. In X-ray imaging, high spatial resolu
tion requires the scintillation screen have a small pixel size and high 
resolution, which means that the scintillator/screen must be able to 
efficiently convert X-rays into visible light and effectively collect and 
transmit light signals within a small-sized pixel area. 

(1) Single crystal scintillators. Single crystals with a highly ordered 
lattice structure and a low density of defect states can be prepared 

Fig. 26. Overview of recent R&D of low-dimensional metal perovskite scintillators [440,448,450,451,454,460,461,465–467].
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by solution method and melt method. For solution method, 
combining the spatially confined solution method with the 
traditional solution method [475] or adopting local heating so
lution evaporation method, low-dimensional halide perovskite 
single crystals with high transparency, adjustable thickness and 
large-area can be prepared (Fig. 28a). For example, 0D layered 
TEA2MnI4 single crystal with a size of 50 mm × 60 mm × 0.82 
mm was grown by the local heating solvent evaporation method 
[476]. Different melt growth methods have been attempted for 
low-dimensional halides. Taking Cs3Cu2I5 as an example, 1-inch 
diameter Cs3Cu2I5 single crystals have been successfully 

prepared using the Bridgman method [477] and Cs3Cu2I5:Tl 
crystals with sizes of Φ15 mm and Φ12 mm were successfully 
prepared using the Czochralski method and the Edge-Defined 
Film-Fed method [478].

(2) Thin film scintillators. The traditional physical blending 
method faces some problems such as powders agglomeration, 
uneven luminescence, severe light scattering, and poor trans
parency, greatly reducing the spatial resolution. In recent years, 
the columnar morphology advantage of 1D halide perovskite 
crystals has been utilized to design thin films with oriented 
structures. By using in-air sublimation method and nanoscale 

Fig. 27. (a) Light yields and (b) PLQYs of low-dimensional copper-based halide scintillators. (c) Illustration of the mechanisms that lead to the immobile excitons in 
(C4N2H14X)4SnX6 (X = Br, I) and the mobile excitons in Cs4PbBr6. (d) Theoretical single-particle electronic energy levels and scintillation emission mechanisms in 
Cs3Cu2I5 and Cs3Cu2I5:Tl under ionizing radiation [473,474].
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seed screening strategies, large-area CsCu2I3 [479] and Cs5Cu3

Cl6I2 films with directional nano or micron rod structures have 
been successfully prepared. Among them, the Cs5Cu3Cl6I2 film 
realizes fast X-ray imaging with a resolution of 27 lp/mm and a 
frame rate of up to 33 fps [454]. In addition, scintillation thin 
films with pixelated arrays have been developed using waveguide 
structure engineering. By embedding high refractive index metal 
halides into low refractive index template matrice, the lateral 
diffusion of scintillation light in each pixel is limited, thereby 
improving the spatial resolution. Manganese halide needle-like 
array scintillator has been achieved a high spatial resolution of 
60.8 lp/mm (Fig. 28b) [480]. When faced with diverse X-ray 
imaging requirements, large-area flexible scintillation screen 
have been prepared by combining nano particle sized perovskite 
scintillators with polymer matrices, it can not only reduce the 
optical crosstalk caused by Rayleigh scattering and improve im
aging resolution, but also meet the imaging needs of non-planar 
objects.

(3) Ceramic scintillators. Traditional ceramics are non-transparent, 
which is not conducive to X-ray imaging applications. By using 
high-purity raw materials, selecting a material system with cubic 
symmetry structure, controlling sintering and other effective 
methods, it is possible to eliminate a large number of light scat
tering sources such as pores and anisotropic grain boundaries 
inside the ceramic, and achieve transparency of the ceramic. 
Recently, a seed crystal-induced cold sintering process was used 
to manufacture TPP2MnBr4 transparent ceramic scintillator with 
a diameter of 50 mm, high quality, directional light transmission 
and ˂ 001˃ orientation. It has a high light yield of about 78,000 ±
2,000 photons/MeV, an energy resolution of 17 %@662 keV, a 
low detection limit of 8.8 nGy/s, and a high spatial resolution of 
15.7 lp/mm (Fig. 28c) [481]. In addition, various 
low-dimensional halide scintillators have shown the property of 
crystal-glass-ceramic phase transformation. Through further 
exploration of phase transformation engineering, it is expected to 
realize more large-area transparent ceramic scintillators with 
directional transmission based on halide perovskites.

4. Concluding remarks
In summary, low-dimensional halide perovskites have demonstrated 

great potential as X-ray scintillators. Abundance of low-dimensional 
lead-based, copper-based, and manganese-based halide perovskites 

with excellent scintillation performance have been successfully devel
oped. However, due to the overlook of exciton-exciton interaction and 
exciton-defect interaction under ionizing radiation and the underde
veloped preparation methods for large-sized and high-resolution X-ray 
imaging screens, these issues limit the further performance improve
ment and the practical imaging applications. To address these chal
lenges, the use of exciton modulation strategies and the construction of 
energy transfer channels have successfully enhanced the light yield of 
halide perovskites. Moreover, based on more advanced and sophisti
cated growth methods, high-quality and large-sized single crystal, thin 
film, and ceramic scintillators have been successfully utilized for high- 
resolution X-ray imaging applications

XII. Chiral perovskite circularly polarized light detection
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1. Status of the field
Circularly polarized light (CPL) with varying polarization state in

teracts with substances to reveal physical and chemical information, 
essential for applications in polarimetric imaging [482], LiDAR [483], 
secure communication [484], and magnetic recording [485]. Therefore, 
it is crucial to accurately detect the two different states of CPL, namely 
left-circularly polarized (L-CPL) and right-circularly polarized (R-CPL) 
light, and convert them into electrical signals. Due to the lack of intrinsic 
chirality in inorganic semiconductors such as Si or GaAs, conventional 
CPL-sensitive photodetectors typically require the use of a quarter-wave 
plate and/or linear polarizer, complicating miniaturization and inte
gration. The use of polarization-sensitive materials could eliminate the 
need for bulky and rigid optical components, showing great promise for 
large-scale integration and flexible electronics.

In the early stages, chiral lanthanide complexes [486] and chiral 
organic molecules [487] were used for CPL detection. However, the 
relatively complex synthesis processes and high production costs of 
these materials, combined with the low carrier mobility of organic 
molecules resulting in low detection efficiency, have hindered their 
commercialization. Fortunately, the emerging chiral perovskites, which 
combine both handedness-sensitive optical absorption with efficient 
charge transport, are polarization-sensitive and can directly detect CPL, 
originating from their anisotropic crystal structure or morphology.

Fig. 28. (a) Scheme for growth of metal hybrid halide single crystal and the inch-size (C25H22P)2MnCl4 single crystal with a tunable thickness. (b) Light propagation 
mechanisms and results of conventional nonstructured scintillators and structured capillary needle-like array scintillators in X-ray imaging. (c) Fabrication process 
via the seed-crystal-induced cold sintering process and photograph of textured TPP2MnBr4 ceramic scintillator [475,480,481].
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In chiral perovskites, the electronic structure consists of a two-level 
system with electrons in a doubly degenerate Je = ½ state and holes in 
a Jh = ½ state (where Je and Jh represent the angular momenta of 
electrons and holes, respectively) [488]. Upon illumination with CPL (σ‒ 

for left-handed and σ+ for right-handed), optical transitions occur with a 
change in the magnetic quantum number mJ of Δ mJ = +1 for σ‒ and Δ 
mJ = ‒1 for σ+, [489] which leads to a high degree of spin polarization. 
Thus, chiral perovskites with spin-orbit coupling exhibit selective re
sponses to different spin-polarized states, enabling them to distinguish 
between the absorption of LCP and RCP, i.e., circular dichroism (CD). 
Therefore, chiral materials provide an opportunity to fabricate photo
detectors for the direct detection of CPL.

Chiral perovskites can be formed by introducing chiral organic 
molecules [489] or by spontaneous resolution based on achiral building 
blocks [490], thereby achieving CPL sensitivity. Chiral perovskites with 
excellent CPL sensitivity have been applied in CPL detection, making 
exciting progress in this field. The timeline of developments in this area 
can be found in Fig. 29. The first chiral perovskite 1D (S-PEA)PbBr3 
crystals was reported in 2003, and the corresponding 2D 
(R-/S-MBA)2PbI4 single crystals in 2006 [491,492]. However, the chi
roptical properties were not initially explored. It wasn’t until 2017 that 
the chiroptical properties of chiral perovskites were investigated [493], 
and CPL detection based on chiral perovskites was first realized in 2019 
[494]. Since then, CPL-sensitive detection using chiral perovskites has 
been widely reported [495–502].

Depending on the different device structures, CPL-sensitive photo
detectors can be divided into photoconductor, photodiode and photo
transistor, each serving a wide range of applications. A typical 
photoconductor structure includes a semiconductor layer contacted by 
two metal electrodes. Upon CPL illumination, electrical conductivity 
increases due to the generation of photo-induced carriers in the chiral 
perovskite active layer. In photodiode, excitons are generated in the 
chiral perovskite active layer under CPL illumination, and the excitons 
are separated into photogenerated carriers assisted by the built-in po
tential or an applied voltage. Furthermore, the internal E-field allows for 
the separation of photogenerated charges without external bias, giving 
rise to “self-powered” photodetectors. In phototransistors, chiral pe
rovskites can either form the active channel or serve as CPL-sensitizer. 
The active layer generates different numbers of photogenerated car
riers when irradiated with L-CPL or R-CPL. CPL detection photo
transistors offer both the signal amplification and CPL detection 
capabilities.

For CPL photodetectors, there are several figures of merit used to 
evaluate the performance. Among them, the responsivity (R), specific 
detectivity (D*) and anisotropy factor of responsivity (gres) are important 
features. For some applications, spectral range and a high response 

speed are also required. (1) R quantifies the ability of a CPL detector to 
convert incident light into an electric current, which is given by R =

Ilight − Idark
Elight

, with Elight being the power of CPL. (2) D* is calculated by D* =

R
̅̅̅̅
A

√
/in (where R is responsivity, A is the effective area). (3) gres is 

defined as gres =
2(RL − RR)

RL+RR 
(where RL and RR represent the responsivities 

under illumination by LCP and RCP, respectively)
2. Current and future challenges
CPL photodetectors employing chiral perovskites are anticipated to 

achieve competitive performance in the realm of CPL detection. In 2019, 
photodetectors fabricated using (R-/S-α-PEA)PbI3 achieved directed CPL 
detection (Figs. 30a-c), with a gres value as high as 0.1 [495]. The 
responsivity can reach 797 mA W− 1 (corresponding to a photoconductor 
gain of 253 %), which is nearly two orders of magnitude larger than the 
chiral molecule-based [487] and chiral plasmonic metamaterials-based 
[482] CPL photodetectors. The exceptional responsivity of 
(R-/S-α-PEA)PbI3 is attributed to the efficient charge transfer within its 
inorganic framework. Moreover, an impressive detectivity of up to 7.1 ×
1011 Jones has been achieved, approaching the CPL-insensitive detec
tivity of approximately 1012 Jones found in commercial Si photodiodes. 
Similarly, a hBN/(R-/S-MBA)2PbI4/MoS2 heterojunction was used as a 
CPL photodetector, achieving a gres value of 0.09 at a bias of 3 V and a 
responsivity of 0.45 A W–1 [494].

In 2020, the (R-MPEA)2MAPb2I7 with n = 2 was used as the photo
active layer to fabricate flexible CPL photoconductor [497], achieving a 
high gres value of up to 0.2 at 10 V bias voltage, a responsivity of 1.1 A 
W–1, and a D* of 2.3 ×1011 Jones (Fig. 30d-f). This work modulates the 
crystallization dynamics of the films to facilitate carrier transport, 
maximizing the carrier collection efficiency in parallel-oriented chiral 
perovskite films with a homogeneous energy landscape. That same year, 
a direct detection of CPL signals in the helical 1D (R-/S-NEA)PbI3-based 
photodiode was fabricated, achieving an R of 0.28 A W–1 and an 
extremely high polarization discrimination ratio RL/RR of 25.4 (corre
sponding to a gres value as high as 1.85) [498], which largely surpasses 
that of the field-effect transistor–type chiral photodetector using chiral 
plasmonic metamaterials and organic materials (RL/RR < 4) [482,487]. 
However, the performance of these CPL detectors using chiral perov
skites are still limited by the poor conductivity and limited photo
responsivity. Therefore, a direct CPL detector by utilizing a 
heterojunction between the chiral (MBA)2CuCl4 absorber layer and a 
semiconducting single-walled carbon nanotube (s-SWCNT) transport 
channel has been developed [500]. The chiral heterostructure shows 
high photoresponsivity of 452 A W− 1, a competitive gres of up to 0.21, 
and low working voltage down to 0.01 V (Figs. 30g-i). A nanoscale 
heterostructure as an effective strategy indicates a new direction for 
using chiral perovskites in high-performance CPL detection, even in 

Fig. 29. The timeline of research on the chiroptoelectronic properties of chiral perovskites and their application in CPL detection.
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highly insulating chiral metal halides. Simultaneously, this work dem
onstrates the feasibility of detecting CPL on a highly integrated photonic 
platform, facilitating the development of miniaturized and integrated 
devices for direct CPL detection. Recently, visible-near-infrared (vis-
NIR) dual-modal CPL detection has been realized using chiral perovskite 
bulk crystals (R-/S-BPEA)2PbBr4 [501] with gIph values higher than 0.1 
and Ion/Ioff ratios higher than 103. Benefiting from the strong 
light-matter interaction of the layered structure, dual-modal Vis-NIR 
CPL-sensitive direct detection has been achieved.

3. Advances to meet challenges
At this stage, the performance of CPL photodetectors is still far from 

that required for practical applications. In-depth work is still needed to 
increase the gres (ideally gres should be 2) of chiral perovskite materials. 
Potentially effective strategies include fabricating 2D/3D mixed-phase 
[503] films where the 2D component determines chiral activity, while 
the 3D component contributes excellent charge transport properties. 
Enhancing film crystallinity (large organic cation size engineering, 
Lewis acid-base adduct coordination, compositional/additive engi
neering, and solvent engineering) aims to reduce defects and facilitates 
charge transfer [6,504–507]. Moreover, utilizing chiral induction [490] 

to create a chiral environment can promote the assembly of chiral 
structures. Currently, most efforts on chiral perovskites remain focused 
on bottom-up strategies through molecular design [492,508,509]. 
However, the experience gained from other chiral systems, such as small 
molecules, supramolecular assemblies, and aggregates, will help guide 
the design of chiral perovskites with higher gres [510–512]. Top-down 
strategies for creating chiral perovskite metasurfaces are highly prom
ising [513–516]. These methods combine the advantages of strong 
chirality with the remarkable optoelectronics properties of perovskites.

To improve the D* of a CPL photodetector, it is essential to reduce 
both dark current and noise. Dark current, closed linked to leakage 
current under reverse bias, can be minimized by using energetically 
well-aligned selective interface materials with a low density of interfa
cial defects [517]. The use of anti-solvents [518] or gas-quenching 
deposition [519] techniques, and defects passivation [520–522], has 
been shown to significantly improve film quality. At the same time, the 
response speed of CPL photodetectors needs to be improved by facili
tating fast charge extraction.

Compared with their zero- to two-dimensional counterparts, 3D 
chiral perovskites are expected to exhibit smaller exciton-binding 

Fig. 30. a, Schematic illustration of a CPL photodetector based on the 1D chiral perovskite (R-/S-MBA)PbI3 (MBA+ = α-methylbenzylammonium) as the active layer. 
b, The responsivity and photoconductor gain under LCP and RCP at different wavelengths. c, The wavelength-dependent gres and absorption dissymmetry factor (gCD) 
spectra. d, Schematic illustration of the flexible CPL-sensitive photodetector based on the chiral reduced-dimension [(R)-β-MPA]2MAPb2I7 film. e, I–V curves and the 
gIph of the flexible device under RCP-532 nm and LCP-532 nm illumination. f, The photocurrent and corresponding responsivity of the device. g, Schematic illus
tration of a CPL photodetector based on a heterojunction between 0D chiral (R-/S-MBA)2CuCl4/(6,5) SWCNT. h, The time-dependent photocurrent (|Iph|) response 
for (R-MBA)2CuCl4/(6,5) SWCNT heterojunctions under 405-nm RCP and LCP laser illumination and a drain-source voltage (VDS) of 2 V. i, Dependence of gres factor 
on (R-/S-/rac-MBA)2CuCl4/(6,5) SWCNT under 405 nm RCP and LCP illumination. (a-c) adapted with permission from Wang., Nat. Commun. 10, 1927 (2019). 
Copyright 2019 Nature Publishing Group. (d–f) adapted with permission from Wang., Angew. Chem. Int. Ed. 59, 6442 (2020). Copyright 2020 Wiley-VCH. (g–i) 
adapted with permission from Hao et al., ACS Nano 15, 7608 (2021). Copyright 2021 American Chemical Society.
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energies and longer carrier-diffusion lengths, which are advantageous 
for chiroptoelectronic applications. However, the synthesis of 3D chiral 
perovskites remains in its early stages. Recent theoretical calculations 
have demonstrated that 3D chiral perovskites (CHFClNH3

+ or CHDFNH3
+) 

should be both thermodynamically and kinetically stable [523]. More
over, nucleation-mediated growth has successfully been used to syn
thesize single-crystalline 3D MAPbBr3 (MA, methylammonium) to serve 
in a CPL photodetector prototype [524].

The development of lead-free chiral perovskites is highly desirable to 
replace hazardous metals and enable safer devices. Lead is problematic 
due to its toxicity, which results from its ability to mimic other metals 
and disrupt biological functions [525]. Tin (Sn2+) is considered the most 
promising alternative, given its similar ionic radius to lead and the spin 
polarization of up to 94 % in tin-based chiral perovskites [526]. 
Furthermore, other lead-free chiral perovskites based on bismuth [499] 
and copper [500] have also been reported for CPL detection.

4. Concluding remarks
Since the discovery of chiral perovskites in 2003 and their chiroptical 

activity in 2017, these materials have garnered significant interest for 
their potential in chiroptoelectronic and spintronic devices. The differ
ential absorption of left- and right-handed light by chiral perovskites, 
combined with their semiconducting properties, enables control of light, 
making CPL photodetectors feasible. Moving forward, advancements in 
the physical mechanisms and structural modulation of chiroptical ac
tivity in chiral perovskites are expected to significantly enhance their 
application in CPL detection. Furthermore, the exploration of novel 
properties and new application areas by researchers will likely lead to 
pioneering developments in this field.
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1. Bckground and challenge
The solution-processed semiconductors—such as metal-halide pe

rovskites, conducting polymers, quantum dots, and MXenes—are 
extensively utilized in photovoltaics, displays, and detection technolo
gies [527,528]. These materials offer the advantages of facile process
ing, meanwhile introducing a vast array of parameters. The parameters 
including solvent ratios and annealing protocols have a significant in
fluence on the growth and assembly of functional layers, affecting the 
interaction from atomic interaction to mesoscopic crystal growth, and 
ultimately shaping the macroscopic device performance [529,530]. 
These comprehensive parameter space presents a formidable challenge 
for researchers to understand global optimization of solution-processed 
semiconductors and devices [531]. The conventional method of manual 
experimentation has small sample sizes that yield biased conclusions 
and lead to local optimization. The small data set does not allow us to 
utilize most material information. Given metal-halide perovskite semi
conductors as example, the chemical formula ABX3 of perovskite 
structure, where A is a monovalent cation (e.g., K⁺, Rb⁺, Cs⁺, MA⁺, FA⁺), B 
is a divalent metal ion (e.g., Pb²⁺, Sn²⁺) or a combination of metal ions (e. 
g., Ag⁺ + Bi³⁺), and X is a monovalent anion (e.g., I⁻, Br⁻, Cl⁻, F⁻, SCN⁻, 

OCN⁻), as shown in Fig. 31a [532]. The typical constituent of 
metal-halide perovskites are ten core ions (e.g., MA⁺, FA⁺, Rb⁺, Cs⁺, Pb²⁺, 
Sn²⁺, Br⁻, I⁻, SCN⁻, OCN⁻) along with over ten additive ions (e.g., PEA⁺, 
NMA⁺, HA⁺, PhPA⁺). The systematic study of alloying/mixing of the A, B, 
and X sites (Fig. 31b) and its effects is important for the full exploration 
of the potential of these materials. For example, incorporating four 
A-site ions, two B-site ions, and three X-site ions at 2 % step would 
require nearly 10⁷ of different stoichiometric samples. Additionally, 
fabricating perovskite solar cells, especially advanced tandem cells, re
quires numerous processing steps. Each step involves optimization 
across various scales, from colloidal control at the molecular level to 
interfacial passivation at the mesoscale and functional layer design at 
the macroscale (Fig. 31c). This complex interaction of compositional 
and processing parameters illustrates the limitations of manual 
trial-and-error experimentation, which, restrained by a small data set, 
proves insufficient to address the complexities of these 
solution-processed material systems.

2. Advances to meet challenges
The three principal techniques, high-throughput computation, 

literature mining, and high-throughput experimentation for generating 
big data and building data factories are prominent among researchers 
[531,533]. Among them, high-throughput computation offers valuable 
understanding and deep perspectives [534], but its impact on opti
mizing solution-processed semiconductors is constrained, as the elec
tronic structure of an ideal crystal is only one among many variables that 
influence device performance. Literature mining is effective in tracking 
research trends but hard in providing fresh physical insights, optimi
zation strategies, or breakthroughs that push the boundaries of human 
knowledge [535]. Finally, the high-throughput experiments [536] 
conducted through multi-channel automated systems, are considered 
the most robust and powerful tool for generating high-quality, large-
scale data. These experiments are expected to yield an unbiased, 
comprehensive understanding of material properties, facilitating 
exploration and optimization across extensive parameter spaces.

However, three key infrastructures must be established to unleash 
the power of high-throughput experiments for advancing electronic 
devices (Fig. 32). First, an automated high-throughput fabrication sys
tem is essential for efficiently producing samples of various composi
tions and processing conditions. This requires automatic multi-channel 
pipettes, spin coaters, and evaporators for streamlined device fabrica
tion. Second, a high-throughput characterization system is required to 
meet the demand for large-sample analysis. For example, automatic UV- 
vis absorption, photoluminescence, and spectrum-dependent photocur
rent measurements are crucial for assessing semiconductor properties 
and device performance. As rich information is normally hidden in the 
spectra and images yielded from high-throughput characterizations, 
therefore computer-aided data analysis with programs, such as Python 
codes, is necessary to automatically extract meaningful insights that 
would otherwise be beyond the reach of manual processing. Finally, 
artificial intelligence models must be developed to facilitate the inter
pretation, optimization, and generation of data about solution-processed 
semicondcutors [537,538]. For example, Variational Autoencoders 
(VAEs) can capture intrinsic features within semiconductor descriptors, 
while algorithms like XGBoost efficiently model relationships between 
experimental parameters. Gaussian Process Regression (GPR) with 
Bayesian optimization further enhances decision-making for subsequent 
experiments [539,540], paving the way for continuous improvement in 
material and device development.

3. Status of the area
To date, numerous research groups have embarked on automated 

experimental systems for solution-processed materials. Burger et al. 
pioneered the use of a mobile robot for autonomous photocatalyst 
screening, conducting 688 experiments in just eight days [541]. Simi
larly, Coley et al. created a platform capable of designing synthetic 
routes by generalizing chemical reactions from published data and 
executing refined recipes [542]. Zhao et al. developed a robotic platform 
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Fig. 31. Illustration of the complexities in metal-halide perovskites. (a) Crystal structure and typical ions of metal-halide perovskite materials. (b) Ternary phase 
diagrams represent the combinatorial complexity of alloying at the A, B, and X sites. (c) Schematic of the multidimensional aspects in fabricating perovskite solar 
cells, from precursor solutions, thin-film deposition, crystallization, and device fabrication. The possible combinations will be more than 10¹⁰.

Fig. 32. Schematic of a high-throughput intelligent experimental platform for solution-processed semiconductor research. The system integrates automated 
fabrication (pipettes, weighers, spin coaters, evaporators), comprehensive characterization (UV-Vis, PL, XRD, photo-current), and intelligent analysis (AI models, 
Bayesian optimization [540], feature engineering). This closed-loop setup enables efficient data-driven optimization for rapid material discovery.
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for controlled nanocrystal synthesis with specific morphologies, 
advancing research in inverse engineering [543]. However, these 
studies mainly focus on materials synthesis and thin-film fabrication, 
rather than end-to-end automated workflows extending from materials 
synthesis to device fabrication—essentially transforming liquids into 
electronics. Recently, Brabec et al. established an automated production 
line for organic solar cells, including solution preparation, film deposi
tion, and electrode evaporation, although it is limited to producing 
around 100 devices per day due to constraints in evaporator capacity 
(private communication) [544]. These pioneering efforts are crucial for 
developing closed-loop autonomous experimental systems in materials 
research (Fig. 33a).

On the artificial intelligence front, significant progress is being made 
to harness big data for materials science [545]. Coley et al. developed an 
open-source software suite trained on reaction data from Reaxys and the 
U.S. Patent and Trademark Office, which generalizes reactions and 
demonstrates applications in flow chemistry for small molecules [542]. 

MacLeod et al. utilized a self-driving laboratory, Ada, to optimize 
palladium film production by defining the Pareto front for conductivity 
and processing temperature, discovering low-temperature processing 
conditions suitable for diverse plastic substrates [546]. Brabec et al. 
integrated high-throughput experimentation with Bayesian optimiza
tion to rapidly improve the photostability of quaternary OPV mixtures, 
screening 2000 combinations with minimal material use [544]. Sun 
et al. proposed a physics-constrained sequential learning framework 
using Bayesian optimization to identify stable perovskite compositions 
within the CsxMAyFA1− x− yPbI3 system with only 1.8 % sampling, 
achieving a 17-fold increase in stability over MAPbI3 (85◦C, 85 % RH, 
0.15 Sun) [547]. Recently, our group has developed a framework that 
combines high-throughput experimentation with interpretable machine 
learning [548], which reveals the relationship between cation selection 
and the stability of metal-halide perovskite films, and, for the first time, 
identifies a temperature-induced stability reversal effect. We have 
further developed a gradient high-throughput screening framework that 

Fig. 33. Trends in high-throughput intelligent experimental platform integrated with AI-driven data analytics for solution-processed semiconductor research. (a) 
Automation setups, from robotic arms to full-chain device fabrication [543,546,549–551]. (b) AI progress in materials science, from synthesis planning and opti
mization to AI interpretation and spectral reconstruction, highlighting its role in accelerating material discovery and device optimization [542,544,546,547,
552,553].
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reflects practical operating conditions to optimize photo-thermal sta
bility in perovskites. Recently, by training an artificial neural network 
on photocurrent response data, we have realized a reconstructive 
spectrometer that leverages amplitude and relaxation-time information 
to achieve high resolution (Fig. 33b).

4. Introduction to high-throughput plus machine learning 
platform

Our group has recently developed a high-throughput plus machine 
learning platform (HM-Platform), focused on solution-processed thin 
film and devices, such as metal-halide perovskite photovoltaics, as 
depicted in Fig. 34. This platform integrates four essential mod
ules—Design of Experiments (DoE), High-Throughput Fabrication 
(HTF), High-Throughput Characterization (HTC), and Machine Learning 
(ML) [554–557]—to establish an iterative optimization loop. The 
workflow proceeds as follows: Initial DoE with orthogonal sampling → 
HTF → HTC → Intelligent spectral analysis and ML modeling → DoE 
with Bayesian optimization.

The DoE module works in three stages. First, it uses orthogonal 
sampling to initiate experiments and collect data. Next, it converts 
experimental parameters into machine-readable instructions, enabling 
the automatic experiments by the HTF module. Following the first round 
of experiments, GPR-based Bayesian optimization is used to guide the 
next round of sampling.

The HTF module features at least nine key components, all working 
together to optimize the fabrication process. The workflow begins with 
solution preparation based on DoE specifications. An 8-channel pipet
ting system extracts, mixes, and transfers solutions from stock bottles to 
a vibration table via a multifunctional gripper. This gripper then loads 
indium tin oxide (ITO) glass substrates from an 8-channel carrier onto an 
angle-fixed spin coater, ensuring precise control over solution 
dispensing and film coating. After spin-coating, the films undergo 
thermal annealing on a touchpad heating plate, where optical images 
are captured for quality assessment. Then, the devices are transferred to 
a 36-channel carrier for electrode deposition. A specialized robotic arm 
transports the substrates into thermal evaporators to complete electrode 
deposition. Once this process is finalized, the robotic arm places the 
devices in a designated area for further characterization. In the HM- 

Platform, the fabrication setups are all integrated into a N2-filled 
glovebox.

The HTC module comprises photoluminescence and UV-vis-IR ab
sorption spectroscopy units, a photoelectric testing module, and an 
automated robotic arm. These components enable systematic optical 
and photoelectric characterizations, measuring photoluminescence and 
UV-visible absorption spectra and performing customized photoelectric 
tests with channel-switching capabilities. Robotic arms streamline the 
workflow, allowing each 8-channel carrier cycle to complete within ten 
minutes and achieving a daily throughput of approximately 1,000 de
vices. All characterization data are seamlessly integrated into the HM- 
Platform database, enabling ML analysis. The characterization setups 
are also integrated into a N2-filled glovebox.

The ML module provides spectral analysis, modeling, and interpre
tation to inform subsequent DoE samplings. It initially processes fluo
rescence and absorption spectra, XRD patterns, and photoelectric 
responses, creating a comprehensive database that integrates experi
mental parameters with device performance metrics. This data, com
bined with ML modeling, facilitates real-time adjustments and 
optimizations, enabling a fully iterative, data-driven approach to 
enhancing perovskite device performance.

5. Reproducibility of high-throughput experiments
The reliability of big data hinges on the reproducibility of high- 

throughput experiments. The high-throughput fabrication module in
tegrates a spin-coater with a built-in atmosphere purification system 
that guarantees high reproducibility of films (see Acknowledgement). 
To validate this, we employed an antisolvent-free method to fabricate 
FA0.83Cs0.17PbI3 films under identical processing conditions. These films 
were subsequently used to fabricate solar cells with an ITO/SnO2/ 
Perovskite/Spiro/MoOx/Ag architecture.

The automatic fabrication and characterization protocol initially 
involves the deposition of SnO₂ and perovskite through spin coating, 
followed by absorption (Abs) and photoluminescence (PL) character
ization, deposition of the Spiro layer through spin coating, deposition of 
electrode layer through evaporation and current-voltage (I-V) mea
surement. Here, the Abs, PL, and I-V results reflect reproducibility from 
different perspectives: Abs mainly reflects the bulk property of the film, 

Fig. 34. High-Throughput þ Machine Learning Platform. The platform is comprised of four modules: Design of Experiments (DoE) algorithm, High-Throughput 
Fabrication (HTF), High-Throughput Characterization (HTC), and Machine Learning (ML).

A. Liu et al.                                                                                                                                                                                                                                      Materials Today Electronics 11 (2025) 100138 

39 



PL mainly reflects the surface property of the film, and I-V reflects the 
device performance.

In Fig. 35a, the absorption spectral data from 100 identically pro
cessed perovskite films are presented. We developed Python codes to 
automatically translate wavelength into energy coordinate, and extract 
the absorption bandgap (Eg) and Urbach energy (Eu) through fitting. 
The results show a low coefficient of variation (CV) for Eg at 0.08 %, 
whereas a higher CV of 3.19 % for Eu. This result suggests that Eu is a 
more sensitive indicator of impurities and defects within the thin film 
than Eg.

The surface properties of the film are further evaluated using pho
toluminescence (PL) spectra. Fig. 35b shows the PL data from the top 
film surface, where Python codes with Gaussian Mixture Model (GMM) 
are developed to analyze peak number, peak intensity, peak position, 
and full width at half maximum (FWHM) [558]. The peak position 
shows a CV of 0.12 %, indicating relative insensitivity to environmental 
effects, although slightly higher than that of absorption, likely due to 
greater susceptibility to surface defect states. In contrast, the FWHM’s 
CV of 1.71 % highlights that it more effectively reflects impurities and 
inhomogeneity within the thin film than the peak position, thereby 
serving as a reliable measure for PL reproducibility. The intensity dis
plays the highest CV of 3.97 %, which is mainly attributed to the surface 
roughness that affects the light absorption and emission.

In Fig. 35c, the I-V curves of the devices based on the 100 identically 

processed perovskite films also shows an evident variation. We also 
developed Python codes to extract the PV parameters, such as the open- 
circuit voltage (VOC), fill factor (FF), and power conversion efficiency 
(PCE). The results reveal that, compared to the individual VOC (0.97 %) 
and FF (1.05 %), the PCE displays a higher CV of 2.61 %, primarily 
attributable to the combined effect of multiple variable parameters on 
the PCE value. Furthermore, we find that CV of VOC is much higher than 
CV of Eg and PL peak position. We attribute it to two factors: firstly, the 
introduction of additional variables during the deposition of functional 
layers such as Spiro-MeOTAD, and secondly, the smaller spot size during 
the PL and Abs characterizations compared to the I-V characterizations, 
which leads to a reduction in uniformity due to the increased area.

In summary, we demonstrate a high reproducibility of the HM- 
platform, showing a notable improvement over conventional manual 
methods, which typically yield a CV of around 4.5 % for PCE values 
[559]. This reproducibility can be credited to the platform’s precise 
control of processing parameters, such as solution-dropping speed and 
height. The platform not only ensures consistency in key optical and 
electronic parameters but also offers insights into the variability across 
different characterization techniques. Going forward, reproducibility on 
the HM-platform may be further improved by minimizing the escape of 
volatile solvents and reducing fabrication time variability.

6. Outlook
In the future, HM-platform is expected to advance in throughput, 

Fig. 35. Reproducibility of perovskite films and devices from HM-Platform. (a) Schematic of high-throughput absorption spectrum characterization, corre
sponding absorption spectra and CV results of automated extracted urbach-energy and bandgap. (b) Schematic of high-throughput PL spectrum characterization at 
upper interfaces, corresponding PL spectra and CV results of automated extracted PL intensity, peak position, and FWHM. (c) Schematic of High-Throughput IV Test, 
corresponding IV curve and CV results of automated extracted VOC, JSC, FF and PCE.
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functionality, intelligence, and cloud integration [560]. Increased 
throughput involves a larger number of experimental channels and 
intelligent scheduling for complex experimental workflows. The plat
form will integrate further functionalities, such as powder handling, 
advanced dry/wet preparation techniques, and an extended range of 
physicochemical property characterizations, including thermal con
ductivity, mechanical constants, dielectric constants etc.. Robust intel
ligence facilitates autonomous decision-making within the platform, 
enabling manipulation of synthesis pathways and iterative 
self-optimization of solution-processed semiconductors and devices. 
Cloud integration focus on developing and optimizing large AI models 
that support comprehensive data analysis and predictive modeling. The 
cloud integration makes high-throughput experimental method to be a 
scalable approach that could leverage the entire efforts of the 
high-throughput experiments around the world, including a collection 
of perovskite datasets from identical compositions while processed 
under different conditions. In AI-assisted materials science research, the 
process typically begins with specialized AI models that are subse
quently integrated into a unified framework. This approach culminates 
in a comprehensive model built upon a large-scale predictive foundation 
[561]. Cloud-based analysis algorithms provide users with seamless 
access to advanced technologies, thereby accelerating research and 
innovation in materials science and facilitating the discovery of novel 
materials. Ultimately, the convergence of increased throughput, 
expanded functionality, advanced intelligence, and improved accessi
bility will drive significant breakthroughs across diverse fields that rely 
on material innovation.
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1. Status of the area
Defect engineering stands as a crucial frontier in the study of halide 

perovskite materials, particularly for their application in optoelec
tronics. First-principles calculations play a pivotal role in understanding 
the defect properties of metal halide perovskite materials. Yin et al [48]. 
performed density functional theory (DFT) calculations with semilocal 
exchange-correlation functionals on lead halide perovskites, revealing 
that dominant defects, characterized by their low formation energies, 
create only shallow levels, whereas defects with deep levels exhibit high 
formation energies. Utilizing a more accurate approach, such as hybrid 
DFT functionals combined with spin-orbital coupling (HSE+SOC), in
dependent researchers [562–564]. have reached a consensus that the 
iodine interstitial (Ii), a predominant defect in lead halide perovskites, 
generates deep levels within the bandgap, acting as non-radiative 
recombination centers. Expanding on this, Xu et al [565]. delved into 
the defect chemistry of mixed Pb-Sn perovskites, identifying a 
defect-tolerant region (30-70 % Sn content) with notably longer carrier 
lifetimes for 50 % Sn mixed perovskite compared to other compositions.

While these advancements have deepened our understanding of 
defect properties, this filed remains in its nascent stage. Numerous 
challenges for modeling defects in complex halide perovskites remain. 
The following section will discuss some of the challenges (Fig. 36), 
focusing on inequivalent defect sites in complex alloys, charged defect 
calculations at surfaces, and dynamic defect behaviors in large-scale 

Fig. 36. Schematic diagram of the challenges about modeling defects in complex halide perovskites [308,576,580].
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simulations.
2. Challenges and advances
(1) Inequivalent defect sites in complex alloys
The existence of inequivalent defect sites is a central challenge for 

the defect modeling in halide perovskites, especially in complex alloys 
like wide-bandgap (FAxMAyCs1-x-y)Pb(IaBrbCl1-a-b)3, which are widely 
used in tandem solar cells. For example, in cubic CsPbI3, there is only 
one inequivalent site for iodine vacancy, while in Cs0.9FA0.1Pb 
(I0.6Br0.4)3 alloys, multiple inequivalent defect sites emerge for iodine 
vacancies. For the same defect species, the defect formation energy may 
vary considerably across these inequivalent sites. One can define an 
effective formation energy of defect α in charge state q (ΔHeff (α, q, T)) as 
a statistical average over all possible inequivalent defect sites (s) at a 
given temperature (T). This is expressed as exp [-ΔHeff (α, q, T)/kBT]=
N− 1∑

s exp [-ΔHf (α, q, T, s)/kBT], where ΔHf (α, q, T, s) is the defect 
formation energy of defect α at a specific site, and N is the total number 
of possible sites [566].

Halide perovskite alloys are modeled as a statistical ensemble of 
independent configurations, with the total independent configurations 
calculated using the site-occupancy disorder (SOD) code [567]. For 
example, in modeling the stable black-phase (γ-phase) CsPb(I1− xBrx)3, a 
periodic supercell of pure CsPbI3 containing 4 formula units is con
structed, and I anions are substituted by Br anions at varying concen
trations x=0, 1/12, 2/12, 3/12, 4/12, 5/12, 6/12, 7/12, 8/12, 9/12, 
10/12, 11/12 and 1. Without considering the symmetry of the γ-phase 
(pbnm, space group 62), CsPbI3 could have 4096 possible configurations 
(212). However, by considering the symmetry, the total number of 
possible configurations reduced to 592, with inequivalent configura
tions numbering 1, 2, 14, 30, 77, 104, 136, 104, 77, 30, 14, 2, 1 for alloys 
with x= 0, 1/12, 2/12, ..., up to 1, respectively.

To generate all possible low-energy defect configurations used for 
defect formation energy calculations, Defect and Dopant ab-initio 
Simulation Package (DASP), [568]. ShakeNBreak [569] and other 
packages are developed. Since some defect structures may reside in local 
minima of the potential energy surface, it is suggested to generate 
multiple configurations through local distortions followed by structural 
relaxation to identify lower-energy structures.

While the formalism for defect calculations is well-established, the 
computational expense of high-accuracy first-principles calculations, 
such as HSE+SOC and GW, presents a considerable challenge. Inte
grating machine learning techniques with DFT inputs offers a promising 
approach to handle the increased structural and compositional 
complexities.

(2) Charged defect calculations at surfaces
Compared to bulk defects, surface and interfacial defects in perov

skites present at higher densities, leading to performance degradation of 
optoelectronic devices [570,571]. Improving the performance of halide 
perovskite devices necessitates a comprehensive investigation into sur
face defect chemistry and physics; this understanding can then be 
levered for the rational design of defect-passivating ligands.

In the bulk (i.e., 3D systems), charged defect calculations tradition
ally employed the jellium approach [572]. In such systems, as the 
supercell size used in calculations increases, the formation energies of 
charged defects converge to a fixed value. However, in 2D systems, such 
as surface or interface slabs, these energies diverge almost linearly with 
vacuum size [573], which is physically illogical and highlights the 
limitations of conventional approaches.

To enable more accurate predictions of defect formation energies in 
slab models, reliable correction schemes for charged defects should be 
implemented [572]. Zhang et al [573] introduced a supercell extrapo
lation method based on the jellium model (named SEJM). Deng et al 
[574] proposed an alternative method by replacing the compensating 
jellium charge with the real host-band-edge charge, which is called 
transfer to real state model (TRSM). More recently, da Silva et al [575] 
developed a self-consistent potential correction (SCPC) method for 
charged defect calculations in slabs. Utilizing the SCPC method, Xu et al 

[576] mapped out the defect chemistry landscape of perovskite surfaces, 
revealing that surface defects exhibit properties distinct from those of 
bulk defects. For example, donor-like defects, such as iodine vacancy, 
are found to be deeper at the MAI-terminated perovskite surface than 
those in the bulk, while acceptor-like defects such as Sn/Pb vacancy and 
iodine interstitial tend to be deeper at the PbI2-terminated surface 
compared to both the bulk and MAI-terminated surface. Therefore, 
tailored surface defect treatments could be employed depending on the 
specific dominant terminating surface.

(3) Dynamic defect behaviors in large-scale simulations
First-principles calculations based on DFT are typically constrained 

to simulation boxes containing fewer than 1000 atoms. To explore the 
dynamic behaviors of defects under operational and atmospheric 
stressors, simulations on a much larger scale — encompassing millions 
of atoms and picosecond time — are essential. Advanced packages such 
as DeePMD [577] and GPUMD [578] have been developed to enable 
these large-scale simulations. These tools employed deep learning 
scheme to fit neural network potentials based on a given set of structure, 
energy and force data derived from DFT calculations.

Although artificial intelligence (AI)-assisted approaches have 
already made some progress in materials science and chemistry, chal
lenges remain in balancing efficiency, accuracy, scalability and trans
ferability in machine learning models. One of the primary challenge lies 
in the sampling of training data when dealing with the trade-off between 
efficiency and capability to generalize. The training set should be 
complete, compact and sufficiently expressive to capture the underlying 
physics accurately. In active learning schemes [579], the model partic
ipates in the training set selection and prioritizes samples that will most 
effectively improve the performance of the current model.

3. Concluding remarks
Defect modeling in metal halide perovskites is a highly promising 

field, with the potential to significantly influence the design and prop
erty engineering of perovskites for optoelectronic applications. The 
ongoing advancements in first-principles computational methods, 
coupled with the increasing power of supercomputers, are accelerating 
the ability to precisely control defects in these materials. There is also a 
pressing need for the development of machine learning methods that 
excel in efficiency, accuracy, scalability, transferability, and generaliz
ability (EASTG).

Current machine learning-based interatomic potentials often face 
limitations due to the constraints of their training sets, which hinder 
their generalizability. The prospect of creating a robust, universally 
applicable interatomic potential for halide perovskites—potentially 
named the Perovskite Large Atomic Model (PLAM)—is particularly 
exciting. Such a model would be capable of handling the complexities of 
the entire periodic table within a single framework, opening up new 
avenues for innovation and discovery in the field.
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Abstract
Charge transport in metal halide perovskites is the base for opto

electronic processes of perovskite devices. Its key figure of merit, carrier 
mobility, is demanded with a high value for better device performance. 
This section aims to provide an overview of current understanding on 
charge transport in metal halide perovskites, with four parts: the role of 
high carrier mobility in optoelectronic applications, experimentally 
probed charge transport mobilities in halide perovskites, physics of 
mechanisms limiting charge transport, and strategies of improving 
carrier mobility.

1. The role of high carrier mobility for optoelectronic 
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applications
In photo-vatic cells (PVs), high mobility can lead to reduced 

recombination rate in almost all the recombination kinetics because it 
helps fast splitting of electrons and holes in heterojunction interfaces 
and can accelerate the collection by electrodes. In light emitting diodes 
(LEDs), high mobility reduces the time carriers spend in non-radiative 
recombination centers or in regions where they might be trapped, so 
that more carriers can recombine radiatively to improve the LED’s ef
ficiency. Meanwhile, high carrier mobility can spread the current uni
formly throughout the LED’s active area, contributing to consistent light 
emission. In photodetectors (PDs), high mobility contributes to rapid 
transport of photogenerated carriers to the electrodes, leading to faster 
response times and shorter detection delays, and meanwhile can en
hances the quantum efficiency of the photodetector because it reduces 
carrier recombination. In field-effect transistors (FETs), high mobility 
allows for high channel current density and fast switching speed. 
Overall, in order to pursue better performance of perovskite optoelec
tronic applications, it is prerequisite for us to understand charge trans
port in halide perovskites to seek insights of improving carrier mobility.

2. Experimentally probed mobilities in halide perovskites.
In the recent decade, extensive efforts through experimental and 

theoretical methods have been made to probe the values of carrier 
mobilities in different halide perovskites. The reported experimental 
techniques include Hall Effect measurement, space charge limited cur
rent measurement, terahertz conductivity measurement, time-of-flight 
measurement, transient microwave conductivity measurement and 
photoluminescence quenching measurement. By these methods, the 
mobilities probed for a range of halide perovskites range from 0.9 ~ 71 
cm2/Vs for polycrystalline films and 35 ~ 200 cm2/Vs for single crystals 
[421,581–609], as shown in Fig. 37. However, it is still hard to tell 
which perovskite composition gives higher mobility from the reported 
mobility data, because these values are obtained by different measure
ments and different sample preparations which include variations and 
uncertainties raised from differences in sample fabrications and mea
surement details. Overall, the reported mobility measurement results 
show that mobilities of halide perovskite thin films are comparable to 
that of metal-oxide semiconductor thin films. The low mobility obtained 
in thin films with respect to that of single crystal ones is due to the de
fects in grain boundaries in the perovskite films. In particular, ionic 
defects act as charge traps and scattering centers both of which can 
significantly reduce carrier mobility, and their migration can lead to the 
change of local electrical fields which consequently affects carrier 
transport.

Nevertheless, the reported mobilities of halide perovskite single- 
crystals are lower than their primary theoretical predictions. The 
mobility of single crystal holds the limit of highest mobility can be 
achieved in halide perovskite thin film samples which are widely used 
for optoelectronic applications. Despite extensive efforts are need to 

optimize thin film quality to improve their carrier mobility approaching 
to that of single crystals, another important thing needs more efforts is to 
investigate what are the limitations for charge transport mobility within 
the perovskite lattice. In the below, we review the current knowledge 
obtained about the mechanisms limiting charge transport at lattice 
scale.

3. Physics of mechanisms limiting charge transport
Charge transport in halide perovskites has been widely observed in 

the band-like transport regime, with its mobility increasing over 
deceasing temperature, as μ = T− r, with r ~ 1.3-1.6 [581,610–612]. It 
suggests that the reduced mobility at room temperature is consequent 
from thermally activated mechanisms. In scattering limited charge 
transport model, carrier mobility is expressed as μ = eτ m* (where e is 
elementary charge, τ and m* are the momentum relaxation time and the 
carrier effective mass) [9]. The prototype halide perovskite, MAPbI3, is 
the most common one used to study carrier transport physics. The 
effective electron and hole mass in MAPbI3 are found around 0.1 to 0.2 
me (me is the free electron mass) by theoretical calculations on band 
curvature [613–617]. and experiment methods of magneto-absorption 
measurements [618–620], respectively. Based on this, Prof. Herz sug
gests that the mobilities around 100 cm2/Vs observed in halide perov
skites are associated with small momentum relaxation time about ten 
femtoseconds that indicates charge transport in halide perovskites is 
highly likely inhibited by electron-phonon coupling [45].

In ionic solids, electron-phonon coupling is categized into two types, 
one is potential deformation which refers to vibration of electronic 
structure during lattice vibration, the other one is polar interaction 
(Fröhlich interaction) which is induced by temporary electric field 
created between different ionic atoms during lattice vibration [9]. The 
mobility temperature relationship found in experimental observation 
[581,610–612]. agrees with the acoustic-phonon potential deformation 
(APD) model whose mobility temperature relationship follows μ = T− 1.5 

[621–623]. Nevertheless, some first-principle calculations argue that 
potential deformation by acoustic-phonon is weak in MAPbI3 crystal, 
and calculation taking APD model shows mobility is up to several 
hundred cm2/Vs at room temperature that is much higher than experi
mental observations [624,625]. Thereby, it is not yet safely concluded 
that APD model plays as the dominating electron-phonon coupling 
mechanism in halide perovskites. By contrast, other first-principle cal
culations considering LO photon Fröhlich interaction show carrier 
mobility approaching 100 cm2/Vs at room temperature and its mobility 
temperature relationship is close to the experimentally observed 
mobility temperature dependence at high temperature regime [626,
627], suggesting that LO photon Fröhlich interaction is more likely to be 
one dominating electron phonon coupling mechanism for charge 
transport in halide perovskites at high temperatures. Apart from halide 
perovskites, Fröhlich interaction has also been widely observed in other 
polar semiconductors including GaAs, due to polar nature of their lat
tices. LO photon Fröhlich interaction is known of dependence on the 
frequency limit of dielectric function and the frequency of LO phonon, 
and values of the two parameters in halide perovskites (ABX3) with 
higher ionicity of B-X bond are found benefit to stronger LO photon 
Fröhlich interaction [9].

In addition, polaron is the second factor that needs to be taken into 
account as a charge transport limiting mechanism in halide perovskites 
[22,628–630]. When a mobile carrier is presented in the perovskite 
lattice, it can polarize the surroundings ions so that potential well is 
created for the mobile carrier and thus the charge transport is slowed. As 
illustrated in Fig. 38, mobile carrier polarizes the lattice by distorting the 
BX3- sub-lattice [629]. and reorienting organic cation dipoles [628]. 
(such as MA+ which refers to methylammonium cation, FA+ which 
refers to formamidinium cation). Miyata et al calculated the polaron 
radii (rp) of MAPbX3 is around 4 nm that is one order of magnitude 
larger than their lattice constants [47], suggesting that charge transport 
in halide perovskites is of large polaron nature whose transport is not 
thermally activated compared with small polarons observed in organic 

Fig. 37. Static sum of mobility values probed by experiments for different 
halide perovskite compositions.
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semiconductors.
At last, the orientation of organic cation is the third factor affecting 

charge transport [631]. The primary consideration is that the electronic 
structure of halide perovskites can be affected by the orientation of 
organic cations because of the polar nature of organic cations. Motta et 
al discovered if MA+ orients along a (011)-like direction in MAPbI3, the 
PbI6 octahedral cage will distort and the bandgap can become indirect 
[632]. Satya et al studied the influence of organic cation orientation on 
charge transport in MAPbI3 transistor, found that the random orienta
tion of MA+ can lead to pronounced electronic disorder and low 
mobility at room temperature [633]. Gélvez-Rueda et al studied the 
timescale of electronic disorders formation by MA+ rotational motion in 
MAPbI3, their calculation shows that 90-degree MA+ motion at room 
temperature takes places within 3 ps which is about the timescale for 
charge transport between two sites in MAPbI3, such that the MA+
rotational motion leaded electronic disorder can effectively affect the 
charge transport [634]. In addition, they found that the employment of 
nonpolar cation, Cs+, can reduce the dynamic disorder effectively.

4. Summary and strategies to improve mobility
As discussed above, high charge transport mobility in halide perov

skites is important for pursuing high performance perovskite optoelec
tronic applications. Charge transport in halide perovskites is associated 
with a number of limiting factors, the overcome of which is essential for 
obtaining high mobility. For resolving the defect problem in thin film 
sample preparations, methods such as additives engineering, solution 
processing engineering, post vacuum thermal annealing can be applied 
to optimize film crystallization and morphology. In addition, methods 
such as surface cleaning and passivation techniques to remove ionic 
defects resident in gain boundaries and passivate surface charge traps 
have also been developed, showing effectiveness in improving charge 
transport mobility. For minimizing affects from intrinsic charge trans
port limiting mechanisms, one effective route worthy more research 
efforts is to apply composition tuning where different elements can be 
tried in the ABX3 to reduce the above electron-phonon coupling from Pb- 
X sub-lattice vibration, polaron interaction from Pb-X sub-lattice 

distortion and dynamic disorder by organic cation rotations.
XVI. Perovskite photophysics
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1. Status of the field
The photohysics of perovskites is predominantly evaluated through 

time resolved spectroscopies and transient electro-optical characteriza
tion techniques [635–638]. Herein, the discussion is mainly constrained 
to time resolved spectroscopy as a diagnostic tool to elucidate the 
photophysics of perovskites as mostly the associated processes are tak
ing place on femtosecond (fs) to nanosecond (ns) time scale [639–642]. 
In pristine metal halide perovskites, the free carrier generation occurs 
upon interaction with light (Fig. 39). These photogenerated charge 
carriers undergo a range of recombination mechanisms at distinct times 
on fs to microsecond (µs) range [643,644]. After generation the carriers 
diffuse to the surface (few ns), yet in parallel they also facilitate both 
non-radiative and radiative recombination [638,645]. The diffusion of 
the carriers to the surface depends on the surface velocity parameter 
whereas the radiative recombination is simply direct electron-hole 
recombination followed by emission of a photon. In contrast, several 
pathways co-exist for the non-radiative recombination (typically on ns), 
such as surface recombination, trapped carrier, Shockley-Read-Hall 
(SRH) recombination mechanisms and grain boundary recombination 
[646]. The trapped carriers are further decomposed into two sublets, 
namely shallow traps and deep level traps undergoing non-radiative 
recombination and are distinguishable as they facilitate recombination 
on a faster and a slower time scale, respectively [647]. Furthermore, a 
higher order recombination, Auger recombination, classed as 
non-radiative recombination emerges at higher photo excitation den
sities (1019 cm− 3). Additionally, a mechanism termed hot carrier gen
eration and the subsequent relaxation of these co-exists and is probed 
through transient absorption (TA) spectroscopy as it occurs typically in 
fs time range [648]. In photovoltaics the focus is on the charge transfer 

Fig. 38. (a) Schematic illustration of LO vibration of MAPbI3, the blue arrows denote the displacements of the Pb and I atoms. (b) The polaron formation by the 
polarization of PbX3

− sub-lattice. (c), The polaron formation by dipoles from reoriented organic cations. (d) The MA+ dipole ration. Images are from references [629,
22,23,634].
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from the photoactive absorber layer to the adjacent charge transport 
layers (CTLs), i.e. hole and electron transport layers as depicted in 
Fig. 39 [649–652]. Typically, the transferred charges travel through 
these charge collection networks and reach the electrodes. The charge 
transfer mechanism is an additional photophysical process, yet also the 
interface formation between the photoactive layer and the adjacent 
charge transport layer promotes non-radiative interface recombination 
which competes with the former. A third process known as energy 
transfer under certain conditions can take place and is typically on the 
(ultra)fast time scale.

Considering all the above, the physical processes in perovskites 
tracked through ultrafast spectroscopy and transient photovoltage 
techniques yield a degree of complexity related to deconvolution of the 
respective components due to internal competition [646,653]. This 
leaves the community with the critical challenge of interpretation of the 
acquired charge carrier dynamics and subsequently fitting them using 
appropriate physical models describing the accurate physics. Utilizing 
different techniques yield access to distinct processes as they are con
ducted at specific set of parameters like excitation power, repetition 
rates and sample configurations such as half-stacks or complete-stacks of 
the optoelectronic device. This implies that another challenge is present 
associated to estimation of the charge transfer rate or quantification the 
recombination rates from the parametrized lifetimes.

2. Current and future challenges
The main challenges are consistency concerning sample preparation 

protocols, optical experiments, and modelling the obtained charge car
rier dynamics. All the above-mentioned processes are taking place on 
time ranges of few fs to µs, with hot carrier generation and the subse
quent thermalization being an ultrafast process, this response is 
detectable through high resolution TA spectroscopy. Vast processes are 
competing thus their spectral responses are largely overlapping in the 
detected signals. To that end, differentiation across these processes be
comes complex, and further interpretation of the component associated 
charge carrier dynamics is reduced to being not trivial. Consequently, 
fitting the charge carrier dynamics using consistent physical models is 
often complex and is based on several assumptions not accounting for 

vast processes involved. In addition, depending on the applied technique 
the extracted charge carrier dynamics carry different information, yet 
the comparison across remains often inaccurate. For instance, in the TA 
experiments the ground state bleach signal is also convoluted of the 
photoluminescence and trap assisted recombination responses. There
fore, tracking the charge carrier dynamics in the apparent spectral range 
is not reflecting the evolution of a single component through the esti
mated recovery time of the bleach but a convoluted contribution. In 
contrast, using TRPL technique the insightful information related to the 
radiative recombination is gauged through the photoluminescence 
response of the material, which also exhibits indirectly the evolvement 
of the non-radiative recombination. Encouraging efforts have been 
made in proposing consistent models and fitting the charge carrier dy
namics acquired from TRPL measurements [654].

Another crucial element is the sample preparation which differs from 
various protocols and yields distinct charge carrier dynamics. This im
plies that the extracted parameters such as the carrier lifetimes are 
inconsistent in literature. Hence, it is necessary to provide the respective 
sample preparation protocols precisely for the purpose of comparing the 
lifetimes. Subsequently, it is a prerequisite that the experiments are 
performed carefully as pulse duration, laser repetition rate, and laser 
fluences all have considerable impact on both the charge carrier dy
namics and the estimated carrier lifetimes. In addition, the environment 
and applied experimental conditions are equally critical for the derived 
parameters. For instance, TRPL measurements performed using different 
techniques are highly sensitive to the aforementioned parameters and 
yield distinct charge carrier lifetimes. In fact, the extracted parametrized 
values are identified as associated to different processes, such as surface 
recombination or deep level trapped carrier lifetimes [647]. Additional 
critical parameter is the generated charge carrier density, which is 
distinct across different experiments due to the difference in excitation 
densities. This adds to the complexity associated to fitting the charge 
carrier dynamics obtained from TA and TRPL using the same physical 
model determining the charge transfer and recombination rates.

3. Advances to meet challenges
In order to understand the photophysics of perovskites, modelling 

the charge carrier dynamics using consistent physical models accounting 
for diffusion, radiative recombination, and nonradiative recombination 
of charge carriers is a necessity. To that end the latter channel becomes 
further complicated as SRH, Auger recombination, surface recombina
tion and recombination at grain boundaries must be incorporated since 
all are non-radiative contributions. Single lifetimes extracted from non- 
physical models are inaccurate and do not reflect the physics at any 
point. In addition, with interest in determining the charge transfer rates 
using adjacent charge transport layers, interface recombination and 
charge extraction must be incorporated in the physical models. The 
modelling is simplified by considering the non-radiative contribution as 
one, so that only four quantities are incorporated.

Identifying the various processes require an experimental approach 
in combining time resolved spectroscopic techniques (TA and TRPL) and 
device characterization tools such as transient photovoltage to examine 
the charge carrier dynamics. Sample preparation protocol is another 
inconsistent element as the apparent layer properties vary from one 
sample to another. The experiments ought to be carried out applying 
similar laser fluences and environmental conditions. Additionally, it is 
pivotal that the same sample is implemented performing complemen
tary measurements and preferentially the same illuminated region of the 
sample must be used. Also safeguarding that the collected data is 
representative it is advisable to translate the sample during the mea
surements in x and y-directions by using a stage upon laser irradiation. 
Comparing the data using half-stacks in the spectroscopic measurements 
and complete devices using characterization tools differ significantly, 
however the fluence regime yields critical information on the respective 
physical processes.

The simplified picture is using the neat perovskite as the funda
mental processes must be rationalized prior to any complex structure 

Fig. 39. Schematics of the important photophysical process in perovskite 
absorber layer adjacent to the hole transport layer (HTL) upon illumination of 
pulsed laser light. Pathway (1) describes the photoexcitation of the carries from 
valence band (VB) to conduction band (CB), additionally, hot carrier generation 
and the thermalization pathway of these is also sketched. Subsequently, carriers 
are trapped (2a), diffusion mediated hole transfer occurs (2b), generation of 
Auger electrons and their recombination takes place. Afterwards all sort of 
recombination; band to band recombination (3), interface recombination (4), 
trapped carrier recombination (5) occurs.
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such as using the CTLs. There is a demand of carrying out fluence 
dependent spectroscopy at low fluence regime (nJ/cm2) and ideally 
similar samples should be used across complementary techniques [655]. 
Here, the identified experimental barrier is that TRPL uses lower flu
ences compared to TA, this implies that determining the charge 
recombination and extraction rates are not comparable across. Howev
er, both the charge recombination and extraction can be evaluated 
against the photo generated excited state carrier density in apparent 
measurements.

Furthermore, combining transient absorption spectroscopy and 
transient reflection spectroscopy will provide viable information in 
differentiating the bulk recombination and surface recombination 
[656]. Here the latter technique enables accessibility to surface 
recombination in neat perovskites. Other approaches such as using 
teraherz pump-probe spectroscopy been employed with great deal of 
success and serves as a promising candidate for complementary mea
surements [657,658].

4. Concluding remarks
Evaluating and tracking the photophysical processes are critical for 

further advancement of the opto-electronic device’s efficiency. Hence, it 
is of paramount importance to understand these processes and develop 
the experimental protocols to conduct accurate set of measurements and 
carefully perform the data analysis. Identifying the above-mentioned 
processes using complementary spectroscopic and electro-optical tech
niques are routes for further advancement with the necessity of devel
oping consistent models to fit the charge carrier dynamics. With this we 
hope that the physical processes can be unraveled using the photoactive 
absorber layer, which can be gradually extended to half-stacks and 
complete device stacks to examine the additional processes of charge 
transport layers and electrodes.

XVII. Halide perovskite for neuromorphic computing
Guanglong Ding,1,2 Su-Ting Han,3 Ye Zhou1,4*

1State Key Laboratory of Radio Frequency Heterogeneous Integra
tion, Shenzhen University, Shenzhen 518060, PR China

2College of Electronics and Information Engineering, Shenzhen 
University, Shenzhen 518060, PR China

3Department of Applied Biology and Chemical Technology, The 
Hong Kong Polytechnic University, Hung Hom, Hong Kong SAR, P. R. 
China.

4Institute for Advanced Study, Shenzhen University, Shenzhen, 
China.

E-mail address: yezhou@szu.edu.cn
1. Status of the field
The brain-inspired neuromorphic computing system demonstrates 

the interconnection between artificial neurons through artificial syn
apses, thereby establishing artificial neural networks (ANNs) to emulate 
the functions of biological neural networks. Diverging from conven
tional von Neumann computing architectures, neuromorphic computing 
systems enable in-memory computing, event-driven processing, and 
parallel computation for task execution. Therefore, constructing a 
hardware-level brain inspired-neuromorphic computing system has 
been widely regarded as an efficiency approach to enhance computa
tional power and reduce power consumption for solving the contradic
tion between the generation of massive amounts of data and the low 
energy efficiency in processing capacity exhibited by von Neumann 
computing systems. Taking advantage of intrinsic physical phenomena 
of functional materials for exploring neuromorphic devices and modu
lating device resistances is a key idea.

Halide perovskites are the solution-processable semiconducting 
materials with the cubic crystal structure and general formula ABX3 (A: 
monovalent cation, B: divalent metal cation, X: halide anion), which 
combines the advantages of both inorganic and organic materials in 
terms of electrical performance and flexibility. Halide perovskites can 
exhibit dynamic processes of both electronic charges and ions in 
response to various external stimuli (e.g., electric, pressure, magnetic, 
and illumination), supporting diverse resistive switching mechanisms 

such as halide ion migration-induced conductive filaments (CFs), elec
trochemical metallization (ECM), spin-dependent charge transport, and 
photosensitivity, which contribute to the precise modulation to the 
conductance state of memristors and synaptic transistors [659]. 
Furthermore, their high responsiveness to external stimuli, particularly 
photosensitivity, endows halide perovskites with excellent multi
functionality, making them one of the most promising options for 
developing neuromorphic devices within the “More than Moore” 
strategy.

2. Current and future challenges
Despite being a prominent area of research in the field of brain- 

inspired chips, practical applications for halide perovskite-based neu
romorphic devices and computing systems are still distant. To achieve 
industrial practical application, some challenges need to be addressed in 
current scientific research and future mass production (Fig. 40).

2.1. Stability and reproducibility
The primary challenge in the field of halide perovskites is achieving 

stability. Most types of halide perovskites, particularly organic and 
inorganic hybrid perovskites, are highly sensitive to environmental 
factors such as oxygen, humidity, temperature, and light [660]. This 
sensitivity is largely influenced by parameters like crystallinity degree, 
grain size, and defect density [661,662]. The resulting instability can 
lead to low performance reproducibility and poor long-term reliability. 
Furthermore, the solution film formation process magnifies the influ
ence of human factors and make it difficult to obtain repeatable film, 
further aggravating the device reproducibility.

2.2. Downscaling and integration
The development of practical brain-inspired chips not only require 

careful material innovation/selection and device design/optimization, 
but also necessitates the integration of various functional elements, such 
as artificial neurons/synapses and peripheral circuits, for realizing the 
efficient execution of the computing tasks with low power consumption. 
However, the integration of different halide perovskite based neuro
morphic elements is still a challenge. Currently, most perovskite-based 
neuromorphic devices are limited to dot array or simple cross-bar 
structures. Moreover, the nano/micro lithography and patterning limi
tations of halide perovskite films have hinder the device downscaling 
required in integration processes.

2.3. Toxicity and implantability
The multifunctionality and solution-processable film formation 

property enhance the potential applications of halide perovskite-based 
neuromorphic devices in areas such as smart wearables, intelligent 
prosthetics, and brain-computer interfaces. However, the limited 
longevity in complex physiological environments, facile ion migration in 
liquid conditions, and toxicity of Pb to biological cells restrict the uti
lization of halide perovskites in these fields, particularly in certain 
implantable areas. Moreover, achieving a balance between electrical 
performance and biodegradability is interesting and challenging for 
developing non-toxic halide perovskite-based transient electronics 
[663].

3. Advances to address these challenges
To improve the film stability and device reproducibility, interface 

manipulation, surface passivation, protective coating, compositional 
engineering, ionic liquid, doping, and self-assembled monolayers have 
been introduced for optimizing the film composition, improving the film 
quality (reducing defects and increasing crystallinity degree), and pro
tecting the film from external environment [660–662]. The recently 
reported liquid medium annealing method enables precise control over 
the crystal growth process, resulting in the fabrication of perovskite 
films of exceptional quality that exhibit remarkable stability under high 
humidity (80 %) and temperature (85 ◦C) conditions [664]. In com
parison to solution film formation methods, the vacuum film deposition 
strategy offers a significant advantage by mitigating the potential 
negative influence of human factors, thereby facilitating high repro
ducibility [665,666].

The challenges associated with downsizing and patterning can be 
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partially mitigated through the implementation of a microplate seeding 
strategy, enabling the realization of perovskite crystal growth at a small 
size (10 μm) in specific spatial locations, while maintaining periodic 
arrangement over a large area (4-inch wafer) [667]. By integrating the 
film formation method with nanoengineered porous alumina mem
brane, the highly uniform and dense three-dimensional (3D) halide 
perovskite nanowires can be achieved. These nanowires exhibit excel
lent potential as resistive switching layers for developing memristor 
arrays with small cell size (lateral dimension: 14 nm), fast switching 
speed (approximately 100 ps), low performance variability, and high 
device density for data storage, neuromorphic computing, and visual 
identity [668–671]. Furthermore, the 3D vertical stack strategy can be 
also employed to facilitate the integration of perovskite neuromorphic 
devices [672].

The direct approach to reduce the device toxicity involves the 
exploration of high-performance lead-free perovskite materials [673,
674]. The replacement of Pb elements with alternative elements (such as 
Sn, Bi/Sb, and Cu/Ag) enables the development of lead-free perovskites, 
offering a promising avenue for interfacing biological cells/tissues with 
neuromorphic devices. Additionally, achieving implantability necessi
tates the integration of lead-free perovskites with other biocompatible 
device components (e.g., substrates and electrodes). Simultaneously, 
ensuring and balancing stability and reliability across all constituents of 
neuromorphic devices is crucial, particularly in transient electronics.

4. Concluding remarks
Achieving practical manufacturing of brain-like chips based on 

perovskite neuromorphic computing requires a sustained and extensive 
effort in material innovation, device design, and application explora
tion. To accomplish this objective, interdisciplinary collaboration 
among neuroscientists, material scientists, device engineers, and com
puter scientists is essential to address challenges related to stability, 
integration, and implantability while constructing hardware-based 
ANNs for achieving low power consumption and high efficiency 
computing.
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1. Status of the field
The swift progression of technologies, including the Internet of 

Things (IoT) and artificial intelligence, has precipitated an increasing 
demand for next-generation memory devices. Emerging non-volatile 
memory technologies must deliver substantial storage capacity and 
high-speed performance. Notably, resistive switching memory (RSM) is 
known for its simple architecture, high speed operation, low power 
consumption, and prolonged data retention capabilities [7].

Metal halide perovskites have garnered significant attention as po
tential active layers in RSM devices, attributable to their cost-effective 
fabrication processes, tunable band gap properties, high resistive 
switching on/off ratios, and inherent mechanical flexibility [675,676]. 
Additionally, the hysteresis observed in the current-voltage character
istics of halide perovskites, resulting from the movement of defects and 
ions, can be strategically utilized in the development of RSM devices. 
Moreover, the ease of fabricating halide perovskite on flexible substrates 
is crucial for advanced flexible electronic devices [677].

The RSM device based on halide perovskite features a perovskite 
layer sandwiched between two metal electrodes (Fig. 41a). The resistive 
switching mechanisms can be generally categorized into filamentary- 
type and interface-type. In filamentary-type switching, the transition 
between resistance states is governed by the formation and rupture of 
conductive filaments, typically driven by metal ion migration or halide 
vacancies. Interface-type switching is controlled by changes in the 
Schottky barrier at the electrode-perovskite interface, which adjust the 
resistance of RSM devices and facilitate memory functionality [678]. 
The first report on the RSM device utilizing halide perovskite was 
published in 2015, which used CH3NH3PbI3-xClx as the active layer, via 
spin-coating deposition [679]. Since then, various halide perovskites 
have been employed as active layers in memory devices, demonstrating 
outstanding performance characteristics.

2. Current and future challenges
Despite recent studies demonstrating the remarkable performance of 

halide perovskite-based RSM devices, a significant gap remains between 
their current research advancements and the prospects for formal 
commercialization. The implementation of halide perovskite-based RSM 
devices in practical applications necessitates enhancements in various 
properties, particularly the on/off ratio, endurance and retention time.

Halide perovskites facilitate low energy switching owing to their 
reduced defect formation and ion migration energy. However, they 
encounter significant challenges related to unstable conductive filament 
formation, which results in diminished endurance and elevated power 
consumption. Retention time is a critical performance metric for mem
ory devices; however, retention times for halide perovskite-based RSM 
devices are generally limited. This limitation is primarily attributed to 

Fig. 40. Schematic diagram of the challenges about halide perovskites for neuromorphic computing.
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low ion migration barriers and a heightened sensitivity to environmental 
factors, both of which contribute to accelerated ion transport and 
structural degradation. Moreover, the issue of degradation resulting 
from moisture in the ambient air requires resolution [680,681].

3. Advances to meet challenges
Low-dimensional halide perovskite, particularly two-dimensional 

(2D) Ruddlesden− Popper phase, offers a promising solution for 
improving memory device performance. For example, Seo et al. 
demonstrated that two-dimensional (2D) BA₂PbI₄ exhibited superior 
resistive switching performance, including a higher on/off ratio, 
compared to three-dimensional (3D) MAPbI₃, as illustrated in Fig. 41b 
[682]. The dimensionality of the metal halide perovskites was modu
lated by adjusting the stoichiometric molar ratio between butylammo
nium (BA) cations and methylammonium (MA) cations within the 
perovskite layers. This enhanced performance can be attributed to the 
increased Schottky barrier heights and elevated thermal activation 
energy.

Stability is another critical attribute for memory devices as we 
mentioned above. The stability of 2D Ruddlesden− Popper phase halide 
perovskite is affected by the van der Waals gap, whereas Dion− Jacobson 
phase halide perovskite demonstrates augmented stability due to the 
direct bonding between contiguous inorganic perovskite layers. Lee 
et al. demonstrated that Dion− Jacobson phase metal halide perovskites 
exhibit superior cycling endurance compared to Ruddlesden− Popper 
phase halide perovskite, maintaining stable resistive switching perfor
mance even after 10 days in an ambient environment [683]. Further
more, the adjustment of the proportion of dimethylformamide (DMF) 
and dimethyl sulfoxide (DMSO) effectively regulates the grain sizes of 
Dion− Jacobson phase halide perovskite, thereby facilitating changes in 
the on/off ratio within RSM devices, as shown in Fig. 41c. Furthermore, 
the integration of a 2D/3D heterojunction has been demonstrated to 
markedly enhance the endurance and stability of the device, as 

illustrated in Fig. 41d [684].
Furthermore, artificial synapses, which serve as the cornerstone of 

neuromorphic computing, have been the subject of extensive research in 
recent years. Halide perovskite-based RSM devices have attracted 
considerable interest as potential candidates for artificial synapses, 
owing to their high on/off ratios for resistive switching, cost- 
effectiveness, superior optical and charge transport properties, and 
mechanical flexibility. These devices enable the emulation of a variety of 
neural behaviors, providing a foundational framework for neuro
morphic computing. Furthermore, they exhibit exceptionally low energy 
consumption, with the energy required for a single neural event esti
mated at approximately 0.7 fJ, which is comparable to the power con
sumption of biological synapses [685,686].

4. Concluding remarks
RSM device represents a viable alternative to traditional memory 

devices. Recent investigations have highlighted halide perovskite ma
terials as promising candidates for RSM applications, capitalizing on 
their hysteresis characteristics and superior properties conducive to 
resistive switching behaviors. While current research indicates that the 
performance of halide perovskite-based RSM devices, particularly in 
terms of endurance and stability, does not yet meet commercial stan
dards. However, it is important to acknowledge that this area of research 
is still in its early developmental phase. Through continued investiga
tion of the material and device architectures, there exists considerable 
potential for substantial enhancements in performance in the foresee
able future.
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Fig. 41. (a) Schematic of the RSM structure with halide perovskites. Reproduced with permission from [ref. 656]. Copyright 2022, American Chemical Society. (b) 
I− V curve of the RSM utilizing the 2D BA2PbI4. Reproduced with permission from [ref. 661]. Copyright 2017, The Royal Society of Chemistry. (c) Variations in the 
on/off ratio across different VDMF/VDMSO. Reproduced with permission from [ref. 664]. Copyright 2022, American Chemical Society. (d) Endurance performance of 
the 2D/3D halide perovskite heterojunction. Reproduced with permission from [ref. 665]. Copyright 2020, American Chemical Society.
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1. Status of the field
The scope of perovskite electronics extends to transistors, specifically 

field-effect transistors (FETs). FETs are fundamental building blocks of 
modern electronics that amplify or switch electrical signals through 
voltage control and can serve as test platforms for electrical properties of 
the semiconducting materials [687]. Halide perovskites are excellent 
candidates for the channel layer of FETs, as their dispersive valence 
band maximum and small effective mass promote efficient charge 
transport [9,10].

FETs require horizontal carrier transport between the source and 
drain electrodes when given gate bias voltage. To quantitatively assess 
the electrical performance of FETs, these figures of merit should be taken 
into consideration: field-effect mobility (μ), on/off current ratio (Ion/ 
Ioff), threshold voltage (VT), and the subthreshold swing (SS). μ refers to 
how quickly charge carriers can be transported through the channel 
layer when the electric field is applied. The mobility can be described by 
μ =

qτ
m∗ where q is the elementary charge of an electron, m* is effective 

mass estimated from first-principles calculations of band curvature, and 
τ is transport time affected by intrinsic phonon scattering and extrinsic 
effects such as grain boundaries and disorder [688]. Ion/Ioff measures the 
switching efficiency from ON-state to OFF-state. VT is the minimum 
gate-to-source voltage difference needed to begin significant conduction 
from the source to drain electrode. Lastly, SS quantifies the change in 
gate voltage needed to increase the drain current by one order of 
magnitude in the subthreshold region (below VT), which are governed 
by the current-voltage relationship ID = μCox

W
L (VGS − VT)

2 in saturation 
region.

Transistors can be n-type, p-type or ambipolar, depending on their 
major carrier type. Appropriate combinations of n-type and p-type FETs 
are required to fabricate complementary circuits with reduced power 
consumption [689,690]. Research on p-type halide perovskite FETs is 
heavily focused on tin-based perovskites. The low formation energy of 
positively charged tin vacancies and their small hole effective mass 
bring tin-based perovskites as promising p-type semiconductor. The 
record-high performance of p-type tin-based halide perovskite FETs is 
based on the combination of triple A-site cations, cesium, for
mamidinium and phenethylammonium (CsFAPEA), achieving µ ~ 70 
cm2 V− 1 s− 1, Ion/Ioff of 108, VT of 20.4 V, and SS of 0.5 V dec− 1 [606]. 
Ambipolar behavior is often observed in lead-based perovskites due to 
the deeper Pb 6s state, causing lanthanide shrinkage, stronger spin-orbit 
coupling effect and consequently smaller electron effective mass [691,
692]. Suitable electron doping and defect passivation can induce 
stronger n-type properties of lead-based perovskites, driving the current 
record parameters to µ ~ 33 cm2 V− 1 s− 1, Ion/Ioff of 108, VT of 1.84 V and 
SS of 0.24 V dec− 1 [693]. Notably, the first all-perovskite complemen
tary circuit was designed with p-type phenethylammonium tin iodide 
((PEA)2SnI4) and n-type cesium tin(IV) iodide (Cs2SnI6), demonstrating 
a peak gain of 38 [694].

2. Current and future challenges
To achieve high-performance halide perovskite FETs, the perovskite 

community faces three fundamental challenges: fabrication of high- 
quality thin-film, efficient charge transport with good stability, and 
technical challenges in scalability and acute patterning of complex cir
cuits. The quality of the thin-film ensures efficiency of charge transport 
associated with their intrinsic defects. Due to the heavy focus on 
solution-process as the fabrication method of halide perovskite FETs, 
issues regarding chemical properties and interactions of precursor ma
terials and solvent should be considered. In tin-based perovskites, the 
strong Lewis acidity of Sn2+ drives the rapid crystallization of perovskite 
thin-film, causing poor uniformity with physical defects [695].

In addition, tin-based perovskites typically have high hole density 
due to intrinsically low formation energy of tin vacancies and facile Sn2+

oxidation, inducing self p-doping and resembling characteristics of a 
conductor [696]. To counteract this issue, large organic A-site cations 

were incorporated to control hole density, and protect [SnI6]4- octa
hedra layer against oxidation by forming two-dimensional (2D) or 
quasi-2D halide perovskites [697–699]. However, these organic spacers 
demonstrate insulating properties with anisotropic charge transport, 
disrupting their transport efficiency. In contrast, three-dimensional (3D) 
halide perovskites support isotropic transport, which is more suitable for 
FET application. Therefore, recent studies reveal research interest 
focused on higher dimension tin-based perovskite FETs and achieving 
high-quality thin-film for high FET mobility.

High-performance FETs must be discussed together with high sta
bility, including environmental and operational stability. Due to the 
facile Sn2+ oxidation, tin-based perovskite FETs face challenges in 
practical applications. Therefore, effective measures should be taken to 
hinder or reverse the oxidation process [700]. Compared to tin-based 
perovskites, lead-based counterparts demonstrate higher stability 
against oxidation due to deeper states of Pb 6s. However, the most 
critical issue arises from halide defects, causing ion migration to impede 
field-effect operation. Ion migration is one of the leading factors of 
hysteresis behavior, and poses limitations to possible measurement 
methods, narrowing the choices to low-temperature measurements and 
pulse-mode measurements at short intervals [701,702].

Furthermore, the development of high-performance p-type tin-based 
perovskite FETs and n-type lead-based perovskites directs our attention 
to their application in large-scale devices and their integration into 
complementary circuits. One of the essential step in fabrication of high- 
performance FETs based on high dimensional perovskites is anti-solvent 
dripping during thin-film crystallization [703]. While this step is crucial 
for initiating formation of nucleation sites, it is difficult to achieve high 
uniformity of anti-solvent effect on large-scale substrates. In addition, to 
precisely design an integrated circuit, fine resolution patterning of 
perovskite channel layer is required. The patterning of 
solution-processed perovskite thin-film faces fundamental challenges 
due to the fragility of perovskite thin-film with solvents commonly used 
in photolithography [704].

3. Advances to address these challenges
In recent years, diverse measures have been introduced to address 

the challenges in the fabrication and application of halide perovskite 
FETs. To address the issues in rapid thin-film crystallization of tin-based 
perovskites, tin fluoride (SnF2) marks its place as a representative ad
ditive to produce high-quality thin-film and regulate high hole density 
[705]. However, the sole use of SnF2 can cause aggregation due to low 
solubility of the material. Hence, alternative combinations of additives, 
such as SnF2-pyrazine or SnF2-SbF3 have been introduced to enhance 
solubility and fabricate highly uniform thin-film, as shown in Fig. 42a 
[706,707]. In addition, dimethyl sulfoxide (DMSO) is often used to 
retard the thin-film crystallization by forming Lewis acid-base DMSO 
intermediate adducts. While effective, the Sn2+-DMSO complex can 
accelerate Sn2+ oxidation in tin-based perovskite solutions [182,699]. 
To prevent this issue, precursor aging of perovskite precursor solution 
dissolved only in dimethylformamide was introduced to promote uni
form distribution of perovskite colloids and enhance film crystallinity 
without the addition of DMSO, as shown in Fig. 42b [708].

The chemical composition of halide perovskites is another critical 
research field to be explored to induce favorable chemical reactions and 
fabricate high-quality thin-film. Liu et al. introduced the incorporation 
of tin-lead alloy with optimized excess cesium to increase thin-film 
crystallinity of CsSnI3-based thin-film and achieved µ~50 cm2 V− 1 s− 1 

and Ion/Ioff >108 through associated FETs [709]. Moreover, Zhu et al. 
demonstrated the fabrication of highly ordered cascaded 2D/3D 
thin-film using triple A-site cation combination of Cs/FA/PEA, elevating 
µ up to 70 cm2 V− 1 s− 1 and Ion/Ioff > 108. The use of triple cations 
regulated the formation of nucleation sites to improve phase purity and 
thin-film crystallinity, as shown in Figs. 42c-d [606]. The combination of 
triple X-site halide (I/Br/Cl) also improved thin-film crystallinity by 
forming I-Br-Cl bridge effect to prevent the formation of halide vacancy 
defects [710]. In addition, pseudohalide additives can be incorporated 
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to modulate rate of crystallization and adjust hole density, achieving 
µ~60 cm2 V− 1 s− 1 and Ion/Ioff over 108, as shown in Fig. 42 e-f [711]. 
Sufficient p-doping can be achieved by capping organic molecules 
[712], which also enables a dramatic improvement in PEAFASnI TFT 
performance, with a µ of 53 cm2 V− 1 s− 1 and an Ion/Ioff over 107 [713].

The research on chemical composition expands to lead-based pe
rovskites, specifically to prevent defect formation that causes ion 
migration. Senanayak et al. introduced a quadruple mixed-cation 
structure involving Rb/Cs/MA/FA and the use of azeotropic Lewis 
base(acid) solvents to reduce lattice strains and defect density, 

increasing µ > 1 cm2 V− 1 s− 1, as shown in Fig. 43a [687]. In addition, a 
solvent-based cleaning and healing method was developed for surface 
passivation, enabling continuous mode measurements for lead-based 
perovskite FETs and achieving µ > 3 cm2 V− 1 s− 1, as described in 
Fig. 43b [714]. Fig. 43c-d illustrates one of the most recent break
throughs in n-type lead-based perovskite FETs, where methyl
ammonium chloride was used for perovskite lattice relaxation and 
tetramethylammonium fluoride was chosen for passivation of under
coordinated lead sites on interfaces by multidentate anchoring [693]. 
The reduced defect density recorded champion device with µ ~ 30 cm2 

Fig. 42. a, Transfer curves of CsSnI3-based FETs with SnF2 and SbF3 additives [707]. Reproduced with permission. Copyright 2023, Wiley-VCH. b, Precursor aging of 
(PEA)2SnI4 solution and associated FET transfer curves [708]. Reproduced with permission. Copyright 2023, American Chemical Society. c, Transfer curves of 
Cs/FA/PEA-based tin perovskite FETs. d, Effect of Cs on lattice structure of 2D/3D FAPEA-based tin perovskites [606]. Reproduced with permission. Copyright 2023, 
Nature Publishing Group. e, Transfer characteristics of Cs/FA-based tin perovskite FETs with SnF2 and pseudohalide additives. f, Schematic of pseudohalide effect on 
tin-based perovskite thin-film crystallization [711]. Reproduced with permission. Copyright 2024, Elsevier.
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V− 1 s− 1 and Ion/Ioff exceeding 107. Thus, the functional design of 
chemical composition with suitable use of additives and solvents can 
promote the fabrication of high-quality thin-film and high-performance 
halide perovskite FETs.

Furthermore, the integration of the high-performance n-type and p- 
type perovskite FETs for complementary circuits requires high- 
resolution patterning [606,699]. To avoid degradation of perovskite 
thin-film from photolithography solvents, another technique such as 
self-patterning method has been developed [710]. An alternative option 
is depositing perovskite thin film through an industry-compatible ther
mal evaporation method. Channel layers can be patterned using fine 
metal masks. Until now, there have been only a few reports on thermally 
evaporated perovskite FETs, 2D layered K2MnCl2I2 on a KI seed layer, 
for example [297,715,716]. The successful commercialization of ther
mally evaporated photovoltaics and light emitting diodes brightens the 
future for thermally evaporated perovskite FETs with the ability for fine 
patterning and large-area fabrication.

4. Concluding remarks
The continuously growing field of halide perovskite transistors for 

over two decades has led their success to achieve parameters compa
rable to those of commercialized low-temperature polysilicon technol
ogies. Through the combined development of tin-based perovskites as p- 
type FETs and lead-based perovskites as n-type FETs, halide perovskites 
demonstrate high compatibility in complementary electronics and logic 
circuits. FETs serve as an important platform for in-depth investigation 
of the intrinsic charge transport properties of halide perovskites. 
Through a step-by-step understanding of the correlation between 
chemical composition, thin-film deposition and crystallization, and de
vice engineering, high-performance, highly reproducible, and stable 
halide perovskite FETs can be further developed for versatile electronic 
applications.
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[233] M. Khenkin, H. Köbler, M. Remec, R. Roy, U. Erdil, J. Li, N. Phung, G. Adwan, 
G. Paramasivam, Q. Emery, E. Unger, R. Schlatmann, C. Ulbrich, A. Abate, Energy 
Environ. Sci. 17 (2024) 602–610.

[234] C. Fei, A. Kuvayskaya, X. Shi, M. Wang, Z. Shi, H. Jiao, T.J. Silverman, M. Owen- 
Bellini, Y. Dong, Y. Xian, R. Scheidt, X. Wang, G. Yang, H. Gu, N. Li, C.J. Dolan, Z. 
J.D. Deng, D.N. Cakan, D.P. Fenning, Y. Yan, M.C. Beard, L.T. Schelhas, 
A. Sellinger, J. Huang, Science 384 (2024) 1126–1134.

[235] E. Aydin, T.G. Allen, M. De Bastiani, L. Xu, J. Ávila, M. Salvador, E. Van 
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