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Low-dimensional halide perovskites, including quantum dots, nanowires, and nanosheets, hold
significant promise for optoelectronic applications due to their distinctive quantum confinement
effects, adjustable bandgaps, superior carrier dynamics, and cost-effective solution processing. This
review explores the properties and benefits of these materials, which, through dimensional tuning,
achieve high photoluminescence quantum yields, robust exciton binding energies, and remarkable
defect tolerance. We investigate various prevalent synthesis techniques, such as hot injection, ligand-
assisted reprecipitation, and vapor deposition, alongside recent advancements and innovations in
these methods. Moreover, we examine the latest research on applying low-dimensional halide
perovskites in light-emitting diodes, solar cells, photodetectors, and lasers, emphasizing their
potential to revolutionize next-generation optoelectronic devices. The review also addresses key
challenges in commercializing these materials and suggests future research directions. By providing
comprehensive insights, this review aims to advance the development of high-performance, durable,
low-dimensional halide perovskites and their integration into optoelectronic technologies.

In recent years, metal halide perovskites (MHPs) have emerged as a focal
point in optoelectronic research due to their exceptional optoelectronic
properties and structural versatility'~. In the realm of solar energy, per-
ovskite solar cells have achieved power conversion efficiencies exceeding
26%", rivaling traditional silicon-based cells’. Moreover, perovskite/silicon
tandem cells have reached efficiencies of 33%°, establishing them as pivotal
materials for next-generation photovoltaic technologies™. Beyond solar
cells, MHPs exhibit a high light absorption coefficient(reaching up to
~10°cm™")’, long carrier diffusion lengths (exceeding 1pum)", tunable
bandgaps (throughout the visible range)", and high photoluminescence
quantum yields (PLQY), all achievable through low-cost solution proces-
sing. These attributes make them promising candidates for applications in
light-emitting diodes (LEDs), photodetectors, and lasers'*™".

The origins of perovskite trace back to the 19" century when German
mineralogist Gustav Rose discovered CaTiO; in the Ural Mountains,
naming it “perovskite” in honor of Russian geologist Lev Perovski'®. This
discovery laid the foundation for the broad application of the term to any
compound with the ABX; formula (Fig. 1a). In MHPs, the A-site is typically
occupied by a large monovalent cation (e.g., Cs, MA', FA™, or Rb"), the
B-site by a divalent metal cation (e.g,, Pb**, Sb**, or Sn’*), and the X-site by a

halide anion (CI, Br, T, or their mixtures)'”""”. The crystal structure features
[BXs]* octahedra, with A-site cations residing in the interstitial spaces™".
Although 3D perovskites have attracted considerable attention due to their
excellent optoelectronic properties, their practical applications are limited
by phase transitions and instability issues induced by moisture, light, and
heat™”. To overcome these challenges, researchers have shifted their focus
to low-dimensional halide perovskites (LHPs) nanostructures, aiming to
endow the materials with new properties and functionalities through
dimensional engineering. By tuning the synthesis methods and reaction
conditions, the size and shape of MHPs can be adjusted to form 0D
quantum dots (QDs) or nanocrystals (NCs), 1D nanowires (NWs) or
nanorods (NRs), and 2D nanosheets (NSs) or nanoplatelets (NPLs)
(Fig. 1b)*. These LHP structures exhibit significant differences in size,
surface effects, and quantum confinement, enabling substantial modulation
of their optoelectronic properties”. 0D QDs, with high exciton binding
energies and wide bandgaps, offer high color purity and efficient PLQY,
making them ideal for LEDs and display technique’**, The most advanced
QD LEDs have achieved an external quantum efficiency (EQE) of 30%,
along with an operational lifetime exceeding 10,000 hours™. 1D NWs/
NRs, with their high aspect ratios, enable efficient charge transport and show
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Fig. 1 | Structure and dimensional regulation of perovskites. a Schematic diagram
of the ABX; crystal structure. b Dimensionality control of CsPbX; NCs via mod-
ulation of reaction conditions. a Reproduced with permission from ref. 316.

Copyright 2019, Springer Nature; b Reproduced under the terms of the Creative
Commons CC-BY License from ref. 16.

ultrafast response and high gain in photodetectors’'; for instance, Chen et al.
synthesized a-CsPbl; perovskite NWs arrays for photodetector applica-
tions, achieving a responsivity of 1294 A/W and a detectivity of 2.6 x 10"
Jones™. 2D NSs/NPLs, with confined electron-hole pairs, enhance PLQY
and monochromaticity'’, while their large surface area and hydrophobic
interlayer spacers provide excellent environmental stability, making them
suitable for photocatalysis and LEDs™.

Innovations in synthesis methods have propelled the development of
LHPs. Techniques like hot injection, ligand-assisted reprecipitation (LARP),
exfoliation, and chemical vapor deposition (CVD) offer precise control over
size, morphology, composition, and surface chemistry'***. Anion exchange
reactions enable continuous tuning of band gaps and emission wavelengths™.
Hu et al. synthesized a series of CsPbX; NCs and achieved wide-range tunable
PL from 443.3 nm to 649.1 nm via anion exchange™. Surface passivation and
ligand engineering improve photostability and device performance”. Liu etal.
introduced 2-bromohexadecanoic acid (BHA) as a bidentate auxiliary ligand
for CsPbX; NCs, which effectively passivated surface defects, resulting in a
PLQY as high as 97% even after 48hours of continuous ultraviolet
irradiation™. Forming heterostructures with other materials further opti-
mizes performance and expands functionality”, opening applications in
sensing, imaging, biomedicine, and quantum information.

Despite the remarkable advances achieved in LHP materials in recent
years and the significant improvements in the performance of related
optoelectronic devices, their intrinsic instability and potential toxicity
remain key obstacles to large-scale commercial application*”*’. Researchers
are actively exploring various strategies to address the stability issue, such as
constructing heterostructures, implementing interface passivation, and
optimizing synthesis methods and device encapsulation processes, which
have shown promising preliminary results***‘. Nevertheless, the operational
lifetime of perovskite solar cells still lags far behind that of mature silicon-
based modules, and the operational stability of perovskite LEDs remains a
major concern®. Moreover, these materials are highly sensitive to heat, light,
oxygen, and moisture, making them prone to degradation reactions that
release toxic byproducts such as Pbl,, posing serious environmental and
health risks*. Another critical challenge lies in the controllability and
reproducibility of large-scale synthesis. Fabrication techniques optimized
under laboratory conditions are often difficult to replicate on an industrial
scale, where achieving uniformity, consistency, and defect control in high-
quality crystals over large areas remains a formidable task’>". In terms of
device integration, numerous difficulties also persist, for instance, ensuring
compatibility between the perovskite layer and functional components such
as electrodes and charge transport layers without compromising
performance“; assembling flexible, bendable, or multifunctional hetero-
structure devices”; and maintaining long-term structural stability under

real-world operating conditions. Therefore, achieving both high device
performance and environmental sustainability, along with practical
applicability, has become an unavoidable and pressing challenge in the
ongoing research of LHPs.

Perovskite materials have been extensively studied, and in contrast to
previous reviews that typically focused on a single dimensionality or a
specific device type, we present a comprehensive summary of the char-
acteristics and advantages of 0D, 1D, and 2D halide perovskite nanos-
tructures. By comparing materials across different dimensionalities, we
elucidate the structure-property relationships that underpin their perfor-
mance. Furthermore, we provide an in-depth analysis of the synthesis
techniques for LHPs, including solution-based methods, vapor-phase
deposition, and recent advancements and innovations derived from these
approaches. Subsequently, we review the latest progress in applying LHP
nanostructures in various optoelectronic devices such as solar cells, LEDs,
photodetectors, and lasers. We analyze the major issues and persistent
challenges facing this field and discuss recent breakthroughs that aim to
address them. Finally, we explore the key obstacles to the industrialization of
these materials and outline potential future research directions to contribute
to the development of high-performance, high-stability, and commercially
viable LHP optoelectronic devices.

Zero-dimensional nanostructure

Properties and advantages

Due to their unique physicochemical properties and excellent performance,
0D halide perovskite nanomaterials have garnered widespread attention in
recent years. The main types include NCs and QDs. In contrast to the
continuous [BXs]* octahedral network of traditional 3D perovskites, 0D
halide perovskites consist of independent perovskite units bound together
through non-covalent interactions™”". This structural characteristic imparts
0D perovskites with many unique properties. For example, the 0D structure
significantly enhances the Coulomb interaction between electrons and holes,
producing a much higher exciton binding energy. This characteristic leads to
higher luminescence efficiency at room temperature. It effectively reduces
the formation of defect states due to the discrete structure, suppressing non-
radiative recombination and thereby improving the PLQY*>”. Furthermore,
due to the quantum confinement effect, 0D halide perovskite NCs typically
exhibit a wide bandgap and a narrow emission spectrum, which enables high
color purity in light emission™. This property is significant for high-
performance LEDs, lasers, and display technologies™. Regarding stability,
the discrete perovskite units are surrounded by organic ligands or inorganic
ions, forming strong spatial isolation that prevents environmental moisture
from degrading the material, thereby significantly enhancing its moisture
resistance™. Additionally, the discrete ion units reduce the likelihood of ion
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migration, thereby improving the material’s thermal stability and laying a
solid foundation for its application in practical devices”. Notably, by pre-
cisely controlling the halide composition and quantum size effects, the
bandgap of 0D halide perovskite NCs can be flexibly tuned during synthesis,
enabling light emission across the entire visible spectrum®®. This char-
acteristic reveals their tremendous potential for applications in efficient
optoelectronic conversion and novel optoelectronic devices.

In conclusion, 0D halide perovskites, with their unique discrete
structure, exhibit excellent performance in optical, electrical, and stability-
related properties. Their quantum confinement effect, high luminescence
efficiency, narrow emission linewidth, wide absorption spectrum, tunable
composition, and high defect tolerance make them highly promising for
applications in optoelectronic devices.

Synthesis methods

To meet the diverse demands of various applications, the research on the
synthesis methods of 0D halide perovskite NCs has continuously evolved
and improved. Currently, researchers have developed several efficient
synthesis strategies, including hot injection, solvothermal method, ligand-
assisted reprecipitation, and ultrasound-assisted method.

Hot injection method. The hot injection method is widely used for
synthesizing NCs; the core principle involves rapidly injecting a pre-
cursor solution under high-temperature conditions, which induces
instantaneous nucleation followed by controlled crystal growth®. By
strictly controlling factors such as temperature, injection rate, and pre-
cursor concentration, it is possible to achieve controllable size, mor-
phology, and distribution of the resulting products®. With its simplicity,
strong controllability, and excellent reproducibility, the hot injection
method has become a classic approach in nanomaterial synthesis”. By
improving precursor composition and reaction conditions, the stability
and performance of the products can be further enhanced, providing
more possibilities for the diverse applications of halide perovskites®.
Leng et al. employed an improved hot injection method to successfully
synthesize CsPbls;, CsPbBrs, and FAPbBr; NCs by optimizing the pre-
paration conditions of the PbX, precursor and reaction temperature.
They also tuned their emission wavelengths to achieve stable RGB pri-
mary color emission (Fig. 2a)*. To address the issue of lead toxicity in
traditional perovskites, Gao et al. utilized an InI;-assisted hot injection
method (Fig. 2b); by repairing iodine vacancies with I" ions and con-
trolling crystal growth size with In** ions, they prepared Cs;Cu,ls NCs
(Fig. 2¢) with deep blue emission (peak at 440 nm), achieving a PLQY of
96.6% (Fig. 2d). The LEDs made from this material also demonstrated
excellent stability, with a half-life exceeding 300 hours®. Furthermore,
Vighnesh et al. systematically studied the hot injection synthesis of
CsPbBr; NCs (Fig. 2e) and analyzed the effects of precursor ratios, ligand
types, and reaction temperatures on material performance. By adjusting
the ratio of oleylamine to oleic acid and injecting the precursor solution at
190 °C, they were able to enhance the PLQY of the resulting NCs to 75%,
with the particle size distribution maintained around 10 nm®.
Solid-state heating is also a commonly used approach for synthe-
sizing perovskite NCs. Its principle involves gradually increasing the
temperature of the precursor mixture, leading to spontaneous nucleation
and crystal growth in a high-temperature solvent*”’. Compared with the
traditional hot-injection method, the solid-state heating method offers
advantages such as operational simplicity, lower equipment require-
ments, and suitability for mass production®. Chu et al. proposed a
simple, scalable one-pot heating strategy to achieve the large-scale
synthesis of high-quality, monodisperse Yb’*-doped CsPbCl; perovskite
NCs (Fig. 2f). This method does not require complex pretreatment steps;
instead, particle size and Yb*" doping concentration can be tuned simply
by controlling the annealing temperature and duration. This strategy
overcomes the scalability limitations of traditional hot-injection techni-
ques, achieving a one-time yield exceeding 10 grams (Fig. 2g), and
demonstrates promising potential for industrial applications®.

Solvothermal method. The solvothermal method has become one of the
key techniques for synthesizing halide perovskite NCs due to its flex-
ibility, tunability, efficiency, and applicability®. This method involves the
synthesis of nanomaterials under high-temperature and high-pressure
conditions in a sealed container; the elevated temperature and pressure
accelerate the decomposition of precursors and ion diffusion, promoting
the formation and directional growth of perovskite NCs’’. Compared to
the hot-injection method, the main limitation of the hot-injection
method is its strict requirement for an anhydrous and oxygen-free
operating environment”’. In contrast, the solvothermal method is gen-
erally easier to implement and more suitable for large-scale production.
However, it suffers from longer reaction times and less control over size
distribution and reproducibility’. Li et al. prepared core-shell structured
NCs of CsPbBr; perovskite QDs coated with an Sn-TiO, shell using
resaturation recrystallization, sol-gel coating, and solvothermal methods
(Fig. 3a). They investigated their photocatalytic performance in the
visible-light-driven degradation of the organic dye RhB. The synthesized
CsPbBr,/Sn-TiO,

NCs had a particle size of 15-30 nm, with CsPbBr; QDs measuring 4-
8nm (Fig. 3b, ¢). The study showed that the CsPbBr;/Sn-TiO, NCs
achieved a degradation efficiency of 96.6% for RhB within 30 minutes, with
a degradation rate constant of 10.68 x 10 >min~’, significantly out-
performing the traditional P25 photocatalyst. Moreover, after 20 days of
water immersion, the absorption edge of CsPbBr;/Sn-TiO, showed no
significant shift, demonstrating high water stability”’. In further studies, Ye
et al. successfully synthesized CsPbBr3/Cs,PbBre@PbS NCs using the sol-
vothermal method (Fig. 3e). Compared to conventional CsPbBr; NCs,
CsPbBr;/Cs,PbBrs@PbS NCs exhibited fluorescence stability at higher
temperatures (fluorescence persisted until approximately 200 °C), whereas
the fluorescence of CsPbBr; NCs virtually disappeared at 100 °C (Fig. 3d).
After 30 days of immersion in water, the PL intensity of CsPbBrs/
Cs,PbBrs@PbS NCs remained about 70%, while CsPbBr; NCs lost almost
all fluorescence after only 5 days (Fig. 3f). This indicates that the PbS shell
effectively passivates the surface defects of CsPbBrs/CsPbBrs NCs,
enhancing their thermal and humidity stability. However, introducing the
PbS shell slightly reduced the PLQY from 94% to 51.2%".

Ligand-assisted reprecipitation method. The LARP method has
become a versatile approach for synthesizing perovskite NCs, owing to its
operational simplicity, energy-efficient nature, and high production
efficiency”>”. This approach exploits the inherent solubility differentials
between solvents: precursor compounds are first dissolved in a high-
solubility solvent system, followed by rapid introduction into a low-
solubility antisolvent. The resulting abrupt reduction in solute stability
induces instantaneous supersaturation, driving controlled nucleation
and subsequent NC precipitation”’. The addition of ligands can regulate
the nucleation and growth processes by coordinating with the reactants
or the surfaces of the formed NCs, thereby stabilizing the NCs and
improving their morphology and size uniformity’*. However, one of the
main drawbacks of the conventional LARP method is the use of polar
solvents such as DMF or DMSO as good solvents, which tend to com-
promise the stability of perovskite NCs by promoting surface ligand
desorption and ionic migration”. Recent studies have introduced mod-
ified LARP approaches to address this issue, such as using less polar
solvents or incorporating suitable dopants to enhance colloidal stability
and improve NC quality®. Li et al. introduced a novel ligand (DTDB)
(Fig. 4a), which enhanced the surface passivation of CsPbBrs3, resulting in
synthesized NCs with a PLQY of up to 92.3% (Fig. 4b), demonstrating
excellent colloidal stability'. Kar et al. combined the LARP method with
zinc doping to produce CsPbBr; NCs with high stability and bio-
compatibility. Their experiments showed that, after zinc doping, the
PLQY increased from 74% to 88%, and the luminescence intensity
remained above 80% after soaking in polar solvents for 120 h*. Hu et al.
successfully synthesized CsPbX; NCs with a PLQY of 85.2% in the LARP
method by precisely controlling the reaction parameters. Through anion
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Fig. 2 | Hot injection method for synthesizing perovskite NCs. a The color coor-
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b Schematic diagram of the growth mechanism of Cs;Cu,Is NCs assisted by Inl;. ¢ TEM
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Inl;. e Schematic diagram of CsPbBr; NCs synthesis via hot-injection method, with the
inset showing a photo of CsPbBr; NCs solution under UV light and the HRTEM image
of CsPbBr; NCs. f Schematic illustration of the one-pot heating synthesis method. g PL
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exchange, they achieved a wide emission tunability range from 443.3 nm
to 649.1 nm (Fig. 4c, d)*. Furthermore, in the study of lead-free per-
ovskites, Chen et al. synthesized FASnI; NCs (Fig. 4e, f) in the LARP
method using SnF, additives, improving the PLQY from 50% to 76%.
Their research showed that SnF, effectively suppressed the oxidation of
Sn** and enhanced the material’s stability in air, with optical performance
maintaining over 90% after 60 days”. These improvements in the LARP
method provide new insights for preparing perovskite NCs.

Although the LARP method is widely employed for synthesizing
CsPbBr; NCs, it encounters multiple challenges in preparing CsPbI; NCs.
Polar solvents such as DMF accelerate the thermodynamic phase transition
of CsPbl; from the photoactive black phase (a-phase) to the non-perovskite
yellow phase (8-phase)**. Additionally, the low migration energy barrier of I

leads to uncontrolled nucleation rates. The solvent environment further
induces iodine vacancy defects and promotes oxidation, undermining
structural stability”. Moreover, the weak binding affinity of conventional
ligands such as oleic acid and oleylamine to the CsPbl; surface exacerbates
colloidal aggregation and phase degradation®. To address these challenges,
strategies including surface ligand engineering, stabilizing additives, and
optimization of solvent polarity have been explored to enhance the colloidal
and structural stability of CsPbI; NCs synthesized via the LARP method®** ™.
Recent studies have shown that post-synthetic ligand exchange is an
effective strategy for further improving the stability and optical performance
of CsPbl; NCs. Among various options, thiol-containing ligands have
demonstrated remarkable potential. Due to the strong affinity of thiol
groups for lead ions on the perovskite surface, these ligands can form
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stronger and more stable bonds than traditional carboxylic acid or amine
ligands. This improved binding reduces surface trap states, increases the
PLQY, and enhances environmental stability*’. Ghorai et al. proposed the
use of 1-dodecanethiol (DSH) as a post-synthetic repairing agent to suc-
cessfully restore degraded a-CsPbl; NCs (Fig. 4g), thereby preventing their
transition to the inactive §-phase under ambient conditions. Through
surface passivation and the removal of the degraded Cs,Pbls phase, DSH
restored the perovskite’s cubic structure and significantly enhanced its
PLQY and environmental stability”. This study highlights the unique role of
thiol ligands in repairing “optically failed” perovskites and offers a new
strategy for improving perovskite material performance.

Ultrasound-assisted and microfluidic method. The ultrasonic-
assisted method is also an efficient and low-energy synthesis technique
for producing perovskite NCs by adjusting through systematic

modulation of ultrasonic parameters, including power intensity, fre-
quency spectrum, and irradiation duration; this technique enables pre-
cise regulation of NCs dimensions and morphological features”. The
underlying mechanism originates from the cavitation effect generated by
ultrasonic waves propagating in a liquid medium, leading to the forma-
tion of microscopic bubbles; these bubbles rapidly expand and collapse,
releasing localized high temperatures and high pressures; such extreme
conditions accelerate the dissolution and nucleation of reactants while
promoting their uniform dispersion, effectively preventing crystal
aggregation and thus yielding NCs with uniform particle size and well-
controlled morphology”. Compared to the conventional hot injection
method, this approach is typically conducted at room or slightly ele-
vated temperatures without requiring high pressure or complex equipment.
These mild reaction conditions help prevent thermal degradation of the
material, thereby enhancing its stability”. Jiang et al. used a one-step
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g Reproduced with permission from ref. 90. Copyright 2023, Elsevier.

ultrasonic method to prepare a variety of ion-doped CsPbX; NCs (Fig. 5a)
and studied the effects of ion doping on perovskite NCs. Experimental
results showed that Sr doping significantly improved the phase stability of
CsPbl; NCs, while Ni doping in CsPbCl; NCs increased the PLQY from
10.1% to 71% (Fig. 5b). Mn doping in CsPbCl; NCs resulted in dual-color
emission at 406 nm and 580 nm, indicating that ion doping can effectively
improve the optical properties and stability of CsPbX; NCs™. Dou et al. used
high-power ultrasound to synthesize FAPbX; NCs. Their research showed

that high-power ultrasound significantly reduced issues of uneven stirring
and high-temperature instability in traditional methods, ensuring a uniform
nanoparticle size distribution. By adjusting the halide composition, they
achieved a PL spectrum with emission wavelengths ranging from 453 to
695 nm and a PLQY as high as 93% (Fig. 5¢, d)”.

Recently, microfluidic synthesis methods have garnered significant
attention for preparing CsPbX; NCs due to their superior control over
reaction parameters, enhanced reproducibility, and minimal precursor
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consumption”. Unlike traditional batch synthesis, microfluidic reactors
provide a highly controlled environment for nucleation and growth, leading
to uniform NCs size and tunable optical properties”. This technique also
enables continuous production, which is critical for practical applications.
Abdel-Latif et al. reported a method for rapid halide ion exchange in per-
ovskite QDs at room temperature, utilizing a modular microfluidic plat-
form, the QDs Exchanger, which enables precise control and real-time
monitoring of the ion exchange process™. This method provides a new
approach for efficient bandgap tuning and QD performance optimization.
In further research, Jha et al. proposed a new method for bandgap tuning of
perovskite QDs through photo-induced halide exchange reaction, utilizing
an automated microfluidic platform combined with a single-droplet photo-
flow reactor, which significantly improves the reaction rate and material
efficiency”. In addition, Li et al. used an ultrasonic cavitation-enabled

microfluidic approach to prepare CsPbBr; NCs continuously under low-
temperature conditions. Adjusting the ultrasound power and mixing time
effectively solved the problem of uneven particle size caused by poor mixing
in batch reactions. The synthesized CsPbBr; NCs exhibited significantly
enhanced light absorption and PL intensity (Fig. 5e, f), and the NCs were
smaller in size'”. Compared to traditional batch reaction methods, the
ultrasonic cavitation-enabled microfluidic approach demonstrated sig-
nificant advantages in experimental reproducibility and the optical per-
formance of the NCs, providing a new technological pathway for large-scale,
high-efficiency synthesis of high-quality perovskite NCs.

Optoelectronic applications
Light-emitting diodes. Halide perovskite QDs and NCs have demon-
strated tremendous potential in LED applications due to their exceptional
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b Reproduced with permission from ref. 110. Copyright 2022, Elsevier; c,
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Society; e, f Reproduced with permission from ref. 112. Copyright 2023, John Wiley
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optoelectronic properties, including narrow emission spectra, tunable
bandgaps, and high PLQY'*""'”*. However, their practical application is
hindered by challenges such as poor spectral stability, ion migration, and
insufficient environmental stabilitym*‘. To address these issues, recent
research has proposed various optimization strategies, including doping
engineering, surface passivation, and structural design'*'".

For blue perovskite LEDs, optimizing stability and efficiency
remains a significant challenge in current research'”. Ye et al. successfully
fabricated pure blue perovskite LEDs with stable electroluminescence
(EL) spectra by co-doping copper and potassium ions into mixed-halide
perovskite QDs. Their study demonstrated that even at a high current
density of 1617 mA/cm’, the emission spectrum remained stable at
469 nm, indicating that the synergistic doping of copper and potassium
effectively suppressed halide migration and reduced non-radiative

recombination. The optimized device achieved an EQE of 2.0% and an
average luminance of 393 cd/m*'”. Similarly, Chen et al. proposed a
tetrafluoroborate passivation strategy to enhance the spectral stability of
blue perovskite LEDs by passivating the surface of CsPbBr,Cl;_ , NCs and
filling halide vacancies. This technique significantly inhibited halide
migration, resulting in blue LEDs with an emission wavelength of
468 nm, a maximum luminance of 275 cd/m? and an EQE of 3.2% (Fig.
6a)'”. Baek et al. further improved the performance of blue perovskite
LEDs by introducing pseudohalide (SCN") to passivate chloride vacancies
and replacing traditional long-chain ligands with short octylphosphonic
acid (OPA) and 3,3-diphenylpropyl amine (DPPA). This approach
effectively addressed the low quantum efficiency caused by chloride
vacancies and the high resistance associated with long-chain organic
ligands in mixed-halide perovskite QDs. As a result, their blue perovskite
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LED:s achieved an EQE of 4.9% (Fig. 6b) with a maximum luminance of
1874 cd/m*"".

In red LEDs, ion migration and spectral stability are major obstacles to
performance enhancement. Zhou et al. proposed a synchronous post-
treatment strategy that involved polishing the lead-rich surface of QDs using
the chelating agent 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
hydrate (DOTA) while passivating surface defects with 2,3-dimercapto-
succinic acid molecules. This approach effectively reduced halide migration
and non-radiative recombination, leading to pure red perovskite LEDs with
an EQE of 23.2% (Fig. 6¢,d)""". Xie et al. further optimized the stability of red
perovskite QDs by replacing conventional long-chain ligands with
1-dodecanethiol (1-DT). The strong binding of 1-DT to the QD’s surface
significantly suppressed halide migration, resulting in a device that exhibited
pure red emission at 637 nm with an EQE of 21.8% (Fig. 6e) and a peak
luminance of 2653 cd/m”. Additionally, at a high voltage of 6.7 V, the EL
spectrum of the device remained stable (Fig. 6f)'".

Perovskite QD LEDs emitting at wavelengths beyond red and blue have
also garnered significant attention. Fan et al. employed an in-situ growth
strategy to embed perovskite QDs into mesoporous silica (SBA-15) (Fig. 6g).
The ordered mesoporous structure of SBA-15 reduced light reabsorption
among QDs via a waveguiding effect, significantly lowering the non-
radiative recombination rate while enhancing light emission intensity and
stability. The LED fabricated using the CsPbBr3/SBA-15 composite achieved
green light emission at 520 nm, with a maximum luminous efficiency of
183 Im/W. Furthermore, a white LED was constructed by integrating a
commercial blue LED (460 nm) with green-emitting (CsPbBrs/SBA-15) and
red-emitting (CsPb(Br;_,/I)3/SBA-15) composites, demonstrating a lumi-
nous efficiency of 116 Im/W. The color gamut coverage of this white LED
notably surpassed that of conventional phosphor-based systems'”. Fang
et al. developed a strategy using 4-dodecylbenzenesulfonic acid (DBSA) to
regulate the crystallization process of perovskite QDs. This approach sup-
pressed halide vacancies and interstitial defects, significantly increasing the
migration activation energy of QDs. The study revealed that the LED devices
fabricated with the optimized Perovskite QDs exhibited green light emission
at 522 nm, achieved an EQE of 20.4%, and demonstrated an operational

lifetime exceeding 100 hours'"“.

Solar cells. Halide perovskite NCs exhibit significant potential in solar
cell applications due to their excellent light absorption capability, tunable
bandgap, and high photovoltaic conversion efficiency; their outstanding
optoelectronic properties and low-cost fabrication processes make them
important candidates for next-generation photovoltaic materials'>'"".
The lead-free perovskite Cs,AgBils has gained attention due to its
environmentally friendly characteristics and higher thermal stability. Liu
et al. were the first to fabricate solar cells based on hexagonal Cs,AgBil4
NCs. They found the Cs,AgBils NCs had a bandgap of 2.29 eV, exhibiting
a high absorption coefficient and a narrow PL peak. Furthermore,
Cs,AgBils NC films demonstrated good stability under thermal,
humidity, and light exposure conditions. However, the photovoltaic
conversion efficiency of the solar cells was only 0.076% (Fig. 7a, b), which
is far below that of current mainstream lead-based perovskite
materials'"”. This result indicates that although lead-free perovskites have
potential in environmentally friendly solar cells, their optoelectronic
performance still needs optimization. To address the surface defect issues
of perovskite NCs, Song et al. used deprotonated cysteine (Cys-S) as a
ligand to passivate the surface of CsPbl; NCs (Fig. 7c). The results showed
that this method effectively passivated surface iodine vacancies and sig-
nificantly improved the performance of the perovskite NCs. The study
indicated that thiol salt ligands have a much stronger binding affinity for
iodine vacancies on the surface of CsPbl; NCs than traditional carbox-
ylate ligands, effectively repairing surface defects. With this surface
passivation treatment, solar cells based on the material achieved a power
conversion efficiency (PCE) of 15.5% (Fig. 7d). After two months of
testing under conventional environmental conditions, they still retained
77% of their initial PCE (Fig. 7¢)""". In further research, Wang et al.

introduced a short-chain ligand, 2-methoxyphenylethylammonium
iodide (2-MeO-PEAI), to in situ modify CsPbBrs; perovskite NCs.
Through halide exchange, CsPbBr; was induced to transition from the
cubic phase to the Ruddlesden-Popper phase (RPP). The synergistic
passivation of the RPP NCs and 2-MeO-PEA™ inhibited surface defects
and improved the stability of the NCs. The study showed that perovskite
solar cells modified with 2-MeO-PEAI achieved the highest PCE of
24.39% (Fig. 7f). Moreover, the device retained 80% of its initial PCE after
continuous illumination for 340 h. Still, it maintained 94% of its initial
efficiency after being stored for 3000 h in a nitrogen atmosphere in the
dark'”.

Recent studies have found that perovskite NC heterojunction tech-
nology could significantly enhance the performance of solar cells'*’. Wie-
liczka et al. investigated the construction of perovskite NC heterojunctions
and proposed a layer-by-layer deposition technique using non-polar sol-
vents. This method allows for the deposition of perovskite NCs without
damaging the underlying perovskite film, resulting in heterostructures with
highly tunable optoelectronic properties. The research showed that these
perovskite NCs heterojunctions significantly improved charge separation
and transport efficiency, thus enhancing PCE'”'. However, further
improving photovoltaic efficiency remains challenging due to the suscep-
tible surface and inevitable vacancies of perovskite NCs. As a result, core-
shell structures have become one of the key strategies to enhance the per-
formance of perovskite NCs. Goldreich et al. coated CsPbBr; NCs with
MoS, to construct a core-shell structure (Fig. 7g, h), which improved light
absorption and significantly enhanced the material’s stability under
humidity and thermal conditions. The study showed that CsPbBr;@MoS,
core-shell nanostructures exhibited much greater stability in polar solvents.
While CsPbBr; NCs decompose in water within just a few minutes,
CsPbBr;@MoS, remained stable for over a week. Regarding photovoltaic
performance, the short-circuit current (J.) of CsPbBrs@MoS, was 220%
higher than that of pure CsPbBr; devices'*.

Photodetectors. 0D halide perovskites have attracted widespread atten-
tion in the field of photodetectors due to their excellent optoelectronic
properties and good material tunability, showing great potential in
enhancing the responsivity, detectivity, and stability of photodetectors'*'**.
Patra et al. proposed an amine-free hot injection method for synthesizing
CsPbBr; NCs, using 1,3-dibromopropane (DBP) as the halogen source.
The synthesized NCs exhibited an extremely high PLQY (98.5%). Pho-
todetectors based on these QDs demonstrated ultrafast photodetection
capability with rise/fall times of 104/35 ys (Fig. 8a) while maintaining good
environmental stability'””. Sulaman et al. developed a composite material
of PbSe QDs and mixed halide perovskite CsPbBr; sI; 5 NCs. They created
a self-powered photodetector with the structure ITO/ZnO/
PbSe:CsPbBr; sI; s/P3HT/Au. By using ZnO and P3HT as electron and
hole extraction layers, they successfully enhanced the transport efficiency
of photo-generated charge carriers. They reduced the loss from non-
radiative recombination, significantly improving the optoelectronic per-
formance of the photodetector. This device achieved a responsivity of
6.16 A/W at a wavelength of 532 nm, a detectivity as high as 5.96 x 10"
Jones (Fig. 8b, ¢), and exhibited a good on/off current ratio. However, the
poor environmental stability of PbSe QDs limits their application range'”.

To further optimize device structures for enhanced performance, Jeong
etal. designed a 0D-2D heterojunction photodetector by integrating CsPbl;
QDs with multilayer MoS,. The built-in electric field improved the
separation efficiency of photogenerated carriers, resulting in a detectivity of
10" Jones. Although this structure significantly enhanced optoelectronic
performance through energy level matching at the material interface, its
complex fabrication limited its potential for large-scale production'”’. Yang
et al. investigated a high-performance self-powered photodetector com-
bining CsPbBr; QDs with the organic semiconductor PQT-12 (poly(3,3”-
didodecyl-quarterthiophene)). The device exhibited a detectivity as high as
5.8 x 10" Jones and a light-to-dark current ratio of 10° in self-powered mode
(Fig. 8d, e). Additionally, it demonstrated a clear photoresponse to weak
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density-voltage (J-V) characteristics of the best device. ¢ Schematic diagram of the
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energy levels of CsPbBr3/MoS,. h Schematic diagram of the reaction mechanism of
CsPbBr;@MosS,; at different synthesis stages. a, b Reproduced with permission from
ref. 117. Copyright 2023, American Chemical Society; c-e Reproduced with per-
mission from ref. 118. Copyright 2022, Elsevier; f Reproduced with permission from
ref. 119. Copyright 2024, American Chemical Society; g, h Reproduced with per-
mission from ref. 122. Copyright 2024, John Wiley and Sons.

light intensities as low as 3 n\W cm ™, indicating its superior performance in
low-light environments'*. Wei et al. reported a vertically structured pho-
todetector with the configuration of Si**/SiO,/Au/monolayer graphene/
CsPbl; QDs (Fig. 8f). Leveraging the Frenkel-Poole emission effect induced
by the high trap-state density within the SiO, layer, the device exhibited
significantly enhanced carrier transport and separation efficiency. It
achieved a remarkable responsivity of 2319 A/W and a detectivity of
1.15 x 10" Jones at a wavelength of 365 nm, demonstrating outstanding
performance in ultraviolet photodetection'”.

To enhance the stability of QDs, Moon et al. passivated CsPbBr;
QDs using a quaternary ammonium ligand, didodecyl dimethyl

ammonium bromide (DDAB). This passivation reduced surface defects,
effectively suppressed non-radiative recombination, and extended the
carrier lifetime. The passivated QDs exhibited an average carrier lifetime
of 14.88 ns. A 2D-0D hybrid photodetector was fabricated by depositing
DDAB-capped QDs onto a WSe, thin film, achieving a responsivity of
1.4x 10’ A/W and a detectivity of 3.1 x 10"* Jones under a 405 nm laser
illumination at 40.0 uyW cm™’. Furthermore, the DDAB-passivated QDs
demonstrated excellent water stability, with only a 25.8% loss in PL
intensity after 16 hours of water exposure. This highlights the potential of
quaternary ammonium ligands in reducing surface defect states and
improving material stability'”’. Saleem et al. introduced a simple ligand
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a Reproduced with permission from ref. 125. Copyright 2024, American Chemical
Society; b, ¢ Reproduced with permission from ref. 126. Copyright 2022, John Wiley
and Sons; d, e Reproduced with permission from ref. 128. Copyright 2022, Springer
Nature; f Reproduced with permission from ref. 129. Copyright 2024, American
Chemical Society; g, h, i Reproduced with permission from ref. 131. Copyright 2023,
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exchange method by rinsing CsPbBr; NCs films with an excess CsBr
solution. This process effectively reduced mid-gap trap states and sup-
pressed non-radiative recombination. A photodetector based on the ITO/
ZnO/CsPbBr;-CsBr/Au structure (Fig. 8g) exhibited a responsivity of
6.38 A/W and a detectivity of 2.6 x 10" Jones, along with a fast response
time of 270/277 ms (Fig. 8h, i)'”'. This technique effectively addressed
surface defect issues in QDs and enhanced device stability.

Other applications. Compared to 2D and 3D perovskite materials, 0D
perovskite NCs exhibit more pronounced quantum effects, leading to higher
optical gain, lower lasing thresholds, and longer carrier lifetimes in laser
applications; these advantages make 0D perovskite NCs an ideal gain
medium for next-generation lasers'™'”. Lu et al. integrated MAPbBr; NCs
with titanium nitride (TiN) plasmonic nanocavities to achieve a low-
threshold upconversion plasmonic laser (Fig.9a). The TiN plasmonic
nanocavity enhanced both the absorption of pump photons and the
upconversion photon emission rate. Under 800 nm laser excitation at a
cryogenic temperature of 6 K, a single-mode upconversion lasing emission

was successfully realized, with a lasing peak at 554 nm (Fig. 9b) and an
ultralow threshold of 10 yJ/cm?”. Additionally, this laser exhibited an extre-
mely small mode volume (~ 0.06 A°), highlighting its potential for ultra-
compact size, low power consumption, and fast switching times in practical
applications'. In another study, Xie et al. demonstrated a solution-
processed CsPbBrs; NCs-based laser by integrating it with silica microspheres
(Fig. 9¢). This hybrid system successfully enabled a low-threshold, spectrally
tunable whispering-gallery-mode (WGM) laser, achieving a lasing threshold
as low as approximately 3.1 pJ/cm® (Fig. 9d) with a cavity quality factor of
1193. Furthermore, long-term laser excitation tests (>107 laser pulses) con-
firmed the exceptional stability of this laser at room temperature, surpassing
that of most conventional NC-based lasers'”. In summary, these studies
highlight the outstanding optical properties of perovskite NCs and validate
their potential in laser applications through various laser designs.

Halide perovskite NCs have emerged as core materials in sensor
research due to their exceptional optoelectronic properties; sensors based on
perovskite NCs not only exhibit high sensitivity and rapid response cap-
abilities but also demonstrate significant potential for environmental

npj Nanophotonics| (2025)2:42

11


www.nature.com/npjnanophoton

https://doi.org/10.1038/s44310-025-00090-5

Review

d C
- hexe= 800 nm P= 156 pJ em™
BK |'|
[
|
| ll\ th pl i t
with plasmonic cavity
I\
Jl N._on silicon
00 550 600 650
Wavelength (nm)
d e f
12
CI concentration 80
4120 AL =2520c +4.94
5 ] 5 RZ = 0.9995
] b=}
s 1150 & ¥
2z = 3 -
g E o E
£ 1= § £ 401
£ 1 5 3 3
&I 5= E
1 z "-.\ 201
{0 4 : SO i
i i 1 L . - . 1] . . T - T -
2 4 6 5 8 400 440 480 520 560 00 05 10 15 20 25 30
g Pump fluence (pJ cm?) h i CI concentration ( 9 }
a
= —— Pristine Cs,PbBr, NCs 248 (368 K )~ 25
10° —— Washed Cs,PbBr, NCs )
7Tb20Ho1Bi 0
148 (423 K
: Nisa
4
V| Rt
w
wn
40.5
10.0

— —
Cs,AgInClg

100 150

Time (s)

0 50

200

Fig. 9 | Application of perovskite NCs lasers and sensors. a Schematic diagram of
the MAPbBr; NCs-based laser device. b PL emission spectrum of the laser under
800 nm laser excitation. ¢ Typical SEM image of silica microspheres coated with
CsPbBr; NCs on a glass substrate. d Emission intensity and linewidth of the
dominant emission peak as a function of pump fluence. e Fluorescence spectra of
chloride solutions with concentrations ranging from 0 to 3.0% under 365 nm UV
excitation. f Working curve illustrating the fluorescence wavelength shift of chloride
detection in the concentration range of 0-3.0%. g Response and recovery curves of

153 213 273 333 393

Temperature (K)

Hos* 93

Tb**

pristine Cs,PbBrs NCs and washed Cs,PbBrs NCs. h Schematic of the luminescence
mechanism in co-doped Cs,AgInCls NCs. i S, and S, values for Cs,AgInCls NCs co-
doped with 7% Tb**, 20% Ho'*, and 1% Bi’*. a, b Reproduced with permission from
ref. 134. Copyright 2021, American Chemical Society; ¢, d Reproduced with per-
mission from ref. 135. Copyright 2021, IOP Publishing; e, f Reprinted under the
terms of the Creative Commons CC-BY License from ref. 138; g Reproduced with
permission from ref. 139. Copyright 2024, Elsevier; h, i Reproduced with permission
from ref. 140. Copyright 2024, Elsevier.

136,137

stability and long-term applications Li et al. synthesized a
CsPbBr;@SiO, perovskite NC composite (CsPbBr;@SiO, PNCCs) and
employed a halide exchange strategy to determine the Cl” concentration in
marine sand samples. Through uniform halide exchange between sodium
chloride solution andCsPbBr;@SiO, PNCCs, the PL wavelength of the
composite shifted from 447 nm to 506 nm, with the corresponding PL color
changing from green to blue, reflecting variations in Cl” concentration (Fig.
9e). Furthermore, a linear relationship was established between the PL
wavelength and Cl concentration (0-3.0%) (Fig. 9f), demonstrating the
effectiveness of this method in Cl concentration measurement in marine
sand samples'”. Liu et al. reported a high-performance humidity sensor
based on fully inorganic Cs,PbBrs NCs. Their study revealed that bromine
vacancies in Cs4PbBrs NCs serve as active sites that enhance water molecule
adsorption, significantly improving humidity sensing performance. The
sensor exhibited a response exceeding four orders of magnitude across a
humidity range of 11% to 98% relative humidity, with rapid response and
recovery times of 8 s and 6 s (Fig. 9g). Additionally, this humidity sensor
demonstrated outstanding selectivity, reproducibility, and long-term sta-
bility, showing great potential for applications in respiratory monitoring and
non-contact switching'”’. Wu et al. explored the temperature sensing

applications of Tb**/Ho**/Bi*" co-doped lead-free double perovskite
Cs,AgInClg NCs (Fig. 9h). Using a hot-injection method, Tb**, Ho’", and
Bi** were successfully incorporated into Cs,AgInCls NCs, and the fluor-
escence intensity ratio (FIR) technique was used to analyze the effect of
temperature on emission spectra. The study found that Cs,AgInCls NCs co-
doped with 7% Tb**, 20% Ho’", and 1% Bi** exhibited excellent tempera-
ture sensing performance, with an absolute sensitivity (S,) of 1.48 K™' and a
relative sensitivity (S,) of 2.48% K' (Fig. 9i)'. This study provides new
insights into the potential application of lead-free double perovskite NCs in
non-contact temperature measurement.

It is worth mentioning that perovskite NCs also have broad applica-
tions in color display. Park et al. proposed an interactive deformable colored
sound display based on electrostrictive fluoropolymer and perovskite
materials. In terms of color display, electroluminescent microparticles
(ZnS:Cu) were mixed with a fluoropolymer to form a composite layer,
which emits blue light when an alternating electric field is applied. Mean-
while, the perovskite NC films (CsPbBr; and CsPbl;) convert the blue light
into red and green light, enabling color modulation®. This study breaks
through the low-voltage and multi-color bottleneck of flexible optoacoustic
devices, providing a new platform for human-machine interaction.
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One-dimensional nanostructure
Properties and advantages
1D halide perovskites include key types such as NWs and NRs. These
materials have attracted extensive attention in optoelectronics due to their
unique structural characteristics and excellent light absorption capabilities,
particularly in visible and near-infrared regions™'*"'*>. Compared to 0D
materials, 1D perovskites possess a broader absorption range and can
convert absorbed light energy into electrical current more efficiently, sig-
nificantly enhancing the photoelectric conversion efficiency**'*". This
property originates from their unique chain-like structure, where corner-
sharing [BX,]" octahedra extend along the 1D direction, forming a structure
that facilitates efficient charge transport'*. Due to the confinement of the 1D
structure, the movement direction of charge carriers is effectively controlled,
leading to highly efficient charge carrier transport and superior charge
mobility in optoelectronic devices'*’. Furthermore, the weak van der Waals
interactions between chains in the 1D structure significantly reduce defect
state density and suppress non-radiative recombination processes, further
optimizing optoelectronic performance and enhancing device stability'*’.
In terms of environmental stability, 1D perovskite NW's exhibit strong
moisture resistance and thermal stability, primarily due to the role of large
organic cations as spatial isolation units; through hydrophobic effects and
hydrogen bonding interactions, organic cations effectively prevent the infil-
tration of water and oxygen, thereby enhancing the material’s stability under
various environmental conditions****”. This is of critical importance for their
practical applications in optoelectronic devices. Notably, the optoelectronic
properties and mechanical performance of 1D perovskite NWs can be pre-
cisely tuned by adjusting their dimensions, halide composition, and the type
of organic cations"*"*'". By modifying the halide composition (CI, Br,, I'), the
bandgap can be tailored to cover a spectral range from visible to near-
infrared"”. Additionally, controlling the diameter and length of NWs allows
for the modulation of their optical response characteristics, further opti-
mizing their performance in optoelectronic devices'’. This tunability grants
1D perovskite NWs extensive adaptability across multiple application
domains, particularly demonstrating immense potential in optoelectronics.

Synthesis methods

Chemical vapor deposition. CVD has become one of the important
methods for synthesizing halide perovskite NWs due to its high effi-
ciency, controllability, and flexibility'**. By adjusting reaction conditions
such as temperature, flow rate, and substrate properties, the CVD method
allows precise control over the growth direction, size, and morphology of
the NWs. Its excellent control capabilities enable the synthesized per-
ovskite NWs to typically have a lower defect density and higher crystal
quality, resulting in outstanding optoelectronic properties'”. Compared
to other synthesis methods, CVD enables the production of high-purity,
uniform, and high-performance perovskite NWs and facilitates large-
scale production in a short time'*". This makes it highly promising for the
commercial application of halide perovskite NWs. Meng et al., for the
first time, synthesized CsPbX; (X = Cl, Br, and I) NWs using the vapor
—liquid—solid method with precise control over the microstructural
morphology, NW density, and chemical composition. The high-quality
NWs obtained by this method enable their corresponding optoelectronic
devices to demonstrate exceptional performance”'*’. Hossain et al.
investigated the mechanism of non-catalytic CVD growth of CsPbX;
NWs. Using techniques such as electron microscopy and time-resolved
PL, they studied the influence of different substrates on NW growth. The
results showed that these NWs could reach lengths of up to 10 um and
have a diameter of approximately 39 nm on sapphire substrates (Fig.
10a—c). Their optical properties were consistent with the final NWs,
exhibiting a lower defect density. The research team revealed the growth
process of the NWs, including the nucleation of halide particles, axial
extension, and eventual merging into NWs, offering a new approach for
catalyst-free CVD growth methods'”. Furthermore, Li et al. proposed a
surface-energy-mediated self-catalytic method, where the CVD-grown
CsPbBr; NWs were optimized by adjusting the substrate surface

roughness. The optimal NWs were about 5 pum in length and approxi-
mately 90 nm in diameter (Fig. 10d). The photodetector based on
these NWs exhibited a responsivity of about 2000 A/W and a response
time of 362 ps (Fig. 10e, f), demonstrating excellent optoelectronic
performance'®. This self-catalytic method avoids the introduction of
metal impurities by eliminating the need for external metal catalysts,
thereby improving the optoelectronic performance and stability of the
NWs. Yadav et al. investigated the morphological control of RP
BA,PbBr, (BA = butylammonium) via the CVD method and found that
temperature plays a crucial role in regulating morphology. At high
temperatures, RP perovskites grow in the form of thin NSs. In contrast, at
moderate temperatures, they exhibit a three-dimensional pyramidal
shape, which further extends into NWs (Fig. 10g). Experiments showed
that these RP perovskite NWs exhibit an exciton binding energy of
approximately 279 meV and a radiative decay time of 1.7 ns, much lower
than the 8.7 ns of conventional 3D CsPbBr; NWs (Fig. 10h)'*". The strong
absorption and radiative emission characteristics make RP BA,PbBr,
NWs a promising candidate for high-efficiency light sources with
potential nanophotonics and optical communication applications. In
summary, these studies reveal the key role of the CVD method in syn-
thesizing halide perovskite NWs and demonstrate the wide application
potential of perovskite NWs with different morphologies and structures
in optoelectronic devices.

Hot injection method. The hot-injection method is also commonly used
for synthesizing halide perovskite NWs. During the synthesis process,
researchers can precisely control the size, morphology, and optoelec-
tronic properties of the NWs by adjusting various factors such as reaction
temperature, solvent, precursor concentration, and halide species'™'*’.
For example, Li et al. improved the hot-injection method and synthesized
CsPbBr; NWs using a solvent system rich in oleylamine. By controlling
the reaction temperature (ranging from 120 °C to 180 °C), they suc-
cessfully obtained pure nanostructures with different Pb/Br ratios (CsBr,
Cs4PbBrg, and CsPbBr;). When the reaction temperature was set at
120 °C, lead-free CsBr NCs were synthesized. As the temperature
increased, the product gradually transformed into Cs,PbBre, and even-
tually, CsPbBr; NWs with a PLQY of 64.9% were produced, with an
emission peak at 521 nm (Fig. 1la, b). These NWs exhibited high-
intensity stability in white LEDs and maintained excellent performance
without encapsulation'®’. In another study, Gokul et al. explored the
synthesis process of CsPbl; NWs using the hot-injection method,
focusing on their phase transition. They found that CsPbI; NWs exist in
the non-perovskite §-CsPbI; phase from the moment of synthesis rather
than initially forming the perovskite phase and subsequently transi-
tioning to the non-perovskite phase, as previously expected (Fig. 11c¢).
The synthesized CsPbl; NWs have a length of approximately 10 pm
(Fig. 11d)'”. This study demonstrates that the hot-injection method
enables precise control over the morphology and phase of NWs under
high-temperature conditions, thereby enhancing the controllability of
the synthesis process. Furthermore, He et al. successfully synthesized
CsPbX; NWs with a high aspect ratio and an orthorhombic crystal phase
using the hot-injection method by controlling the reaction conditions
and surface ligands. Through an ion exchange process, they precisely
tuned the halide composition and bandgap, achieving luminescence
modulation of CsPbX; NWs. As the halide ratio varied, the PL of the
NWs covered a broad range of the visible spectrum (Fig. 11e, f), exhi-
biting excellent optoelectronic properties”.

Template-assisted growth method. The template-assisted growth
method can control the size and orientation of halide perovskite NWs by
using a template material with a uniform channel structure'**'*". This
method provides unique capabilities for synthesizing high-quality NW's
with exceptional uniformity, achieved through simultaneous regulation
of nucleation dynamics and crystal growth pathways'®. Furthermore, the
inherent versatility of template materials combined with their structural
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Fig. 10 | CVD method for synthesizing perovskite NWs. a FESEM image of
CsPbBr; NWs grown on c-Al,Os. b, ¢ The AFM image of CsPbBr; NWs and the
corresponding line scan showing the NW height. d TEM image of self-catalyzed
CsPbBr; NWs. e The variation of responsivity and detection rate with light intensity.
f Rise and decay times of the photodetector. g Schematic diagram of the growth
mechanism of BA,PbBr,. h Time-resolved PL spectra of BA,PbBr, (purple circles)
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and CsPbBr; (green circles), along with double-exponential fitting (red dashed line).
a, b, ¢ Reproduced with permission from ref. 159. Copyright 2021, Royal Society of
Chemistry; d, e, f Reproduced with permission from ref. 160. Copyright 2022, John
Wiley and Sons; g, h Reproduced with permission from ref. 161. Copyright 2023,
American Chemical Society.

tunability endows this approach with scalable manufacturing potential,
addressing critical requirements for industrial-scale nanomaterial
production'®. Lin et al. successfully prepared perovskite NWs by com-
bining inkjet printing with AAO templates (Fig. 12a), achieving tunable
emission across a wide color gamut by adjusting the halide components
(Cl, Br, I). In their study, the researchers precisely controlled the ratio of
halide components, tuning the emission wavelength from 439 nm to
760 nm, demonstrating an exceptionally wide color gamut. Through
PMMA encapsulation, the NW arrays exhibited only a 19% decrease in
PL intensity after 250 h of laser excitation. After three months of storage
in 50% humidity air, they degraded by 30% (Fig. 12b, ), demonstrating
excellent stability'”’. The results of this study represent significant pro-
gress in long-term stability and tunable luminescence capabilities, pro-
viding the theoretical foundation and practical support for perovskite
NW-based LEDs. Chu et al. successfully fabricated CsPbBr; NW arrays

(Fig. 12d, e) on Au substrates using a polydimethylsiloxane (PDMS)
template to control the NW size precisely and developed a low-threshold
plasmonic laser. The threshold power of the fabricated NWss laser was
10 pJ/cm?, significantly lower than the threshold of conventional per-
ovskite lasers''. This work provides new insights for the large-scale
production of perovskite NWs plasmonic nano-lasers. Song et al. syn-
thesized CsPbBr; perovskite columnar crystalline thin films with con-
trollable diameters (50-400 nm) using the AAO template method
(Fig. 12f) and applied them in X-ray detectors. The passivated surface
between the AAO and CsPbBr; NWs led to reduced ion migration. The
X-ray detector based on CsPbBr; exhibited a dark current drift of only
2.185x 10 nA-cm ™ "s".V~" (Fig. 12g), showing excellent stability and
low noise levels, making it suitable for high-sensitivity radiation
detection'””. Despite these advancements, the template-assisted growth
method still faces several challenges, including potential NW damage

npj Nanophotonics| (2025)2:42

14


www.nature.com/npjnanophoton

https://doi.org/10.1038/s44310-025-00090-5

Review

Temperature/Time
.ﬁ_o ‘ol:m ¢'°"é ,:
b‘b :

'o' @ ‘I

A D

Some QDs transforms

All a-CsPbl, dissolves leaving
5-CsPbl, nanowires

5-CsPbl, continues to grow as
a-CsPhl, starts dissolving

A

e CsPbX; NWs
" PbCl,,Pbl, e =X (X=CI',Br.,I)
@ =Pb2+
@ =Cs*
Mixed
—_—
Anion
exchange

Fig. 11 | Hot injection method for synthesizing perovskite NWs. a Schematic
diagram of the formation mechanism of CsBr, Cs,PbBrs, and CsPbBr; nanos-
tructures. b PL spectra of samples at different reaction temperatures'*'. ¢ Schematic
diagram showing the growth of §-CsPbl; NWs. d FESEM images of CsPbI; NWs
synthesized at 180 °C for 10 minutes'®. e Schematic diagram of the anion exchange

All CsPbl, QDs grow with &-CsPbl,
growing directionally

——150°C

B . ——160°C

Fh! ' ——170°C

; - ——180°C
; : E
i
; i 2
1 w
i i ]
$
I - £
-l
o

400 450 500 550 600 650
E’ :‘" Wavelength (nm)
r

d
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under sunlight and a 365 nm UV lamp, respectively”. a, b Reprinted under the terms
of the Creative Commons CC-BY License from ref. 164; ¢, d Reproduced with
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during the template removal process, incomplete template removal
leading to contamination of perovskite NWs, and difficulties in precisely
controlling the length of the NWs'”".

Self-assembly method. The self-assembly method provides a low-
energy consumption and simple synthesis route for halide perovskite
NWs. This approach guides the spontaneous assembly of perovskite
precursors into ordered nanostructures through interactions between
molecules or nanoparticles, such as hydrogen bonding, van der Waals
forces, or electrostatic interactions'’*. The assembly process involves
careful modulation of solution thermodynamics through solvent selec-
tion, thermal management, and concentration gradients, which collec-
tively regulate precursor solubility and interfacial interaction dynamics to
drive the anisotropic growth of NWs architectures'”>'.

Pan et al. successfully synthesized CsPbBr; NWs with excellent
optoelectronic properties by introducing halide vacancies and combining
a ligand-assisted self-assembly method. The study showed that when
oleic acid and didodecyldimethylammonium sulfate (DDAS) were used
as ligands, CsPbBr; QDs could self-assemble into NWs with widths
ranging from 20 to 60 nm and lengths of several millimeters, driven by a
surface rich in bromine vacancies (Fig. 13a). The PL peak of these NWs
was located at 525 nm, with a full width at half maximum of 18 nm. The
synthesized NWs exhibited excellent optical performance, good crystal-
linity, and fewer defects'”’. Zhang et al. fabricated perovskite/insulator/
organic semiconductor (PIO) radial heterostructure NWs using a self-
assembly method (Fig. 13b). The synthesized NWs have diameters
ranging from 500 nm to 2 pm, lengths reaching several millimeters, and a
uniform radial distribution, demonstrating good morphological
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the AAO template-assisted melt-pressing method. g Dark current drift of CsPbBr;
NW film. a-c Reproduced with permission from ref. 170. Copyright 2020, Elsevier;
d, e Reproduced with permission from ref. 171. Copyright 2022, IOP Publishing; f,
g Reproduced with permission from ref. 172. Copyright 2024, Royal Society of
Chemistry.

consistency (Fig. 13c). Additionally, the smooth surface of the NWs
indicates a low defect density; these excellent morphological character-
istics make MAPbI; NWs ideal candidates for the fabrication of dual-
ended single-wire photodetectors'”. Peng et al. prepared ultrafine
CsPbBr; NWs using a two-step solvothermal and self-assembly method
for polarized light detection. By adjusting the solution conditions, they
synthesized perovskite NWs with diameters below 20 nm, exhibiting
excellent polarized light response capabilities. Their study demonstrated
a strong polarization dependence in the self-assembled CsPbBr; NWs
arrays, with a polarization degree as high as ~0.49 (Fig. 13d, €)'”. This
NW array effectively detects low-intensity polarized light, showing
promising potential for future applications. In addition, Ghorai et al.
proposed an innovative method for repairing degraded CsPbI3 NCs

through a self-assembly approach in a recent study. By adding diphenyl
diselenide (DPhDSe) as a ligand to the dispersion of degraded CsPbl;
NCs, the m-n stacking interaction of DPhDSe successfully enabled the
CsPbl; NCs to self-assemble into microfibers. This method restored the
optical properties of CsPbl;, increasing its PLQY from 12% to 57%, and
demonstrated excellent optical stability, with the microfibers maintaining
good optical properties after 15 days of ambient storage'™. This study
provides new insights into the stability and self-assembly applications of
CsPbl; materials.

Despite the many advantages of the self-assembly method, challenges
remain, including unstable yield, difficulties in morphology control, and
scalability issues for large-scale production. Further research and optimi-

zation are needed to address these challenges'®'.
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Optoelectronic applications

Photodetectors. The application of perovskite NW's in photodetectors has
gained widespread attention due to their long carrier diffusion lengths and
high carrier mobilities, which allow them to efficiently convert light signals
into electrical signals, offering significant performance advantages in
photodetectors'®”. Additionally, the tunable bandgap of perovskite NW's
provides adjustable spectral response capabilities, enabling photodetectors to
operate across multiple wavelength ranges'®’. Chen et al. proposed a che-
mical potential-dependent surface energy difference amplification strategy
to achieve the anisotropic growth of CsPbBr;. Using this method, they
successfully synthesized ultra-long single-crystal CsPbBr; NWs with an
aspect ratio exceeding 10° through a one-pot process. The photodetector
based on these NWs demonstrated an extremely high responsivity, reaching
up to 4923 AW, with an EQE exceeding 13784%, and a detectivity of

3.6 x 10" Jones (Fig. 14a, b), showcasing their tremendous potential in
devices such as photodetectors'®. To further enhance the performance of
perovskite NWs in photodetectors, Chen et al. developed a stable a-FAPbI;
perovskite 1D structure array with high crystallinity and ordered crystal
orientation through controllable nucleation and growth in capillary bridges.
To improve its stability, the researchers functionalized the surface of the
FAPbI; NWs with phenylethylammonium ions (PEA™). After 28 days of
storage in an environment with a relative humidity of 50%, the treated
FAPbI; NWs maintained their stable a-phase. The study showed that the
photodetector based on this material exhibited a responsivity of 5282 A/W
and a detectivity of 1.45x 10" Jones (Fig. 14c, d)'®. This significant
improvement in optoelectronic performance indicates that fine control over
the growth of perovskite NWs can substantially enhance their performance
in photodetector applications.
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Fig. 14 | Application of perovskite NWs in photodetectors. a The variation of
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devices with different PEA* contents e Schematic illustration of the fabrication
process of MAPbI; NWs and GaAs-MAPbI; NWs. f Schematic diagram of the
channel current transport mechanism of a photodetector based on CdS@Cd,Zn, .S
QDs modification under illumination. g Photodetector responsivity and EQE.
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Doping NCs into halide perovskite NWs is also an effective strategy to
enhance optoelectronic performance and optimize device performance.
Guo et al. embedded GaAs NCs into perovskite NWs (Fig. 14e) and studied
the advantages of this composite structure in improving charge transport
properties. By incorporating GaAs NCs into CsPbl; NWs, the carrier
mobility was significantly increased from 1.13t0 3.67 cm>V s, leading to

a notable improvement in the performance of photodetectors based on this
material *. Additionally, Wei et al. modified the surface of CsPbBr; NWs by
embedding CdS@Cd,Zn,_,S gradient alloy QDs (Fig. 14f), which sig-
nificantly enhanced the responsivity of photodetectors. The study showed
that, compared to the original CsPbBr; NWs device, the photodetector
responsivity of the QDs-modified CsPbBr; NWs increased from 116.9 to
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1442 A/W, with the detectivity improving by more than ten times
(Fig. 14g)'?". Zhang et al. proposed an innovative radial heterostructure of
perovskite/insulator/organic semiconductor (PIO) NWs (Fig. 14h). The
photodetector based on this heterostructure exhibited a responsivity
exceeding 400 A/W in the visible light range, with a response time of 50 ms.
It also demonstrated a high bright/dark current switching ratio (>2 x 10%)
and excellent flexibility, maintaining high performance even in a bent
state'’’. Additionally, Zhang et al. introduced a vertical heterostructure
integration method for MHP quantum wire/nanowire(QW/NW), where
CsPbBr; QW/NW arrays were integrated into a porous alumina film
(Fig. 14i). The photodetector based on this CsPbBr; QW/NW array
showed a broad spectral response, high sensitivity, and good bending
performance'®. This innovative heterostructure integration method pro-
vides new insights for applying perovskite NWs in photodetectors. In
another study, Wang et al. developed a strategy for spraying perovskite
intermediate suspensions, achieving the controllable fabrication of inch-
scale (15 x 15 mm?®) perovskite MW films. Through the rapid evaporation of
tiny droplets, this method avoids the issue of MWs re-dissolution and
structural collapse caused by solvent residue in traditional spin-coating or
drop-casting methods. The 7 x 7 photodetector array fabricated from this
film exhibited excellent uniformity, with the champion device’s detection
rate surpassing that of polycrystalline films by an order of magnitude,
reaching top performance in its category'®. This method addresses the core
challenge of scaling up the integration of perovskite MW films, providing a
scalable fabrication solution for high-performance photodetector arrays.

Solar cells. Perovskite NWs exhibit significant application potential in
solar cells due to their excellent light absorption capability and high
PCE". Additionally, the bandgap of perovskite NWs can be tuned by
adjusting the type of halogen or the ratio of mixed halides, enabling
effective absorption of sunlight across a broad spectral range and thereby
enhancing the PCE of solar cells”’. Swain et al. synthesized
CH;NH;PbI; (Br, NWs with different I/Br ratios using a two-step
deposition (TSD) method and evaluated their potential applications in
solar cells. Their study revealed that Br doping modified the material’s
bandgap and energy levels, leading to significant improvements in the
photovoltaic performance of CH3;NH;PbI; (Bry-based solar cells
(Fig. 15a). Notably, when x = 0.3, the device exhibited a PCE of 13.6%
under forward scanning and 16.07% under reverse scanning, demon-
strating excellent performance (Fig. 15b)'”.

The large surface-to-volume ratio of NWs also makes surface defect
passivation a particularly effective strategy for enhancing their optoelec-
tronic performance. Zardari et al. investigated the effect of Urotropin (UTP)
as a surface passivation agent on the stability and optoelectronic properties
of 1D NWs. The introduction of UTP effectively passivated surface defects
of NWs and improved crystallinity. Perovskite solar cells fabricated using a
two-step spin-coating method achieved an optimal PCE of 19.15% under
the best passivation conditions (5 mol %) (Fig. 15c). Furthermore, after
42 days of testing under a relative humidity of 38 + 2%, the PCE of the
passivated solar cells decreased by only 5.08%, indicating that UTP passi-
vation significantly enhances device stability'”®. Shin et al. proposed a
biphasic passivation strategy by introducing a small amount of the CsPb,Brs
phase into CsPbBr; NWs, achieving structural optimization and defect
passivation (Fig. 15d). The synthesized biphasic CsPbBr;/CsPb,Brs NWs
were used as an interfacial layer in perovskite solar cells. Compared to
devices based on single-phase CsPbBrs, the PCE increased from 20.74% to
22.87%, while the PLQY of the NWs improved from 31% to 55% (Fig. 15e).
Furthermore, after storage in an air environment for some time, the PCE
retained 95.3% of its initial value (Fig. 15f)"”. This strategy effectively
reduced defects and significantly enhanced the performance and stability of
solar cells. Cha et al. further investigated the dual role of perovskite NWs in
photovoltaic devices, serving as defect passivation agents and charge
transport networks (Fig. 15g) to improve the optoelectronic performance
and stability of the devices. This approach significantly reduced non-
radiative recombination losses and enhanced charge transport efficiency,

enabling NW-based solar cells to achieve a PCE of 21.56% (Fig. 15h). In
long-term stability tests, the device maintained 80% of its initial efficiency
even after 3500 hours, demonstrating excellent long-term stability'**.

In conclusion, researchers have significantly enhanced the photo-
voltaic conversion efficiency and stability of NWs in photovoltaic devices
through doping, surface passivation, and phase stability optimization.
However, challenges remain in terms of scalability and long-term stability.
Future studies could further integrate carrier dynamics, interface optimi-
zation, and device integration to advance the commercialization of per-
ovskite NW-based photovoltaic devices'”.

Lasers and LEDs. Apart from photodetectors and solar cells, perovskite
NWs can also be applied to lasers due to their high exciton binding energy
and excellent optoelectronic properties'”. Researchers have successfully
enhanced their laser emission efficiency and stability through structural
optimization and doping strategies. Tang et al. proposed a solid-solid anion
diffusion process to construct CsPbCl; 3,Br;, NWs, enabling the realiza-
tion of single-N'W lasers with tunable laser emission over a wide spectral
range. The CsPbCl; 3,Br;, NWs synthesized using this method exhibit a
wide tunable bandgap ranging from 2.41 to 2.82 eV, and based on this
material, a continuous tunable nanolaser with a wavelength range from 480
to 525 nm was achieved (Fig. 16a). The laser threshold of this wavelength
range varies from 35.0 to 11.7 pJ/cm’ (Fig. 16b), showing good stability in
laser output'”. In further studies, Sun et al. synthesized CsPbBr; NWs with
high crystal quality using an improved physical vapor deposition process.
These NWs demonstrated excellent laser performance under two different
pump modes (Fig. 16¢). Under single-photon pumping, the threshold of
the NWs laser was 12.2 pJ/cm?2 (Fig. 16d). The quality factor (Q) reached
1078. Under two-photon pumping, although the threshold increased to
269 y/cm® (Fig. 16e), the quality factor remained high at 772.
Temperature-dependent fluorescence spectroscopy tests showed that the
high exciton binding energy of CsPbBr; NWs is the main reason for
maintaining laser stability under high-energy injection conditions'. In
addition, Guo et al. proposed an improved CVD method to directly grow
high-quality heterojunction CsPbCl;/CsPbl; NWs (Fig. 16f). The synthe-
sized NWs possess a single-crystal structure with a sharp interface at the
junction and low defect density. Based on these perovskite NWs, they
fabricated a monolithic dual-wavelength laser and successfully achieved
blue (425.5 nm) and red (687.4 nm) emissions (Fig. 16g, h)'”. These stu-
dies demonstrate the tremendous potential of perovskite NWs in the field
of lasers, especially in tunable and multi-wavelength lasers. Regarding
device integration, Zhao et al. introduced a technique for fabricating ultra-
thin, size-controllable perovskite surface plasmon polariton lasers using
PDMS-assisted imprinting. Through this technique, the researchers could
precisely control the size and arrangement of CsPbBr; NWs, thereby
developing a plasmonic laser array that significantly enhanced the per-
formance of the lasers™. This breakthrough provides a solution for
applying plasmonic laser arrays in optoelectronic integration.

Significant progress has also been made in applying perovskite NWs in
LEDs, particularly in color tunability and efficient light emission. Wu et al.
reported a self-assembled green-to-white switchable LED based on CsPbBr;
NWs. By adjusting the NWs concentration and applying different bias
voltages, the device can switch between green and white light emission. In
high-concentration NWs devices, the LEDs emit pure green light, with the
EL peak located around 522 nm (Fig. 16i). In low-concentration NWs
devices, as the voltage increases, the EL spectrum gradually transitions from
green to white (Fig. 16j), indicating that the perovskite NW's device has good
color-tuning capability and optoelectronic performance'®'. Zhang et al.
further expanded the application of perovskite NWs in LEDs by reporting
an LED based on large-area, highly uniform perovskite QWs arrays
(Fig. 16l). By optimizing conditions such as the length of the perovskite
QWs and the array structure, the emission spectrum of the device covered
the entire visible light range, with a PLQY of 92% for MAPbBr; QWs
(Fig. 16k). The device also exhibited excellent stability under ambient
conditions, with the PL intensity decreasing to 50% of its initial value after
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5644 hours™". This study provides strong support for the large-scale
application of perovskite NWs in LEDs.

Two-dimensional nanostructure

Properties and advantages

2D halide perovskite NSs have emerged as promising optoelectronic
materials, attracting significant attention in optoelectronics and photo-
voltaics in recent years’>”. These materials possess a unique layered
structure, typically consisting of multiple 2D perovskite monolayers inter-
acting via van der Waals forces, which grants them high tunability in the
vertical direction®”. By adjusting the thickness, crystal structure, and surface
modifications of the NSs, researchers can tailor their band structure and
optical properties to meet various application requirements’”. The bandgap
of 2D perovskite NSs generally falls within the ultraviolet to visible range,
and by modifying their thickness and composition, their emission can be
extended from the ultraviolet to the near-infrared spectrum,; this property

makes them highly promising for optoelectronic devices, particularly in
solar cells, LEDs, and lasers”***””. Due to quantum confinement effects, the
layered structure of 2D perovskites allows charge carriers to move freely
within the 2D plane, unlike in 3D materials, where they are more susceptible
to lattice defects and impurity scattering; this reduced carrier scattering
perpendicular to the layers enhances carrier mobility, resulting in out-
standing optoelectronic conversion efficiency’”. This advantage is parti-
cularly significant in photovoltaic cells and photodetectors, where 2D
perovskite NSs can deliver higher conversion efficiencies and faster response
times”*"". Additionally, compared to conventional organic optoelectronic
materials, 2D perovskite NSs typically exhibit longer carrier diffusion

lengths, improving efficiency and stability in optoelectronic devices™'.

Synthesis methods
Solution-based methods. Solution-based methods are widely used to
prepare halide perovskite NSs due to their advantages, such as low cost,
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ease of operation, precise tunability, and strong adaptability”'>*"". This
method has become one of the key synthesis techniques in the field, as it
enables rapid synthesis and low-temperature processing, along with high
yield and consistent reproducibility’”’. Moreover, the flexibility of
solution-based methods allows for optimization according to specific
requirements. By precisely adjusting parameters such as solvent type,
concentration, chemical composition, and environmental conditions,
researchers can fine-tune the physical and chemical properties of per-
ovskite NSs to meet the demands of various applications’'*. For example,
Huang et al. successfully synthesized lead-free double perovskite
Cs,AgBiBrs NSs using a solution-based approach. They dissolved the
precursors in a solvent system consisting of 1-octene (ODE), oleic acid,
and oleylamine and then reacted the mixture at 150 °C for 4 h. Finally, the
NSs were collected through acetone precipitation (Fig. 17a). The syn-
thesized Cs,AgBiBrs NSs exhibited a 3-5nm thickness and lateral
dimensions around 200nm. Regarding optical properties, the
Cs,AgBiBrg NSs showed a strong absorption peak at 430 nm (Fig. 17b)
and a distinct PL peak at 630 nm (Fig. 17¢), demonstrating excellent
humidity and thermal stability*”.

By adjusting reaction conditions, the hot-injection method can also
be used to synthesize NSs. For instance, Malani S et al. employed a
colloidal hot-injection method to synthesize quasi-2D perovskite
(C12H27N)»(MA), 1 (Pb),(Br)s,+1 and investigated its application in
photodetectors. By controlling reaction time, temperature, and solvent
types, they could produce NSs, nanostripes, and NPLs (Fig. 17d-f) with
lateral dimensions of approximately 50-150 nm and thicknesses between
2 and 5 nm. Upon applying these materials to photodetectors, they dis-
covered that the MAPbBr; nanostripes exhibited the best optoelectronic
performance compared to the NSs and NPLs*"*. Wang et al. successfully
synthesized CsPbBr; perovskite nanomaterials of different sizes via a
colloidal synthesis method. By adjusting precursor concentration, solvent
type, and reaction temperature, they controlled the morphology of the
nanomaterials, resulting in NRs, NSs, and NPLs with sizes of 4-10 nm for
NRs and 10-100 nm for NSs (Fig. 17g, h). As the size increased, from NRs
to NSs and finally NPLs, a significant redshift in the optical emission
wavelength occurred, with the emission peak shifting from 485 nm to
530 nm (Fig. 17i). This shift indicates that the change in size has a sig-
nificant impact on the optical properties of the materials’’. Ruan et al.
synthesized manganese-doped CsPb,Cls tetragonal perovskite NSs using
a new ligand-mediated solvent-induced precipitation method (Fig. 17j).
By controlling the Pb/Mn ratio and reaction conditions, they achieved
Mn-doped CsPb,Cls NSs with bright PL and strong ferromagnetism.
These NSs, with lateral dimensions of around 50-100 nm and 5-10 nm
thicknesses, exhibited excellent optical properties and long-term stability,
providing vast research prospects for their application in optoelectronic,
magnetic, and photonic devices™”.
Exfoliation method. The mechanical exfoliation method is a technique that
utilizes physical forces to separate perovskite crystals or thin films into
monolayer or few-layer NSs***. This method is simple to operate, requires
minimal equipment, and can produce high-quality NSs with clean surfaces,
no contamination, and excellent electronic properties’”. Li et al. successfully
synthesized a series of (C;HoNH;),(CH3NH3),,_1Pb,I3, 1 perovskite NSs
with n values ranging from 1 to 5 via mechanical exfoliation (Fig. 18a). These
NSs had a thickness of approximately 20 nm. Using XRD and absorption
spectroscopy, characterization revealed that materials with n=1and n=2
exhibited a single-phase structure. In contrast, those with n>2 contained
mixed-phase structures with different n values (Fig. 18b). Furthermore, their
application in photodetectors demonstrated promising optoelectronic
performance™. Dhanabalan et al. further optimized the mechanical exfo-
liation method. They synthesized (C,H,, 1 NH;),PbBr, NSs with different
organic cations (Fig. 18c). By varying the type of organic cation, they suc-
cessfully enhanced the luminescence efficiency of the NSs, particularly in the
blue-light region, where the PLQY of (PEA),Pbl, perovskite NSs reached
42% (Fig. 18d)*'. However, the mechanical exfoliation method has

limitations, such as difficulty controlling the NS dimensions and significant
material waste’”. As a result, this method is more suitable for small-scale
applications.

The liquid-phase exfoliation method enables the efficient production
of large quantities of 2D perovskite NSs, which involves mixing halide
perovskite materials with solvents or surfactants and using ultrasound, shear
forces, or high pressure to exfoliate them from bulk materials into 2D
NSs™***, Hintermayr et al. proposed a ligand-assisted liquid-phase exfo-
liation technique, where they successfully exfoliated large-sized perovskite
crystals into NPLs by grinding methylammonium halides with lead halides
and then applying ultrasonic treatment with the assistance of an organic
ligand (Fig. 18e). By adjusting the halide composition and the thickness of
the NPLs, they achieved a broad spectral tunability from blue to red light
(395-770 nm). Additionally, the perovskite NPLs prepared using this
method exhibited a quantum yield of up to 70%. They demonstrated
excellent stability, with nearly unchanged optical properties after months of
storage in the dark at room temperature’”. In further studies, Xie et al.
successfully synthesized quasi-2D CsPbBrs; NSs with ultra-high water sta-
bility using liquid-phase exfoliation (Fig. 18g). These NSs exhibited thick-
nesses ranging from a few nanometers to several tens of nanometers. They
demonstrated good dispersion (Fig. 18f). The PLQY reached 82.3%. Fur-
thermore, the PL intensity of the quasi-2D CsPbBr; NSs retained 87% of its
initial value after 168 hours of immersion and 85% after 2 h of exposure to
365nm UV light, indicating excellent environmental stability”*. This
method provides a new approach to enhancing the environmental stability
of perovskite NSs and demonstrates their potential for optoelectronic
applications.

Chemical vapor deposition. The CVD method is also an effective
approach for synthesizing high-quality 2D halide perovskite NSs; by
adjusting process parameters such as temperature, growth time, and
gas flow rate, researchers can precisely control the composition,
thickness, size, and morphology of perovskite NSs**”***. NSs synthe-
sized through CVD typically exhibit excellent crystallinity and
superior quality, making them ideal for demanding applications’”. He
et al. proposed a CVD strategy combining spatial confinement and van
der Waals epitaxy (Fig. 19a) to synthesize large-sized, ultrathin inor-
ganic perovskite NSs. The synthesized CsPbl; NSs exhibited a large
lateral size exceeding 50 um, with a minimum thickness of 3 nm
(Fig. 19b). These NSs demonstrated long carrier lifetimes, high
resistivity, and good stability, indicating their potential for high-
performance integrated optoelectronic applications®”. Using a solid-
source CVD method, Liu et al. successfully synthesized lead-free, fully
inorganic CsSnBr3 NSs on a mica substrate. By tuning the growth
time, the thickness of the CsSnBr3; NSs could be effectively controlled
(Fig. 19¢), which significantly influenced their optical properties.
Studies have shown that as the thickness increases, the crystallinity
and PL intensity of the NSs improve (Fig. 19d) while their nonlinear
optical response decreases™”. Shi et al. synthesized air-stable FAPbBr;
single-crystal perovskite NSs via a vapor growth method (Fig. 19e).
These NSs reached a maximum lateral size of 50 um and a minimum
thickness of 20 nm. This method significantly enhanced the air sta-
bility of perovskite NSs (Fig. 19f) and enabled exceptionally high
photoresponsivity and on/off ratios in photodetectors™'. Additionally,
Yin et al. utilized a spatially confined CVD method to synthesize fully
inorganic CsSnl; perovskite NSs (Fig. 19g) with dimensions of 4 x
4 pm’ and a thickness of 10 nm (Fig. 19h). These NSs exhibited out-
standing response performance in infrared photodetection. Moreover,
by adjusting the gap distance within the confined space and the growth
temperature, the size and thickness of the NSs could be precisely

controlled*”.

Optoelectronic applications
Photodetectors. 2D halide perovskite NSs have attracted significant
attention in photodetector research due to their outstanding
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optoelectronic properties, tunability, and ease of processing””’. Their
large specific surface area effectively enhances photon absorption,
improving photoelectric conversion efficiency and increasing detector
sensitivity”'*. Moreover, their optical and electrical properties can be
modulated by adjusting chemical composition, structure, and material
thickness, allowing for performance optimization across different

wavelength ranges to meet various photodetector application
requirements™*.

Regarding thickness control in halide perovskite materials, Mandal et al.
proposed optimizing the optoelectronic performance of CsPbX; (X = Br, Br/
I, I) NSs by tailoring their thickness. Their study revealed that CsPbBr 51, 5
NSs with a thickness of 4.9 nm exhibited better structural stability than

npj Nanophotonics| (2025)2:42

23


www.nature.com/npjnanophoton

https://doi.org/10.1038/s44310-025-00090-5

Review

a

e iele

33883
664 02004 0‘6*;6'@
%@0@ POOOS g ﬁ

00909 4000
33332 33438

SO

Pl:rBr2 and HBr
in Acetone

Amine injection

Dry step Solvent step

Disperse powder
in toluena
and oleylamine

under UV-light

Colloidal perovskite
® Cs*

Perovskite (MAPbBr,)

b

-n=1

CH3-CH,-CH,-CH,-NH;

=
% =
: =2
Pbl &
3 Q
=
[*]
CH3NH l : ‘
NH, 500 600 700 800
Wavelength (nm)
d Photon Energy (eV)
32 3 28 28
T N ._{PEA]:‘PhBr' =nsemb;-cs
& ---- Exfoliated (PEA),PbB, crysials-
(C..Hz..- INH!)ZPbBr‘ z

PLQY =42 %

Normalized PL Intensity/Absorbance (a.u.)

550

\ £ e$\: -,1:'4-';{3".'_ ®

e '\oIN_‘* DO

Cs 4PbB s

)

CsPbBr;

Recrystallizatioa
Fig. 18 | Exfoliation method for synthesizing perovskite NSs. a Schematic illus-
tration of the crystal structure of (C4HoNH;),(CH3;NH;),,—1Pb,ls,4; for n=1-5.
b Normalized PL spectra of (C4HoNH;),(CH3NH3),,— Pb,I5, 11 NPLs synthesized
with # = 1-5. ¢ Schematic illustration of the synthesis of (C,H,,,;;NH;),PbBr, NSs.

d Normalized PL and absorption spectra of (PEA),PbBr, crystals before and after
exfoliation. e Schematic Illustration of the Synthesis Process for MAPbX; (X = Cl, Br,

SN W
£

_.
LR N

N P e
e W e W e W e Wt

uasi-2D CsPbBr;

H,0 intercalation

IEEE—— ()

I) NPL f SEM image of quasi-2D CsPbBr; NSs. g Schematic illustration of the
aqueous-phase exfoliation process of quasi-2D CsPbBr; NSs. a, b Reproduced with
permission from ref. 220. Copyright 2018, IOP Publishing; ¢, d Reprinted under the
terms of the Creative Commons CC-BY-NC License from ref. 221; e Reproduced with
permission from ref. 225. Copyright 2016, John Wiley and Sons; f, g Reproduced with
permission from ref. 226. Copyright 2019, John Wiley and Sons.

CsPbl; NSs with a thickness of 6.8 nm. Additionally, compared to 3.7 nm
CsPbBr; NSs, the CsPbBr sI; 5 NSs exhibited higher hole mobility. The
photodetector based on these NSs demonstrated a remarkable responsivity of
3313 A/W ata 1.5 V bias (Fig. 20a) and excellent detection capabilities™”. Ion
doping is another crucial strategy for modulating the optoelectronic prop-
erties of perovskite materials and enabling various applications. Sun et al.

reported CsPbCIBr, NSs doped with ytterbium (Yb**) ions, where the pas-
sivation effect of Yb** ions significantly reduced defect density and improved
photostability. A photodetector based on this material exhibited dual-band
response in the ultraviolet and near-infrared regions. The study showed that
the device achieved a responsivity of 1.96 A/W at 440 nm and 0.12 mA/W at
980 nm, corresponding detectivities of 5x 10" and 2.15x 10’ Jones,

npj Nanophotonics| (2025)2:42

24


www.nature.com/npjnanophoton

https://doi.org/10.1038/s44310-025-00090-5

Review

a

——
C—a
- Pbl,

— e

—_— e rv ro- *
s i 1 i
—

Confined space

Csl

wr of
o o g

reactor

1|

o

VDW substrate

» = Grm:":: with § min, 75.1 +4.50m —— 75.1 £4.5nm
mmm Grown with 10 min, 142.8 + 5.7 nm — ——142.8 £5.7 nm
81 mmm Grown with 15 min, 182.0 + 8.0 nm :E ——182.0 £ 8.0 nm
-3
4- £
=
21 E
)
=
04 e . y
60 80 120 140 160 180 200 600 650 700 750 800
Thickness (nm) Wavelength (nm)
e f —— as-grown
FAPbBrS - | 1 month later
o — - |‘ 2 months later
FABTr PbBr, 5 , — 3 months later,
5 £
=
- & |
e e _@__ - ’
400 500 600 700 800
g y . h Wavelength (nm)
a ) S — b “:ﬁ'——
S -— —_
B Mica

By

Carrier gas Reaction-limited
,\f"\f
¥ ¢

; ti{i(it"i(i(it
& Mica

Fig. 19 | CVD method for synthesizing perovskite NSs. a Schematic illustration of
the CVD synthesis process for CsPbl; NSs. b Optical image and typical AFM image
of CsPblj; perovskite NSs. ¢ Thickness distribution statistics of the synthesized
CsSnBr; NSs. d PL spectra of CsSnBr; NSs with different thicknesses. e Schematic
illustration of the CVD synthesis of FAPbBr; NSs. f PL spectra of FAPbBr; NSs after
exposure to air for different durations. g Schematic representation of the spatially

Diffusion-limited

CECLC

confined CVD growth process of CsSnl; NSs. h SEM and EDS images of CsSnl3 NSs.
a, b Reproduced with permission from ref. 229. Copyright 2021, American Chemical
Society; ¢, d Reproduced with permission from ref. 230. Copyright 2021, American
Chemical Society; e, f Reproduced with permission from ref. 231. Copyright 2024,
American Chemical Society; g, h Reproduced with permission from ref. 232.
Copyright 2024, American Chemical Society.

10}12e3J-0121N

respectively”™. These results highlight the material’s excellent multi-
wavelength response capability and long-term photostability.

In addition, research on ultraviolet photodetectors has also received
widespread attention. Lv et al. reported lead-free Cs;Cu,I5s perovskite NSs
and applied them to ultraviolet photodetectors. The study demonstrated
that the device exhibited a responsivity of 2.06 A/W at a wavelength of
365 nm (Fig. 20b), along with fast response speeds (142/182 ms) (Fig. 20c)
and good stability. Compared to traditional lead-based perovskite materials,
Cs3Cu,ls is non-toxic and exhibits high optoelectronic performance,
showing great potential for environmental applications™”. In further

research, Ba et al. successfully prepared Cs,PbL,Cl, NSs using a two-step
dipping method (Fig. 20d) and applied them to self-powered ultraviolet
photodetectors (Fig. 20e), demonstrating outstanding optoelectronic per-
formance. The detector’s responsivity was 35.01 mA/W, with a detectivity of
2.45% 10" Jones and a response time of only 80 s, indicating excellent
ultraviolet light detection capability. These performance improvements
were primarily attributed to the suppression of carrier recombination and
the enhanced built-in electric potential™.

Combining perovskites with other materials has significantly enhanced
the photodetectors’ performance. Chen et al. developed a photodetector
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with a broad spectral response from 300 to 780 nm by combining lead-free
Cs;3Sb,Bry perovskite NSs with CdSe nanoribbons (Fig. 20f, g). The het-
erostructure facilitated the efficient separation of electron-hole pairs, sig-
nificantly improving the optoelectronic performance. Under illumination at
448 nm, the device exhibited a responsivity of up to 174 A/W and a
detectivity of 1.1 x 10" Jones™”. Ansari et al. proposed a photodetector
based on a heterojunction of RP perovskite (BA),(MA),_1Pb,I5,,; with
MoS, NSs. Including MoS, effectively improved the crystallinity and surface
morphology of the RP perovskite NSs films, enhancing light absorption and
charge transport properties by reducing defects and voids. Under 1 sun
illumination, the photogenerated current density was 9.8 pA/cm’, 16 times
higher than that of the photodetector without MoS,”. Additionally,
Ashokan et al. grew 2D Cs;Bi,ly perovskite NSs on TiO, NR arrays using
CVD to form a heterojunction and studied its application in photodetectors
(Fig. 20h). This photodetector exhibited a wide spectral response in the
visible light range from 450 to 750 nm, with a responsivity of 1.1 A/W and a
detectivity of 1.969 x 10" Jones. In terms of temperature stability, the device
maintained good optoelectronic performance even at temperatures as high
as 75 °C, and after 123 days of testing, the photocurrent decayed by only
15.63% (Fig. 20i), demonstrating its excellent long-term stability’”’. In terms
of device integration, Tan et al. designed a bidirectional optoelectronic
device that not only emits light but also has modulation and detection
functions (Fig. 20j). By integrating CsPbBr; NPLs for light emission with
CdS nanobelts as optical waveguides, the researchers successfully achieved
both light signal emission and reception. This bidirectional optoelectronic
device demonstrates excellent modulation depth and response speed,
showcasing its potential for applications in optoelectronic integrated
circuits’"'. Wang et al. reported a 10x10 flexible photodetector array based
on quasi-2D (BA),FAPb,I; for optical imaging. By annealing with gold
nanoparticles to enhance crystallinity and using formamidinium chloride
post-treatment to reduce defects, combined with SiO,-assisted hydrophilic-
hydrophobic patterning, a large-area, highly uniform pixel array was rea-
lized on a flexible substrate. The array exhibits high responsivity, a broad
spectral response range, and excellent mechanical stability**’. This research
provides strong support for the large-scale integration and application of
perovskite photodetector arrays.

Photocatalysis. 2D halide perovskite NSs have also shown numerous
unique advantages in photocatalytic CO, reduction reactions*”’. Their
large specific surface area and high light absorption capability allow for
efficient photon absorption in the visible light region’’. Besides, the
unique layered structure provides more active sites, enhancing the con-
tact between reactants and the catalyst, thereby facilitating CO,
adsorption and activation®”. Furthermore, 2D halide perovskite mate-
rials can also improve catalytic efficiency and stability by designing
heterojunction structures or introducing auxiliary materials™*.

Wou etal. investigated the application of 2D MHP NSs in photocatalytic
CO, reduction. They synthesized CsPbBr; 3,15, NSs at room temperature
using a simple method. The study showed that compared to traditional
MHP NCs, the synthesized NSs exhibited higher stability and stronger
photocatalytic CO, reduction activity. Through a halide ion regulation
strategy, it was found that CsPbBr, 4Iy s NSs had the highest electron con-
sumption rate of 87.8 umol g~* h™" (Fig. 21a), which is seven times higher
than that of traditional MHP NCs”". Liu et al. reported a novel method for
synthesizing lead-free perovskite material Cs,AgBiXs (X = Cl, Br,I) NSs and
investigated their application in CO, photocatalytic reduction. The results
showed that Cs,AgBiBrs (CABB) NSs exhibited higher CO, reduction
activity than traditional nanocubes. This study represents the first lead-free
double perovskite materials application in 2D photocatalysis, offering a
more environmentally friendly option for photocatalytic applications™. In
further research, Zhao et al. reported a method for anchoring a series of
cobalt phthalocyanine catalysts onto lead-free perovskite Cs,AgBiBrg NSs.
They finely controlled the anchoring of the cobalt catalysts to enhance the
CO, photocatalytic reduction efficiency (Fig. 21b). The study demonstrated
that the photogenerated electrons at the Bi sites in Cs,AgBiBrs were

transferred to the cobalt catalysts via carboxyl group anchoring (Fig. 21c),
thereby improving the interfacial electron transfer efficiency and sig-
nificantly enhancing the photocatalytic performance. The CoTCPc@CABB
composite catalyst assembled by carboxyl group anchoring achieved opti-
mal performance, exhibiting an electron consumption rate of 300 umol g~*
h™" in CO, reduction (Fig. 21d), which is eight times higher than that of
unmodified Cs,AgBiBrs™*. This study provides a new approach for
enhancing the CO, catalytic performance of perovskite 2D materials.

The combination of perovskite materials with other semiconductors
can further enhance the efficiency of CO, reduction. Yuan et al. employed
an in situ growth strategy using SrTiO; NSs as a substrate to construct a 2D/
2D CsPbBr;/SrTiOj; heterostructure. The lattice matching between CsPbBr;
and SrTiOs, as well as the alignment of their energy band structures,
effectively promoted interfacial charge separation in the heterostructure
(Fig. 21e). Additionally, NH,F etching treatment of SrTiO; further accel-
erated the charge transfer rate. Ultimately, the constructed 2D/2D
T-SrTiO5/CsPbBr; heterostructure demonstrated excellent CO, photo-
catalytic reduction activity, with a CO production rate of 120.2 yumol g ' h™"
under a light intensity of 100 mW/cm® (Fig. 21f), which is about 10 times
and 7 times higher than that of pure SrTiO; and CsPbBr; NSs,
respectively””. Furthermore, Feng et al. synthesized Cs;Bily NSs using a
self-template directional method. They formed a Z-scheme heterojunction
catalyst by electrostatic self-assembly with CeO, NSs (Fig. 21g) to promote
the CO, reduction reaction. The energy level matching between Cs;Bi,lo
and CeO, NSs (Fig. 21h), along with their close interface contact, sig-
nificantly improved the separation efficiency of photogenerated charge
carriers. The study found that Cs;Bi,lo/CeO,-3:1 exhibited the highest
efficiency in CO, reduction(Fig. 21i), leading the field in CO, reduction
yields for bismuth-based perovskite photocatalysts™. In further research,
Jiang et al. reported an S-type heterojunction catalyst combining
Cs,AgBiBrs NSs with 2D nickel-based metal-organic frameworks (Ni-
MOFs) (Fig. 21j) to enhance CO, photocatalytic reduction performance.
This structure facilitates the separation of photogenerated charge carriers,
and Ni-MOF significantly enhances CO, adsorption capability by
increasing surface active sites. Experimental results showed that the
Cs,AgBiBrg/Ni-MOF heterojunction exhibited excellent catalytic perfor-
mance in the photocatalytic CO, reduction reaction, being 6.43 times and
8.79 times more efficient than the individual Cs,AgBiBrs and Ni-MOF,
respectively (Fig. 21k). Additionally, it demonstrated excellent photo-
catalytic stability™".

In summary, halide perovskite NSs have demonstrated immense
potential in applying photocatalytic CO, reduction. Researchers have made
significant progress in enhancing photocatalytic efficiency and stability by
optimizing material structures, preparation methods, and catalyst
combinations.

Solar cells and LEDs. 2D halide perovskite NSs, with their efficient
optoelectronic  conversion properties, excellent processability,
good flexibility, and high stability, are promising in solar cell
application”*”. Bathula et al. synthesized quasi-2D perovskite NSs
(DDA),[FAPDI;],, 1Pbl, (Fig. 22a) using a mechanochemical method
and studied their application in perovskite solar cells. They successfully
reduced phase separation and improved stability through a solvent-free
synthesis strategy. Based on this material, the solar cell achieved an open-
circuit voltage (Voc) of 0.961V, a short-circuit current density (Jsc)
of 2341 mAcm? and a PCE of 15.23%. However, compared to
current high-efficiency perovskite solar cells, there is still room for
improvement™. In interface engineering, Zhu et al. reported a strategy
for optimizing the interface of 3D/2D perovskite solar cells by introdu-
cing ultrathin (PEA),Pbl; NSs between the 3D MAPDI; and the hole
transport layer. They found that the 2D perovskite NSs effectively opti-
mized the energy band structure (Fig. 22b), improving hole extraction
efficiency and reducing interfacial charge recombination. Using this
method, the PCE of the perovskite solar cell increased from 15.40% to
18.53% (Fig. 22¢)*”. Liu et al. proposed a method for passivating CsPbl,
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Fig. 21 | Application of perovskite NSs in photocatalysis. a Comparison of CO
release from CsPbBr; 315, NSs. b Synthesis scheme for the combination of CABB
and cobalt catalysts. ¢ Expected binding model for CoTCPc@CABB.

d Photocatalytic CO production rates for CABB, CoPc@ CABB, CoTAPc@CABB,
and CoTCPc@CABB. e Energy band diagrams of T-SrTiO; and CsPbBr; before
contact. f CO production rates for SrTiO;, CsPbBr3, SrTiO3/CsPbBrs, and
T-SrTiO5/CsPbBr; as photocatalysts. g Preparation of Cs;Bi,lo NSs and their self-
assembly with CeO, NSs. h Schematic illustration of the band alignment between
Cs;Bi,ly and CeO,. i Catalytic CO, production of Cs;Bi,ls, CeO,, and Cs;Bi,lo/

s

CeO, — x:1. j Schematic diagram of the electrostatic self-assembly process of 2D/2D
CABB/Ni-MOF hybrid materials. k CO, reduction photocatalytic performance of
CABB, Ni-MOF, CABB/Ni-MOF, and physically mixed samples. a Reproduced with
permission from ref. 247. Copyright 2021, John Wiley and Sons; b-d Reproduced
with permission from ref. 248. Copyright 2024, John Wiley and Sons;

e, f Reproduced with permission from ref. 249. Copyright 2023, Elsevier;

8, h, i Reproduced with permission from ref. 250. Copyright 2021, Elsevier;

j» k Reproduced with permission from ref. 251. Copyright 2023, Royal Society of
Chemistry.

QD solar cells using 2D Cs,PbI,Cl, NSs (Fig. 22d). By introducing a
Cs,PbI,Cl, NS-based overlayer, the surface properties of the CsPbI; QD
thin films were significantly improved. The optimized CsPbl; QDs solar
cell achieved a PCE of 14.73% (Fig. 22¢), and after exposure to a humid
environment for 432 hours, the efficiency loss was only 16% (Fig. 22)*".
Although this method enhanced the stability, further -efficiency
improvements are needed to compete with the current best perovskite
solar cells. In another study, Liu et al. introduced an organic spacer

molecule containing multiple nitrogen sites (1H-Pyrazole-1-carbox-
amidine hydrochloride, PAH) to form a 2D perovskite passivation layer
on the surface of FAPDbI;. Due to the interaction between PAH and Pbl,,
defects in the FAPbI; perovskite were effectively passivated. Additionally,
the multiple-site interactions facilitated the vertical growth of the NSs on
the substrate (Fig. 22g), which promoted charge transfer. This strategy
enabled the 2D/3D solar cell to achieve a PCE of 24.6% and excellent
stability (Fig. 22h, 1)**".
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Fig. 22 | Application of perovskite NSs in Solar cells. a Schematic diagram of the
solvent-free solid-state synthesis of (DDA),[FAPbI;],, ;Pbl; NSs. b Energy level
diagram of the 3D/2D MAPbI;/(PEA),Pbl, perovskite solar cell. ¢ Photocurrent
density and PCE of the MAPbI;/(PEA),Pbl, perovskite solar cell. d Schematic
perovskite solar cell structure diagram with FTO/TiO,/CsPbl; PQD/Cs,PbI,Cl, NS/
Spiro-MeOTAD/Au conFiguration. e J-V curves and other data of the perovskite
solar cell, including PCE. f Stability test of the original CsPbI; and CsPbl; PQD/
Cs,PbI,Cl, NS perovskite solar cell under storage conditions at 30 + 5% RH.

Time (h)

g Schematic diagram of the 2D/3D perovskite solar cell structure. h J-V curves and
other data of the 3D and 2D/3D devices, including PCE. i Long-term stability test of
the unencapsulated 3D and 2D/3D devices. a Reproduced with permission from
ref. 254. Copyright 2021, Elsevier; b, ¢ Reproduced with permission from ref. 253.
Copyright 2021, Elsevier; d—f Reproduced with permission from ref. 252. Copyright
2024, American Chemical Society; g, h, i Reproduced with permission from ref. 255.
Copyright 2023, John Wiley and Sons.

Compared to traditional 3D perovskite materials, 2D perovskite NSs
exhibit stronger quantum confinement effects, higher PLQY, and lower ion
migration, making them highly promising for efficient and stable LEDs™.
Additionally, the emission wavelength of 2D perovskite materials can be
easily tuned by adjusting the number of layers and incorporating different
organic ligands or inorganic ions, enabling their application in LEDs of
various colors™’. Wang et al. synthesized a series of alkylammonium lead
iodide perovskite monolayer NSs ((RNH;);Pbly R=C;sHss, CioHas,
CgH,7) via a self-assembly method (Fig. 23a). These NSs exhibit tunable
green PL with emission wavelengths ranging from 505 to 536 nm (Fig. 23b)
and a narrow emission linewidth of less than 16 nm, as well as excellent water
stability. Studies have shown that the synthesized monolayer NSs are highly
compatible with CsPbl; red-emitting QDs, thereby mitigating the common
issue of halide ion exchange. By combining these green monolayer NSs with
red-emitting CsPbl; QDs, a white-light LED device was fabricated (Fig. 23c¢),
achieving chromaticity coordinates of (0.32, 0.33) and a correlated color

temperature of 6000 K. The resulting device exhibited a color gamut cov-
erage of 117% NTSC, demonstrating outstanding performance™®. Addi-
tionally, Gao et al. proposed a strategy combining copper (Cu*") doping and
post-treatment Br- anion exchange to address the issues of low PLQY and
environmental instability in deep blue LEDs. Cu** doping significantly
reduced chlorine defects in the material and successfully transformed the
originally inefficient CsPbCl; QDs into two-dimensional NSs with high PL.
Through post-treatment bromine ion exchange, the resulting CsPb(Br/Cl);
NSs exhibited increased radiative recombination and reduced ionic migra-
tion, which improved the PLQY to 94% and significantly enhanced humidity
stability. The deep blue LEDs fabricated from this material had an emission
wavelength of 462 nm, with a maximum brightness of 761 cd/m’ and a
current density of 205 mA/cm’ (Fig. 22d, e, f)*”". In further studies, Xu et al.
proposed a strategy to enhance the performance and stability of deep blue
LEDs by processing perovskite NSs films with choline chloride (ChCl) and
rubidium bromide (RbBr) (Fig. 23g). ChCl served as an effective chlorine
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previously reported works. g Schematic diagram of the perovskite NSs film pre-
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a—c Reproduced with permission from ref. 258. Copyright 2022, John Wiley and
Sons; d-f Reproduced with permission from ref. 204. Copyright 2021, Elsevier;

g, h Reproduced with permission from ref. 256. Copyright 2024, American Chemical
Society.

source to fill halogen vacancies and acted as a passivator to suppress deep-
level defects in the perovskite NSs, thereby reducing non-radiative recom-
bination and significantly improving PLQY. Moreover, introducing RbBr
reduced ionic migration and stabilized the perovskite phase, further
enhancing the photoluminescent properties and device stability. The LEDs
based on this material successfully achieved deep blue emission, with a
maximum EQE of 3.58% (Fig. 23h)™. In summary, applying 2D halide
perovskite NSs in LEDs demonstrates significant advantages. By adjusting
the material size, doping strategy, and passivation methods, researchers have
successfully enhanced the luminescent efficiency and stability of the devices.

Theoretical design strategies

Density functional theory

Understanding the relationship between the atomic structure of halide
perovskites and their resulting electronic and optical properties is crucial

for optimizing their performance. Density Functional Theory (DFT), a
quantum mechanical computational method, has become an invaluable
tool in this regard®”. DFT enables detailed simulations of atomic and
electronic interactions in halide perovskites, providing essential insights
into their structural stability, electronic properties, and defects”"**". This
computational approach also allows for predicting key characteristics
such as band gaps, density of states, charge transport, and exciton
dynamics, which are critical for designing more efficient devices™**®.
Ahmed et al. studied lead-free mixed halide perovskites based on gallium,
Cs;Galg Bry, and explored their structural, electronic, and optical
properties for photovoltaic applications using DFT. These compounds
exhibit good structural stability, with band gaps ranging from 1.319 to
1.779 eV. The optical absorption coefficients suggest that these materials
have potential for use in solar cells, with Cs;Gal,Br, and Cs;GalsBr
emerging as the most promising materials”’. Bouhmaidi et al
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investigated the structural, electronic, optical, and thermoelectric prop-
erties of germanium-based halide perovskites, CsGeX; (X =F, Cl, Br).
Through DFT calculations and semi-classical Boltzmann transport the-
ory, the study found that these perovskites possess direct band gaps and
strong ultraviolet absorption, with CsGeBr; exhibiting a high Seebeck
coefficient, indicating its potential for thermoelectric applications’®. The
optimization of device performance using DFT has also been widely
studied. Chen et al. examined the effects of pseudo-halogen anions on the
surface of FAPbI; and the SnO,/FAPDI; heterostructure, exploring their
application in solar cells. DFT calculations revealed that pseudo-halogen
anions can enhance the stability of the FAPbI; surface and improve the
light absorption and charge transport properties at the SnO,/FAPbI;
interface, thus boosting the device performancez“’. In further research,
Adam et al. combined experimental and DFT analysis to investigate the
impact of potassium halides on the SnO,/MAPbI; interface. The study
found that potassium halides can passivate surface defects, increase the
perovskite grain size, and improve the adhesion and charge extraction
properties of the SnO,/perovskite interface. Moreover, devices treated
with potassium halides exhibited higher PCE and stability”*”.

DFT has proven to be a powerful tool for understanding the complex
properties of LHPs. By offering in-depth insights into the electronic structure,
defects, exciton dynamics, and other key features, DFT has contributed to
optimizing and designing more efficient and stable perovskite devices™**".
As computational power continues to grow, DFT will remain indispensable
in the future development of LHPs, enabling the exploration of new materials
and guiding the design of next-generation optoelectronic devices.

Machine learning

Perovskite nanomaterials, owing to their tunable bandgap, high charge
carrier mobility, and solution processability, have emerged as promising
candidates for next-generation optoelectronic devices such as solar cells,
LEDs, and photodetectors'*****". However, their performance is governed
by multiple factors, including composition, lattice structure, defect states,
and processing parameters”'. This multidimensional coupling poses sig-
nificant challenges to the conventional trial-and-error research paradigm,
which suffers from low efficiency and high costs. As a core branch of
artificial intelligence, machine learning (ML) offers a transformative tool for
the full spectrum of perovskite material research—from design and synth-
esis to device application—by uncovering hidden patterns in high-
dimensional data”**””. This shift is catalyzing a paradigm transition from
experience-driven to data-driven scientific discovery.

ML demonstrates remarkable advantages in predicting the optoelec-
tronic properties of perovskite nanomaterials by constructing structure-
property mapping models, leveraging feature engineering, and selecting
appropriate algorithms™. The core workflow (Fig. 24) involves collecting
material composition data from experimental or computational databases,
identifying key descriptors through feature engineering, training predictive
models using supervised learning algorithms, optimizing performance
based on validation metrics, and ultimately deploying the models to predict
the properties of new materials or devices”>**. Compared with traditional
approaches, ML excels in high-throughput virtual screening, nonlinear
relationship analysis, and inverse design capabilities, significantly accel-
erating the discovery and design of materials with desired
functionalities””*”*. In terms of precise predictions at the material level, ML
has achieved in-depth analysis of stability, optoelectronic properties, and
defect behaviors”". Hu et al. combined high-throughput calculations with
machine learning to study the ion adsorption characteristics of 2D halide
perovskites for energy storage applications. Using multiple ML algorithms
for prediction and screening, they found that the Xgboost algorithm per-
formed best in prediction accuracy and successfully identified promising
lead-free perovskites for energy storage applications””. Gupta et al. used ML
and experimental databases to explore novel oxide and halide perovskites,
focusing on their formability and stability. They trained machine learning
models on 1962 oxide perovskites and 4,075 halide perovskites, successfully
predicting 591 materials with both formability and stability, and analyzed
their potential applications in batteries, further advancing the use of per-
ovskite materials in energy storage™”. In subsequent research, Mishra et al.
combined experimental and ML approaches by establishing a compre-
hensive database of perovskites and using it to predict 10,920 possible
perovskite combinations. They then selected Cs,PbSnl, for synthesis, pre-
pared its NCs using a hot-injection method, and characterized their optical
properties using XRD and TEM. The experimental results were consistent
with the machine learning-predicted band gap, demonstrating the effec-
tiveness of this approach in material design®"'. Furthermore, the application
of ML can be extended to the prediction of optoelectronic device perfor-
mance. Meftahi et al. optimized the fabrication process of quasi-2D RP
perovskite films using automated robotic manufacturing technology. They
combined it with a ML model to predict photovoltaic performance, suc-
cessfully increasing the PCE to 16.9%"".

These studies show that the combination of high-throughput calcu-
lations and ML accelerates the screening and optimization of perovskite
materials and provides valuable guidance in material design and
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performance prediction, laying a solid foundation for the future develop-
ment of optoelectronic devices.

Summary and outlook

Summary

In conclusion, LHPs have shown significant potential for applications in
optoelectronics due to their unique quantum confinement effects, tunable
band gaps, and excellent carrier dynamics properties”®’. In this review, we
comprehensively discuss the properties and advantages of LHPs. Addi-
tionally, we summarize the commonly used synthesis methods for LHPs,
including hot injection, ligand-assisted reprecipitation, and vapor deposi-
tion techniques, which enable control over the morphology and size of the
nanostructures. Finally, we introduce the recent research on the applications
of low-dimensional halide perovskites in LEDs, solar cells, photodetectors,
and lasers.

Challenges and prospects
However, the commercialization of LHPs and their devices still faces several
core challenges:

1. Although LHPs exhibit better stability than conventional 3D per-
ovskites in certain aspects, their long-term environmental stability
remains a major obstacle to commercial application. Under prolonged
bias or continuous illumination, devices are prone to ion migration,
enhanced non-radiative recombination, and local phase transitions,
ultimately leading to performance degradation®®. Moreover, the high
specific surface area of LHPs intensifies interfacial reactions with
environmental species, particularly moisture and oxygen, resulting in
irreversible processes such as photo-oxidation, hydrolysis, or ligand
dissociation’®. These degradation pathways often produce amorphous
phases or intermediate states, causing bandgap shifts and reduced
photoelectric conversion efficiency’®. To systematically address these
stability challenges, future research should proceed on multiple fronts:
on one hand, by employing precise ligand engineering, elemental
doping, and defect passivation strategies to enhance ionic migration
barriers and improve both structural and electronic stability within the
crystal; on the other hand, by developing compact, interface-
compatible encapsulation materials or dynamic ligand systems to
restrict the ingress and reactivity of external environmental factors
effectively.

2. Lead-based LHPs, especially those composed of Pb**, such as NCs,
NWs, and NSs, offer distinct performance advantages. However, lead is
a heavy metal with high bioaccumulation potential and water-soluble
toxicity, and the risk of lead leakage after the end-of-life of devices has
raised widespread concerns™’. In terms of lead leakage prevention,
constructing multilayer inorganic/organic composite encapsulation
structures can significantly enhance the device’s stability in humid
environments and prevent the migration and release of lead ions™.
Additionally, incorporating lead chelating agents or phosphate-based
fixatives within the material can effectively capture any released lead by
forming stable complexes or precipitates, thereby reducing its
bioavailability'"'. The development of lead-free perovskites has also
become an important research direction. Typical substitution strategies
involve partially or fully replacing Pb** with low-toxicity or non-toxic
ions such as Sn**, Bi’*, Sb’*, Cu?, or Mn**. However, Sn*" is highly
prone to oxidation into Sn**, which greatly compromises stability and
device performance®. Although Bi’* and Sb>* perovskites offer higher
stability, their indirect band gaps and low carrier mobility limit their
optoelectronic properties™. Therefore, future research should con-
tinue to advance fundamental studies on lead-free perovskite
alternatives while also accelerating the development of efficient, low-
cost, and scalable lead leakage prevention technologies.

3. The optoelectronic properties of LHPs are strongly dependent on their
dimensionality, size, and anisotropy. However, precise control over the
nanostructure dimensions (such as diameter, thickness, and aspect

ratio) during the synthesis process remains a significant challenge™".

Although widely used for preparing perovskite nanomaterials, tradi-
tional colloidal synthesis methods struggle to achieve monodispersity
due to the fast crystallization kinetics™. The high-temperature
environment of CVD processes directly conflicts with the low thermal
stability of perovskites, often resulting in the formation of amorphous
or mixed phases. Furthermore, the difference in thermal expansion
coefficients between the substrate and the perovskite can lead to lattice
distortion at the interface’. Therefore, further investigation into the
nucleation and growth mechanisms of LHP nanomaterials is needed,
focusing on kinetic regulation, ligand engineering, and template design
to control their size precisely.

. Significant progress has been made in studying surface passivation

of 0D perovskite NCs through ligand engineering. However, the
interaction between the ligand and the surface of perovskite NCs is
relatively weak, and this interaction is highly dynamic™. As a
result, ligands are prone to detachment during solution processing,
exposing surface dangling bonds and forming deep-level defects,
significantly reducing carrier mobility by 1-2 orders of
magnitude””. Therefore, exploring novel ligands and gaining a
deeper understanding of their functions will remain key areas of
future research.

. The interfacial issues between LHPs and other functional layers often

determine the device’s overall performance. Due to interfacial defects
and inhomogeneities, charge injection and extraction are frequently
limited, resulting in lower device efficiency and poor stability””. To
address this problem, future research should focus on optimizing
interface engineering. Introducing novel interfacial materials allows it
to effectively tune energy level alignment and improve charge carrier
injection and transport™”. Additionally, surface modification or self-
assembly techniques can reduce interfacial defect density and suppress
non-radiative recombination*”’. Moreover, designing interfacial dipole
layers or energy gradient layers can further optimize electron transport
and interfacial electric field distribution, thereby enhancing the device’s
efficiency and stability.

. In the multilayer structure of LHP devices, interlayer compatibility is a

major challenge. Due to differences in the physicochemical properties
of various materials, especially mismatches in solvents, thermal
expansion coefficients, and lattice structures, issues such as solvent
incompeatibility, chemical reactions, or thermal stress accumulation
may occur between layers, affecting the overall performance and sta-
bility of the device™. To address these challenges, researchers are
exploring novel interlayer compatibility strategies, particularly
between different types of perovskite and non-perovskite materials™.
The mutual impact between layers can be effectively avoided by
selecting appropriate solvent systems, interfacial materials, and buffer
layers. Additionally, heterojunctions in multi-dimensional structures
(such as 0D/2D and 1D/3D) have enhanced photoelectric conversion
efficiency”.

. Due to the high sensitivity of LHPs to external environments, encap-

sulation technology is particularly critical. Traditional encapsulation
methods, such as glass or resin encapsulation, often fail to meet the
application requirements of low-dimensional perovskite devices in
areas like flexible electronics and wearable devices™'. In particular,
under harsh conditions such as humidity, high temperatures, and UV
exposure, conventional encapsulation materials often cannot provide
sufficient protection’”. Future encapsulation strategies should place
greater emphasis on material compatibility and multifunctionality. For
example, ultra-thin inorganic gas barrier films prepared via atomic
layer deposition can effectively prevent the penetration of moisture and
oxygen, thereby ensuring device stability’”. At the same time,
developing self-healing encapsulation materials that can automatically
repair microcracks can help prevent performance degradation during
prolonged exposure™. Additionally, innovations in flexible encapsula-
tion materials can significantly extend device lifespan and reduce
manufacturing costs.

npj Nanophotonics| (2025)2:42

32


www.nature.com/npjnanophoton

https://doi.org/10.1038/s44310-025-00090-5

Review

8.

10.

Currently, the large-scale production of LHPs remains a major
challenge limiting their commercial application. Although solution-
based methods and hot-injection techniques have achieved significant
progress at the laboratory scale, these approaches are difficult to adapt
to industrial production due to high demands for cost-effectiveness,
efficiency, and consistency’”. A key unresolved issue is maintaining
uniformity and high quality of materials during scale-up. To address
this, researchers are developing fabrication techniques compatible with
roll-to-roll processing, such as hot pressing and inkjet printing, to
improve manufacturing throughput™. Additionally, the compatibility
between solvents and substrates used in the fabrication process,
especially from an environmental and sustainability perspective, is
another critical aspect that requires optimization™”. By further refining
these processes, the production cost and scalability of LHPs are
expected to improve significantly.

. The potential applications of LHPs in flexible electronics, sensors, and

intelligent systems are gradually emerging, and how to achieve com-
patibility and integration of these materials with other material systems
has become a new research direction™”. Large-scale integration
requires excellent optoelectronic performance from LHPs and good
thermal stability, electrical compatibility, and processability’”. There-
fore, future research will focus on integrating these materials under
low-temperature or low-pressure conditions in a manner compatible
with existing CMOS processes and developing multifunctional systems
that combine sensing, energy harvesting, and communication™".
Moreover, new opportunities can be created for future smart
electronics and wearable technologies by designing multilayer devices
with nanostructured architectures, such as vertically stacked photo-
detectors and micro-LED arrays.

In addition to the inherent toxicity of the materials themselves, the
current synthesis processes for LHPs still largely rely on high tem-
peratures, highly toxic solvents, harmful ligands, and heavy metal
precursors. This poses safety risks during operation and imposes sig-
nificant burdens in energy consumption, environmental emissions,
and waste management. Therefore, developing green synthesis tech-
niques for perovskite materials is of great importance. The core
objectives of green synthesis include using low-toxicity or non-toxic
precursors, developing aqueous or alcohol-based synthesis systems,
implementing ambient temperature and pressure conditions, reducing
organic solvent usage, and improving yield"". Recent studies have
attempted to synthesize lead-based NCs using water/ethanol solutions
or to replace conventional long-chain amine ligands with plant-derived
surfactants’”. In addition, solvent recycling technologies, solid-state
synthesis methods, and microwave or photocatalysis-assisted pro-
cesses are emerging as promising green synthesis pathways’’. These
strategies reduce environmental impact and improve process
controllability and reproducibility to some extent. However, green
synthesis still faces several challenges. First, green systems’ crystal-
lization rate, morphology control, and ligand compatibility are often
suboptimal, leading to reduced quantum efficiency or incomplete
crystallization™. Second, alternative low-toxicity solvents exhibit
complex and variable evaporation rates, polarities, and coordination
abilities with precursors, and there is currently no unified standard’".
Future research should focus on theoretical modeling and in situ
characterization of crystal growth mechanisms in green systems, and
aim to develop a set of general, scalable green synthesis processes.

In summary, further enhancement of the performance of LHPs will

depend on the interdisciplinary collaboration between materials science,
device integration, and computational simulations. More in-depth funda-
mental research is needed on carrier dynamics, exciton behavior, and defect
physics at the nanoscale. By addressing core issues such as stability, toxicity,
and scalable fabrication, LHPs are expected to transition from the laboratory
to industrialization, laying the foundation for the next generation of efficient
and environmentally friendly optoelectronic devices.
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