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HIGHLIGHTS

• Innovative synthesis method for nanoscale-based perovskites with enhanced stability and efficiency.

• Novel application of nanoscale-based perovskites in optoelectronics with superior performance metrics.

• Comprehensive analysis of the structure–property relationships in perovskite nanomaterials.

ABSTRACT The rapid advancement of nanotechnology has sparked much interest in 
applying nanoscale perovskite materials for photodetection applications. These materials are 
promising candidates for next-generation photodetectors (PDs) due to their unique optoelec-
tronic properties and flexible synthesis routes. This review explores the approaches used in 
the development and use of optoelectronic devices made of different nanoscale perovskite 
architectures, including quantum dots, nanosheets, nanorods, nanowires, and nanocrystals. 
Through a thorough analysis of recent literature, the review also addresses common issues 
like the mechanisms underlying the degradation of perovskite PDs and offers perspectives on 
potential solutions to improve stability and scalability that impede widespread implementa-
tion. In addition, it highlights that photodetection encompasses the detection of light fields 
in dimensions other than light intensity and suggests potential avenues for future research to 
overcome these obstacles and fully realize the potential of nanoscale perovskite materials in 
state-of-the-art photodetection systems. This review provides a comprehensive overview of 
nanoscale perovskite PDs and guides future research efforts towards improved performance 
and wider applicability, making it a valuable resource for researchers.
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1 Introduction

1.1  Overview of Photodetectors

Electronic devices known as photodetectors (PDs) sense 
and measure light (photons) and convert it into an electrical 
signal using a variety of types and unique operating princi-
ples [1]. When light is absorbed in their depletion regions,  
for instance, photodiodes use semiconductor structures like 
p–n junctions or p–i–n configurations to produce a photo-
current [2]. Avalanche photodiodes are perfect for low-light 
applications because they increase sensitivity through inter-
nal avalanche multiplication. Metal–semiconductor–metal 
PDs offer higher bandwidth capabilities up to hundreds of 
gigahertz because they use Schottky contacts instead of p–n 
junctions. Although they are less widely used than photo-
diodes, phototransistors internally amplify photocurrent. 
Long-wavelength infrared light can be detected by photocon-
ductive detectors, such as those based on cadmium sulphide, 
which are less expensive but have slower response times and 
nonlinear characteristics. Photomultiplier tubes use electron 
multiplication to achieve high sensitivity, and charge-cou-
pled devices are arrays that convert light into electric charge 
and are widely used in imaging. Researchers are working 
on quantum dot PDs for infrared detection, which use quan-
tum dots as sensitive materials. A PD’s wavelength range, 
sensitivity, speed, and cost are important considerations for 
various applications, from optical communications to astro-
nomical observations. Optimizing performance in various 
applications requires an understanding of and approach to 
mitigating background noise in PDs [1].

Perovskite-based PDs have attracted much attention 
because of their remarkable photoelectric properties, includ-
ing their better capacity to harvest light, adaptable band gap, 
and carrier migration behaviour [3–11]. Ongoing study in 
this area focuses on materials synthesis, device structure 
design, and interface engineering to enhance device prop-
erties such as stability, sensitivity, and response speed [4]. 
According to the different device architectures or mecha-
nisms, perovskite PDs are available in three primary types: 
photoconductor, photodiode, and phototransistor [2, 12, 13]. 
Among these types, the photoconductor has garnered special 
attention because of its integration and ease of use advan-
tages. A semiconductor with two Ohmic metal contacts 
is a photoconductor (Fig. 1a). The devices become more 

conductive when a bias voltage is provided to separate the 
photogenerated charge carriers, then directly dissociated 
into holes and electrons, and collected by the electrodes 
(Fig. 1b). The high photoconductive gain in photoconductors 
results in high responsivity and external quantum efficiency 
(EQE) when the photoexcited electron (hole) loops through 
an external circuit multiple times before recombination with 
a hole (electron) [14, 15]. The photoconductor’s constant 
slow response time leads to a low specific detection rate. 
Some outstanding strategies have been developed to promote 
the performance of PDs, such as novel topographical tem-
plates for more quality perovskite materials, enhanced qual-
ity of perovskite film with trend synthesis techniques, and 
effectively integrated device architectures promote the per-
formance of PDs [7]. For example, in an interesting report 
[16], by manipulating the dewetting dynamics of precur-
sor solution over an asymmetric wettability topographical 
template, stable α-CsPbI3 perovskite nanowire arrays with 
large grain size, high crystallinity, regulated alignment, 
and position are demonstrated. Stable α-CsPbI3 perovskite 
nanowire arrays can produce photoconductor-type PD with 
substantially higher responsivity (1294 A  W−1), detectiv-
ity (2.6 ×  1014 Jones), and longer-term stability than thin-
film devices. In another report, methylamine was applied 
to the  MAPbI3/PbI2 perovskite layer by Li et al. [17]. The 
 MAPbI3/PbI2 hybrid film was treated with methylamine, 
which resulted in a pure  MAPbI3 perovskite film with better 
film quality. The film demonstrated a very high responsiv-
ity of 3.6 A  W−1 and a detectivity of 5.4 ×  1012 Jones when 
exposed to 0.5 mW  cm−2 of white light. Furthermore, the 
film demonstrated its maximum responsivity and detectivity 
of 30 A  W−1 and 2.4 ×  1014 Jones, respectively.

Another significant form of PDs is photodiode, which 
commonly relies on p–n, p–i–n, or Schottky junction 
(Fig. 1c). Under light illumination, the perovskite created 
electron–hole pairs. The electrons and holes are then sepa-
rated by the junction’s inherent electric field and collected 
by the electrodes (Fig. 1d). In opposite paths towards the 
collecting electrodes of photoconductors, the electrons 
and holes are driven to move, and the electrodes have fast 
response times and high specific detection rates [18, 19]. 
Thus, when the devices operate at zero bias, self-powered 
PDs can be realized efficiently by separating photogen-
erated electron–hole pairs. However, they display limited 
EQE and responsiveness, two main drawbacks of pho-
todiodes. Most work on photodiodes has gone towards 
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improving detectivity by lowering device noise, improving 
response speed by raising carrier mobility, and expand-
ing/contracting the photon response spectrum. Dou et al. 
[20] used the outstanding optical and electrical properties 
of organic/inorganic hybrid halide perovskite materials 
and the distinctive interface design to create a photodiode 
sensitive in the UV–visible range. The PDs have a large 
detectivity (the capacity to detect weak signals) of about 
 1014 Jones operating at room temperature. They also have 
a linear dynamic range of more than 100 dB and a quick 
photoresponse with a 3-dB bandwidth up to 3 MHz. More 
strikingly, with PEDOT: PSS and PCBM as the interface 
materials, the device’s response time was approximately 
30 ms,  105 times slower than the inverted device. Very 
recently, efficient p-type doping of  MoS2 is achieved 
through straightforward van der Waals interactions with a 
2D perovskite layer, and a high-performance photodiode 
based on a homogeneous  MoS2 p–n junction is built [21]. 
In device performance, the ideality factor is 1.3, and the 
dark current can be as low as  10–12 A. When illuminated, 
the device’s open circuit voltage can be as high as 0.7 V. 
Furthermore, the device demonstrates a quick response 
time of 105/109 µs and a high responsivity of 529 mA  W−1 
under zero bias.

As for the phototransistor, compared to a photoconduc-
tor or a photodiode, it is a three-terminal device (Fig. 1e), 
meaning a more complex fabrication process. In the dark, 
the phototransistor’s off-state current is often quite low. The 
perovskite produces electron–hole pairs in response to light; 
only one kind of carrier can be altered and take part in chan-
nel conduction (Fig. 1f). However, because of the transistors’ 
built-in amplification function, which results in high internal 
photocurrent gain, phototransistor responsivity and detectiv-
ity may be about three orders of magnitude higher than those 
of photoconductors and photodiodes [8, 12]. Additionally, 
phototransistors can significantly reduce the dark current 
and increase the photocurrent by using the grating effect and 
gate modulation. This helps achieve high photoresponsivity/
sensitivity and good detection performance.

Perovskite PDs can be used in optical communications, 
artificial intelligence, sensing, medical imaging, and night 
vision because of these characteristics [22]. The current 
efforts include approaches to electrically modulating per-
ovskite-based PDs to enhance their light-sensing perfor-
mance for applications such as wearable health monitoring 
and low-light detection [23]. Numerous PD applications, 
including polarized light applications, biological detection, 
optical communication, and imaging, demonstrate potential 

Fig. 1  Representative exhibition of classification of perovskite PDs and operational principles of the photoconductors (a, b), photodiodes (c, d), 
and phototransistors (e, f)
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for these devices [24–26]. Perovskite-based PDs promise 
to advance the next generation of artificial intelligence 
and neuromorphic computing is further demonstrated by 
research into them for synthetic photonic synapses [27–29].

1.2  Nanoscale Perovskite‑Based Materials 
for Photodetection

Due to its exceptional photophysical and photoelectric quali-
ties, including its long carrier diffusion length, substantial 
absorption coefficient, relatively low defect density, and 
adjustable optical properties, halide perovskite has been 
the subject of intensive research for a lot of potential opto-
electronic device applications from solar cells to PDs. The 
typical unit cell of a perovskite crystal is  ABX3, where X 
can be a halogen anion or other halogen doping centres 
 (Cl−,  Br−,  I−), A can be an organic or inorganic cationic 
substance  (Cs+,  Rb+,  MA+,  FA+), and B might be a divalent 
metal cation  (Pb2+,  Sn2+,  Bi2+). The A cations occupy eight 
corners; the body centre is by the B ions, and the six-face 
centre is by the X anions. In most cases, the B ion works in 
tandem with six X anions to create the  (BX6)4−octahedron, 
which is extended to 3D perovskites and joined by com-
mon corners [5, 30, 31]. High-quality perovskite films for 
PD applications have been produced through the effective 
use of several common techniques, including inkjet-printed, 
antisolvent vapour-assisted, vacuum flash-assisted solution 
processing, atmospheric control, microchannel-confined 
crystallization thermal annealing, and solvent engineer-
ing [3, 32, 33]. However, conventional 3D perovskites 
are inherently unstable against ambient moisture, which 
significantly limits their application in high-performance 
PDs since they are unable to transduce the signal repeat-
edly over extended periods. Moreover, it is imperative to 
address the instability of 3D perovskites before using them 
in real optoelectronic applications. To solve this situation, 
perovskite single crystals could present low trap density, low 
intrinsic carrier concentration, high mobility, and long dif-
fusion length over polycrystalline films with morphological 
disorder. These characteristics make the material ideal for 
simultaneously realizing rapid and sensitive photodetection 
[18, 34]. Another effective alternative to this situation is to 
adjust the morphology of the nanoscale-based perovskites, 
and these materials can be categorized as zero-dimensional 
(0D), one-dimensional (1D), and two-dimensional (2D) at 

the low-dimensional level. The standard formula for 2D 
perovskite is (LOC)m(A)n−1BnX3n+1, where n is the layer 
number of the 2D perovskites, and LOC is the larger organic 
cation. 2D perovskite is created by inserting LOC layers 
into the octahedral network of 3D perovskite. LOCs envelop 
the extremely deformed coplanar octahedra  [BX6]4− in 1D 
perovskite. 0D perovskite is produced by further decreas-
ing the connectivity of the octahedral  [BX6]4− network [35]. 
The spatial dimensions of perovskite nanomaterials are used 
to categorize them: 0D nanomaterials, including quantum 
dots and nanoparticles, contain all dimensions within the 
nanoscale (1–100 nm) [35, 36]. 1D nanomaterials, which 
include nanorods, nanowires, and nanotubes, enlarge one 
dimension beyond the nanoscale while containing the oth-
ers. 2D nanomaterials, such as nanosheets, have two dimen-
sions that extend two dimensions beyond the nanoscale and 
thickness at the nanometre level [36]. These materials differ 
from bulk materials due to their distinctive qualities, which 
include high surface-to-volume ratios and quantum confine-
ment effects. They are extremely valuable in many fields 
because of their unique physical, chemical, and electronic 
properties [36–43]. This dimensional classification frame-
work makes it easier to comprehend and create nanomateri-
als that are suited to particular uses.

Preparing nanosheet/plate perovskite crystals for use 
in PDs involves a combination of solution-phase growth, 
vapour-phase conversion, and one-step chemical vapour 
deposition (CVD) [44–46]. On the other hand, centimetre-
sized free-standing perovskite NSs made from a solution 
comprising a mixture of solvents exhibit atomically thin 
2D structures [47]. The superior characteristics of perovs-
kite single crystals, such as their longer carrier diffusion 
lengths and lower trap-state densities, provide an under-
standing of the potential benefits of these materials [48]. 
Furthermore, a strategy to improve structural stability and 
overcome difficulties in synthesizing organic–inorganic 
lead halide perovskite (LHP) single crystals has been sug-
gested: the growth of thin single crystals at micro-/nano-
sizes [49]. This suggests that properties may be improved. 
These contrasts draw attention to the various properties 
and possible advantages of perovskite crystalline NSs pro-
duced by various methods. Compared to conventional sem-
iconductors, using perovskite NSs in PDs has several ben-
efits. These advantages include easy integration into PD 
applications, extended carrier lifetimes, low cost compared 
to conventional materials, and straightforward preparation 
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procedures [50–52]. Perovskite NSs, like  CsPb2Br5 NSs, 
have improved PDs’ performance in optoelectronic devices 
by showcasing their stability and developmental poten-
tial [53]. Perovskite NSs’ unique qualities make them 
extremely well suited for photodetection applications, 
demonstrating their potential to advance this technology.

While the solution-phase synthesis approach is primar-
ily responsible for the halide perovskite NWs reported in 
photodetection applications, it is well-known that many 
techniques are employed to produce NWs. Fabricating 
NWs through modified evaporation and the nanoengineer-
ing template strategy have been manufactured [54]. Using 
simple fabrication techniques that provide high performance 
and economy makes perovskite materials favourable for the 
production of PDs [22]. Perovskite-based PDs are divided 
into photovoltaic and photoconductive devices according 
to their spatially arranged; these devices can be used as 
phototransistors, photodiodes, and photoconductors [51]. 
Nanostructured perovskites, which include 0D, 1D, and 2D 
structures, are used to improve photodetection efficiency and 
obtain high detectivity, large gain, high photoresponsivity, 
and fast response times [51]. Cl-type perovskite devices 
have the potential to achieve high stability and performance 
through the integration of  CsPbI3 NRs as an interfacial layer 
to enhance perovskite PDs’ performance [55]. The meth-
ods that are currently being used to grow perovskite NWs 
include effectively aligning free-standing NWs and hetero-
junction arrays vertically [56]; using inorganic perovskite 
NWs to passivate defects at grain boundaries [57]; utilizing 
fabrication techniques like inkjet printing and nanopore-con-
fined growth for precise alignment in flexible patterning for 
large-scale lighting applications inducing controlled growth 
for particular morphologies like  CsPbBr3 NWs [58]. Despite 
these developments, patterning, aligning, and transferring 
perovskite NWs for lighting and nanophotonics still present 
difficulties [58].

Perovskite quantum dots (QDs) are very interesting 
because of their unique properties and possible applica-
tions. These microscopic crystals are created by intricate 
processes that regulate their formation and growth rates, 
yielding homogeneous QDs with sizes ranging from 3 to 
> 13 nm [59]. Their absorption spectra can reveal up to four 
excitonic transitions, and their size and shape dictate their 
properties [59]. These QDs have variable electrical and 

optical properties, making them useful for applications such 
as solar cells, LEDs, catalysis, sensing, imaging, and lasers 
[60]. Hot injection [61] and ligand-assisted reprecipitation 
[62] are the primary techniques suggested for producing the 
extensively researched perovskite QDs. Also, their synthesis 
is carried out at room temperature, which enables exact con-
trol over the size and content of the formed spherical QDs. 
These dots release a wide range of colours depending on 
their size, making for efficient emissions. Furthermore, the 
emission wavelength may be precisely adjusted by adjusting 
the halogen ratios and doping the B-site [60, 63].

Perovskite nanocrystals (NCs) have become a popular 
substitute in PD research due to their exceptional photoelec-
tric properties. These NCs feature a higher light harvesting 
capability, an effective carrier migration behaviour, and an 
adjustable band gap, among other advantages [64]. Recent 
research has focused on various subjects to enhance devices’ 
stability, sensitivity, and response speed: materials synthesis, 
interface engineering, device design, and physical mecha-
nisms [64]. Perovskite-based PDs exhibit a spectrum of 
molecular structures from 0 to 3D and are available in mul-
tiple forms, including perovskite photoconductors, photodi-
odes, and phototransistors [64]. These tips are used in many 
industries, such as self-powered PDs, imaging, biological 
detection, and optical communication [64]. Perovskite NCs 
possess unique optical and electrical properties, including a 
high absorption coefficient and an extended exciton diffusion 
length [65]. Their composition engineering allows them to 
be tuned throughout various wavelengths, from ultraviolet 
to near-infrared [65]. This makes them incredibly purposive. 
Perovskite NCs are also popular for high-performance PDs 
because of their ability to process solutions [65]. The abil-
ity to detect optical data such as spectrum, polarization, and 
incidence angle has been made possible by notable advances 
in the study of multifunctional perovskite-based PDs [35]. 
In order to maximize light absorption and charge transport 
inside the films, perovskite crystal structure design is essen-
tial. High-performance PDs that operate in the near-infrared 
to X-ray range frequently employ perovskite materials [35]. 
In summary, perovskite NCs have enormous potential for 
future advancements because they may be used to create 
high-performance PDs for a wide range of uses.
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1.3  Multidimensional Photodetection Capabilities 
of Nanoscale Perovskite‑Based Materials

Perovskite PDs at the nanoscale have proven remarkably 
adept at identifying multidimensional features in light 
fields beyond simple intensity. One of the main features is 
the ability to detect polarization, which can be done using 
nanostructured designs that show polarization-dependent 
absorption, charge transport, or engineered anisotropic 
crystal structures [35]. Perovskite composition and band 
gap tuning enable selective sensing across ultraviolet, vis-
ible, and infrared wavelengths and spectral discrimination 
within a single device, making spectral detection possible 
[35]. Thanks to specialized geometries or anisotropic mate-
rial properties, some PD architectures can respond differ-
ently depending on the angle of incident light, facilitating 
angle-sensing detection [35]. The photovoltaic effect allows 
for self-powered operation and independent light sensing 
without external power sources. The solution processability 
of perovskite makes flexible PDs possible. These PDs can 
withstand bending and deformation and thus enable confor-
mal sensing on curved surfaces [66]. Additionally, capable 
of multifunctional detection, advanced perovskite PDs can 
record parameters like intensity, wavelength, polarization, 
and incident angle simultaneously in one device. Addition-
ally, capable of multifunctional detection, advanced perovs-
kite PDs can record parameters like intensity, wavelength, 
polarization, and incident angle simultaneously in one 
device [66]. These varied detection capabilities use tunable 
optoelectronic characteristics, adaptable crystal structures, 
and controllable nanoscale morphology provided by perovs-
kite materials. Researchers can create miniature perovskite 
PDs that extract detailed information from incident light 
fields, going beyond conventional intensity-based measure-
ments, by carefully planning the composition, structure, and 
device architecture [35].

Perovskite PDs use polarized light detection to exploit the 
materials’ distinct anisotropic crystal structure and control-
lable orientation growth. These characteristics are essential 
for polarization detection because they allow the material 
to react to light waves differently depending on which way 
they are blowing [67, 68]. The PDs can be optimized for 
polarization detection by adjusting the growth orientation 
of the perovskite crystals during the fabrication process [50, 
51]. To detect differences in light polarization, perovskites’ 
strong light absorption and high carrier mobility improve 

the efficiency of converting light into electrical signals [50, 
51]. The PD reacts to light waves with a fixed polarization 
direction for linearly polarized light and uses helical 1D 
perovskite structures to recognize the rotary electric field 
vector for circularly polarized light [50, 51]. These polar-
ization-sensitive PDs find use in optical communication, 
biomedical sensing, remote sensing, and military imaging 
systems [35]. Therefore, the excellent photovoltaic perfor-
mance of perovskite PDs, their anisotropic properties, and 
their controlled growth orientation allows for the sensitive 
and effective detection of polarized light for advanced opti-
cal technologies.

This review paper provides a more comprehensive and 
up-to-date examination of growing methodologies, applica-
tions, and possible prospects, building on previous research 
in nanoscale perovskite-based PDs. While previous stud-
ies have concentrated on certain aspects of nanoscale per-
ovskite-based PDs, such as synthesis techniques or device 
applications, this review combines multiple points of view 
to offer a thorough overview of the subject. It also covers 
recent advances and fresh approaches in the field, including 
examining unique nanoscale perovskite structures and dis-
cussing challenges and opportunities. This review summa-
rizes the most recent research findings and provides insights 
into prospects to contribute to the ongoing discussion and 
encourage further breakthroughs in nanoscale perovskite 
photodetection technology systems.

2  Wide‑Band Gap Semiconductors 
and Nanoscale Perovskite‑Based 
Photodetectors

Modern optoelectronics depends on precise UV light detec-
tion, and the majority of UV photodetectors on the mar-
ket today use wide-band gap semiconductors (WBSs) [19]. 
Promising solutions to overcome integration and flexibility 
constraints are provided by low-dimensional WBSs, open-
ing up new opportunities for advancements in various UV 
applications such as imaging, wearable electronics, and 
communication. Semiconductors like silicon carbide (SiC) 
and gallium nitride (GaN) have a notable energy band gap 
and display unique electrical properties and capabilities 
compared to other semiconductors. These materials have 
a large band gap, which means they are highly resistant 
to breakdown or performance loss when exposed to high 
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temperatures and voltages. As a result, they provide excep-
tional performance in power electronics and RF amplifiers 
that necessitate high power and frequency. Moreover, it has 
exceptional heat transfer properties, facilitating swift heat 
dissipation. This improves their stability and reliability in 
challenging settings [19, 69, 70]. Nanoscale perovskites have 
unique structural traits and electrical conduction capabili-
ties that differentiate them from wide-band gap semiconduc-
tors. Modifying certain components of the perovskite crys-
tal structure allows for attaining a wide range of electrical 
properties. These materials offer significant benefits for elec-
tronic applications due to their ability to be easily scaled and 
adjusted, thanks to their manufacturing using cost-effective 
solution-based processes [71–73]. Perovskites demonstrate 
exceptional electrical conductivity and carrier mobility. Nev-
ertheless, their capacity to maintain stability at high tem-
peratures is lower than wide-band gap semiconductors. This 
suggests they may gradually deteriorate if exposed to high 
temperatures and humid environments [74, 75]. Perovskites’ 
and WBSs’ unique physical and electrical features determine 
their usage. Wide-band semiconductors surpass perovskites 
in terms of both high power and high temperatures. On 
the other hand, perovskites show potential for diverse and 
affordable uses in electronics [51, 76]. The advantages and 
disadvantages of nanoscale perovskite-based photodetectors 
and WBSs are displayed in the Table 1. Table 2 displays the 
different approaches for creating nanoscale perovskite-based 

materials. Table 3 lists the advantages and disadvantages of 
materials based on nanoscale perovskite technology. Table 4 
displays the different parameters for perovskite photodetec-
tors based on nanoscale technology.

3  Perovskite Photodetectors: Degradation 
Mechanisms and Long‑Term Stability 
Solutions

The type of perovskite material used determines the 
degradation mechanisms of nanoscale perovskite PDs. 
Lead-based 3D perovskites have good optoelectronic 
characteristics but are very sensitive to light, moisture, 
heat instability, and oxygen, which can cause oxidation 
and structural breakdown [293]. Even though lead-free 
perovskites were created to lessen toxicity concerns, they 
perform worse and are more susceptible to temperature, 
moisture, and oxygen. Low-dimensional perovskites (0D, 
1D, and 2D) can provide better stability; for example, 2D 
perovskites have an advantage in moisture resistance due 
to hydrophobic organic spacers; however, 0D perovskites 
are still in the early stages of research and may present 
unique degradation challenges. The general chemical for-
mula of the low-dimensional perovskites species is (LOC
)m(A)n−1BnX3n+1, where n is the layer thickness of cor-
responding perovskites, and LOC is the larger organic 

Table 1  Advantages and disadvantages between wide-band gap semiconductors and nanoscale perovskite-based photodetectors

Criteria Wide-band gap semiconductor-based photodetector Nanoscale perovskite-based photodetector

Thermal stability Specifically engineered for utilization in environments 
with elevated temperatures, it is very suitable for such 
circumstances [77]

Displays a moderate level of stability but may see a decline 
in quality when subjected to high temperatures [78]

Responsivity The responsivity can vary from modest to high, contin-
gent upon the substance [19]

The responsivity is significantly elevated in the visible 
spectrum [79]

UV sensitivity Ideal for detecting UV light [19] Variable, less effective in ultraviolet detection [79]
Manufacturing
Cost The exorbitant expense is ascribed to complex manufac-

turing techniques
More easily available, capable of being transformed into a 

solution, and less complex
Material Abundance Limited, contingent upon finite resources Employs components that are abundant and less detrimental
Efficiency High, exhibiting a significant level of quantum efficiency High, having the potential to attain even higher levels of 

efficiency
Lifetime and Stability Durable and stable [19] The mild condition may worsen with time, especially when 

exposed to UV light [80]
Application Suitability Ideal for complex tasks requiring substantial power, 

elevated temperatures, and exposure to ultraviolet light 
[19]

Ideal for cost-efficient, versatile applications that function 
within the visible range [79]
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Table 2  Various methods for nanoscale perovskite-based materials

Nanostructure Synthesis Method Advantages Challenges Device perfor-
mance

Unique Properties References

Quantum Dots 
(QDs)

Hot-Injection 
Technique

High lumines-
cence

Controlled size 
and shape

Good crystalline 
quality

Complex set-up
Batch variability

High sensitivity 
and responsivity

Stability and 
reproducibility

High quantum 
yield

Narrow size distri-
bution

[83]

Ligand-Assisted 
Reprecipita-
tion (LARP) 
Synthesis

Simplicity and 
scalability

Ambient condition 
fabrication

Using versatile 
solvent

Shape and size 
inconsistency

Solvent residue

Broad spectral 
response

Cost-effective

Flexible composi-
tion

Low-cost produc-
tion

[84–88]

Solvothermal 
Synthesis

High crystallinity 
and purity

Controlled mor-
phology

Tailored optical 
properties

High-pressure and 
high-temperature 
requirement

Scalability issue

Improved effi-
ciency

Long-term stabil-
ity

High purity
Enhanced stability

[89–92]

Microwave-
Assisted Syn-
thesis

Rapid synthesis
Uniform particle 

size
Energy efficient 

process

Uniform heating 
challenges

Specialized Equip-
ment needed

Consistent perfor-
mance

Fast reaction time
High throughput

[93–96]

Ultrasonic-
Assisted Syn-
thesis

Enhanced mixing
Controlled size 

distribution
Room-temperature 

process

Uniform sonica-
tion challenges

Potential degrada-
tion

Consistent light 
absorption due 
to controlled size 
distribution

Improved homo-
geneity

Simple and scal-
able

[97–101]

Nanosheets (NSs) Solution-phase 
exfoliation

Scalable
Simple Procedure
Versatile solution 

for tailoring 
properties

Variable quality
Solvent residue

High sensitivity
Enhanced respon-

sivity

Thin uniform 
sheet

Adaptable to dif-
ferent perovskite 
composition

[92, 102–105]

Top-down exfolia-
tion

High-quality 
nanosheets

No chemical 
residue

Control over thick-
ness

Low yield
Labour-intensive

High efficiency
Reliable perfor-

mance

Defect free 
nanosheet

Thickness control

[9, 102, 106–108]

Solvothermal High crystallinity
Uniform thickness
Tailored properties

Complex process
Scalability issue

Enhanced photo-
detection

Stability and 
durability

High purity and 
crystallinity

Tunable properties

[100, 109–112]

CVD High-quality film
Scalable
Precise thickness 

control

High cost
Complex process

High responsivity
Scalable manufac-

turing

Large area uni-
formity

Controlled area 
growth

[3, 113–116]

Ligand-Assisted 
Reprecipita-
tion (LARP) 
Synthesis

Simple and low 
cost

Ambient condi-
tion fabrication 
process

Versatile perovs-
kite composition

Inconsistency in 
thickness

Solvent residue

Cost-effective
Broad spectral 

response

Flexible composi-
tion

Ease of synthesis

[92, 117–120]
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Table 2  (continued)

Nanostructure Synthesis Method Advantages Challenges Device perfor-
mance

Unique Properties References

Nanorods (NRs) Hot-Injection 
Technique

High aspect ratio 
control

High crystallinity
Uniform size 

distribution

Complex set-up
Batch Variability

High sensitivity 
and responsivity

Stable perfor-
mance

Aspect ratio 
control

High crystallinity

[51, 121–124]

Ligand-Assisted 
Reprecipita-
tion (LARP) 
Synthesis

Simple and low 
cost

Ambient condi-
tion fabrication 
process

Versatile perovs-
kite composition 
and solutions

Inconsistence 
morphology

Solvent residue

Cost-effective
Broad spectral 

response

Low-cost produc-
tion

Flexible composi-
tion

[76, 119, 125–127]

Solvothermal High crystallinity 
and purity

Controlled mor-
phology

Scalable

High-pressure and 
high-temperature 
requirement

Long reaction time

Enhanced Effi-
ciency

Long-term stabil-
ity

High quality
Tailored proper-

ties

[122, 124, 128–131]

Colloidal synthesis Controlled growth
High purity
Reproducibility

Surface ligand
Complex purifica-

tion

Enhance perfor-
mance

Reproducible 
results

Size and shape 
control

High optical 
quality

[89, 132]

Ultrasonic-
Assisted Syn-
thesis

Enhanced mixing
Room-temperature 

process
Simple and low 

cost

Inconsistent soni-
cation

Potential material 
degradation

Consistent light 
absorption

Cost-effective

Uniform nanorod
Eco-friendly 

process

[100, 101, 127, 132, 
133]

Nanowires (NWs) Solution-phase 
synthesis

Simple procedure
Scalable
Ambient condi-

tion fabrication 
process

Inconsistent 
quality

solvent residue

Cost-effective
Broad spectral 

response

Low production 
cost

Versatile

[33, 89, 134–136]

Vapour–liquid–
solid

High crystallinity
Controlled growth
High aspect ratio

High temperature
Complex set-up

High sensitivity
Stable perfor-

mance

High-quality 
nanowire

Controlled dimen-
sion

[137–141]

Electrochemical 
deposition

Precise control
Low temperature
Scalable

Complex process
Potential contami-

nation

Enhanced respon-
sivity

Reproducible 
result

Controlled growth
Low energy con-

sumption

[142–146]

Template-assisted 
growth

Uniform nanowire
High aspect ratio
Versatile

Template removal
Limited scalability

High sensitivity 
and uniformity

Reliable perfor-
mance

High uniformity
Customizable

[147–151]

Hydrothermal 
synthesis

High crystallinity
Low cost
Eco-friendly

Long reaction time
Temperature 

control

Enhanced Effi-
ciency

Stable and durable 
device

High-quality 
nanowire

Environment-
friendly process

[152–155]
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cation. Crystal structures of the low-dimensional Pb–Sn-
based halide perovskites were displayed in Fig. 2a [294]. 
The exceptional environmental stability of long-chain 
organic molecules and the excellent optoelectronic prop-
erties of perovskite materials are combined in an alternate 
stacking arrangement of the octahedral perovskite slabs 
and the long-chain organic cations. The ideal shape and 
crystal orientation of low-dimensional perovskites can 
be achieved by various fabrication methods/techniques; 
however, the perovskites’ degrading behaviour is still 
debatable. Meng et  al. [295] thoroughly analysed the 
low-dimensional perovskites to clarify the thermal and 
humidity degradation mechanism of low-dimensional 
perovskites. Using the in situ grazing-incidence X-ray 
diffraction (GI-XRD) technique, the thermal degradation 
process of the low-dimensional perovskite is observed 
under heat stress. The 2D intensity–time colour mapping 
is produced by integrating the 2D GI-XRD images taken 
after deterioration and plotting in the time (temperature) 
domain. This naturally illustrates how the low-dimensional 
film’s structure changed during annealing. The typical 1D 
XRD curves taken at the sites I–III (denoted in Fig. 2b) 

are presented in Fig. 2c. The steady lowering of the major 
perovskite diffraction peak at q approximately 1 Å−1 dem-
onstrates the degradation of the low-dimensional layer. 
Around 75 °C is when the  PbI2 diffraction peaks appear, 
and around 210 °C, the transition from perovskite to  PbI2 
is complete. The primary peak becomes a single peak pat-
tern above 200 °C, signifying the complete breakdown of 
the 3D-like perovskite species. For the thermogravimetric 
(TG) measurement, the powder scraped off the low-dimen-
sional films (about 20 mg) is utilized, and the liberated 
gases are gathered for the mass spectrometry analysis. The 
TG curve obtained during the low-dimensional perovs-
kite powder’s thermal degrading process is displayed in 
Fig. 2d. The breakdown of the organic component related 
to MA/BA and the inorganic  PbI2 may be linked to two 
apparent mass-loss stages. The stoichiometric fraction 
of the MA/BA halides in the nominal composition of 
 BA2MA3Pb4I13 shows a nice correlation with the 32.3% 
weight loss in the first phase. Using this method, earlier 
research showed that the reverse Menshutkin reaction 
between the MA and iodide ions produced the thermody-
namically favourable pathway for the  MAPbI3 degradation, 

Table 2  (continued)

Nanostructure Synthesis Method Advantages Challenges Device perfor-
mance

Unique Properties References

Nanocrystals 
(NCs)

Hot-Injection 
Technique

High crystallinity
Controlled size 

and shape
High quantum 

yield

Complex set-up
Batch variability

High sensitivity 
and responsivity

Stable perfor-
mance

High quantum 
yield

Controlled mor-
phology

[156–158]

Ligand-Assisted 
Reprecipita-
tion (LARP) 
Synthesis

Simple and scal-
able

Ambient fabrica-
tion process

Versatile

Inconsistent mor-
phology

Solvent residue

Cost-effective
Broad spectral 

response

Low cost
Flexible composi-

tion

[124, 126, 159, 160]

Solvothermal 
Synthesis

High crystallinity 
and purity

Growth control
Scalable

High-pressure and 
high-temperature 
requirement

Long reaction time

Enhanced effi-
ciency

Long-term stabil-
ity

High-quality 
nanocrystals

Tailored proper-
ties

[129, 161, 162]

Microwave-
Assisted Syn-
thesis

Rapid synthesis
Uniform particle 

size
Energy efficiency

Uniform heating 
challenges

Specialized equip-
ment

Consistent perfor-
mance

High throughput

Fast reaction time
Low energy con-

sumption

[163–166]

Ultrasonic-
Assisted Syn-
thesis

Enhanced mixing
Room-temperature 

process
Simple and low 

cost

Inconsistent soni-
cation

Potential material 
degradation

Consistent light 
absorption

Broadband spec-
tral response

Uniform 
nanocrystal

Eco-friendly

[97, 167–169]
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Table 3  Advantages and disadvantages of nanoscale perovskite-based materials

Nanostructure Advantages Disadvantages References

Nanosheets • Enhances the ability to absorb and detect light
• This phenomenon improves the capacity to 

absorb and perceive light
• The system enables tailored spectral functional-

ity across a wide spectrum of wavelengths
• The system can support and integrate flexible 

and wearable electrical devices
• This technology can be utilized with flexible 

substrates, leading to a reduction in costs
• Enhances the velocity and effectiveness of the 

response
• Adjusts optical absorbance following the mate-

rial’s thickness
• PDs composed of materials with wide band 

gaps exhibit similarities
• Facilitates seamless production
• Sustains optimal performance over extended 

periods of air exposure

• Susceptible to deterioration when exposed to 
moisture and oxygen

• Fabrication can pose difficulties, which can 
impact the ability to reproduce results

• Problems related to NSs that impact the reli-
ability of the device. Careful handling is neces-
sary for hazardous items

• Advanced procedures are required for the inclu-
sion of complex devices

• It is necessary to achieve a balance in perfor-
mance characteristics

• Certain devices possess a limited range of near-
infrared (NIR) detection

• The use of lithography and metallization com-
plicates production

[107, 170–174]

Nanorods • The material exhibits exceptional optoelec-
tronic properties, which can be readily achieved 
through solution processing

• Enhanced performance is achieved by extend-
ing diffusion length, heightened absorption, and 
reduced flaws

• The material exhibits high light absorption, 
excellent air stability, and optimal functionality

• Detects a broad spectrum of wavelengths
• Scalable fabrication techniques and cost-effec-

tive materials are employed. Additionally, this 
approach demonstrates adaptability to various 
substrates and topologies

• The quick transit and separation of charges 
enhance the signal detection process

• Stoichiometry, humidity, and temperature must 
be accurately managed during fabrication, 
complicating it

• High carrier diffusion distance and trap density 
reduce efficiency

• Due to heat, light, moisture, and oxygen dam-
age, lifespan and reliability are reduced

• Energy-consuming operation requires external 
bias. Lead misuse endangers public health, 
safety, and the environment

• The annealing atmosphere may restrict detect-
ing region flexibility, compromising device 
functioning

• Manufacturing consistency and volume scaling 
are difficult, affecting commercial viability

[175–183]

Nanowires • Enhanced light absorption enhances sensitivity
• The rapid charge transport facilitates swift 

response times
• Unimpeded pathways contribute to increased 

efficiency
• Personalized attributes according to individual 

needs
• The system can accommodate diverse architec-

tures, hence promoting adaptability
• Optoelectronic applications can benefit from 

improved sensitivity and efficiency
• Superior materials enhance performance
• Highly photosensitive, enhancing detection 

capabilities
• Optimal light consumption resulting from mini-

mum transitions caused by impurities
• Supports self-powered detectors

• Moisture, oxygen, and light-induced degrada-
tion

• Difficulties in producing consistent, superior 
NWs

• The operational stability is less predictable due 
to structural and chemical instability

• Worries regarding detrimental substances such 
as lead

• Elaborate and demanding growing process
• Challenges in regulating the precise character-

istics of NWs
• The presence of uncertain growth specifics 

hinders the issue of reproducibility
• Demands expensive oxides or intricate tech-

niques for production
• Diminished durability and reliability as a result 

of susceptibility to environmental factors

[136, 147, 176, 184–187]
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releasing  CH3I and  NH3 [296, 297]. These peaks’ appear-
ance suggests that the low-dimensional perovskite pow-
der produces  CH3I and  NH3 during thermal decomposi-
tion. The morphological evolution is further examined 
using scanning electron microscopy (SEM) to trace the 
low-dimensional perovskite heat breakdown channels, as 

shown in Fig. 2e. At 220 °C, the low-dimensional film 
breaks down into separate  PbI2 phases. GI-XRD and TG 
also confirmed this result. Furthermore, they examined 
how the humidity causes the low-dimensional perovs-
kite film to deteriorate. In order to provide information 
under high-humidity conditions, the film was mounted 

Table 3  (continued)

Nanostructure Advantages Disadvantages References

Quantum dots • Improves quantum efficiency by enabling the 
effective conversion of light into electrical 
signals

• Capable of providing broad-spectrum respon-
siveness and sensing a broad range of wave-
lengths, from UV to NIR

• Customizable band gaps are possible by tuning 
the quantum dot size, which affects optical 
characteristics

• Speeds up reaction times by facilitating quick 
electron–hole pair separation and recombina-
tion

• Can be manufactured at a lower cost of fabrica-
tion by employing techniques that can be solved

• Possess superior optical and electrical qualities 
that make them appropriate for optoelectronic 
devices

• Improved wideband spectrum response 
(between 300 and 630 nm) through manipula-
tion of the spacer thickness between the mem-
brane of the nanoparticle and the QDs

• Long diffusion lengths provide excellent carrier 
mobility, low operation voltage, and high on/
off ratios

• Enhanced photoelectric performance, including 
high detectivity and responsivity, when paired 
with materials such as graphene

• Because of their distinct advantages, they show 
promise for use in UV light detectors and opto-
electronic devices

• Sensitive to external elements such as moisture 
and UV light, which can cause stability prob-
lems

• Synthesis becomes more complex due to the 
difficulty in precisely controlling the size and 
distribution of QDs

• Some are toxic due to the presence of hazard-
ous ingredients

• It might be challenging to achieve consistent 
performance between batches, which can cause 
problems with repeatability

• Operational instability can result from perfor-
mance variations under various operational 
settings

• Rapid electron–hole recombination rate and 
relatively low-light-absorption cross section 
cause quick exciton annihilation and little light 
gain

• Low charge transfer efficiency and light absorp-
tion result in limited photoresponsivity

• Their performance is frequently poorer when 
comparing lead-free perovskite QDs to their 
lead-based counterparts

• Nevertheless, restrictions can be lessened by 
combining graphene for enhanced photoelec-
trical performance or by striking a balance 
between plasmonic near-field amplification and 
surface energy quenching

[66, 188–194]

Nanocrystals • Improves the absorption of light, raising 
sensitivity

• Detects a wide range of light, from UV to NIR
• Rapid charge dynamics are facilitated by small 

size, which results in prompt response
• Appropriate for a range of device topologies, 

including flexible electronic systems
• Synthesized by procedures based on solutions, 

allowing for large-scale production
• Enhances photoresponsivity by extending the 

response spectrum to include the UV band
• Increases carrier collection and electromagnetic 

field, making it appropriate for gas detection
• Promising for quick response times in high-

performance PDs

• Sensitive to the environment, which causes 
deterioration

• Complicated to manufacture since exact control 
over NC size is needed

• Some contain harmful elements, raising safety 
concerns

• The difficulty of getting consistent performance 
impacts scalability

• Performance variations under various circum-
stances influence reliability

• The "dead zone" effect makes it difficult to 
detect UV–visible and infrared bands concur-
rently

• Introduces defects caused by problems with 
phase segregation and crystallization that 
impact performance

• It is challenging to attain high responsivity and 
speed at the same time

[172, 175, 195–199]
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Table 4  Various parameters for nanoscale-based perovskite photodetectors

Photodetector Detection Material Responsivity 
(mA/W)

Detectivity 
(Jones)

Rise/Fall time On/Off 
ratio

Detected wavelength (nm) Applied Bias 
Voltage (V)

Year Refer-
ences

Nanosheet
FAPbBr3 1.033 ×  106 1.2 ×  1013 25 ms/- 104 545 3.0 2024 [44]
Sr2Nb3O10 3 ×  108 – – 3 ×  102 280 5.0 2024 [200]
CsPb2Cl5 87.4 7.73 ×  1010 17 ms/32 ms 2.7 ×  102 365 1.0 2024 [201]
Cs2PbI2Cl2 698 8.6 ×  1012 – – 405 0.0 2024 [202]
Ca2Nb2.5Ta0.5O10 60 <  1013 0.7 ms/8.5 ms 2.2 ×  103 300 2.0 2024 [203]
NbWO6 378 ×  103 – 1.05/88 ms 8.84 ×  103 290 1.0 2024 [204]
MAPbBr3 5.04 ×  103 5.37 ×  1012 80/110 µs – 405 1.0 2023 [205]
CsPbBr3 120 9.36 ×  1012 – – 405 3.0 2024 [206]
CsPbBr3 85 4.05 ×  1011 3.40 ms/10.20 ms 400 265 3.0 2022 [207]
NdNb2O7 6.2 ×  104 6.7 ×  1012 0.1 ms/7.8 ms 1250 260 3.0 2023 [103]
Pb2Nb3O10 2.8 ×  103 1.1 ×  1012 0.2 ms/1.2 ms 90 350 0.0 2023 [104]
MAPbBr3 27.2 ×  103 6.38 ×  108 0.103 s/0.087 s – 300 – 2022 [170]
CsPbClxBr3−x 1.96 ×  103

0.12
5 ×  1012

2.15 ×  109
– – 440

980
0.5
0.5

2022 [208]

CsPbBr3 – – – – 410 3.0 2022 [209]
MAPbBr3 24 ×  103 3.3 μs/4.0 μs 325 -1.0 2021 [210]
CsPbBr3 2.89 ×  105 1.28 ×  1014 0.53 s/0.62 s 1.36 ×  105 350 3.0 2021 [211]
Ca2Nb2.5Ta0.5O10 469.5 ×  103 7.65 ×  1013 0.4 ms/40 ms 5.6 ×  104 295 1.0 2021 [212]
CsPbBr3 0.9671 ×  103 – 0.122 ms/0.138 ms 5 ×  103

8.47 ×  103
520 1.0

5.0
2021 [213]

CsPbBr1.5I1.5 3313 ×  103

3946 ×  103
1.6 ×  1011 116 ms/147 ms – 410 1.5

2.0
2021 [115]

Ca2Nb3O10 14.94 ×  103 8.7 ×  1013 0.08 ms/5.6 ms 3.4 ×  104 280 3.0 2021 [108]
CH3NH3PbBr3 1.93 ×  103 1.04 ×  1012 24 μs/103 μs 405 2.35 2020 [109]
CsPb2Br5 75.4 1.33 ×  1010 43 ms/83 ms 9 ×  102 405 5.0 2020 [53]
(PPA)3Pb2I7 – 1.2 ×  1010 850 μs/780 μs – 515 – 2019 [102]
CsPbBr3 608 – 1.55 ms/1.77 ms – 520 10.0 2019 [173]
(PEA)2SnI4 3.29 ×  106 2.06 ×  1011 0.37 s/3.05 s ∼10 470 -5.0 2019 [214]
(C4H9NH3)n(CH3NH3)n−1PbnI3n+1 38 ×  103 1.6 ×  1013 ∼1.7 μs/3.9 μs ∼104 – 3.0 2018 [215]
CH3NH3PbI3 36 – 320 ms/330 ms – 635 0.5 2017 [113]
CH3NH3PbI3 410 3.1 ×  1011 86 ms/150 ms 42 405 1.0 2017 [216]
Nanorods
MAPbI3 12.2 2.67 ×  1011 18 ms/25 ms 800 405 4.0 2021 [217]
(CH3)3SPbI3 0.6 – – – 425 15 2021 [218]
CsPbI3 11.12 4.5 ×  1013 0.57 s/0.41 s 105 White light 0.0 2021 [55]
CsPbBr3 – – 0.36 s/0.24 s – 453 20.0 2021 [219]
CH3NH3PbBr3 1.93 1.04 ×  1012 24 μs/103 μs – 405 2.35 2020 [109]
FAPbI3 29 – 0.67 s/0.14 s – 365 – 2019 [220]
LiCl:  FAPbI3 167 – 0.31 s/0.14 s – 365 – 2019 [220]
CsPbI3 2.92 ×  103 5.17 ×  1013 0.05 ms/15 ms – 405 2.0 2018 [123]
CsPbI3 4300 ×  103 2.2 ×  106 – – – 2018 [221]
Nanowires
CsPb2Br5 206 4.07 ×  109 18.24/18.27 ms – 325 1.0 2024 [222]
MAPbI3 (125.2 ± 2.5) ×  103 (2.8 ± 0.8) ×  1013 –  < 100 650 5.0 2023 [223]
CsPbBr3 1.03 ×  103 3.53 ×  109 – – 370 – 2024 [224]
(PEA)2PbI4 2.098 ×  103 1.752 ×  1012 69.6/69.5 ms – 520 -5.0 2023 [225]
(PEA)2PbI4 1.998 ×  103 1.669 ×  1012 – – 365 -5.0 2023 [225]
MAPbX3 35.01 ×  103 6.85 ×  1013 172/114 μs 532 1.0 2024 [226]
CsPbCl3 49 ×  103 1.51 ×  1013 – 104 – – 2024 [227]
MAPbI3 58.5 ×  103 1.96 ×  1013 – – 532 0.0 2024 [228]
Hexylamine/hexanoic acid- 

 CsPbBr3

0.83 1.30 ×  1012 – – 520 1.0 2022 [128]
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Table 4  (continued)

Photodetector Detection Material Responsivity 
(mA/W)

Detectivity 
(Jones)

Rise/Fall time On/Off 
ratio

Detected wavelength (nm) Applied Bias 
Voltage (V)

Year Refer-
ences

oleylamine/oleic acid-  CsPbBr3 2.36 6.17 ×  1012 – – 520 1.0 2022 [128]
MAPbBr3/MAPbBr3−xIx 2.65 ×  105 – 170.5 ms/91.3 ms 2.4 ×  105 532 5.0 2022 [229]
MAPbI3 NWs with  BMIMBF4 6.15 ×  103 4.8 ×  1012 109 μs/502 μs 1.29 ×  104 320 5.0 2022 [230]
MAPbI3 – – 81 ms/165 ms

13 ms/6.7 ms
– 770

730
1.0
0.0

2022 [231]

CsSnI3 0.237 ×  103 1.18 ×  1012 – 405 – 2022 [232]
CH3NH3PbI3 558 ×  103 2.3 ×  1012 19 ms/20 ms 103 532 2.0 2022 [233]
(MTEA)2(MA)2Pb3I10/2D 7.3 ×  106 3.9 ×  1015 40 μs/52.2 μs – 530 5.0 2022 [234]
Chiral 2D perovskite 47.1 ×  103 1.24 ×  1013 267 μs/258 μs – 505 5.0 2021 [235]
(ThMA)2(MA)2Pb3I10/2D 1.1 ×  107 9.1 ×  1015 36.2 μs/31.5 μs – 530 5.0 2020 [236]
MAPbI3 8.52 ×  106 1.2 ×  1014 350 μs/670 μs – 660 1.0 2020 [237]
CsSnX3 54 3.85 ×  10–5 83.8 ms/243.4 ms – 940 0.1 2019 [238]
MAPbI3 NW arrays 12 7.3 ×  1012 – 4.2 ×  103 650 0.0 2019 [239]
MAPbI3-x(SCN)x NW 620 7.3 ×  1012 – – White light 10.0 2019 [240]
(BA)2(MA)3Pb4I13/2D 1.5 ×  107 7 ×  1015 27.6 μs/24.5 μs – 515 5.0 2018 [241]
CH3NH3PbI3 4.95 2 ×  1013  < 0.1 ms – 530 1.0 2016 [242]
MAPbI3/3D 13.57 5.25 ×  1012 80 μs/240 μs – 365 - 5.0 2016 [243]
CH3NH3PbI3  (Vd = 0.2) 5 – – – 520 0.0 2014 [244]
Quantum dots
CsPbBr3 304 1.17 ×  1013 75/137 ms – 300–1000 0.0 2024 [245]
CsPbBr3 1.92 ×  107 1014 – – 405  − 0.0001 2024 [246]
CsPbI3 – 2.4 ×  1012 5.2/4.1 ms – 940 3.0 2024 [247]
MAPbBr3 0.19 1.58 ×  108 290/510 ms 40 Solar light 0.0 2024 [248]
CsPb0.95Zn0.05Br3 240 6.19 ×  1013 107 300–500 0.0 2024 [249]
CsPbI3 370 4.7 ×  1012 43.7 ms/44.7 ms – 605 0.0 2023 [250]
CsPbI3/MoS2 4.1 ×  1012 4.7 ×  106 4.8 s/6.9 s – 638 1.0 2023 [251]
CsxFAx-1PbI3/MoS2 3.14 ×  1014 1.6 ×  106 2.88 s/5.3 s – 638 1.0 2023 [251]
CsPbI3/MoS2 2.2 ×  1013 1.5 ×  106 1.25 s/1.5 s – 638 1.0 2023 [251]
CsSnBr3 1.27 ×  1011 – 365 3.0 2023 [252]
CsPbBr3 450 × 10 −3 5.8 ×  1012 – – 550 0.0 2023 [253]
CsPbI3 –  >  1012 2.8 µs/- – 300–950 3.0 2023 [254]
CsPbI3 1012 2.8 µs/- – 638 3.0 2023 [254]
La3+/Yb3+ co-doped  CsPbCl3 140 – – 200–400 – 2022 [82]
CsPbBrI2/MoS2 55.81 5.20 7.7 s/- – 254 20.0 2022 [255]
CsPbBrI2/MoS2 47.23 3.12 7.4 s/- – 365 20.0 2022 [255]
CsPbBrI2/MoS2 1.05 1.18 0.085 s/- – 532 20.0 2022 [255]
CsPbBr3 1.64 ×  104 3.17 ×  1012 43.5 ms/65.9 ms – 450 0.0 2022 [256]
CsPbBr3/ZnO 320 1.75 ×  1013 – 2443 365 10.0 2022 [257]
Ti3C2TX NSs/CsPbBr3 97 ×  10–3 – 50 ms/20 ms – 490 1.0 2022 [258]
Gr-CsPbBr3 22.8 ×  103 1.89 ×  1010 – – 266 – 2021 [259]
CH3NH3PbI3/Ta2NiSe5 2.4 ×  105 6.0 ×  1012 12 ms/- – 800 1.0 2021 [260]
CH3NH3PbBr3-rGO 1.07 × 10 6 1 ×  1013 0.3 s/0.3 s – 442 1.0 2020 [261]
CsPbBr3 2.25 ×  1011 62 ms/82 ms – 405 0.0 2020 [262]
AgBi2I7 0.15 – 390 – 2020 [86]
CsPbBr3 19 1013 0.48 s/0.32 s – 405 1.5 2020 [263]
CsPbBr3 10.1 9.35 ×  1013 – – 530 -1.5 2020 [264]
CsPbI3 105 5 × 10 13 – – 450 0.0 2019 [265]
CsPbI3 – 3 × 10 13 – – 700 0.0 2019 [265]
CsPbBr3 1.4 1 ×  1012 48 ms/46 ms – 520 -1.0 2019 [266]
MoS2/CsPbBr3 8 – – – 488 – 2019 [267]
FAPbBr3 QDs/Gr 1.15 ×  108 – – 520 5.0 2018 [268]
CsPbI3−xBrx/MoS2 7.7 ×  107 5.6 ×  1011 0.59 s/0.32 s – 645 1.0 2018 [269]
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in a specially designed cell that was alternately purged 
with water vapour (relative humidity (RH) > 95%). Fig-
ure 2f displays the typical XRD pattern obtained with n 
values of 2, 3, and 4. The principal diffraction peaks may 
be independently indexed into the pure-phase 2D perovs-
kite species. The film’s orientation also drastically alters 
in contrast to the original low-dimensional perovskite 
crystals, which were oriented vertically. The regenerated 
perovskite species had a random orientation, with most of 
their crystals aligned parallel to the substrate. Four dis-
tinct diffraction peaks, with respective centres at q of 0.42, 
0.58, 0.68, and 0.76 Å−1, are observed in the 2D interme-
diate (Fig. 2g). Since the experimental XRD pattern of 
 MAPbI3·H2O is acquired by tracking the hydration process 
of the  MAPbI3 film, it is possible to assign the peaks at 
0.58, 0.68, and 0.76 Å−1 to  MAPbI3·H2O, indicating that 

the 2D intermediate is related to a hydrated species. One 
can attribute the undesignated peak at 0.42 Å−1 to either 
BAI or its hydrate. Moreover, single-crystal perovskites 
generally exhibit superior stability compared to their poly-
crystalline counterparts due to their lower defect densities 
and increased carrier mobility. However, producing high-
performing single-crystal arrays is still a major challenge. 
New thin-film materials are often used in modern tech-
nologies, such as integrated circuits and optoelectronic 
devices. This precision makes using different materials in 
integrated photonics, high-efficiency photovoltaics (PV), 
LEDs, and PDs possible [298]. Even so, perovskite-based 
materials have many obstacles in their path to long-term 
sustainability and durability [76, 299]. Perovskite-based 
devices must endure harsh environmental factors like 
high moisture, oxygen, light, and temperature to be used 

Table 4  (continued)

Photodetector Detection Material Responsivity 
(mA/W)

Detectivity 
(Jones)

Rise/Fall time On/Off 
ratio

Detected wavelength (nm) Applied Bias 
Voltage (V)

Year Refer-
ences

MoS2/MAPbBr3 3.72 ×  106 ≈1011 – – 532 – 2018 [270]
CsPbI3 110 ×  103 2.9 ×  1013 – – 685 -10.0 2018 [271]
MAPbI3:  TiO2 nanotubes 21 × 10 3 7.8 ×  1010 2 s/1 s – 700 1.0 2017 [272]
Nanocrystals
CsPbBr3 3 ×  103 1.2 ×  1013 7.9 ×  104 405 0.0 2024 [273]
Bi2S3/CsPbBr3 380 ×  10–3

90 ×  10–3
1.02 ×  105

0.06 ×  105
132/65 ms
380/343 ms

532
1064

5.0 2024 [274]

CsPbBr3 44.5 ×  103 9 ×  1013 5.0/4.6 ms 0.9 ×  104 470 5.0 2024 [167]
CsPbBr3 – 5.2 ×  1011 180 ms/110 ms 104 – – 2024 [275]
CsPbBr3 2.21 2.84 ×  109 – – 405 – 2023 [276]
CsPbCl3/MoSe2 117 4.9 ×  1011 – 103.8 1064 5.0 2023 [277]
MAPbBr3 3.06 × 10 3

1700
2.28 ×  1011 43.6 ms/33.7 ms 105

106
Solar Irradiation - 3.0 2023 [278]

CsPbI3 370 4.7 ×  1012 43.7 ms/44.8 ms – 605 0.0 2023 [250]
MAPbBr3 97.5 1012 28 ms/32 ms 104 520 0.0 2022 [279]
PbSe:CsPbBr1.5I1.5 616 5.96 ×  1013 260 ms/289 ms 105 405 – 2022 [81]
CsPbBr1.5I1.5 6160 – 350 ms/375 ms – 532 – 2022 [81]
MAPb(I1–xBrx)3 331 4.27 ×  1010 180 µs/200 µs/ – 743 0.0 2021 [280]
CsPbBr3/Cs4PbBr6 94 4.2 ×  1012 10.85 ms/2.25 ms 105 375 1.0 2021 [281]
CsPbBr3 100 4.2 ×  1012 13 µs/28 µs 106 473 0.01 2021 [282]
MAPbI3 160 7.34 ×  1011 150 ms/50 ms 104 400 0.0 2021 [283]
Cs3Bi2I9-xBrx 15 4.6 ×  1011 40.7 ms/27.1 ms 104 375 0.0 2020 [284]
MAPbBr3 85,000 ≈1012 0.09 s/0.11 s 102 Solar irradiation – 2020 [285]
Cs3Bi2I9-xBrx 15 4.6 ×  1011 40.7 ms/27.1 ms 104 375 0.0 2020 [284]
MAPbI3 451 1.1 ×  1011 200 ms/200 ms – 720 0.5 2019 [286]
EA4Pb3Cl10 0.0262 3.06 ×  109 0.8 s/0.22 s 104 266 0.0 2019 [287]
CsPbCl3 1890 – 41 ms/43 ms 103 356 5.0 2017 [288]
MAPbBr3/MAPbIxBr3-x 11.5 – 2.3 s/2.76 s – 450 0.0 2016 [289]
CsPbBr3 180 6.1 ×  1010 1.8 ms/1.0 ms 103 442 10.0 2016 [290]
CsPbI3 – – 24 ms/29 ms 105 405 1.0 2016 [291]
MAPbI3 46.9 1.2 ×  1010 24 ms/62 ms 103 356 15.0 2015 [292]
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sustainably. They must also overcome intrinsic problems 
like non-radiative recombination, hysteresis, and grain 
boundaries. One drawback of using low-dimensional per-
ovskites in optoelectronic devices is that their enormous 
surface area results in a high density of electronic surface 
trap states despite low-dimensional perovskites lowered 
grain boundaries and interfaces for efficient photocarrier 
transport. Furthermore, when exposed to moisture or light, 
the dangling connections may serve as sites for material 
degradation reactions, considerably reducing the stability 
of the device [27].

Several approaches have been proposed to address the 
degradation mechanisms in perovskite-based PDs [293]. 

These include compositional engineering, which aims to 
improve the inherent stability of materials; hydrophobic bar-
rier packaging, which shields against environmental factors; 
and surface passivation. The low-dimensional perovskites 
may be replaced by layered perovskites, which can address 
device stability concerns. Through compositional engineer-
ing, Vijila et al. [300] presented the synthesis of ultrast-
able and highly luminous mixed lead–tin (Pb–Sn) 2D and 
NW perovskite structures. The as-prepared mixed Pb–Sn 
bromide perovskites’ PL spectra were displayed in Fig. 3a, 
where an increase in Sn content causes the emission peak 
to shift blue. Oleylamine, introduced as a long-chain ligand 
to control the size in this specific synthesis procedure, can 

Fig. 2  a Crystal structures of the low-dimensional perovskite. Reproduce with permission [294]. Copyright 2018, ACS. b Temperature ramping 
profile-based 2D intensity–time colour mapping that tracks the low-dimensional perovskite film degrading process. c Low-dimensional film’s 
typical 1D XRD patterns. d Blue line represents the derivative of the TG curve in the low-dimensional perovskite powder’s TG analysis and MS 
results. e Tracking of morphology with SEM analysis at RT and 220 °C, respectively (the scale bars represent 500 nm). f Low-dimensional per-
ovskite film’s 1D GI-XRD patterns were obtained at positions. g The  MAPbI3-H2O (blue curve) and the sample’s 1D XRD patterns. b‑g. Repro-
duce with permission [295]. Copyright 2021, RSC
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address the rise in the band gap of mixed Pb–Sn perovs-
kites. After three months, samples like 2:8 have weaker 
emission from the phase with the lowest band gap, making 
the shoulder peak more prominent. Remarkably stable and 
bright were the 4:6 and 2:8 (Fig. 3b). Also, images of the 
films 4:6 and 2:8 immediately after processing and three 
months later were shown in Fig. 3c, d. While there is no 
serious loss of brightness in the film with a ratio of 4:6, there 
are brightness losses in the samples with other ratios under 
UV illumination. More importantly, after three months, the 
photoluminescence quantum yield (PLQY) for the 4:6 ratio 
decreased by only 3.6%, while the PLQY ratio for all films in 
other ratios decreased by up to 90%. More durable lead-free 
substitutes are also being developed, though their function-
ality needs improvement. Ensuring long-term durability is 
still a difficult challenge for commercial applications, even 
with advancements in stability. Current research efforts to 
address these degradation problems focus on improving fab-
rication processes, refining materials, and optimizing device 
structures.

Reduced non-radiative recombination losses are essen-
tial for perovskite-based devices to function at their best 

and remain stable over time. These losses come from vari-
ous sources, including optical losses in the perovskite layer, 
energy-level mismatches, intrinsic defect-assisted recombi-
nation, and interface-induced recombination. These losses 
affect charge extraction efficiency and change the charac-
teristics of the device [171]. Interface engineering is a use-
ful strategy to reduce interfacial losses while maintaining 
bulk layer properties [301]. This technique modifies inter-
face strategies to improve optoelectronic properties, which 
increases overall device stability and boosts device perfor-
mance. Applying interfacial layers within the structure acts 
as a barrier to protect perovskite films, affecting the rate at 
which water diffuses and the transportation of degradation 
by-products [302].

Considerable attention has been focused on improving 
perovskites for devices using novel dopant materials. In 
order to produce films and devices with better performance 
and stability than reference materials, doping strategies 
entail adding additives to the device structure [303, 304]. 
The nucleation and growth processes of perovskite can be 
carefully controlled to produce larger grains, more uni-
form surfaces, and higher crystallinity, which significantly 

Fig. 3  a PL emission spectra of films produced with varying lead-to-tin ratios. b Three months later, the same samples’ PL spectra. c Under 
ultraviolet light, images of as-prepared films with a lead-to-tin ratio of 4:6 and 2:8. d Film images following a three-month prep period. a–d 
Reproduce with permission [300]. Copyright 2021, Elsevier. XRD patterns of e control perovskite and f EDA-doped perovskite following ambi-
ent storage for 30 days at 60% humidity. g Normalized photocurrent of flexible devices—which includes the EDA4 and other devices—depends 
on their bending curvature. h How the normalized photocurrent varies with each flexible device’s bending cycle. The optical view of the measur-
ing set-up during the bending test is displayed in the inset. e–h Reproduce with permission [305]. Copyright 2020, ACS
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impact device performance. Additionally, by reducing grain 
boundaries, these advancements increase carrier mobility, 
lengthen carrier diffusion lengths, and prolong charge life-
times in perovskite-based devices. With the doping strategy 
of the special bication ethylenediammonium (EDA), high-
quality quasi-2D halide perovskite thin films are effectively 
produced using a one-step spin coating technique [305]. 
By replacing the conventionally large and weakly van der 
Waals-interacted organic bilayer spacer cations that pro-
duce the unique Dion–Jacobson phase, these EDA mole-
cules, which have a short alkyl chain length, can improve 
the phase stability and mechanical flexibility of low-dimen-
sional perovskite. Structural analyses revealed the benefits 
of doping engineering on the long-term stability behaviour 
of perovskite films under high humidity (Fig. 3e, f). The 
relatively strong moisture stability of the manufactured 
low-dimensional perovskite was demonstrated by the XRD 
spectra of all samples, which show no discernible changes 
after 7 days of ambient storage at 60% humidity. However, 
the control XRD pattern exhibited that the samples degraded 
somewhat after 30 days. At this point, a clear  PbI2 peak 
was seen. On the other hand, the XRD spectra of the EDA-
doped perovskite sample stay the same, indicating that EDA 
can stabilize the crystal structure. Their study also involves 
the fabrication of EDA-based low-dimensional perovskites 
with n = 4 on polyimide substrates to create flexible PDs. 
Analysing the variation in photocurrent with each manufac-
tured device’s bending radius is crucial for the performance 
evaluation (Fig. 3g). An optical image of the measurement 
set-up is shown in Fig. 3h, inset to show precise control 
of the bending radius. When the control device was bent 
to a radius of 20 mm, the photocurrent rapidly dropped to 
23.5% of its starting value, as observed by the normalized 
photocurrent. However, the devices with low EDA content 
(i.e. 0.125 ≤  x ≤ 0.5) stay at over 73.5%, and the photocur-
rent of the 1EDA device even stays at 100% with the same 
bending magnitude. More surprisingly, it displayed that the 
photocurrent of EDA4 progressively rises to 177% once 
the devices are finally bent down to a radius of 2 mm. The 
doping strategy must further enhance the moisture stabil-
ity of the produced low-dimensional perovskite films. All 
of these findings can offer a useful framework for creating 
the best low-dimensional perovskite films for mechani-
cal, flexible, high-performing, air-stable, next-generation 
optoelectronic devices. All these benefits work together to 
improve perovskite-based devices’ overall efficiency and 

stability. Therefore, stable and highly efficient perovskite-
based devices depend on minimizing grain boundaries and 
optimizing perovskite crystal size.

4  Ligand Selection and Morphology’s Impact 
on Nanoscale Perovskites

In order to control the morphology of nanoscale perovskites, 
which greatly affects their optical and electrical properties, 
ligand selection and experimental set-up are critical. For 
instance, choosing the right ligand is crucial because differ-
ent ligands can produce different shapes for the nanoscale 
perovskites [306]. For instance, the morphology of  CsPbBr3 
NCs can be controlled to produce unique shapes using alk-
ene-derived zwitterionic ligands, and the nucleation, growth, 
and stability of perovskite NCs can be influenced by oleic 
acid and oleylamine [307]. Morphology is also determined 
by the solvent used; different solvents can form diverse 
nanoscale perovskites (NWs, NRs, or QDs) [308]. Another 
important consideration is reaction time, which affects how 
various NC shapes evolve sequentially [308]. Furthermore, 
the reaction temperature influences the self-assembly and 
photoluminescence of caesium lead halide perovskite NCs 
[178]. Finally, the form and thickness of the NCs in flow 
synthesis can be controlled by the type and degree of mixing 
during the growth and nucleation stages.

Many strategies have been used, such as utilizing low-
polarity antisolvents (like methyl acetate) to eliminate 
unreacted precursors and adjusting the ligand equilibrium 
with excess ligands (OA/OAm) to stop ligand desorp-
tion during isolation [306, 309]. The first use of colloidal 
 CsPbBr3 NCs capped with zwitterionic ligands as sur-
face stabilizing agents was recently reported by Franziska 
et al. [310]. The highest colloidal NC surface stability was 
demonstrated by cubic  CsPbBr3 NCs capped with 3-(N,N-
dimethyloctadecylammonio)-propanesulphonate (ASC18) 
sulphobetaine, which made material isolation simpler. The 
chelate effect between the corresponding ammonium cation 
and the deprotonated acid of the ligand on the NC surface 
is responsible for this stability (Fig. 4a). Moreover, the 
cubic shapes of  CsPbBr3 NCs capped with the zwitterionic 
ASC18 ligand and OAm/OA remain intact. Although most 
perovskite NCs have a cubic morphology, recent research 
has demonstrated that lead bromide perovskite NCs’ intrin-
sic optical and catalytic properties can be precisely tuned 
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by carefully regulating facet growth and shape [311]. Con-
siderable synthetic efforts have been made in this context to 
alter the shape of  CsPbBr3 NCs. These attempts include the 
addition of additional metals like Cd and Mn [312], low-
ering the injection temperature, modifying  Cs4PbBr6 NCs 
post-synthesis [313], or using short-chain amines in place of 
widely used long-chain ligands [314]. A noteworthy instance 
is the work of Baowei et al. [315], which synthesized highly 
stabilized colloidal  CsPbBr3 NCs with a truncated octahe-
dron morphology by using capping ligands, alkyl-phospho-
nic acids to passivate the NC surface (Fig. 4b). Due to their 
strong affinity for the NC surface, the phosphonate ligands 
stabilized the {001} and {110} NC facets [315]. Further-
more, Bera et al. [316] reported rhombic dodecahedron-
shaped  CsPbBr3 NCs using α-bromoketone as a capping 
ligand. Tertiary ammonium ions, produced by sequential 
SN2 reactions of the corresponding bromoketone with OAm, 
stabilized the resulting quasi-spherical particles. These ter-
tiary cations successfully passivated the {200}, {020}, and 

{112} facets of  CsPbBr3 NCs (Fig. 4c). Surprisingly, these 
techniques use the ligand’s "head part" to modify how NC 
morphology evolves. As far as we know, this is the first 
time that the capping ligand’s terminal functional group 
can control the growth of facet NCs. This method is use-
ful because it allows the functional characteristics that are 
unique to these "heads," like those in phosphonic acids or 
zwitterionic ligands, to be preserved. Furthermore, although 
there are a finite number of "heads" that can engage with the 
NC surface, there may be an infinite number of "tails" that 
can be investigated and employed. In another report, Yoarhy 
et al. [177] proposed the use of ligands with terminal func-
tional groups as a remote regulator for the facet formation 
of  CsPbBr3 NCs. In particular, the ligand—a zwitterionic 
ligand—integrates a terminal double bond that encourages 
consistent ligand ordering on the nanocrystal surface with 
a head group that can effectively stabilize the surface (sul-
phobetaine). Surprisingly, the rare rhombicuboctahedron 

Fig. 4  Visual representation of the ligands used to synthesize  CsPbBr3 NCs and the associated NC morphologies with a surface head type shape 
control, b truncated octahedron, c rhombic dodecahedron-shaped, d rhombicuboctahedron shape. Adapted with permission [306]. Copyright 
2024, RSC
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(SRO)-shaped  CsPbBr3 NCs were formed when the alkene 
moiety was added to the surfactant tail (Fig. 4d).

Nanoscale perovskites’ optical and electrical character-
istics are significantly influenced by their morphology. For 
example, strongly confined perovskite QDs with diameters 
less than 7 nm exhibit notable quantum confinement effects, 
which lead to different optical properties from larger NCs 
[317]. NCs’ emission wavelength can be greatly influenced 
by their size and shape; for example,  CsPbBr3 nanoplatelets 
with a 2.2 ± 0.3 nm thickness emit at 472 nm [317]. Further-
more, different morphologies can result in different photo-
luminescence quantum yields (PLQY); high-quality NCs of 
different sizes and shapes display excellent crystalline qual-
ity and high fluorescence quantum yield [308]. The optical 
and electrical properties of NCs with high surface-to-volume 
ratios are more vulnerable to ligand interactions and surface 
defects [318]. Perovskite NC morphology also affects charge 
carrier mobility, which is important for its functionality in 
optoelectronic devices [318]. Another important component 
is stability, which can vary widely among morphologies and 
is necessary for devices to function well over extended peri-
ods [307]. Researchers can engineer nanoscale perovskites 
with specific morphologies tailored for desired optical and 
electrical properties by carefully choosing ligands and man-
aging experimental conditions [308]. This degree of con-
trol is essential to optimize these materials for various uses, 
including light-emitting diodes, photovoltaics, and other 
optoelectronic devices.

5  Perovskite‑Based Nanosheets

5.1  Growth of Perovskite‑Based Crystalline Nanosheets

Recent studies have outlined several difficulties in the devel-
opment of crystalline perovskite NSs. Unlike the direct 
growth of perovskite single crystals, a major challenge is 
fabricating large-sized LHP NSs from single crystals [47]. 
Furthermore, the synthesis of organic–inorganic LHP single 
crystals can face growth and structural stability difficulties 
if thin single crystals at micro-/nanosizes can be achieved 
[49]. Perovskite materials, including NSs, have been identi-
fied as having challenges in their growth and application, 
including structural stability, device fabrication, longevity, 
cost-effectiveness, recombination, and optical properties [44, 
319, 320]. These difficulties highlight how difficult it is to 

improve the synthesis and application of perovskite crystal-
line NSs in optoelectronic devices and other applications by 
addressing several factors. Recent research has demonstrated 
various methods that can be employed to synthesize crystal-
line NSs of perovskite. A study concentrated on synthesizing 
free-standing, centimetre-sized perovskite NSs for optoe-
lectronic devices using single-crystal lead bromide; growth 
happened along two in-plane directions without appreciable 
thickness increase [47]. Furthermore, various applications 
have been investigated for the growth of organic–inorganic 
LHP single crystals, including thin single crystals at micro-/
nanosizes [49]. These investigations aid in understanding 
the synthesis, characteristics, and uses of perovskite single 
crystals and NSs in optoelectronic devices [48, 319].

The intriguing optoelectronic characteristics of 
organic–inorganic hybrid perovskites have attracted much 
attention. However, their poor air stability greatly hinders 
their usefulness, particularly as their thickness approaches 
the nanometre. Shi et al. [44] reported a single-step vapour-
phase method for growing HC(NH2)2PbBr3  (FAPbBr3) 
single-crystalline NSs with tunable sizes up to 50 μm and 
thicknesses as low as 20 nm. Even after months of exposure 
to air, the  FAPbBr3 NSs show remarkable stability, retain-
ing their photoluminescence (PL) efficiency and surface 
roughness without any degradation. The structures of single 
crystals and polycrystalline films of  FAPbBr3 are shown in 
Fig. 5a, b. The  [PbBr6]4–octahedra in  FAPbBr3 share cor-
ners to form a three-dimensional network, and as Fig. 5b 
illustrates,  FA+ cations occupy the coordinated holes [321]. 
Compared to single crystals, polycrystalline films have many 
surface defects and grain boundaries (Fig. 5a), reducing per-
ovskite stability in ambient environments [322, 323]. It is 
possible to efficiently grow  FAPbBr3 single-crystalline NSs 
by a one-step (CVD) method. The  FAPbBr3 NSs’ growth 
process is depicted in Fig. 5c. A mixture of FABr and  PbBr2 
(1:1 molar ratio) in the middle of the furnace, with a mica 
substrate piece downstream. The reactants are transported 
by high-purity argon to the mica substrates for nucleation 
and growth. The synthesis of  FAPbBr3 polycrystalline 
films is carried out by spin coating. An optical microscopy 
(OM) image of  FAPbBr3 NSs with square morphologies 
and regular edges is shown in Fig. 5d. X-ray photoelectron 
spectroscopy (XPS), high-resolution TEM (HRTEM), X-ray 
diffraction (XRD), energy-dispersive spectrometry (EDS), 
and Raman spectra are used to analyse the structure and 
composition of  FAPbBr3 NSs that are synthesized. The 
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Raman spectra of  FAPbBr3 NSs grown on mica are shown 
in Fig. 5e. The bending modes of  H2N–C–NH2 are respon-
sible for the peak at 521  cm–1, whereas symmetric stretching 
C–N modes are responsible for the peak at 1120  cm–1 [324, 
325]. Each other peak is indexed to the mica substrate. The 
synthesized NSs are exposed to air for varied periods at a 
temperature of 25 °C and a relative humidity (RH) of 55% to 
assess their stability. Over 3 months, the NSs’ morphology 
and surface roughness are essentially unchanged (Fig. 5f). 

The XRD patterns of the polycrystalline films and  FAPbBr3 
NSs are shown in Fig. 5g. In order to reduce the impact of 
the highly intense XRD mica substrate, the NSs have been 
moved to Si/SiO2 substrates [326]. The (100), (200), and 
(300) planes of cubic  FAPbBr3 with space group Pm-3 m 
are responsible for three prominent diffraction peaks of the 
resultant NSs (Fig. 5g, orange line) [323]. The simulated 
 FAPbBr3 diffraction peaks and those seen in the synthe-
sized polycrystalline films agree (Fig. 5g, blue line). Lattice 

Fig. 5  a, b Diagram showing  FAPbBr3 polycrystalline films and single-crystalline NSs, respectively. c A diagram illustrating the  FAPbBr3 NSs’ 
one-step CVD growth process. d A schematic of  FAPbBr3 NSs using optical microscopy. e  FAPbBr3 NSs’ Raman spectra are on a mica sub-
strate and by themselves. f Images from optical microscopy (with insets) and matching AFM images of a  FAPbBr3 NS exposed to different air 
exposure times. g XRD patterns of polycrystalline films (blue line) and  FAPbBr3 NSs (orange line), respectively. The data are standardized. The 
simulated XRD pattern of  FAPbBr3 (grey line) is offered for comparison. h FFT image in the inset and HRTEM image of  FAPbBr3 NSs. i Using 
energy- EDS, Elements Pb, Br, C, and N elemental mappings of a  FAPbBr3 NS. a–i Reproduce with permission [44]. Copyright 2024, ACS
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spacings of roughly 3 Å are found in HRTEM studies, which 
correspond to the (200) planes of cubic  FAPbBr3 (Fig. 5h). 
Using a single set of diffraction spots, the fast Fourier trans-
formation (FFT) of the grown NS (Fig. 5i) further confirms 
the nature of the single-crystal structure. Pb, Br, C, and N 
elements show a uniform spatial distribution, according to 
EDS mappings. With this method, the difficulties posed by 
hybrid perovskites in integrated optoelectronics can be over-
come, and the requirements for exceptional performance, 
high stability, and nanoscale thickness can be satisfied.

5.2  Perovskite Nanosheet‑Based Photodetectors

Perovskite NSs have shown great promise in PDs, as stud-
ies have demonstrated how well they can improve photo-
detection performance.  CsPb2Br5 NSs, for example, have 
been used to create PDs with exceptional switching current 
ratios and quick response times [53]. Furthermore, stud-
ies have explored using  SnS2 NSs to create stable planar 
PD with quick response times [107]. Additionally, devel-
opments in organic–inorganic hybrid perovskite-based 
PDs and their improved designs have been highlighted in 
perovskite-based PDs [52]. These results highlight how 
perovskite NSs can improve PDs’ performance. A vapour-
phase growth of HC(NH2)2PbBr3  (FAPbBr3) single-crys-
talline NSs with tunable sizes up to 50 μm and thickness 
was reported [44]. They developed PDs to investigate 
the optoelectronic properties of  FAPbBr3 NSs. The PD’s 
device structure, which depends on a single  FAPbBr3 NS, 
is shown in Fig. 6a. The time-resolved photoresponses 
at Vds = 3 V for 405 nm with 5.5 mW  cm–2 and 532 nm 
with 20 mW  cm–2 are shown in Fig. 6b. For the 405 and 
532 nm cases at Vds = 3 V, the PDs show high light current 
to dark current values (on/off ratio) of roughly  104. The 
sensitivity values obtained with 405 and 532 nm lasers 
excited at Vds = 3 V are displayed in Fig. 6c. The results 
indicate a high on/off ratio of  104, an EQE greater than 
3000%, an ultrahigh responsivity of 1033 A  W−1, and a 
fast response time of roughly 25 ms. In another report, 
Chun-Yan et al. [207] reported using room-temperature, 
confined-space grown  CsPbBr3 NSs to fabricate a highly 
sensitive deep ultraviolet (DUV) PD. A representative 
PD based on the 68  nm  CsPbBr3 NS is schematically 
shown in Fig. 6d. The device’s photoresponse to illumi-
nation at 265 nm with varying light intensities is shown in 

Fig. 6e. It is evident that when the light intensity increases 
from 1.57 µW  cm−2 to 1.35 mW  cm−2, the photocurrent 
increases gradually from 0.53 to 167 pA. Stronger illumi-
nation intensities produce more carriers, which raises the 
photocurrent, so this observation makes sense [327]. θ is 
fitted to be about 0.87, as shown in the inset of Fig. 6e. 
The device may have recombination loss as indicated by 
the deviation from the integer. Nonetheless, the θ value is 
significantly greater than the  CsPbBr3 thin film that was 
previously reported (θ = 0.67) [327], suggesting a respect-
able level of crystallinity. The rise/fall time τr/τf, which is 
the amount of time needed for the photocurrent to increase 
from 10% to 90% or decrease from 90% to 10% of the 
maximum, is estimated to be 3.40/10.20 ms based on a 
single magnified response cycle measured at 10 Hz, as 
shown in Fig. 6f. This implies that all-inorganic perovs-
kites are potential candidates for future DUV PDs that are 
sensitive and reasonably priced. The exceptional optical 
and electrical properties of 2D all-inorganic halide perovs-
kites have piqued current research interest. Doping with 
rare earth ions is a promising method for optimizing their 
optical and electrical properties and enabling a wide range 
of applications. Nevertheless, there are few reports on 2D 
RE ion-doped perovskite crystals in the literature. Novel 
2D all-inorganic perovskite  CsPbClxBr3−x NSs doped with 
rare earth ions were synthesized, as reported by Sun et al. 
[208]. As shown in the inset of Fig. 6g, the planar device 
structure based on the lateral assembly of 2D perovskite 
NSs was selected to create PDs. This choice was taken 
in light of planar structures’ superior electrical qualities. 
When operating in photovoltaic mode, the device doped 
with  Yb3+ (Fig. 6g) shows enhanced photoresponses to 
light ranging from 360 to 440 nm when operating at a 
bias of 0.5 V, in comparison with the PD based on pure 
 CsPbClBr2 NSs. The increased photocarrier density in the 
perovskite active layer of the  Yb3

+-doped device may be 
the cause of this appreciable rise in photocurrent values 
[328–330]. In Fig. 6h, the potential mechanism is shown. 
 Yb3+ ions absorb near-infrared (NIR) light at approxi-
mately 980 nm, which excites the 4 f electrons to a higher 
energy level (2F7/2). These electrons then undergo a two-
step upconversion process to transition to the defect level 
at the bottom of the conduction band (as confirmed by 
DFT calculations). The photocurrent is eventually pro-
duced when they thermally transition to the conduction 
band of the  CsPbClBr2 NSs. This process of direct photon 
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electric upconversion is consistent with our previous 
observations [331]. The PD array-based visual photodetec-
tion system is a significant step towards the development 
of artificial "eye" devices.

Finally, there are difficulties in designing perovskite-
based PDs, which scientists are working to resolve. Opti-
mizing low-dimensional perovskite materials to improve 
PD performance is one of the main challenges [52]. 
Furthermore, to improve perovskite PDs’ functionality, 

researchers are investigating issues about potential future 
research directions and major roadblocks [64]. Further-
more, creating narrowband perovskite PDs involves dif-
ficulties that require creative solutions and a thorough 
comprehension of basic physics [332]. Moreover, creating 
novel materials with high responsivity and low detectivity 
levels is difficult in the pursuit of lead-free perovskite PDs 
[6]. These difficulties show how difficult it is to design 
perovskite-based PDs and draw attention to current initia-
tives to resolve them to advance this field.

Fig. 6  a Diagram illustrating a  FAPbBr3 PD. b PD’s time-resolved photoresponse when excited by 405 and 532  nm lasers at Vds = 3  V. c 
Responsivity values computed at Vds = 3  V while 405 and 532  nm lasers are excited. a–c Reproduce with permission [44]. Copyright 2024, 
ACS. d Diagram showing an example of a DUV PD for  CsPbBr3. e Device’s time-dependent photoresponse to varying incident light intensities 
at 265 nm. The photocurrent as a function of light intensity is shown in the inset. f To find the rise/fall time, a single magnified response cycle 
recorded at 10 Hz was used. d–f Reproduce with permission [207]. Copyright 2023, Elsevier. g Photocurrent of  Yb3+-doped and undoped NSs 
devices under various UV light wavelengths, respectively. h Potential mechanism of  Yb3+-doped CsPb(Cl/Br)3’s 980 nm response. g, h Repro-
duce with permission [208]. Copyright 2023, Elsevier
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6  Perovskite‑Based Nanorods

6.1  Growth of Perovskite‑Based Nanorod Arrays

The inherent instability of perovskite materials, stabil-
ity problems, hysteresis in photocurrent density–voltage 
measurements, and toxicity concerns are challenges related 
to using perovskite NR arrays in photovoltaic devices. 
These difficulties hinder the large-scale use of perovskite 
solar cells and substantially impact their practical applica-
tion. Several initiatives are being taken to address these 
problems, such as lowering toxicity, strengthening device 
fabrication methods to get around hysteresis and instabil-
ity problems, and increasing the stability of perovskite 
materials in ambient environments [333, 334]. Stabilizing 
the materials, selecting the most effective encapsulation 
methods, and researching innovative perovskite architec-
tures are crucial steps towards overcoming these chal-
lenges and advancing the actual application of perovskite 
NR arrays in photovoltaic devices. Perovskite NR arrays 
can be synthesized using innovative bottom-up techniques, 
enabling the accurate and scalable creation of nanocrystal 
arrays with control over size, number, and position. These 
arrays considerably facilitate the integration of perovs-
kites into nanoscale optoelectronics. During the growing 
process, topographical templates enable localized growth 
and positioning with controlled surface wettability. Using 
this method, it is possible to create deterministic arrays of 
 CsPbBr3 NCs with high positional accuracy and tunable 
dimensions as low as < 50 nm [335]. This approach opens 
up new possibilities for nanoscale PDs by providing flex-
ible, scalable, and compatible procedures for perovskite 
integration into on-chip nanodevices [335]. Elements mov-
ing around, alterations in the chemical composition, heat 
and moisture in the environment, and crystal structural 
flaws are all causes of instability in perovskite NR arrays. 
Degradation can arise from elemental migration into the 
perovskite layer from layers such as ITO/FTO; subsequent 
chemical changes may affect stability. Perovskite materi-
als may hydrolyse when exposed to moisture, which can 
cause irreversible degradation and disintegration [336]. 
Crystal structural flaws can speed up ion migration, cause 
phase separation or decomposition, and impact interfacial 
contact and carrier extraction [336, 337]. Additionally, 
local lattice strain, cage distortions, vacancy formation, 

and solar cell degradation can be caused by the mismatch 
of ionic sizes in perovskite materials [337]. Improv-
ing the stability of perovskite NR arrays in photovoltaic 
devices requires addressing these factors through defect 
passivation, encapsulation techniques, and compositional 
engineering.

Halide perovskite materials have shown notable pro-
gress in optoelectronic applications, especially in solar 
cells with amine components in organic cations. However, 
these amines’ N–H bonds make them vulnerable to hydrol-
ysis when exposed to atmospheric moisture, jeopardizing 
the perovskite materials’ stability. Investigating substitute 
perovskite materials that do not require amines for stabil-
ity is therefore necessary. Sulphur-based perovskite-like 
 (CH3)3SPbI3 NR arrays were successfully created by Rui-
yuan et al. [218] using a solution-processed method. The 
crystal structure of these arrays is hexagonal and can be 
indexed in the space group P63mc. The extraordinary stabil-
ity of  (CH3)3SPbI3 is due to the strong interaction between 
the non-amine  (CH3)3S+ and  [PbI6]4− octahedral. These 
NR arrays remain morphologically and crystallographi-
cally intact in ambient conditions for more than 60 days. 
Moreover, they offer direct channels for charge transfer, 
displaying exceptional optoelectronic qualities. As shown 
in Fig. 7, SEM and XRD technologies analyse the dipping 
time of  PbI2 films into  (CH3)3SI ACN solution to investi-
gate the reaction process between  (CH3)3SI and  PbI2. The 
optical images in Fig. 7a show how the  PbI2 film’s bright 
yellow colour gradually changes to a paler shade after 
reacting with  (CH3)3SI for various lengths. The SEM image 
(Fig. 7b) shows that the  PbI2 film on the FTO substrate is 
uniformly dense and made up of particles about 100 nm 
in size. The morphology presented in Fig. 7c clearly illus-
trates the formation of  (CH3)3SPbI3, which results from the 
reaction between  (CH3)3SI and  PbI2 after a 5-min immer-
sion. As shown in Fig. 7d, the  (CH3)3SPbI3 NRs are visible 
when the dipping time is increased to 10 min. The uniform 
 (CH3)3SPbI3 NRs show well-crystallized structures with an 
average diameter of about 20 nm after extending the dipping 
time to 30 min (Fig. 7e). The  (CH3)3SPbI3 NRs gradually 
expand during this process. These NRs have a hexagonal 
top shape similar to the c-axis direction growth pattern seen 
in ZnO NR arrays [338]. The XRD patterns of the samples 
dipped in the  (CH3)3SI solution for different lengths of time 
are shown in Fig. 7f. Within the 2θ range of 10° to 35°, a 
single peak is seen at 12.6° (PDF: 80–1000, P3m1 (No.164)) 
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in the  PbI2 XRD pattern. This peak agrees with the  PbI2 
phase before the  (CH3)3SI reaction [339]. As the dipping 
time increases, the distinctive  PbI2 peak gradually becomes 
weaker and, after 30 min, vanishes, signifying the progres-
sion of the reaction between  (CH3)3SI and  PbI2. New peaks 
appear in the XRD patterns at 10.6°, 22.3°, 24.1°, 29.1°, 
and 31.1° after the reaction, indicating the formation of a 
novel phase. Moreover, there is evidence that the reaction 

can be finished in 30 min because the XRD patterns of the 
samples dipped for 30 and 40 min are almost the same. 
TEM was used to further investigate the crystal structure 
of  (CH3)3SPbI3 NRs. A representative  (CH3)3SPbI3 NR is 
shown in Fig. 7g. Lattice fringes are visible in the HRTEM 
image displayed in Fig. 7h and its magnified area in Fig. 7i. 
The interplanar spacings of 7.3 and 2.46 Å correspond to the 
(132) and (021) lattice planes, respectively. The  (CH3)3SPbI3 

Fig. 7  a  PbI2 dipping in  (CH3)3SI solution for varying times captured in optical images.  PbI2 film dipping in  (CH3)3SI solution for b 0 min, c 
5 min, d 10 min, and e 30 min is shown in top-view SEM images. f  PbI2 dipping in  (CH3)3SI solution for varying times as seen in XRD pat-
terns. g–i HRTEM and TEM pictures of a normal single  (CH3)3SPbI3 NR. j Diffraction pattern of electrons along the axis of the [1–12] zone. 
k–n Elemental distribution of sulphur (S), lead (Pb), and iodine i in  (CH3)3SPbI3 NR, measured by EDX. a–n Reproduce with permission [218]. 
Copyright 2021, Elsevier
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NR’s selected area electron diffraction (SAED) pattern is 
shown in Fig. 7j along the [1–12] zone axis. The d-spacings 
for the (− 132) and (021) lattice planes are 3.6 and 2.46 Å, 
respectively. The EDX spectrum in Fig. 7k–n shows that S, 
Pb, and I are distributed uniformly throughout the NR and 
do not phase separately. The TEM and EDX data confirm 
the  (CH3)3SPbI3 crystalline structure’s pure phase. Creating 
a brand-new stable array of perovskite NRs shows promis-
ing photoelectric properties and has potential uses in useful 
photoelectric fields.

6.2  Perovskite Nanorod‑Based Photodetectors

Since perovskite NRs have remarkable photoelectric prop-
erties, they are being studied in great detail, especially for 
PD applications. These NRs are used in phototransistors, 
photodiodes, and photoconductors, among other perovskite 
PDs. Using perovskite NRs with organic semiconductors 
has demonstrated encouraging results, particularly in creat-
ing high-efficiency phototransistors that exhibit exceptional 
stability and photosensitivity [64, 221]. Furthermore, com-
pared to other perovskite-based PDs, hybrid devices com-
bining perovskite NRs and organic semiconductors have 
demonstrated improved photosensitivity, responsivity, and 
stability [221]. Furthermore, developing high-performance 
broadband PDs has been aided by incorporating triple-cation 
perovskite/ZnO NRs [340]. The long carrier lifetime, high 
carrier mobility, and quick response times of nanostructured 
perovskites—which come in 2D, 1D, and 0D structures—
make them highly promising for photodetection applications 
[51]. Sulphur-based perovskite-like  (CH3)3SPbI3 NR arrays 
were fabricated using a solution-processed method [218]. 
When assessing  (CH3)3SPbI3 NR array PDs, responsiveness 
(R), measured under different bias conditions and compared 
to Si standard PD, is a crucial factor. A schematic diagram of 
the  (CH3)3SPbI3 NR arrays PD is shown in Fig. 8a. The find-
ings are shown in Fig. 8b, which shows that the responsivity 
rises as the voltage does. Furthermore, the spectral photore-
sponse exhibits broadband detection, with a peak platform 
detected at 15 V between 430 and 520 nm. 0.06 mA  W−1 
is the maximum responsivity value below 15 V. EQE is 
carried out at different biases, as Fig. 8c illustrates [341]. 
Through the external circuit, charges can be injected from 
the electrodes under applied voltage. Similar to responsiv-
ity, EQE shows a trend of increasing with increasing voltage 

at different voltages. Under a 15 V bias, the highest EQE 
value reaches 16%. The photovoltaic materials can produce 
electron–hole pairs when exposed to light. The electron–hole 
pairs are then quickly separated and gathered by electrodes 
in the presence of an applied electric field [342]. Promising 
photoelectric properties have been demonstrated by a newly 
developed stable array of NRs. There may be useful uses for 
this development in the field of photoelectric technology.

Achieving heterojunction formation is thought to be 
essential for producing high-performance devices. In par-
ticular, self-powered PDs benefit from forming a gradient 
energy band between heterojunctions. The synthesis of 
 CsPbI3 NRs and their use as the interfacial layer in high-
performance, all-solution-processed self-powered PDs were 
presented by Saleem et al. [55]. Following the successful 
growth of PbS QDs and  CsPbI3 NRs (NRs), two different 
kinds of PDs were created. Device A represented the first 
type: ITO/ZnO (100 nm), PbS-TBAI (150 nm), and Au. 
Device B represented the second type, which contained ITO/
ZnO (100 nm), PbS-TBAI (150 nm),  CsPbI3 (250 nm), and 
Au. Figure 8d displays device B’s cross-sectional diagram. 
Figure 8e, f shows devices A and B’s current vs. voltage 
(I–V) curves. The I–V curves’ generally rectifying behav-
iour shows that heterojunctions have formed in devices A 
and B. It is evident that, compared to device A (∼  10–8 A), 
device B displays a lower dark current (∼ 2.94 ×  10−9 A). 
Furthermore, under 0.1 mW  cm−2 white light illumination, 
device B’s obtained On/Off current ratio of  104 is higher 
than that of device A (i.e.  103). The band gap offset between 
the  CsPbI3 NRs layer and the PbS-TBAI NRs layer explains 
device B’s reduced dark current. This makes sense in the 
following ways: under illumination, device A exhibits a 
comparatively higher likelihood of carrier recombination 
for photogenerated carriers. On the other hand, device B’s 
heterojunction between PbS-TBAI and  CsPbI3 makes it eas-
ier for photogenerated excitons to separate. Furthermore, 
a greater photocurrent is produced due to the significant 
reduction in interfacial recombination caused by the spatial 
dissociation of photogenerated electrons and holes at the 
interface. Remarkably, the strong Lewis acid–base interac-
tion is the main cause of device B’s low hysteresis nature 
compared to device A. With the assistance of two layers 
and the interfacial layer, this interaction makes it possible to 
establish electron pair donation effectively. As a result, sur-
face traps are passivated, and charge carrier recombination 
is prevented [343]. In order to understand the heterostructure 
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design and device B’s improved self-powered mode perfor-
mance, Fig. 8g, h schematically illustrate the possible energy 
band alignments between PbS-TBAI and  CsPbI3 NRs. The 
conduction band level (Ec) and valence band level (Ev) of 
PbS-TBAI, ZnO nanoparticles, and  CsPbI3 NRs film were 
measured. They are − 4.26 and − 5.9 eV, − 4.4 and − 7.7 eV 
for ZnO, and − 3.6 and − 5.4 eV for  CsPbI3 NRs. ITO and 
Au have work functions of − 4.7 and − 5.1 eV, respectively. 

When exposed to white light, the PbS-TBAI and  CsPbI3 lay-
ers are the primary sources of charge carriers because the 
incident photon energy (3.1–1.77 eV) is lower than the band 
gap of ZnO nanoparticles (3.34 eV). At the  CsPbI3/Au inter-
face, electrons are blocked due to the Au electrode’s work 
function of − 5.1 eV. As a result, as shown in Fig. 8h, the 
energy band at this interface bends sharply upward, produc-
ing a depletion region. As a result, under the applied electric 

Fig. 8  a Diagrammatic representation of the PD for  (CH3)3SPbI3 NR arrays and its performance characteristics. b Response spectra. c EQE 
spectra of  (CH3)3SPbI3 NR arrays PD under different forward bias scenarios. a–c Reproduce with permission [218]. Copyright 2021, Elsevier. 
d Cross-sectional representation. e, f I–V curves show the properties of devices A and B under different lighting conditions and in the dark, 
respectively. g A gradient energy band diagram showing the trilayer heterojunction of ZnO/PbS-TBAI/CsPbI3. h  CsPbI3/Au interface forms an 
electron-blocking interface, which causes a band to tilt upward to improve electron-blocking and hole extraction. d–h Reproduce with permis-
sion [55]. Copyright 2021, Elsevier
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field, holes created in  CsPbI3 transfer to Au, electrons trans-
fer to PbS-TBAI, then to ZnO and the ITO electrode, respec-
tively. These findings confirm that interfacial recombina-
tion can be successfully decreased, and device performance 
improved by appropriately inserting an interfacial layer in 
heterojunctions. As a result, it offers a solid basis for opto-
electronic material and device configuration. As a subset of 
perovskite-based PDs with various device types and applica-
tions, perovskite NR-based PDs have attracted much atten-
tion. The research goal until now has been to use nanostruc-
tured perovskites to increase performance. Photovoltaic and 
photoconductive devices with their spatial configurations are 
included in perovskite-based PDs [51]. Advancements in 
recent times have highlighted multifunctional capabilities 
like angle-sensing, spectral, and polarization light detection 
[35]. Developments highlight the adaptable morphologies, 
compositions, and structures of perovskite materials, high-
lighting their potential for various uses [18]. These results 
highlight continued efforts to improve perovskite-based 
photodetection technology’s functionality, performance, 
and adaptability.

7  Perovskite‑Based Nanowires

7.1  Growth of Perovskite‑Based Nanowires

The diverse development methods of perovskite NWs make 
them a promising example of controlled growth techniques. 
Methods include printing perovskite NWs with inkjet tech-
nology and nanoporous anodic alumina templates [344], 
synthesizing perovskite NWs by solution processes like hot 
injection, self-assembly, solvothermal, and anion exchange 
[58], and directing growth induced by graphoepitaxial 
effects on annealed M-plane substrates [345]. Additionally, 
polar solvent-directed growth has been studied quickly, and 
this approach works well to increase the variety of mor-
phologies that can be achieved in perovskite NWs [346]. 
Because of the precise alignment and patterning capabili-
ties made possible by techniques like inkjet printing and 
nanopore-confined growth, these advancements in growth 
techniques have potential applications in fields such as 
lighting and lasing [58]. One of the current obstacles to the 
controlled growth of perovskite NWs for lighting technol-
ogy is the creation of a 2D surface appropriate for solar cell 
applications. Further obstacles include patterning, aligning, 

and transferring perovskite NWs for lighting technology 
applications [58]. It is not easy to induce directional growth 
for particular morphologies, such as  CsPbBr3 NWs, affect-
ing how well they integrate into lighting technologies [56]. 
These drawbacks show that in order to integrate perovskite 
NWs into lighting technology successfully, specific growth 
techniques must be addressed.

Metal halide perovskite (MHP) single crystals are an 
efficient means of achieving optical filter-free narrow-
band photodetection through charge collection narrowing 
(CCN). Nevertheless, the need for thick crystals in CCN 
limits their applicability to large-scale, flexible, self-
driven, and high-performance optoelectronic applications. 
Vertically integrated MHP quantum wire/NW (QW/NW) 
array-based PDs within nanoengineered porous alumina 
membranes (PAMs) have been reported by Daquan et al. 
[231]. This invention exhibits simultaneous self-driven 
narrowband photodetection and broadband photodetection 
capabilities. A schematic representation of the QW/NW 
array’s growth process is shown in Fig. 9a. It consists of 
two main steps: the creation of dual-diameter PAMs and 
the growth of  MAPbI3 assisted by vapour–solid reaction 
(VSSR). Because the PAM pore size is directly propor-
tional to the anodization voltage, the dual-diameter PAM 
is produced by electrochemically anodizing aluminium 
(Al) foil in two steps at different voltages. A high voltage 
(200 V) anodization is first applied to create large-pore 
PAM. The corresponding SEM image (Fig. 9b) shows 
that the average pore size of the PAM is approximately 
200 nm. The barrier layer  (Al2O3) is then sufficiently 
thinned by another barrier thinning procedure to prepare 
it for the following low-voltage anodization. The bright-
ness contrast in the cross-sectional back-scattered elec-
tron (BSE) SEM image (Fig. 9c), where the light area 
represents  MAPbI3. and the dark area corresponds to 
anodic alumina, makes the QW/NW arrays easily distin-
guishable. SEM images captured from above of  MAPbI3 
NWs in perfectly ordered and semi-ordered PAMs are 
shown in Fig. 9d. It is important to note that the anodiza-
tion and nanoimprint methods are used to fabricate the 
perfectly ordered PAM. Such fabrication is advantageous 
for accurately addressing individual NWs in ultrahigh-
resolution imaging applications. A high-angle angular 
dark field–scanning transmission electron microscopy 
(HAADF-STEM) image of the QW/NW transition area, 
showing the ultrahigh-density quantum wires (QWs) 
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Fig. 9  Following steps are involved in the fabrication process from left to right: 200 V anodization, barrier thinning, 5 V anodization, Pb elec-
trochemical deposition, and VRS growth. The images displayed are cross-sectional SEM images of a PAM b with and c without  MAPbI3 QWs/
NWs growth. d A top-view SEM image shows the BSE measurement mode where  MAPbI3 QWs/NWs are embedded in the perfectly ordered 
PAM. The  MAPbI3 QW/NW junction is shown in HAADF-STEM images at e low and f high magnifications. g–i  MAPbI3 QW/NW junction 
selective area EDX mapping; the area is indicated by the red dashed line in the image (e). j X-ray is shown separately, shining from the NW and 
QW sides in the XRD patterns. k PL spectra with excitation light (λex = 350 nm) shining separately from the NW and QW sides. a–k Reproduce 
with permission [231]. Copyright 2022, ACS
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clearly, is shown in Fig. 9e at low magnification. At the 
same time, the boundary between  MAPbI3 and  Al2O3 
NWs is visible in the high-magnification image shown 
in Fig. 9f, which also exhibits excellent surface passiva-
tion and crystallinity. The high-temperature VSSR growth 
within the  Al2O3 template is primarily responsible for this 
extraordinary quality [347, 348]. Energy-dispersive X-ray 
spectroscopy (EDX) mapping of the indicated region in 
Fig. 1e is shown in Fig. 9g–i. Excellent material quality is 
indicated by the uniform distribution of elements in both 
quantum wires (QWs) and NWs. The XRD patterns of the 
 MAPbI3 quantum wire/NW (QW/NW) arrays, with light 
emanating from the NWs and QWs independently, are 
displayed in Fig. 9j. There is only one discernible set of 
crystalline peaks in the patterns, suggesting that the cubic 
crystal structure is identical for both NWs and QWs. The 
 PbI2 (001) phase is responsible for a minor XRD peak 
at about 11.5° for the NWs, as shown in Fig. 9j. Since 
the perovskite decomposition process usually starts from 
the top surface of the QWs, this peak is not visible. The 
PL spectra of QWs and NWs under each side-illumi-
nated excitation are shown in Fig. 9k. Two PL peaks are 
detected at 731 and 766 nm, with 1.70 and 1.61 eV optical 
band gap values for  MAPbI3 QWs and NWs, respectively. 
The effects of quantum confinement and surface passiva-
tion, which are in charge of the band gap increase and the 
noticeable improvement in the PL signal for QWs have 
already been covered in detail [347].

Perovskite NWs’ special qualities and possible uses 
have attracted much research interest. Perovskite NWs 
have grown and are being used due to several studies. 
Controlled growth of in-plane directional perovskite 
 CsPbBr3 NWs was demonstrated using a graphoepitaxial 
effect [344]. Researchers used inkjet printing and nano-
porous anodic techniques to demonstrate printed perovs-
kite NWs for lasing and phosphor applications [58]. The 
methods and procedures used to create halide perovskite 
NWs include self-assembly, vapour-phase growth, and hot 
injection [345]. The synthesis of long ferroelectric NWs 
with perovskite structures using different solution tech-
niques [4]. Researchers presented a straightforward low-
temperature growth technique to demonstrate the poten-
tial applications of vertically aligned  CsPbBr3 NW arrays 
[349]. Together, these studies expand our knowledge of 
perovskite NWs and their potential uses in various techno-
logical fields, including optoelectronics, lasing, and PDs.

7.2  Perovskite Nanowire‑Based Photodetectors

The development of high-performance PDs appears to be 
greatly promising for perovskite NWs. The research has 
focused on using single-crystalline, solution-processable 
perovskite NWs to create inexpensive PDs with high detec-
tivity [237]. Furthermore, advancements in PDs’ sensitivity 
have been made by employing conductive materials, self-
assembled quantum wells, and strongly interacting layered 
metal–halide perovskites [234]. Additionally, lead-free per-
ovskite alloy NW PDs have demonstrated outstanding per-
formance, providing opportunities for improved devices in 
this field [350]. Furthermore, creating long-lasting, flexible 
perovskite NW PDs highlights their potential as next-gen-
eration photodetection technologies [230]. Various options 
are among the most promising materials for perovskite NW 
PDs. The capacity to integrate the benefits of both organic 
and inorganic components leads to enhanced performance 
and versatility in photodetection applications, which makes 
organic–inorganic hybrid perovskites unique [223, 237]. 
Furthermore, solution-processable single-crystalline perovs-
kite NWs present a strong chance to create highly detective, 
reasonably priced PDs, making them leading candidates for 
next-generation photodetection technologies [33]. Lead-free 
perovskite alloy NWs, especially those with a one-dimen-
sional structure, are another noteworthy contender. These 
single-crystal NWs exhibit good performance in PDs, which 
makes them highly desirable for advanced photodetection 
applications [350, 351].

The organic–inorganic hybrid perovskite NW, 
 CH3NH3PbI3, becomes a promising candidate for high-
performance PDs due to its remarkable photoresponse. 
However, difficulties remain concerning ineffective carrier 
collection between the metallic electrodes and one-dimen-
sional (1D) NWs. Furthermore, the perovskite’s degrada-
tion makes  CH3NH3PbI3 NWs less viable for commercial 
production. These obstacles highlight the necessity for 
creative approaches to maximize carrier collection effi-
ciency and improve perovskite stability in order to fully 
realize the potential of  CH3NH3PbI3 NWs in useful pho-
todetection applications. Guanghui et al. [233] presented 
a PD with a hybrid van der Waals (vdW) heterostructure 
made of graphene (Gr)/1D  CH3NH3PbI3 and hexagonal 
boron nitride (h-BN). Gr and the NW’s electrical contact 
facilitated enhanced carrier extraction, which allowed for 
remarkable responsivity and specific detectivity, reaching 
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558 A  W−1 and 2.3 ×  1012 Jones, respectively, in this con-
figuration. The EDS and schematic images of the h-BN/
Gr/CH3NH3PbI3 mixed-dimensional vdW heterostructure 
device are shown in Fig. 10a, b. The photoswitching prop-
erties of the h-BN/Gr/1D  CH3NH3PbI3 mixed-dimensional 

vdW heterostructure device (h-BN/Gr/CH3NH3PbI3 device) 
and the  CH3NH3PbI3 NW device  (CH3NH3PbI3 device) 
are shown in Fig. 10c for a bias voltage of 2 V, covering 
a light intensity range of 1–1000 μW  cm−2. As the light 
intensity increases, the photocurrent also increases, which 

Fig. 10  a Device’s schematic diagram. b An EDS image. c Photoswitching characteristics of both the  CH3NH3PbI3 device and the h-BN/Gr/
CH3NH3PbI3 device were assessed at 2 V under a 655 nm unfocused laser. The light intensity ranged from 1 to 1000 mW  cm−2. a–c Reproduce 
with permission [233]. Copyright 2022, ACS. d Au/MAPbI3 NW/Au structure device with  BMIMBF4 (0.6 mmol) is shown in the schematic 
diagram. At a bias of 5 V, the Au/MAPbI3 NW/Au structure device was tested for performance using  BMIMBF4 (0.6 mmol). e Different light 
intensities were used to observe the I–t curves. f Response time was recorded at 14.5 mW   cm−2 of light intensity. d–f Reproduce with per-
mission [230]. Copyright 2022, Wiley. g  MAPbBr3/MAPbBr3−xIx p–n–junction device is depicted schematically in the diagram. h  MAPbBr3/
MAPbBr3−xIx p–n junction’s energy band alignment under thermal equilibrium. According to the band structures,  MAPbBr3 is a p-type conduc-
tor, and  MAPbBr3−xIx is an n-type semiconductor. At the p–n junction’s interface, an inherent electric field points from the n-type  MAPbBr3−xIx 
to the p-type  MAPbBr3. i  MAPbBr3/MAPbBr3−xIx p–n–junction device’s I–V curve at a 5 V bias is shown in the dark. The device exhibits a clear 
current rectifying behaviour, confirming the creation of a p–n junction. g–i Reproduce with permission [229]. Copyright 2022, Wiley
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is consistent with the theory that the incident photon flux 
and the number of photogenerated carriers are equal. Inter-
estingly, the h-BN/Gr/CH3NH3PbI3 device shows a sig-
nificantly amplified photocurrent with an on/off ratio of up 
to  103, significantly higher than that of the  CH3NH3PbI3 
device. The h-BN/Gr/CH3NH3PbI3 device can remarkably 
show detectable photocurrent even in extremely low illu-
mination (1 μW  cm−2). The mixed-dimensional vdW het-
erostructure h-BN/Gr/1D  CH3NH3PbI3 provides a novel 
concept and manufacturing process for high-performance, 
air-stable photoelectronic devices using organic–inorganic 
hybrid perovskite NWs.

Perovskite NW-based PDs are among the most promis-
ing next-generation photodetection technologies. However, 
their lack of long-term stability is a major obstacle to their 
commercial viability. Dingjun et al. [230] combined meth-
ylammonium lead triiodide  (MAPbI3) NWs with 1-butyl-
3-methylimidazolium tetrafluoroborate  (BMIMBF4), an 
ionic liquid. This method effectively creates nanochannels 
to speed up charge transfer while also passivating defects to 
prevent perovskite degradation. A specific concentration of 
 BMIMBF4 (0.6 mmol) was used to improve device perfor-
mance. Then, on a glass substrate, an Au/MAPbI3 NW/Au 
structure device was created (Fig. 10d), and its function-
ality was carefully investigated. Then, under various light 
intensities, this device’s I–t curves were recorded (Fig. 10e). 
It exhibits a consistent and noteworthy transient current 
response across all light levels, with a particularly robust 
response at 1.45 ×  10−6 mW  cm−2, a low light level, under-
scoring its remarkable photoresponse capability. The device 
is suitable for real-world applications and has rise (τrise) and 
decay (τdecay) times of 91 and 563 μs, respectively, as shown 
in Fig. 10f. This method provides a fresh approach to cre-
ating flexible, stable, and sensitive perovskite PDs, which 
could hasten their eventual commercial adoption.

Today’s optoelectronic integrated circuits require highly 
sensitive PDs as essential parts. Because of their effective 
carrier separation, p–n junction construction has become 
a potent method for obtaining sensitive photodetection. 
Lately, there has been much interest in the practical appli-
cations of p–n junction PDs based on organic–inorganic 
hybrid perovskites. These PDs offer easy processability and 
favourable optoelectronic performance. Unfortunately, most 
currently used devices are made of polycrystalline films, 
which have a low carrier transport efficiency and cannot 
be made to enhance their photoresponsivities. A particular 

kind of ultrasensitive PD based on single-crystalline per-
ovskite p–n junction NW arrays has been demonstrated by 
Guan et al. [229]. A lateral configuration device was built 
to investigate the optoelectronic and electronic properties of 
the  MAPbBr3/MAPbBr3−xIx p–n junction arrays (Fig. 10g). 
In lateral devices, the heterojunction’s small contact area 
can reduce the abundance of defects at the interface, while 
direct light interaction with the active layer can signifi-
cantly minimize light reflection and loss [352]. The Fermi 
level of  MAPbBr3 is near the top of the valence band, as 
shown in Fig. 10h, which is similar to the properties of a 
p-type semiconductor [353]. The calculations show that 
the Fermi energy (EF) and valence band maximum energy 
(EVBM) of  MAPbBr3−xIx are 4.14 and 5.72 eV, respectively. 
 MAPbBr3−xIx exhibits a prominent n-type characteristic, as 
evidenced by its Fermi level near the bottom of the con-
duction band [354]. A built-in electric field directs from 
the n-type  MAPbBr3−xIx to the p-type  MAPbBr3 at the p–n 
junction interface when the Fermi levels of  MAPbBr3 and 
 MAPbBr3−xIx are aligned under thermal equilibrium. Effec-
tive carrier separation depends on this inherent electric field. 
Further investigation into the p–n junction device’s recti-
fying performance revealed typical p–n diode characteris-
tics. The current–voltage (I−V) curve of the p–n junction 
device is shown in Fig. 10i under dark conditions, clearly 
demonstrating current rectifying behaviour. In conclusion, 
the carrier transport barrier is overcome under forward bias 
(positive potential on  MAPbBr3), while the barrier is further 
enlarged under reverse bias, leading to electrical rectifying 
characteristics. The perovskite p–n junction’s rectifying ratio 
is calculated to be roughly 4, which is similar to perovskite 
heterojunctions that have been previously reported [355]. 
Effective carrier separation is facilitated by the p–n junc-
tion’s inherent electric field, which is experimentally demon-
strated by the observed current rectifying behaviour. These 
findings open up new avenues for designing and constructing 
high-performance PDs, which will greatly expand the uses 
of these devices in optoelectronic integrated circuits.

Perovskite NWs have drawbacks that prevent further 
improvements in sensitivity and performance in PDs despite 
their high detectivity [237]. For perovskite NW-based PDs 
to function as well as possible, careful control over the 
growth and assembly of the NWs is required during the 
fabrication process [230]. Environmental influences and 
material deterioration pose a long-term stability challenge 
for flexible perovskite NW PDs, potentially compromising 
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device reliability. Achieving high-performance PDs is chal-
lenging because controlling defect density in perovskite 
NWs enhances charge carrier mobility and overall device 
efficiency [230]. The material composition and structure 
of lead-free perovskite alloy NWs present challenges that 
call for creative solutions to maximize their functionality 
and performance in photodetection applications [332]. The 
performance of lead-free perovskite alloy NWs is being 
optimized through innovative material compositions and 
structural designs. These initiatives aim to address issues 
related to material functionality and stability in photodetec-
tion applications [350].

8  Perovskite‑Based Quantum Dots

8.1  Growth of Perovskite‑Based Quantum Dots

Perovskite-based QDs present several challenges in develop-
ing PDs, which scientists are working to address. A notable 
challenge is realizing peak performance in QD-based PDs 
even though they can absorb light and release excited elec-
trons or fluorescence [356]. QD synthesis is a challenging 
process that frequently calls for high temperatures and inert 
atmospheres, which makes mass production and scalability 
for PD applications difficult [357]. Furthermore, the stability 
and reliability of QD-based PDs must be guaranteed for their 
practical implementation, which calls for continuous per-
formance under changing circumstances over an extended 
period [357]. Researchers are committed to improving QD-
based PDs’ scalability, performance, and dependability for 
various uses in light detection and other fields. The most 
effective methods for cultivating QDs for use in PDs include 
a variety of approaches. First, enhanced PD construction 
incorporates QDs and atomic structures into device archi-
tectures to improve overall performance [356]. Second, 
scalability and mass production of QDs depends on opti-
mizing the synthesis process, which calls for research into 
growth conditions that maximize yield and efficiency for PD 
applications [357]. Thirdly, the efficiency and reliability of 
 CsPbBr3-based PDs may be increased by surface passiva-
tion methods like congeneric QDs, potentially improving 
performance and stability [357]. Last, using superior growth 
techniques to create  CsPbBr3 single-crystal PDs shows 
promise for improving dependability and performance. In 
order to address QD growth obstacles for PDs, researchers 

are focusing on these strategies with the ultimate goal of 
improving light detection applications’ scalability, perfor-
mance, and dependability [357].

The exceptional optoelectronic characteristics and 
increased stability of all-inorganic  CsPbBr3 QDs have made 
them a novel photoelectric material suitable for photodetec-
tion applications. Nevertheless, creating high-performance 
PDs is severely hampered by multiple trap states and ineffec-
tive carrier transport. Hao et al. [258] methodically showed 
how to blend 2D  Ti3C2TX NSs uniformly in order to increase 
the performance of  CsPbBr3 QD PDs significantly. The pro-
cess of creating  CsPbBr3 QD/MXene NS PDs is illustrated 
in Fig. 11a by mixing different MXene concentrations with 
 CsPbBr3 QD solution. The resulting spherical  CsPbBr3 QDs, 
which have an average size of about 9 nm, show uniform-
ity in Fig. 11b. The HRTEM image in Fig. 11c shows the 
interplanar spacings of 0.263 nm, which correspond to the 
(210) plane of the cubic crystal phase  CsPbBr3 [358]. The 
absorption edge appears sharply below about 514 nm, as 
shown in Fig. 11d and a narrow PL emission peak is seen at 
about 530 nm. This observation suggests that there should be 
a radical recombination at the conduction band edge [359]. 
The exposure of the hexagonal structure’s (008) plane is 
indicated in Fig. 11e [360]. The SAED pattern in Fig. 11f 
shows that the 2D  Ti3C2TX NSs’ inherent hexagonal lat-
tice structure did not change during synthesis. Three dis-
tinct peaks can be seen in the absorption spectra of the 2D 
 Ti3C2TX NSs at roughly 260, 325, and 780 nm. These peaks 
are ascribed to plasmonic absorption in the near-infrared 
(NIR) and the interband transition of MXene in the ultra-
violet (UV) regions [361]. The corresponding XRD patterns 
are shown in Fig. 11g, which covers a small range between 
2° and 8°. As shown, the 2D  Ti3C2TX NSs exhibit a slightly 
different (002) peak at 4.2° from the  Ti3C2TX powders. The 
significant increase in the interlayer distance is what causes 
this shift [362]. The optimized performance was consistently 
observed over a period of 4 months, even under atmospheric 
conditions, suggesting a viable strategy to address the chal-
lenges in fabricating perovskite optoelectronic devices for 
industrial applications.

The growth of perovskite-based QDs for PDs presents 
several challenges that researchers are actively address-
ing to achieve high performance, scalability, and stability 
[356]. In this endeavour, several strategies are being pur-
sued. First, efforts are being made to improve overall device 
performance and PD construction by integrating QDs and 
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Fig. 11  a Schematic construction of  CsPbBr3 QD/MXene NS PDs. b A TEM image, and c an image of  CsPbBr3 QDs obtained using an 
HRTEM. d Room-temperature absorbance spectrum (red) and PL emission spectrum (blue) of  CsPbBr3 QD solution. The resulting MXene NSs’ 
e HRTEM pictures and f selected area electron diffraction (SAED) pattern. g Red and blue XRD spectra of MXene and MAX a‑g. Reproduce 
with permission [258]. Copyright 2022, Elsevier
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atomic structures. Additionally, synthesis process optimiza-
tion is receiving top priority in order to improve QD pro-
duction’s scalability and suitability for mass manufacturing. 
Investigating growth environments that can boost QD yield 
and efficiency for PD applications [363]. Congeneric QD 
surface passivation approaches are also being researched 
to improve the stability and performance of  CsPbBr3-based 
PDs, hence raising their dependability and efficiency. Addi-
tionally, researchers are investigating high-quality growth 
techniques to create  CsPbBr3 single-crystal PDs, which have 
shown promise in achieving high performance and reliability 
[363]. These strategies aim to improve performance, scal-
ability, and reliability in light detection applications by help-
ing researchers overcome the difficulties involved in growing 
QDs for PDs [357].

8.2  Perovskite Quantum‑Dot‑Based Photodetectors

Perovskite-based QDs have become essential elements in 
developing advanced PDs with distinct features. These PDs 
demonstrate broad-spectrum photodetection capabilities 
covering UV to visible light wavelengths. QD integration 
with materials such as  MoS2 has resulted in robust photo-
currents and efficient PDs operating at various wavelengths 
[255]. Research findings demonstrate the adaptability of 
QDs in a range of PD architectures, including field-effect 
transistors, photodiodes, and PDs. QDs, especially those 
based on caesium bromide and iodide, are suitable for vis-
ible light detection due to their remarkable light absorption 
and emission characteristics. Other types of QDs, however, 
are designed for ultraviolet or infrared light detection [364]. 
Moreover, recent developments have integrated QDs with 
vertically aligned graphene arrays to create ambipolar mul-
tifunctional PDs. With improved light absorption, electron 
transport, and photoinduced electron–hole pair separation, 
this integration produces remarkable photocurrent responses 
with higher detectivity and responsivity at particular wave-
lengths [4]. A new era of high-performance devices with 
tailored light absorption characteristics across multiple spec-
tral ranges and efficient broadband photodetection has been 
brought about by incorporating QDs in PDs [365].

Exceptionally stable hybrid MXene NS/CsPbBr3 QD 
PDs were demonstrated (Fig. 12a) [258]. Figure 12b shows 
that the electrons at the conduction band (Ec ≈ 3.3 eV) tend 
to inject spontaneously into the 2D  Ti3C2TX NSs after 

excitation. Through intensifying carrier transportation, this 
phenomenon partially enhances the Ion. However, as the 
concentration of MXene NSs increases, the accumulation 
of 2D  Ti3C2TX NSs can cause the consumption of incident 
light to become dominant progressively, which will deterio-
rate the ion. Furthermore, 2D  Ti3C2TX NSs with high metal-
lic conductivity have many free electrons, which efficiently 
concentrate incident light due to increase near-surface elec-
tromagnetic fields caused by collective electron oscillation 
[366]. As shown in Fig. 12c, the performance of the  CsPbBr3 
QD/MXene PDs was examined at various light intensities 
ranging from 2.9 to 12.0 mW  cm−2 in order to better under-
stand the enhancement effect. Compared to the pristine 
 CsPbBr3 QD device, the PD containing 0.1 mg  mL−1 2D 
 Ti3C2TX NSs showed a much more noticeable response at 
every light power. As shown in Fig. 12c, the Ion of the detec-
tor containing 0.1 mg  mL−1 2D  Ti3C2TX NSs increased cor-
respondingly from 2.25 to 4.27 nA with the increased light 
intensities. The devices’ τrise, and τfall as shown in Fig. 12d, 
e, remained similar, within 50 and 20 ms, respectively, sug-
gesting a reasonably quick response. In another study, Jian-
Fu et al. [257] created a PD by integrating  CsPbBr3 QDs 
with zinc oxide NWs (ZnO NWs). Schematic illustrations 
of the PQD/ZnO NWs’ structure are presented in Fig. 12f. 
The response of PQD/ZnO NWs/mica to UV and green light 
illumination as a function of RH is shown in Fig. 12g, h. The 
PQD/ZnO NW device exhibited greater responsivity under 
UV illumination than ZnO NWs. This is explained by the 
energy-level matching between ZnO and the  CsPbBr3 film, 
which facilitates the transfer of photogenerated electrons 
into ZnO while strongly inhibiting carrier recombination. 
The sensing response of the PQD/ZnO NWs increased as 
RH increased, as shown in Fig. 12g. On the other hand, as 
Fig. 12h illustrates, the PQD/ZnO NW device’s responsivity 
was lower under green illumination than it was under UV 
illumination. The band gap of ZnO NWs (3.37 eV), which is 
higher than the energy of green light (2.38 eV), could be the 
cause of this discrepancy. Notably, at higher humidity levels, 
the sensors’ sensitivity to green light was more noticeable.

Due to its unique advantages over traditional materials, 
perovskite-based QDs are becoming highly preferred for 
advanced photodetection applications. QDs have outstand-
ing broadband photodetection properties that allow them to 
detect light in a broad range of wavelengths, from ultraviolet 
to visible and infrared [364]. This offers various applications 
in various light spectrums and outperforms several standard 
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PD materials. QDs also offer improved flexibility and per-
formance in light detection processes because they can be 
precisely synthesized to customize their light absorption 
properties [364]. Moreover, QDs absorb visible light with 
the rare ability to release excited electrons or fluorescence, 
improving light-to-signal conversion efficiency and photo-
detection sensitivity. Their ability to work with various PD 
configurations shows how versatile they are, as they allow 
the creation of specially designed QD-based devices to meet 
the demands of certain applications. Because of its excep-
tional qualities—such as fluorescence emission, customized 
light absorption characteristics, broadband photodetection 

capabilities, and flexible device structures—QDs are a better 
material choice for PDs than traditional alternatives.

9  Perovskite‑Based Nanocrystals

9.1  Growth of Perovskite‑Based Nanocrystals

Perovskite NC growth mechanisms are complex, involving 
processes that are still poorly understood. Recent studies 
have shown that the growth of LHP NCs remains some-
what mysterious despite significant research efforts [367]. 

Fig. 12  a Schematic illustration of  CsPbBr3 QD/MXene NS PDs. b  CsPbBr3/MXene thin-film energy band diagram when illuminated by light. 
c Plotting the devices’ photoresponse against different light intensities. The PDs’ responses for varying concentrations of MXene are shown as 
d 0 mg  mL−1 and e 0.1 mg  mL−1 for a single period. a–e Reproduce with permission [258]. Copyright 2022, Elsevier. f Schematic illustration. 
g PQD/ZnO NWs exposed to UV light; and h PQD/ZnO NWs’ reactions to RH detection in green light. f–h Reproduce with permission [257]. 
Copyright 2022, ACS
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According to one study, self-assembly-driven dimensional 
growth is achieved through a novel growth mechanism that 
combines surface energetics and oriented attachment. Sev-
eral variables, including acidity, organic ligands, and the 
precursors’ solubility, influence these NCs’ growth [368]. 
The most promising methods for producing perovskite 
NCs entail carefully considering elements like the growth 
environment’s acidity, the choice of organic ligands, and 
the solubility of the perovskite precursors [369]. Scholars 
are investigating novel techniques, like polymer-mediated 
in situ growth, to improve control over these NCs’ growth 
mechanisms [369]. Even though creating epitaxially grown 
all-inorganic perovskite–chalcogenide NC heterostructures 
presents inherent difficulties due to these materials’ com-
plexity, this approach shows promise [370]. Notwithstanding 
these challenges, efforts are being made to improve these 
methods to realize the full potential of perovskite NCs for 
various uses.

The liquid-phase exfoliated transition metal dichalco-
genide NSs are highly desirable for flexible and scalable 
photoelectronic applications. Even though dispersants like 
polymers, oligomers, and surfactants are used to exfoliate 
TMD NSs thoroughly, many of these substances are elec-
trically insulating and need to be removed in order to keep 
the photoelectric qualities of the TMD NSs from deteriorat-
ing. Inorganic halide perovskite NCs of  CsPbX3 (X = Cl, 
Br, or I) were introduced by Hyeokjung et al. [277] as a 
non-destructive dispersant that could disperse TMD NSs 
in the liquid phase. This method eliminates the need to 
remove the dispersant by improving the NSs’ photodetec-
tion capabilities. Hydrophobic oleic acids in hexane were 
used to passivate the surface of  CsPbCl3 NCs during their 
synthesis, which involved a hot-injection technique. As 
shown in Fig. 13a, these obtained NCs were then used to 
disperse the  MoSe2 NSs in a non-polar liquid phase [371]. 
After bulk  MoSe2 was first sonicated in methyl ethyl ketone 
(MEK), the suspension’s supernatant was centrifuged. The 
 MoSe2 NS precipitate produced by centrifugation was then 
distributed in a hexane solution containing  CsPbCl3 NCs. 
After that, more centrifugation was used to produce highly 
dispersed  MoSe2 NSs along with  CsPbCl3 NCs, as shown in 
Fig. 13a. Raman spectroscopy and PL were used further to 
investigate the interaction between  MoSe2 NSs and  CsPbCl3 
NCs, as shown in Fig. 13b. When excited with a laser (wave-
length = 365 nm), the  CsPbCl3 NCs in hexane showed a clear 
PL peak at about 420 nm, consistent with earlier findings. 

When the NCs were mixed with the  MoSe2 NSs for exfolia-
tion, their PL intensity significantly decreased, as shown in 
Fig. 13b. A photoinduced charge transfer may be transferred 
from the adsorbed  CsPbCl3 NCs on the NS surface to the 
 MoSe2 NS. This process could result in the production of 
excitons and the breakdown of positive trions, which would 
lower the intensity of the PL. The results show that the phys-
ical adsorption of  CsPbCl3 NCs onto the NSs was used to 
disperse the  MoSe2 NSs. The XRD data shown in Fig. 13c 
supports the idea that the presence of  CsPbCl3 NCs pro-
motes the exfoliation of  MoSe2 NSs. When combined with 
 CsPbCl3 NCs, the unique reflection seen at 13.52°—which 
corresponds to the (002) plane of 2H trigonal prismatic crys-
tals of bulk  MoSe2—became more expansive. This broaden-
ing is explained by the adsorption of NCs onto the  MoSe2 
NS in the  CsPbCl3/MoSe2 nanocomposite, which disrupts 
the highly stacked layered structure [372]. It is important to 
note that after mixing with the  MoSe2 NSs for exfoliation, 
the reflections at 15.78° and 22.42°, which are attributed to 
the (100) and (101) planes, respectively, of the cubic struc-
ture of the  CsPbCl3 NCs, stayed mostly unchanged [371]. 
XPS was used to investigate further the interaction between 
the  MoSe2 NS and  CsPbCl3 NC. Specifically, the Mo 3d and 
Cs 3d peaks were analysed, as shown in Fig. 13d. Bright-
field TEM and SEM were used to analyse the morphologies 
of the  CsPbCl3/MoSe2 hybrid structures. Figure 13e, f shows 
the corresponding results, respectively. With a diameter of 
about 10 nm, the  CsPbCl3 NCs successfully acted as a bar-
rier between the NSs to lessen van der Waals interactions 
between neighbouring  MoSe2 NSs. As shown schematically 
in Fig. 13g, this intervention produced a stable suspension 
of the  CsPbCl3/MoSe2 hybrid. As explained in more detail 
in the section that follows, the inorganic halide perovskite 
NCs that adsorbed on the surface of the TMD NSs not only 
made the NSs easier to disperse but also improved their pho-
todetection capabilities in a complementary way.

Researchers are actively tackling a number of the chal-
lenges associated with the synthesis of perovskite NCs 
for PDs to improve the devices’ efficiency and depend-
ability. One of the main issues with perovskite NCs is their 
susceptibility to irreversible photodegradation, which can 
seriously affect their long-term stability and productivity 
[373]. Moreover, fluctuations in PL intensity are a reason 
for worry since they could lead to uneven performance 
from the apparatus [373]. Another major barrier is the 
chemical instability of perovskite NCs, which can break 
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down under certain situations and jeopardize the longevity 
and functionality of devices [373]. Researchers are looking 
at novel production methods, material changes, and device 
engineering strategies to overcome these challenges and 
improve the stability, sensitivity, and overall performance 
of PDs based on perovskite NCs. These activities are criti-
cal to developing more robust and efficient PD technology 
for various applications.

9.2  Perovskite Nanocrystal‑Based Photodetectors

The remarkable photoelectric properties of perovskite NCs 
have attracted much interest in them as PDs. These detectors 
have a tunable band gap, excellent carrier migration behav-
iour, and effective light harvesting [64]. This study focuses 
on creating new materials, creating device architectures, and 

Fig. 13  a Schematic illustration of an inorganic halide perovskite NC and a TMD nanosheet. A typical suspension of TMD  (MoSe2) NSs sta-
bilized with inorganic halide perovskite NCs  (CsPbCl3) is shown in the picture. b  CsPbCl3/MoSe2,  CsPbCl3 NCs, and  MoSe2 PL spectra. c 
 CsPbCl3/MoSe2,  CsPbCl3 NCs, exfoliated  MoSe2, and bulk  MoSe2 XRD patterns. d Mo 3d XPS profiles of the  CsPbCl3 NCs and the  CsPbCl3/
MoSe2 nanocomposite. e A picture of the  CsPbCl3/MoSe2 nanocomposite taken with a SEM. An image of  CsPbCl3 NCs taken with a TEM is 
shown in the inset. f TEM picture of the  CsPbCl3/MoSe2 nanocomposite; image of selenium and chlorine from EDX is shown on the right. g 
Schematic representation of  CsPbCl3NCs (red dots) decorating and stabilizing  MoS2 NSs (grey plates). a–g Reproduce with permission [277]. 
Copyright 2022, Wiley
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dissecting physical processes to enhance stability, sensitivity, 
and response time. Perovskite PDs come in different varie-
ties, such as PDs, photodiodes, and PDs, depending on how 
they are made and work. Perovskite PDs, for example, use 
a metal–semiconductor–metal (MSM) coplanar structure to 
produce electron–hole pairs in response to incident photons. 
Studies have looked into using various materials, such as 
perovskite NCs made of  CsPbBr3, to improve the efficiency 
of these PDs. Perovskite-based optoelectronics is a field that 
goes beyond photovoltaics, transistors, and light-emitting 
diodes. Perovskites are ideally suited for sensitive and quick 
PDs in optical communication, chemical/biological detec-
tion, image sensing, and environmental monitoring due to 
their high charge carrier mobility, efficient light absorption 
over a broad spectrum, and excellent photogeneration yield 
[18]. Scholars are investigating a range of material composi-
tions, structures, morphologies, and device architectures to 
maximize the efficiency of perovskite-based PDs [18].

Inorganic halide perovskite NCs have garnered significant 
attention in recent years owing to their enhanced stability, 
superior photophysical properties, and defect-tolerant nature, 
enabling high carrier mobility and efficient charge transport 
in diverse optoelectronic devices. The band gap and size of 
halide perovskite NCs can be adjusted through various meth-
ods, such as cation/anion exchange, ligand modification, and 
precursor concentration adjustment. The effects of precursor 
concentration on the structural, optical, and electronic char-
acteristics of  CsPbBr3 NCs were investigated by Atif et al. 
[276]. The schematic of the prepared device is shown in 
Fig. 13a. When the particle size increases, the PD’s respon-
sivity to UV light increases from about 0.1 to 2.21 mA  W−1 
under 30 mW  cm−2 light intensity, as shown in Fig. 14b, 
without any bias applied. This phenomenon can be explained 
by larger NCs having fewer surface defects and available 
trap states due to their lower surface-to-volume ratio. On the 
other hand, when the NC’s size decreases, the surface-to-
volume ratio rises, resulting in a greater amount of surface 
imperfections available for charge carriers. In this case, trap 
conditions are established on the surface of the NCs that 
effectively promote charge recombination [374]. Figure 14c 
shows the highest detectivity for UV light at 2.84 ×  109 
Jones (1 Jones = 1 cm  Hz0.5  W–1) under 30 mW  cm−2 light 
intensity. This value is in line with PDs based on perovskite 
NCs that have been previously reported [342, 375]. On the 
other hand, another sample exhibits the lowest detectivity 
for green light at 2.75 ×  107 jones under 5 mW  cm−2 light 

intensity. The findings from earlier research on perovskite 
PDs are consistent with the observed increase in response 
and detection with increasing incident light power [142]. In 
another study, creating thin, homogeneous  Yb3+:CsPbCl3/
MoSe2 films with excellent photodetection capabilities made 
building arrays of PDs appropriate for wide-area image 
recognition possible [277]. Figure 14d shows the develop-
ment of a wafer-scale image sensor with 8 × 8-pixel arrays 
of  Yb3+:CsPbCl3/MoSe2 PDs. The photocurrent and dark 
currents of the top eight pixels (first single row) were first 
statistically analysed. Figure 14e shows consistent photo-
current and dark current across all devices, with only minor 
variations. Furthermore, a notably increased  ION/IOFF ratio 
of greater than 100 was verified. In order to showcase the 
sensor’s imaging ability, Fig. 14f shows how an NIR laser 
was used to light up the sensor’s active regions, which were 
delineated by a shadow mask. The characters "N," "P," and 
"L," each defined by the shadow masks, can be easily rec-
ognized in the photocurrent map, as shown by the 2D pho-
tocurrent maps shown in Fig. 14g. These findings imply that 
the arrays of  Yb3+:CsPbCl3/MoSe2 PDs are a good choice 
for creating near-infrared image sensors suitable for outdoor 
use. It is important to note that different pattern fabrication 
techniques could improve the resolution of our image sensor, 
which has 64 arrays of devices. Using different combina-
tions of perovskite NCs and TMD NSs allows for the easy 
design of emerging photoelectronic materials that can be 
tailored to specific properties through solution processing. 
Also, Muhammad et al. [81] created bulk-heterojunction-
based high-performance PDs by combining PbSe colloidal 
QDs (CQDs) with all-inorganic mixed halide perovskite NCs 
in a hybrid nanocomposite. Figure 14h shows a schematic 
representation of the self-powered, broadband PD, in which 
P3HT acts as the hole-transporting layer and ZnO as the 
electron-transporting layer. The device’s photocurrent and 
simulated dark, as obtained from J–V maps, are shown in 
Fig. 14i. The simulated curves also show the apparatus’s 
self-powered photoresponse, supporting the validity of the 
experimental findings. A schematic energy band diagram, 
as shown in Fig. 14j, can clarify the photocurrent genera-
tion and carrier transport mechanism through the PD ITO/
ZnO/PbSe:  CsPbBr1.5I1.5/Au. Excitons are created when 
light is absorbed and moves to the interface of the electron-
transporting layer, where holes stay in the HOMO level and 
electrons reside at the LUMO level due to thermodynamic 
reasons. Intermolecular charge transfer states maintain the 
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coulombic bound state of these electrons and holes at the 
interfaces. Because the LUMO levels of the two materi-
als differ, energy band bending takes place at the interface 
between PbSe QDs and  CsPbBr1.5I1.5 NCs to reach an equi-
librium state. The separation of photogenerated electrons 

and holes is then facilitated by the establishment of a strong 
built-in electric field inside the BHJ. The electron-extracting 
layer (ZnO) and the hole-extracting layer (P3HT) subse-
quently move these separated carriers in the direction of the 
corresponding electrodes. Using TCAD software, numerical 

Fig. 14  a A PD schematic illustration. b, c Each sample’s responsiveness and detectability a‑c. Reproduce with permission [276]. Copyright 
2023, ACS. d  Yb3+:CsPbCl3/MoSe2 image sensor optical image. e Photocurrents in the first row of eight pixels in the dark and the light. f A 
schematic representation of the image sensor exposed to near-infrared light while wearing a patterned shadow mask. g Photocurrent mapping 
results of the image sensor exposed to a laser at 1064 nm with a power of 131.3 mW  cm−2 using different shadow masks. d–g Reproduce with 
permission [277]. Copyright 2022, Wiley. h PD schematic diagram based on ITO/ZnO/PbSe:  CsPbBr1.5I1.5/P3HT/Au. i TCAD simulations of 
dark current and photocurrent under various lasers with a 1 mW  cm−2 power output. j Schematic energy band diagram showing the PD’s internal 
electron transport mechanism. h–j Reproduce with permission [81]. Copyright 2022, Wiley
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simulation was used to further analyse the optoelectronic 
properties, such as the device’s intrinsic electrostatic poten-
tial, absorbed photon density, exciton generation, electric 
current density, and electron density. It is discovered that 
these simulation results agree with the experimental data.

The research is ongoing to find solutions for the issues 
related to the application of perovskite NCs in PDs. 
Researchers are investigating innovative approaches to 
improve the overall performance, sensitivity, and stability 
of perovskite-based PDs. Narrowband detection techniques, 
creative device architectures, and applications targeted at 
resolving current Perovskite PDs’ limitations are examples 
of recent advancements in this field [15, 376]. To increase 
stability and functionality in sensing applications, methods 
like using low-volatility polar solvents, looking into lead-
free substitutes, and researching metal halides are being 
investigated [376]. Moreover, researchers are focusing on the 
creation and use of halide perovskite NCs in optoelectronics 
to improve PDs’ performance [373]. These endeavours aim 
to enhance the overall performance, stability, and sensitivity 
of perovskite NCs for photodetection applications. To put it 
briefly, current research efforts are concentrated on finding 
new ways to improve the stability and performance of Per-
ovskite NCs in PDs through cutting-edge materials, creative 
device designs, and novel strategies.

10  Perovskite Nanostructure‑Based 
Polarization‑Sensitive Photodetectors

PDs that utilize self-assembled perovskite NSs or aligned 
perovskite NWs can efficiently yield data regarding light 
polarization. These materials’ anisotropic structure, which 
makes them sensitive to the direction of incoming light 
waves, gives rise to this functionality. Recent developments 
with aligned perovskite NWs have demonstrated substantial 
promise for polarization-sensitive PDs. A noteworthy study 
showed how to align NWs using a brush coating technique 
to create a flexible, polarization-sensitive PD. These NWs’ 
alignment creates an anisotropic structure that responds dif-
ferently to light polarized in different directions [226]. Since 
anisotropic structures are typically necessary for PDs to have 
polarization sensitivity, the anisotropic nature of these mate-
rials is essential for detecting polarized light. The necessary 
anisotropy is provided by the 2D arrangement of nanosheets 
or the one-dimensional structure of NWs. For example, one 

study used one-dimensional NWs to fabricate a polariza-
tion-sensitive ultraviolet (UV) PD. These NWs had a high 
photocurrent anisotropy ratio of about 3.16 due to their 
external morphology anisotropy and asymmetric structure’s 
electric and optical anisotropy [377]. This suggests that the 
apparatus reacted differently to light polarized in various 
directions, successfully obtaining polarization information. 
Polarization-sensitive PDs based on perovskites have many 
benefits, such as high detectivity and responsivity, quick 
response times, adaptability, stability, and potential uses in 
various spectral ranges, including UV. These PDs’ advance-
ment opens new avenues for use in polarization information-
critical optoelectronic devices such as imaging systems and 
optical communications.

Lu et al. [226] recently used template-confined growth 
(TCG) techniques based on CD-ROM and DVD-ROM grat-
ing patterns to create perovskite NWs with crystallographic 
alignment, different line widths, and alignment densities. 
Perovskite NWs have excellent optoelectronic characteristics 
and anisotropic optical absorption properties, which make 
them perfect for polarization detection. In order to inves-
tigate this, polarized light was produced by passing natu-
ral light from a xenon lamp through a linear polarizer in a 
conventional sunlight simulator. The first test configuration 
with a polarization angle of 0° is shown in Fig. 15a, where 
the axial direction of the perovskite NWs and the plane of 
electric vector vibration of the linearly polarized light are 
parallel. The quick reaction of the CD-ROM patterns NWs 
device to polarized light is shown in Fig. 15b, which also 
shows a clear photocurrent dependence on polarization 
angle. At a polarization angle of 0°, the maximum values 
of polarized photocurrent were observed; at 90°, the photo-
current reached its minimum. The polarization-dependent 
photocurrent of the device then showed periodic oscillations 
as the polarization angle increased further, peaking at 180° 
and decreasing to a minimum at 270°. The polarization-
dependent photocurrents of DVD-ROM patterns NWs and 
CD-ROM patterns NWs at a bias voltage of 1 V are shown 
in Fig. 15c. Photocurrents that vary with the polarization 
angle and follow cosine waveform patterns are seen in both 
devices. The cosine waveform patterns in the photocur-
rents of both devices varied with the polarization angle. In 
contrast to DVD-ROM patterns NWs, CD-ROM patterns 
NWs displayed larger polarized photocurrents. This differ-
ence can be explained by the wider and thicker single NWs 
found in CD-ROM patterns, which make carrier transport 
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easier. The polarization ratios of CD-ROM patterns NWs 
and DVD-ROM patterns NWs are 1.81 and 2.16, respec-
tively, as shown by the symmetrical "∞" structure of the 
polar coordinate-normalized polarization photocurrent in 
Fig. 15d (where Imax/Imin is the ratio of maximum to mini-
mum polarization photocurrent values at 0° and 90° angles). 
This ratio roughly corresponds to the anisotropy ratio of 
polarized light absorption, suggesting that the polarization 
sensitivity brought about by the 1D nanograting patterns of 
perovskite NWs devices is the source of their polarization-
sensitive photoelectric detection properties.

In practical device applications, the analysis of the pho-
tocurrent dependence on polarization angle was further 
investigated. The TCG method was used to create CD-
ROM patterns NWs with finer dimensions by varying the 
concentration of the precursor to 0.1 mol  L−1. The photo-
current of every perovskite NW device dropped linearly 
as the polarization angle progressively changed from 0 
to 90°, as shown in Fig. 15e. Polarization sensitivities, 
which are measured as the linear change in photocurrent 

per degree change in polarization angle or the slope of the 
polarized photocurrent, were shown by the CD-ROM pat-
terns NWs and DVD-ROM patterns NWs prepared with 
a precursor concentration of 0.3 mol   L−1 to be − 3.87 
and − 3.18 nA  deg−1, respectively. Similarly, polarization 
sensitivities of − 2.96 and − 2.16 nA  deg−1 were observed 
in CD-ROM patterns NWs and DVD-ROM patterns NWs 
prepared with a precursor concentration of 0.1 mol  L−1. 
Devices of finer-sized CD-ROM patterns NWs had higher 
polarization ratios (2.04 and 2.28 for CD-ROM pat-
terns NWs and DVD-ROM patterns NWs prepared with 
0.1 mol  L−1 precursor concentration, respectively). This 
is likely because the finer-sized NWs improved aspect 
ratios on a spatial scale. The optoelectronic performance 
of the devices is somewhat compromised by the strat-
egy of obtaining finer-sized perovskite NWs by reducing 
precursor concentration in order to improve polariza-
tion ratios. To enable polarization identification across 
different wavelengths in future practical applications of 
polarization detection, templates with different spacing 

Fig. 15  a Diagram demonstrating the orientation of the polarized photoelectric vector parallel to the direction of perovskite NW growth at 
a polarization angle of 0°, illustrating the detection of polarization sensitivity in perovskite NWs. b CD-ROM patterns NWs’ photocurrent 
response over time to different polarization angles of incident light. c Curves show how the photocurrent of perovskite NWs at different polari-
zation angles changes. d A normalized polar plot with values corresponding to the photocurrent at a 90° polarization angle, demonstrating the 
polarization-dependent photocurrent of perovskite NWs. e Photocurrent response of perovskite NWs varies in morphology from 0° to 90° polar-
ization angles. a–e Reproduce with permission [226]. Copyright 2024, ACS
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dimensions must be customized. Furthermore, resolving 
the homogeneity problems in large-area nanowire arrays 
is essential to guaranteeing detection accuracy and repro-
ducibility. These efforts are crucial to maximize the effec-
tiveness and adaptability of perovskite NWs devices in a 
variety of optical sensing applications.

Nanoscale perovskites with chiral ligands represent 
a developing area of materials science; these materials 
have unique chiroptical characteristics and may be used 
in optoelectronics and spintronics. Chiral perovskite 
nanostructures have been successfully synthesized by 
researchers using a variety of techniques. For example, 
chiral phosphate molecules have been used to demon-
strate anionic ligand-induced chirality with nanoscale 
perovskite  CsPbBr3, retaining their chiroptical character-
istics after purification [378]. The introduction of Cot-
ton effects in  CsPbBr3 nanoparticles, indicating effective 
electronic coupling with the nanoparticles, has been made 
possible by post-synthetic modification involving chiral 
amines such as 1-phenylethylamine [379]. Furthermore, 
a ligand exchange strategy has achieved chiral perovskite 
NCs with controlled chiroptical properties and a high 
PLQY [380]. Chiral-induced spin selectivity (CISS) 
effect has been utilized in engineering dual-ligand quasi-
2D perovskite structures for room-temperature spin LEDs 
[381]. These developments demonstrate how the special 
chiroptical characteristics of chiral perovskite nanoma-
terials can be used to explore CISS and advance opto-
electronic applications. The combination of the optical 
characteristics of perovskites and the chirality-induced 
effects of ligands presents a promising material for the 
efficient and direct detection of circularly polarized light 
(CPL) in nanoscale perovskites with chiral ligands. The 
chirality-induced absorption of chiral ligands in 2D Rud-
dlesden–Popper perovskites makes them promise for CPL 
detection [382]. Flexible CPL detectors on substrates such 
as PET are made possible by these solution-processable 
materials. Studies on chiral ligands in perovskite QDs 
indicate that they may be able to induce electron exchange 
or surface lattice distortions that lead to circularly polar-
ized luminescence [383]. Chiral ligand nanoscale perovs-
kites offer a promising platform for CPL detectors, and 
further study is expected to improve device performance 
and broaden the range of applications in opto-spintron-
ics, quantum communication, and polarization-sensitive 
imaging.

11  Challenges and Prospects

 1. When exposed to oxygen and moisture, perovskites are 
prone to degradation, compromising their stability and 
hindering commercial applications until new protective 
strategies, like heterojunction structures, are imple-
mented [51]. Because lead-based perovskite materi-
als such as  MAPbI3 and  CsPbBr3 are toxic, safe usage 
requires the development of environmentally friendly 
substitutes with non-toxic components [51]. In order to 
achieve optimal device performance, it cannot be easy 
to optimize photodetection parameters in both PDs 
and phototransistors, such as high responsivity, large 
detectivity, and rapid speed. Some studies only focus 
on a device’s peak performance, ignoring average per-
formance, which could mislead industrialization efforts 
and suggest a lack of confidence in the stability of the 
device [51].

 2. The difficulties in producing crystalline perovskite 
NSs may be overcome by using novel strategies and 
methods that have been discovered recently. An alter-
native to directly growing perovskite single crystals 
is fabricating large-sized LHP NSs from single crys-
tals, which allows for the production of centimetre-
sized free-standing NSs [47, 319]. Furthermore, it has 
been suggested that producing thin single crystals at 
micro- and nanoscales could improve structural stabil-
ity and solve problems encountered when synthesizing 
organic–inorganic LHP single crystals [44]. Further-
more, it has been proposed that improvements in the 
kinetics and pathways of crystallization could enhance 
the quality and reproducibility of solution-processing 
techniques for MHPs, such as NSs [384]. These solu-
tions serve as a reminder of the continuous efforts to 
get past obstacles and maximize the development of 
perovskite crystalline NSs for a range of optoelectronic 
and other applications. Perovskite-based PDs have 
advanced significantly in recent times, with a focus on 
many aspects of their architecture and functionality. 
Studies have shown how narrowband perovskite PDs 
have advanced, showcasing creative strategies, new 
methods, and fundamental physics [332]. Additionally, 
research has examined advancements in perovskite-
based organic–inorganic hybrid PDs, presenting prom-
ising strategies to increase their efficiency [52]. Fur-
thermore, it has been discovered that nanostructured 
perovskites are ideally suited for photodetection appli-
cations because of their high carrier mobility, extended 
carrier lifespan, and simplicity of device integration 
[51]. Collectively, these advancements demonstrate 
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how perovskite-based PDs are always changing and 
can potentially broaden their use and detection range.

 3. A proposed method to address the challenges of hybrid 
perovskites for integrated optoelectronics focuses on 
many key features. The most important thing is to 
look for new fabrication techniques to produce hybrid 
perovskite materials with nanoscale thicknesses while 
maintaining their structural and optical integrity. This 
can mean adjusting solution processing methods like 
spray coating or inkjet printing that offer precise con-
trol over film thickness. Second, the stability of hybrid 
perovskite materials used in optoelectronic devices 
must be increased. Research efforts should focus on 
developing novel encapsulation methodologies, inter-
face engineering techniques, and material composi-
tions that fight degradation factors such as moisture 
and heat instability. Stable organic or inorganic pas-
sivation layers can also increase the long-term stabil-
ity of hybrid perovskite devices. Moreover, achieving 
outstanding optoelectronic performance requires a 
deep understanding of the physics of the device and 
the material. Therefore, comprehensive investigations 
are needed to optimize hybrid perovskite-based device 
designs, interfaces, and charge transport processes. 
This may include creating interfaces between layers, 
changing the composition of hybrid perovskite mate-
rials, and fine-tuning device geometries to enhance 
charge extraction and carrier mobility. Moreover, 
advancement in this subject depends on collabora-
tion between theoretical physicists, device engineers, 
and materials scientists. By combining computational 
modelling and simulation methods with experimen-
tal observations, scientists can better understand the 
basic principles that control hybrid perovskite device 
performance. This will help create more reliable and 
effective optoelectronic devices. A multidisciplinary 
approach involving materials synthesis, device fabrica-
tion, and theoretical modelling is required to overcome 
the challenges with hybrid perovskites and realize their 
potential for integrated optoelectronics with nanoscale 
thickness, high stability, and exceptional performance.

 4. Perovskite NR arrays in solar systems exhibit instabil-
ity due to their susceptibility to various environmental 
conditions such as heat, moisture, and light [385, 386]. 
These elements may contribute to deterioration and 
affect the device’s long-term functionality. A range of 
strategies are employed to improve stability, including 
investigating novel perovskite structures, perfecting 
encapsulation methods, and understanding degrada-
tion mechanisms [385, 386]. The primary source of 
known harmful element (Pb) in perovskite materials 

is a cause for concern regarding toxicity.  Pb2+ ions 
that are dissolved in water have the bioavailability to 
become hazardous, which poses a risk to both human 
health and the environment. Some solutions to address 
toxicity include using lead-free perovskite materials, 
implementing Pb recycling technologies, encapsulat-
ing devices to stop Pb leakage, and immobilizing lead 
inside the devices [387]. These programmes aim to 
reduce the hazards that lead-containing perovskite NR 
arrays used in solar cells cause to the environment and 
public health. Stability issues in perovskite NR arrays 
are often resolved via ligand engineering, encapsula-
tion, metal cation dopants, and modification of the pro-
duction process. By shielding the perovskite NCs from 
external factors like oxygen and moisture, encapsula-
tion approaches aim to improve their stability [388]. 
Through ligand engineering, the surface chemistry of 
the NCs is altered to improve stability and halt deterio-
ration [388]. Adding metal cation dopants can increase 
stability by altering the crystal structure and proper-
ties of the perovskite NCs [388]. Fabrication process 
optimization aims to improve manufacturing methods 
to create more stable and dependable perovskite NR 
arrays for solar applications [388]. These methods all 
assist in resolving stability concerns and enhancing 
the efficiency of perovskite NR arrays in solar energy 
systems.

 5. One issue in the growth of perovskite NWs is con-
trolling it for specific uses. The challenges include the 
requirement for inorganic perovskite NWs to passivate 
defects at grain boundaries, which can be challenging. 
Other challenges include guiding growth to create a 2D 
surface appropriate for solar cell applications, which 
can be challenging [344] and patterning, aligning, and 
transferring perovskite NWs for use in nanophotonics 
and lighting [58]. These difficulties demonstrate how 
crucial it is to advance growing techniques to utilize 
perovskite NWs’ potential in various technological 
applications fully. The intricate processes required for 
patterning, aligning, and transferring perovskite NWs 
for usage in lighting and nanophotonics are one of the 
challenges in integrating them into lighting technolo-
gies [58]. Further complicating matters, achieving 
regulated growth to provide an acceptable 2D surface 
for solar cell applications poses a challenge to the effi-
cient application of perovskite NWs [144]. Further-
more, certain topologies, like  CsPbBr3 NWs, may be 
challenging to induce directional development, which 
has an impact on how effectively they integrate into 
lighting systems [57]. These challenges underscore the 
importance of enhancing growth tactics to surmount 
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obstacles to the assimilation of perovskite NWs into 
lighting technology.

 6. PQD synthesis is extremely challenging because of 
its sensitivity to environmental factors and the need 
for precise control over the synthesis process. Among 
these challenges is structural instability brought on by 
PQDs’ low formation energy, which can result in struc-
tural changes when the particles interact with polar sol-
vents, halogens, water, light, and oxygen [389]. PQDs 
without flaws and homogeneity can only be made by 
a rigorous synthesis procedure involving meticulous 
ligand, solvent, and reaction condition selection [390]. 
The fact that PQDs are sensitive to environmental 
changes further emphasizes the necessity of controlled 
synthesis conditions to prevent mistakes and ensure 
high-quality QDs [391]. Even though these materi-
als are less harmful than conventional materials like 
cadmium-based QDs, eliminating toxic impurities 
during synthesis remains difficult. It also takes pre-
cise control over the reaction parameters to maintain 
size, shape, and composition homogeneity and provide 
high yields [392]. It is essential to solve these problems 
with advanced synthesis methods and ongoing stability 
strategy research if PQDs are to reach their full poten-
tial in various applications.

 7. Although perovskite NCs with exact sizes and shapes 
can now be manufactured, research into the funda-
mental ideas behind their production is still ongoing 
[369]. Further research is needed to manage the devel-
opment process and better understand the underlying 
mechanisms [367]. The growth of perovskite NCs pre-
sents several challenges that scientists are attempting 
to overcome. These challenges include the growing 
environment’s acidity, selecting appropriate organic 
ligands, and the solubility of perovskite precursors, all 
of which significantly affect the method by which these 
NCs grow [369]. Moreover, the complexity of these 
materials presents special challenges when developing 
epitaxially grown all-inorganic perovskite–chalcoge-
nide NC heterostructures [370]. To overcome these 
challenges, scientists are exploring new approaches, 
such as growing perovskite NCs inside bifunctional 
metal–organic framework (MOF) matrices to gain 
more control over their growth and properties [393]. 
Despite these challenges, ongoing research endeavours 
seek to surmount them and unlock the complete poten-
tial of perovskite NCs for various applications.

 8. Using perovskite NCs in PDs has several disadvan-
tages, including issues with stability, moisture sensitiv-
ity, and device tuning challenges. Although perovskite 
NCs possess unique optical and electrical features, sta-

bility remains problematic for practical applications. 
Environmental factors like dampness may impact these 
NCs’ lifetime and performance. Perovskite NC-based 
PDs also face high photosensitivity and detectivity 
challenges, necessitating further improvement of their 
device designs and operating processes [65]. In order 
to enhance the overall performance of perovskite-based 
PDs, scientists are presently striving to enhance their 
stability, sensitivity, response time, and noise levels. In 
conclusion, the primary disadvantages of using perovs-
kite NCs in PDs include stability issues, moisture sen-
sitivity, and the ongoing requirement for modification 
to achieve high photosensitivity and detectivity. These 
limitations must be removed to exploit perovskite NCs 
for photodetection applications properly.

 9. The study of nanoscale perovskites is developing 
quickly, and one important method for manipulat-
ing morphology and improving material characteris-
tics is ligand engineering. In order to achieve precise 
control over the shape, size, and surface proper-
ties of nanoscale perovskites, future research could 
probably concentrate on designing novel ligands. It 
is anticipated that multifunctional ligands will sim-
plify synthesis procedures by concurrently control-
ling morphology, enhancing stability, and improving 
optoelectronic properties. Additionally, efforts will be 
made to improve long-term stability through stronger 
ligand binding, refining particular crystal facets, and 
use greener synthesis techniques. With advanced tech-
niques for in situ ligand manipulation and computa-
tional modelling, new experimental design guidance 
for hybrid structures and morphologies of nanoscale 
perovskites may be possible. As the field advances, 
optimization of the ligand choice and the morphology 
of nanoscale perovskites tailored to specific applica-
tions will likely enhance the stability, performance, 
and versatility of these materials in a range of applica-
tions, such as solar cells, LEDs, and quantum comput-
ing devices.

 10. Stemming from optimized nanostructure designs and 
fabrication techniques, perovskite nanostructure-
based polarization-sensitive PDs are positioned for 
major progress in improving performance metrics like 
responsivity and polarization sensitivity. They could 
find new uses in medical imaging and environmen-
tal monitoring if their spectral range is extended to 
include the ultraviolet and mid-infrared. Multifunc-
tionality will be improved by integration with flex-
ible electronics, wearable technology, and Internet of 
Things sensors; long-term reliability will be addressed 
by efforts to improve stability and durability through 
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improved encapsulation and strong material develop-
ment. Superior performance and large-scale produc-
tion will be made possible by innovative nanostructure 
designs, such as hybrid and hierarchical architectures, 
and scalable fabrication techniques. Artificial intelli-
gence could make intelligent, real-time data processing 
possible, and quantum-enhanced sensing could provide 

previously unheard-of levels of sensitivity. In order to 
ensure sustainable and effective PDs, future research 
could also examine multifunctional devices and envi-
ronmentally friendly materials. Further research is 
required to overcome these obstacles before these 
innovative devices can be widely adopted and com-
mercialized.

Fig. 16  Future aspect of nanoscale perovskites
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 11. Perovskite photodetection may develop due to stability, 
responsiveness, and dimensional engineering improve-
ments. Functionality may be improved by integrating 
nanomaterials and mixed-dimensional methods, and 
flexible fabrication techniques may enable scalable 
systems. Compatibility with silicon technology may 
help to facilitate integration further. Concentrating on 
environmental sustainability, optimization, and the 
investigation of new derivatives may be essential to 
expand the applications. Machine learning and theo-
retical methods could become increasingly useful in 
material design. The remarkable characteristics of 
perovskites have the potential to stimulate advance-
ments in optics, electronics, and thermal management, 
thereby influencing numerous other fields in the future. 
These important future considerations are emphasized 
in Fig. 16.

12  Conclusions

In conclusion, there is much promise for revolutioniz-
ing optoelectronic applications in the developing field of 
nanoscale perovskite PDs. Researchers can now remarkably 
control perovskite nanomaterials’ size, shape, and composi-
tion, resulting in previously unheard-of performance gains. 
These improvements provide improved stability, photore-
sponse, sensitivity, and spectral tunability. Even so, major 
issues must be resolved before widespread commercial use, 
including ambient stability, fabrication scalability, and tox-
icity concerns. In order to overcome these challenges and 
advance nanoscale perovskite PDs, collaboration between 
materials scientists, chemists, and engineers is imperative. 
As the field develops, perovskite PDs will move closer to 
commercial viability and useful applications through addi-
tional research into innovative synthesis techniques, inter-
face engineering, and device architectures. These detectors 
have the potential to transform optoelectronic technology 
completely through continued innovation and interdiscipli-
nary cooperation. They offer unparalleled performance and 
adaptability for various uses, including energy harvesting, 
imaging, sensing, and communication.

Acknowledgements This work was supported by the National 
Research Foundation of Korea (NRF) grant funded by the Korean 
government (MSIT) (No. RS-2022–00165798). Anhui Natural Sci-
ence Foundation (No. 2308085MF211). The authors extend their 
appreciation to the Deanship of Research and Graduate Studies 

at King Khalid University for funding this work through Large 
Research Project under Grant Number (R.G.P.2/491/45).

Author Contributions Xin Li contributed to the original draft 
preparation and was involved in reviewing and editing the manu-
script. Sikandar Aftab played a key role in supervision, concep-
tualization, visualization, methodology, funding acquisition, and 
software, and was also engaged in original draft writing as well 
as reviewing and editing the revised manuscript. Maria Mukhtar 
worked on preparing the original draft and reviewed, visualization, 
and edited the revised manuscript. Fahmid Kabir handled software 
tasks, designed a comparison table, and contributed to reviewing 
and editing the manuscript. Muhammad Farooq Khan was assisted 
with proofreading the original draft and editing the revised manu-
script. Hosameldin Helmy Hegazy assisted with reviewing and 
editing the manuscript, while Erdi Akman worked on preparing 
the original draft and reviewed, editing the revised manuscript, and 
designing the graphical abstract.

Declarations 

Conflict of interest The authors declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. R. Paschotta, Photodetectors. RP Photonics Encyclopedia. 
https:// www. rp- photo nics. com/ encyc loped ia. html

 2. S. Aftab, S. Hussain, F. Kabir, Y. Kuznetsova, A.G. Al-
Sehemi, Progress in photodetector devices utilizing transi-
tion metal dichalcogenides. J. Mater. Chem. C 12, 1211–1232 
(2024). https:// doi. org/ 10. 1039/ D3TC0 4253G

 3. L. Li, S. Ye, J. Qu, F. Zhou, J. Song et al., Recent advances 
in perovskite photodetectors for image sensing. Small 17, 
e2005606 (2021). https:// doi. org/ 10. 1002/ smll. 20200 5606

 4. M. Ahmadi, T. Wu, B. Hu, A review on organic-inorganic 
halide perovskite photodetectors: device engineering and 
fundamental physics. Adv. Mater. 29, 1605242 (2017). 
https:// doi. org/ 10. 1002/ adma. 20160 5242

 5. F. Wang, X. Zou, M. Xu, H. Wang, H. Wang et al., Recent 
progress on electrical and optical manipulations of 

http://creativecommons.org/licenses/by/4.0/
https://www.rp-photonics.com/encyclopedia.html
https://doi.org/10.1039/D3TC04253G
https://doi.org/10.1002/smll.202005606
https://doi.org/10.1002/adma.201605242


 Nano-Micro Lett.           (2025) 17:28    28  Page 48 of 63

https://doi.org/10.1007/s40820-024-01501-6© The authors

perovskite photodetectors. Adv. Sci. 8, e2100569 (2021). 
https:// doi. org/ 10. 1002/ advs. 20210 0569

 6. Y. Zhang, Y. Ma, Y. Wang, X. Zhang, C. Zuo et al., Lead-free 
perovskite photodetectors: progress, challenges, and oppor-
tunities. Adv. Mater. 33, 2006691 (2021). https:// doi. org/ 10. 
1002/ adma. 20200 6691

 7. H. Gu, S.-C. Chen, Q. Zheng, Emerging perovskite materials 
with different nanostructures for photodetectors. Adv. Opt. 
Mater. 9, 2001637 (2021). https:// doi. org/ 10. 1002/ adom. 
20200 1637

 8. C. Xie, C.-K. Liu, H.-L. Loi, F. Yan, Perovskite-based pho-
totransistors and hybrid photodetectors. Adv. Funct. Mater. 
30, 1903907 (2020). https:// doi. org/ 10. 1002/ adfm. 20190 3907

 9. H.P. Wang, S. Li, X. Liu, Z. Shi, X. Fang et al., Low-dimen-
sional metal halide perovskite photodetectors. Adv. Mater. 33, 
2003309 (2021). https:// doi. org/ 10. 1002/ adma. 20200 3309

 10. S. Li, X. Liu, H. Yang, H. Zhu, X. Fang, Two-dimensional 
perovskite oxide as a photoactive high-κ gate dielectric. 
Nat. Electron. 7, 216–224 (2024). https:// doi. org/ 10. 1038/ 
s41928- 024- 01129-9

 11. R. Xing, Z. Li, W. Zhao, D. Wang, R. Xie et al., Waterproof 
and flexible perovskite photodetector enabled by P-type 
organic molecular rubrene with high moisture and mechani-
cal stability. Adv. Mater. 36, e2310248 (2024). https:// doi. 
org/ 10. 1002/ adma. 20231 0248

 12. Z. Guo, J. Zhang, X. Liu, L. Wang, L. Xiong et al., Opto-
electronic synapses and photodetectors based on organic 
semiconductor/halide perovskite heterojunctions: materials, 
devices, and applications. Adv. Funct. Mater. 33, 2305508 
(2023). https:// doi. org/ 10. 1002/ adfm. 20230 5508

 13. T. Park, D.H. Lee, J. Hur, H. Yoo, Unleashing the power of 
quantum dots: emerging applications from deep-ultraviolet 
photodetectors for brighter futures. Adv. Opt. Mater. 12, 
2302466 (2024). https:// doi. org/ 10. 1002/ adom. 20230 2466

 14. W. Tian, H. Zhou, L. Li, Hybrid organic–inorganic perovskite 
photodetectors. Small 13, 1702107 (2017). https:// doi. org/ 10. 
1002/ smll. 20170 2107

 15. X. Lu, J. Li, Y. Zhang, Z. Han, Z. He et al., Recent progress 
on perovskite photodetectors for narrowband detection. Adv. 
Photonics Res. 3, 2100335 (2022). https:// doi. org/ 10. 1002/ 
adpr. 20210 0335

 16. G. Chen, J. Feng, H. Gao, Y. Zhao, Y. Pi et  al., Stable 
α-CsPbI3 perovskite nanowire arrays with preferential crys-
tallographic orientation for highly sensitive photodetectors. 
Adv. Funct. Mater. 29, 1808741 (2019). https:// doi. org/ 10. 
1002/ adfm. 20180 8741

 17. J. Li, H. Li, L. Liu, H. Yao, B. Tian et al., Post-treatment 
of  CH3NH3PbI3/PbI2 composite films with methylamine to 
realize high-performance photoconductor devices. Chem 14, 
2861–2868 (2019). https:// doi. org/ 10. 1002/ asia. 20190 0644

 18. H. Wang, D.H. Kim, Perovskite-based photodetectors: mate-
rials and devices. Chem. Soc. Rev. 46, 5204–5236 (2017). 
https:// doi. org/ 10. 1039/ c6cs0 0896h

 19. Z. Li, T. Yan, X. Fang, Low-dimensional wide-band-
gap semiconductors for UV photodetectors. Nat. Rev. 

Mater. 8, 587–603 (2023). https:// doi. org/ 10. 1038/ 
s41578- 023- 00583-9

 20. L. Dou, Y. Yang, J. You, Z. Hong, W.-H. Chang et al., Solu-
tion-processed hybrid perovskite photodetectors with high 
detectivity. Nat. Commun. 5, 5404 (2014). https:// doi. org/ 
10. 1038/ ncomm s6404

 21. Y. Lu, Z. Zhan, J. Tan, H. Lai, P. Liu et al., High-performance 
 MoS2 homojunction photodiode enabled by facile van der 
waals contacts with 2D perovskite. Laser Photonics Rev. 18, 
2300941 (2024). https:// doi. org/ 10. 1002/ lpor. 20230 0941

 22. G. Li, Y. Wang, L. Huang, W. Sun, Research progress of 
high-sensitivity perovskite photodetectors: a review of pho-
todetectors: noise, structure, and materials. ACS Appl. Elec-
tron. Mater. 4, 1485–1505 (2022). https:// doi. org/ 10. 1021/ 
acsae lm. 1c013 49

 23. Y. Tang, P. Jin, Y. Wang, D. Li, Y. Chen et al., Enabling 
low-drift flexible perovskite photodetectors by electrical 
modulation for wearable health monitoring and weak light 
imaging. Nat. Commun. 14, 4961 (2023). https:// doi. org/ 10. 
1038/ s41467- 023- 40711-1

 24. A. Cherepakhin, A. Zhizhchenko, D. Khmelevskaia, L. Logu-
nov, A. Kuchmizhak et al., Advanced laser nanofabrication 
technologies for perovskite photonics. Adv. Opt. Mater. 12, 
2302782 (2024). https:// doi. org/ 10. 1002/ adom. 20230 2782

 25. Q. Wang, J. Bao, Y. Zhang, Y. Wang, D. Qiu et al., High-per-
formance organic narrow dual-band circular polarized light 
detection for encrypted communications and color imaging. 
Adv. Mater. 36, e2312396 (2024). https:// doi. org/ 10. 1002/ 
adma. 20231 2396

 26. Y. Wang, Y. Zha, C. Bao, F. Hu, Y. Di et al., Monolithic 2D 
perovskites enabled artificial photonic synapses for neuro-
morphic vision sensors. Adv. Mater. 36, e2311524 (2024). 
https:// doi. org/ 10. 1002/ adma. 20231 1524

 27. J. Ghosh, S. Parveen, P.J. Sellin, P.K. Giri, Recent advances 
and opportunities in low-dimensional layered perovskites 
for emergent applications beyond photovoltaics. Adv. Mater. 
Technol. 8, 2300400 (2023). https:// doi. org/ 10. 1002/ admt. 
20230 0400

 28. Z. Cao, B. Sun, G. Zhou, S. Mao, S. Zhu et al., Memristor-
based neural networks: a bridge from device to artificial intel-
ligence. Nanoscale Horiz. 8, 716–745 (2023). https:// doi. org/ 
10. 1039/ d2nh0 0536k

 29. P.-T. Lai, C.-Y. Chen, H.-C. Lin, B.-Y. Chuang, K.-H. Kuo 
et al., Harnessing 2D Ruddlesden–Popper perovskite with 
polar organic cation for ultrasensitive multibit nonvolatile 
transistor-type photomemristors. ACS Nano 17, 25552–
25564 (2023). https:// doi. org/ 10. 1021/ acsna no. 3c095 95

 30. T. Ozturk, E. Akman, B. Surucu, H. Dursun, V. Ozkaya et al., 
The role of pioneering hole transporting materials in new 
generation perovskite solar cells. Eur. J. Inorg. Chem. 2021, 
4251–4264 (2021). https:// doi. org/ 10. 1002/ ejic. 20210 0267

 31. W. Xu, W. Huang, X. Wu, X. Wei, F. Meng et al., 2D perovs-
kite single crystals for photodetectors: from macro- to micro-
scale. Phys. Status Solidi RRL 15, 2100183 (2021). https:// 
doi. org/ 10. 1002/ pssr. 20210 0183

https://doi.org/10.1002/advs.202100569
https://doi.org/10.1002/adma.202006691
https://doi.org/10.1002/adma.202006691
https://doi.org/10.1002/adom.202001637
https://doi.org/10.1002/adom.202001637
https://doi.org/10.1002/adfm.201903907
https://doi.org/10.1002/adma.202003309
https://doi.org/10.1038/s41928-024-01129-9
https://doi.org/10.1038/s41928-024-01129-9
https://doi.org/10.1002/adma.202310248
https://doi.org/10.1002/adma.202310248
https://doi.org/10.1002/adfm.202305508
https://doi.org/10.1002/adom.202302466
https://doi.org/10.1002/smll.201702107
https://doi.org/10.1002/smll.201702107
https://doi.org/10.1002/adpr.202100335
https://doi.org/10.1002/adpr.202100335
https://doi.org/10.1002/adfm.201808741
https://doi.org/10.1002/adfm.201808741
https://doi.org/10.1002/asia.201900644
https://doi.org/10.1039/c6cs00896h
https://doi.org/10.1038/s41578-023-00583-9
https://doi.org/10.1038/s41578-023-00583-9
https://doi.org/10.1038/ncomms6404
https://doi.org/10.1038/ncomms6404
https://doi.org/10.1002/lpor.202300941
https://doi.org/10.1021/acsaelm.1c01349
https://doi.org/10.1021/acsaelm.1c01349
https://doi.org/10.1038/s41467-023-40711-1
https://doi.org/10.1038/s41467-023-40711-1
https://doi.org/10.1002/adom.202302782
https://doi.org/10.1002/adma.202312396
https://doi.org/10.1002/adma.202312396
https://doi.org/10.1002/adma.202311524
https://doi.org/10.1002/admt.202300400
https://doi.org/10.1002/admt.202300400
https://doi.org/10.1039/d2nh00536k
https://doi.org/10.1039/d2nh00536k
https://doi.org/10.1021/acsnano.3c09595
https://doi.org/10.1002/ejic.202100267
https://doi.org/10.1002/pssr.202100183
https://doi.org/10.1002/pssr.202100183


Nano-Micro Lett.           (2025) 17:28  Page 49 of 63    28 

 32. W. Deng, J. Jie, X. Xu, Y. Xiao, B. Lu et al., A microchan-
nel-confined crystallization strategy enables blade coating of 
perovskite single crystal arrays for device integration. Adv. 
Mater. 32, e1908340 (2020). https:// doi. org/ 10. 1002/ adma. 
20190 8340

 33. W. Deng, L. Huang, X. Xu, X. Zhang, X. Jin et al., Ultrahigh-
responsivity photodetectors from perovskite nanowire arrays 
for sequentially tunable spectral measurement. Nano Lett. 
17, 2482–2489 (2017). https:// doi. org/ 10. 1021/ acs. nanol ett. 
7b001 66

 34. A. Ali Ayaz Pirzado, C. Wang, X. Zhang, S. Chen, R. Jia 
et al., Room-temperature growth of perovskite single crystals 
via antisolvent-assisted confinement for high-performance 
electroluminescent devices. Nano Energy 118, 108951 
(2023). https:// doi. org/ 10. 1016/j. nanoen. 2023. 108951

 35. Y. Zhao, X. Yin, P. Li, Z. Ren, Z. Gu et al., Multifunctional 
perovskite photodetectors: from molecular-scale crystal struc-
ture design to micro/nano-scale morphology manipulation. 
Nano-Micro Lett. 15, 187 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01161-y

 36. S. Aftab, X. Li, S. Hussain, M. Aslam, A.H. Rajpar et al., 
Nanoscale enhancements in perovskite-based photovoltaics. 
Chem. Eng. J. 480, 148143 (2024). https:// doi. org/ 10. 1016/j. 
cej. 2023. 148143

 37. X. Li, S. Aftab, S. Hussain, F. Kabir, A.M.A. Henaish et al., 
Dimensional diversity (0D, 1D, 2D, and 3D) in perovskite 
solar cells: exploring the potential of mixed-dimensional inte-
grations. J. Mater. Chem. A 12, 4421–4440 (2024). https:// 
doi. org/ 10. 1039/ d3ta0 6953b

 38. M. Girolami, F. Matteocci, S. Pettinato, V. Serpente, E. 
Bolli et al., Metal-halide perovskite submicrometer-thick 
films for ultra-stable self-powered direct X-ray detectors. 
Nano-Micro Lett. 16, 182 (2024). https:// doi. org/ 10. 1007/ 
s40820- 024- 01393-6

 39. X. Yu, J. Guo, Y. Mao, C. Shan, F. Tian et al., Enhancing the 
performance of perovskite light-emitting diodes via syner-
gistic effect of defect passivation and dielectric screening. 
Nano-Micro Lett. 16, 205 (2024). https:// doi. org/ 10. 1007/ 
s40820- 024- 01405-5

 40. R. Cao, K. Sun, C. Liu, Y. Mao, W. Guo et al., Structurally 
flexible 2D spacer for suppressing the electron-phonon cou-
pling induced non-radiative decay in perovskite solar cells. 
Nano-Micro Lett. 16, 178 (2024). https:// doi. org/ 10. 1007/ 
s40820- 024- 01401-9

 41. N. Yu, I.T. Bello, X. Chen, T. Liu, Z. Li et al., Rational design 
of Ruddlesden–Popper perovskite ferrites as air electrode for 
highly active and durable reversible protonic ceramic cells. 
Nano-Micro Lett. 16, 177 (2024). https:// doi. org/ 10. 1007/ 
s40820- 024- 01397-2

 42. G.H. Lee, K. Kim, Y. Kim, J. Yang, M.K. Choi, Recent 
advances in patterning strategies for full-color perovskite 
light-emitting diodes. Nano-Micro Lett. 16, 45 (2023). 
https:// doi. org/ 10. 1007/ s40820- 023- 01254-8

 43. J.W. Lee, S.M. Kang, Patterning of metal halide perovs-
kite thin films and functional layers for optoelectronic 

applications. Nano-Micro Lett. 15, 184 (2023). https:// doi. 
org/ 10. 1007/ s40820- 023- 01154-x

 44. X. Shi, C. Liu, X. Zhang, G. Zhan, Y. Cai et al., Vapor 
phase growth of air-stable hybrid perovskite  FAPbBr3 
single-crystalline nanosheets. Nano Lett. 24, 2299–2307 
(2024). https:// doi. org/ 10. 1021/ acs. nanol ett. 3c046 04

 45. G. Wang, D. Li, H.-C. Cheng, Y. Li, C.-Y. Chen et al., 
Wafer-scale growth of large arrays of perovskite microplate 
crystals for functional electronics and optoelectronics. Sci. 
Adv. 1, e1500613 (2015). https:// doi. org/ 10. 1126/ sciadv. 
15006 13

 46. H.-C. Cheng, G. Wang, D. Li, Q. He, A. Yin et al., Van der 
waals heterojunction devices based on organohalide perovs-
kites and two-dimensional materials. Nano Lett. 16, 367–373 
(2016). https:// doi. org/ 10. 1021/ acs. nanol ett. 5b039 44

 47. J.-Y. Zheng, H.G. Manning, Y. Zhang, J.J. Wang, F. Purcell-
Milton et  al., Synthesis of centimeter-size free-standing 
perovskite nanosheets from single-crystal lead bromide for 
optoelectronic devices. Sci. Rep. 9, 11738 (2019). https:// doi. 
org/ 10. 1038/ s41598- 019- 47902-1

 48. Y. Cho, H.R. Jung, W. Jo, Halide perovskite single crystals: 
growth, characterization, and stability for optoelectronic 
applications. Nanoscale 14, 9248–9277 (2022). https:// doi. 
org/ 10. 1039/ d2nr0 0513a

 49. Z. Liang, C. Tian, X. Li, L. Cheng, S. Feng et al., Organic-
inorganic lead halide perovskite single crystal: from synthesis 
to applications. Nanomaterials 12, 4235 (2022). https:// doi. 
org/ 10. 3390/ nano1 22342 35

 50. C. Li, Y. Ma, Y. Xiao, L. Shen, L. Ding, Advances in perovs-
kite photodetectors. InfoMat 2, 1247–1256 (2020). https:// 
doi. org/ 10. 1002/ inf2. 12141

 51. C. Li, J. Li, Z. Li, H. Zhang, Y. Dang et al., High-performance 
photodetectors based on nanostructured perovskites. Nano-
materials 11, 1038 (2021). https:// doi. org/ 10. 3390/ nano1 
10410 38

 52. F. Mei, D. Sun, S. Mei, J. Feng, Y. Zhou et al., Recent pro-
gress in perovskite-based photodetectors: the design of mate-
rials and structures. Adv. Phys. X 4, 1592709 (2019). https:// 
doi. org/ 10. 1080/ 23746 149. 2019. 15927 09

 53. R. Wang, Z. Li, S. Li, P. Wang, J. Xiu et al., All-inorganic 
perovskite  CsPb2Br5 nanosheets for photodetector application 
based on rapid growth in aqueous phase. ACS Appl. Mater. 
Interfaces 12, 41919–41931 (2020). https:// doi. org/ 10. 1021/ 
acsami. 0c057 54

 54. J. Tao, Z. Xiao, J. Wang, C. Li, X. Sun et al., A self-powered, 
flexible photodetector based on perovskite nanowires with 
Ni-Al electrodes. J. Alloys Compd. 845, 155311 (2020). 
https:// doi. org/ 10. 1016/j. jallc om. 2020. 155311

 55. M.I. Saleem, S. Yang, A. Batool, M. Sulaman, C.P. Veera-
malai et al.,  CsPbI3 nanorods as the interfacial layer for high-
performance, all-solution-processed self-powered photode-
tectors. J. Mater. Sci. Technol. 75, 196–204 (2021). https:// 
doi. org/ 10. 1016/j. jmst. 2020. 07. 049

 56. Z. Zhang, N. Lamers, C. Sun, C. Hetherington, I.G. Sche-
blykin et al., Free-standing metal halide perovskite nanow-
ire arrays with blue-green heterostructures. Nano Lett. 22, 

https://doi.org/10.1002/adma.201908340
https://doi.org/10.1002/adma.201908340
https://doi.org/10.1021/acs.nanolett.7b00166
https://doi.org/10.1021/acs.nanolett.7b00166
https://doi.org/10.1016/j.nanoen.2023.108951
https://doi.org/10.1007/s40820-023-01161-y
https://doi.org/10.1007/s40820-023-01161-y
https://doi.org/10.1016/j.cej.2023.148143
https://doi.org/10.1016/j.cej.2023.148143
https://doi.org/10.1039/d3ta06953b
https://doi.org/10.1039/d3ta06953b
https://doi.org/10.1007/s40820-024-01393-6
https://doi.org/10.1007/s40820-024-01393-6
https://doi.org/10.1007/s40820-024-01405-5
https://doi.org/10.1007/s40820-024-01405-5
https://doi.org/10.1007/s40820-024-01401-9
https://doi.org/10.1007/s40820-024-01401-9
https://doi.org/10.1007/s40820-024-01397-2
https://doi.org/10.1007/s40820-024-01397-2
https://doi.org/10.1007/s40820-023-01254-8
https://doi.org/10.1007/s40820-023-01154-x
https://doi.org/10.1007/s40820-023-01154-x
https://doi.org/10.1021/acs.nanolett.3c04604
https://doi.org/10.1126/sciadv.1500613
https://doi.org/10.1126/sciadv.1500613
https://doi.org/10.1021/acs.nanolett.5b03944
https://doi.org/10.1038/s41598-019-47902-1
https://doi.org/10.1038/s41598-019-47902-1
https://doi.org/10.1039/d2nr00513a
https://doi.org/10.1039/d2nr00513a
https://doi.org/10.3390/nano12234235
https://doi.org/10.3390/nano12234235
https://doi.org/10.1002/inf2.12141
https://doi.org/10.1002/inf2.12141
https://doi.org/10.3390/nano11041038
https://doi.org/10.3390/nano11041038
https://doi.org/10.1080/23746149.2019.1592709
https://doi.org/10.1080/23746149.2019.1592709
https://doi.org/10.1021/acsami.0c05754
https://doi.org/10.1021/acsami.0c05754
https://doi.org/10.1016/j.jallcom.2020.155311
https://doi.org/10.1016/j.jmst.2020.07.049
https://doi.org/10.1016/j.jmst.2020.07.049


 Nano-Micro Lett.           (2025) 17:28    28  Page 50 of 63

https://doi.org/10.1007/s40820-024-01501-6© The authors

2941–2947 (2022). https:// doi. org/ 10. 1021/ acs. nanol ett. 
2c001 37

 57. J. Cha, M.K. Kim, W. Lee, H. Jin, H. Na et al., Perovskite 
nanowires as defect passivators and charge transport net-
works for efficient and stable perovskite solar cells. Chem. 
Eng. J. 451, 138920 (2023). https:// doi. org/ 10. 1016/j. cej. 
2022. 138920

 58. C.-H. Lin, T.-Y. Li, J. Zhang, Z.-Y. Chiao, P.-C. Wei et al., 
Designed growth and patterning of perovskite nanowires 
for lasing and wide color gamut phosphors with long-term 
stability. Nano Energy 73, 104801 (2020). https:// doi. org/ 
10. 1016/j. nanoen. 2020. 104801

 59. Q.A. Akkerman, T.P. Nguyen, S.C. Boehme, F. Montan-
arella, D.N. Dirin et al., Controlling the nucleation and 
growth kinetics of lead halide perovskite quantum dots. 
Science 377, 1406–1412 (2022). https:// doi. org/ 10. 1126/ 
scien ce. abq36 16

 60. J. Zou, M. Li, X. Zhang, W. Zheng, Perovskite quantum dots: 
synthesis, applications, prospects, and challenges. J. Appl. 
Phys. (2022). https:// doi. org/ 10. 1063/5. 01264 96

 61. C. Bi, S. Wang, W. Wen, J. Yuan, G. Cao et al., Room-tem-
perature construction of mixed-halide perovskite quantum 
dots with high photoluminescence quantum yield. J. Phys.: 
Chem. C 122, 5151–5160 (2018). https:// doi. org/ 10. 1021/ acs. 
jpcc. 7b126 07

 62. G.B. Nair, S. Tamboli, R. Kroon, S. Dhoble, H.C. Swart, 
Facile room-temperature colloidal synthesis of  CsPbBr3 per-
ovskite nanocrystals by the emulsion-based ligand-assisted 
reprecipitation approach: tuning the color-emission by the 
demulsification process. J. Alloys Compounds 928, 167249 
(2022). https:// doi. org/ 10. 1016/j. jallc om. 2022. 167249

 63. E. Akman, T. Ozturk, W. Xiang, F. Sadegh, D. Prochowicz 
et al., The effect of B-site doping in all-inorganic  CsPbIxBr3–x 
absorbers on the performance and stability of perovskite pho-
tovoltaics. Energy Environ. Sci. 16, 372–403 (2023). https:// 
doi. org/ 10. 1039/ d2ee0 1070d

 64. H. Wang, Y. Sun, J. Chen, F. Wang, R. Han et al., A review 
of perovskite-based photodetectors and their applications. 
Nanomaterials 12, 4390 (2022). https:// doi. org/ 10. 3390/ 
nano1 22443 90

 65. D. Liu, Y. Guo, M. Que, X. Yin, J. Liu et al., Metal halide 
perovskite nanocrystals: application in high-performance 
photodetectors. Mater. Adv. 2, 856–879 (2021). https:// doi. 
org/ 10. 1039/ d0ma0 0796j

 66. M. Tan, M. Li, W. Pan, X. Feng, Y. He et al., Carbonized 
polymer dots enhanced stability and flexibility of quasi-2D 
perovskite photodetector. Light Sci. Appl. 11, 304 (2022). 
https:// doi. org/ 10. 1038/ s41377- 022- 01000-6

 67. J. Sun, L. Ding, Linearly polarization-sensitive perovskite 
photodetectors. Nano-Micro Lett. 15, 90 (2023). https:// doi. 
org/ 10. 1007/ s40820- 023- 01048-y

 68. H.-Y. Hou, S. Tian, H.-R. Ge, J.-D. Chen, Y.-Q. Li et al., 
Recent progress of polarization-sensitive perovskite photo-
detectors. Adv. Funct. Mater. 32, 2209324 (2022). https:// doi. 
org/ 10. 1002/ adfm. 20220 9324

 69. J.L. Hudgins, G.S. Simin, E. Santi, M.A. Khan, An assess-
ment of wide bandgap semiconductors for power devices. 
IEEE T. Power Electron. 18, 907–914 (2003). https:// doi. org/ 
10. 1109/ TPEL. 2003. 810840

 70. B. Ozpineci, Comparison of wide-bandgap semiconductors 
for power electronics applications (2004). https:// doi. org/ 10. 
2172/ 885849

 71. A. Weidenkaff, Preparation and application of nanostruc-
tured perovskite phases. Adv. Eng. Mater. 6, 709–714 
(2004). https:// doi. org/ 10. 1002/ adem. 20040 0098

 72. K. Wang, G. Xing, Q. Song, S. Xiao, Micro- and nanostruc-
tured lead halide perovskites: from materials to integrations 
and devices. Adv. Mater. 33, e2000306 (2021). https:// doi. 
org/ 10. 1002/ adma. 20200 0306

 73. J. Chen, Y. Zhou, Y. Fu, J. Pan, O.F. Mohammed et al., 
Oriented halide perovskite nanostructures and thin films 
for optoelectronics. Chem. Rev. 121, 12112–12180 (2021). 
https:// doi. org/ 10. 1021/ acs. chemr ev. 1c001 81

 74. G. Iannaccone, C. Sbrana, I. Morelli, S. Strangio, Power 
electronics based on wide-bandgap semiconductors: Oppor-
tunities and challenges. IEEE Access 9, 139446–139456 
(2021)

 75. M. Higashiwaki, R. Kaplar, J. Pernot, H. Zhao, Ultrawide 
bandgap semiconductors. Appl. Phys. Lett. 118, 200401 
(2021). https:// doi. org/ 10. 1063/5. 00552 92

 76. S. Aftab, X. Li, F. Kabir, E. Akman, M. Aslam et al., Light-
ing the future: Perovskite nanorods and their advances across 
applications. Nano Energy 124, 109504 (2024). https:// doi. 
org/ 10. 1016/j. nanoen. 2024. 109504

 77. R. Woods-Robinson, Y. Han, H. Zhang, T. Ablekim, I. Khan 
et al., Wide band gap chalcogenide semiconductors. Chem. 
Rev. 120, 4007–4055 (2020). https:// doi. org/ 10. 1021/ acs. 
chemr ev. 9b006 00

 78. B. Li, Y. Li, C. Zheng, D. Gao, W. Huang, Advancements 
in the stability of perovskite solar cells: degradation mecha-
nisms and improvement approaches. RSC Adv. 6, 38079–
38091 (2016). https:// doi. org/ 10. 1039/ C5RA2 7424A

 79. X. Wu, B. Zhou, J. Zhou, Y. Chen, Y. Chu et al., Distinguish-
able detection of ultraviolet, visible, and infrared spectrum 
with high-responsivity perovskite-based flexible photosen-
sors. Small 14, e1800527 (2018). https:// doi. org/ 10. 1002/ 
smll. 20180 0527

 80. A. Farooq, I.M. Hossain, S. Moghadamzadeh, J.A. Schwen-
zer, T. Abzieher et al., Spectral dependence of degradation 
under ultraviolet light in perovskite solar cells. ACS Appl. 
Mater. Interfaces 10, 21985–21990 (2018). https:// doi. org/ 
10. 1021/ acsami. 8b030 24

 81. M. Sulaman, S. Yang, A. Bukhtiar, P. Tang, Z. Zhang et al., 
Hybrid bulk-heterojunction of colloidal quantum dots and 
mixed-halide perovskite nanocrystals for high-performance 
self-powered broadband photodetectors. Adv. Funct. Mater. 
32, 2201527 (2022). https:// doi. org/ 10. 1002/ adfm. 20220 1527

 82. G. Yang, C. Zheng, Y. Zhu, X. Li, J. Huang et al., Efficient 
quantum cutting of lanthanum and ytterbium ions Co-doped 
perovskite quantum dots towards improving the ultraviolet 
response of silicon-based photodetectors. J. Alloys Compd. 

https://doi.org/10.1021/acs.nanolett.2c00137
https://doi.org/10.1021/acs.nanolett.2c00137
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1016/j.nanoen.2020.104801
https://doi.org/10.1016/j.nanoen.2020.104801
https://doi.org/10.1126/science.abq3616
https://doi.org/10.1126/science.abq3616
https://doi.org/10.1063/5.0126496
https://doi.org/10.1021/acs.jpcc.7b12607
https://doi.org/10.1021/acs.jpcc.7b12607
https://doi.org/10.1016/j.jallcom.2022.167249
https://doi.org/10.1039/d2ee01070d
https://doi.org/10.1039/d2ee01070d
https://doi.org/10.3390/nano12244390
https://doi.org/10.3390/nano12244390
https://doi.org/10.1039/d0ma00796j
https://doi.org/10.1039/d0ma00796j
https://doi.org/10.1038/s41377-022-01000-6
https://doi.org/10.1007/s40820-023-01048-y
https://doi.org/10.1007/s40820-023-01048-y
https://doi.org/10.1002/adfm.202209324
https://doi.org/10.1002/adfm.202209324
https://doi.org/10.1109/TPEL.2003.810840
https://doi.org/10.1109/TPEL.2003.810840
https://doi.org/10.2172/885849
https://doi.org/10.2172/885849
https://doi.org/10.1002/adem.200400098
https://doi.org/10.1002/adma.202000306
https://doi.org/10.1002/adma.202000306
https://doi.org/10.1021/acs.chemrev.1c00181
https://doi.org/10.1063/5.0055292
https://doi.org/10.1016/j.nanoen.2024.109504
https://doi.org/10.1016/j.nanoen.2024.109504
https://doi.org/10.1021/acs.chemrev.9b00600
https://doi.org/10.1021/acs.chemrev.9b00600
https://doi.org/10.1039/C5RA27424A
https://doi.org/10.1002/smll.201800527
https://doi.org/10.1002/smll.201800527
https://doi.org/10.1021/acsami.8b03024
https://doi.org/10.1021/acsami.8b03024
https://doi.org/10.1002/adfm.202201527


Nano-Micro Lett.           (2025) 17:28  Page 51 of 63    28 

921, 166097 (2022). https:// doi. org/ 10. 1016/j. jallc om. 2022. 
166097

 83. Y. Wu, S. Yang, F. Sun, X. Liu, Z. Zhang et al., On the 
mechanism to suppress dark current via blending with an 
all-inorganic perovskite precursor in colloidal quantum dot 
photodetectors. J. Mater. Chem. C 11, 16094–16102 (2023). 
https:// doi. org/ 10. 1039/ d3tc0 2894a

 84. E. Moyen, H. Jun, H.-M. Kim, J. Jang, Surface engineering of 
room temperature-grown inorganic perovskite quantum dots 
for highly efficient inverted light-emitting diodes. ACS Appl. 
Mater. Interfaces 10, 42647–42656 (2018). https:// doi. org/ 10. 
1021/ acsami. 8b152 12

 85. D.E. Lee, S.Y. Kim, H.W. Jang, Lead-free all-inorganic hal-
ide perovskite quantum dots: review and outlook. J. Korean 
Ceram. Soc. 57, 455–479 (2020). https:// doi. org/ 10. 1007/ 
s43207- 020- 00058-5

 86. S. Premkumar, D. Liu, Y. Zhang, D. Nataraj, S. Ramya et al., 
Stable lead-free silver bismuth iodide perovskite quantum 
dots for UV photodetection. ACS Appl. Nano Mater. 3, 9141–
9150 (2020). https:// doi. org/ 10. 1021/ acsanm. 0c017 87

 87. Z. Xu, Synthesis of  CsPbBr3 quantum dots for photodetectors. 
(University of Washington; 2020), https:// digit al. lib. washi 
ngton. edu/ resea rchwo rks/ handle/ 1773/ 45881

 88. C.-Y. Huang, H. Li, Y. Wu, C.-H. Lin, X. Guan et al., Inor-
ganic halide perovskite quantum dots: a versatile nanomate-
rial platform for electronic applications. Nano-Micro Lett. 15, 
16 (2022). https:// doi. org/ 10. 1007/ s40820- 022- 00983-6

 89. W. Zhai, J. Lin, C. Li, S. Hu, Y. Huang et al., Solvothermal 
synthesis of cesium lead halide perovskite nanowires with 
ultra-high aspect ratios for high-performance photodetectors. 
Nanoscale 10, 21451–21458 (2018). https:// doi. org/ 10. 1039/ 
C8NR0 5683H

 90. S. Dias, K. Kumawat, S. Biswas, S.B. Krupanidhi, Solvother-
mal synthesis of  Cu2SnS3 quantum dots and their application 
in near-infrared photodetectors. Inorg. Chem. 56, 2198–2203 
(2017). https:// doi. org/ 10. 1021/ acs. inorg chem. 6b028 32

 91. H. Qiao, Z. Li, Z. Huang, X. Ren, J. Kang et al., Self-powered 
photodetectors based on 0D/2D mixed dimensional hetero-
junction with black phosphorus quantum dots as hole accept-
ers. Appl. Mater. Today 20, 100765 (2020). https:// doi. org/ 
10. 1016/j. apmt. 2020. 100765

 92. C. Li, W. Huang, L. Gao, H. Wang, L. Hu et al., Recent 
advances in solution-processed photodetectors based on 
inorganic and hybrid photo-active materials. Nanoscale 12, 
2201–2227 (2020). https:// doi. org/ 10. 1039/ c9nr0 7799e

 93. D. Zhou, Y. Wang, P. Tian, P. Jing, M. Sun et al., Microwave-
assisted heating method toward multicolor quantum dot-
based phosphors with much improved luminescence. ACS 
Appl. Mater. Interfaces 10, 27160–27170 (2018). https:// doi. 
org/ 10. 1021/ acsami. 8b063 23

 94. S. Cho, S. Hong, A. Jana, I. Han, H. Kim et al., Gram-scale 
microwave-assisted synthesis of high-quality  CsPbBr3 
nanocrystals for optoelectronic applications. J. Alloys 
Compd. 993, 174700 (2024). https:// doi. org/ 10. 1016/j. jallc 
om. 2024. 174700

 95. L. Sinatra, J. Pan, O.M. Bakr, Methods of synthesizing 
monodisperse colloidal quantum dots. Mater. Matters 12, 
3–7 (2017)

 96. D. Shen, T. Lan, D. Qiao, M. Guo, J. Zuo et al., Tunable 
photoluminescent nitrogen-doped graphene quantum dots at 
the interface for high-efficiency perovskite solar cells. ACS 
Appl. Nano Mater. 7, 2232–2243 (2024). https:// doi. org/ 10. 
1021/ acsanm. 3c056 72

 97. D. Yu, C. Yin, F. Cao, Y. Zhu, J. Ji et al., Enhancing opto-
electronic properties of low-dimensional halide perovskite 
via ultrasonic-assisted template refinement. ACS Appl. 
Mater. Interfaces 9, 39602–39609 (2017). https:// doi. org/ 
10. 1021/ acsami. 7b120 48

 98. S. Wang, J. Song, Photodetectors based on perovskite quan-
tum dots, in Quantum dot photodetectors. ed. by X. Tong, 
J. Wu, Z.M. Wang (Springer, Cham, 2021), pp.75–117. 
https:// doi. org/ 10. 1007/ 978-3- 030- 74270-6_2

 99. D. Zhang, D. Zhao, Z. Wang, J. Yu, Processes controlling 
the distribution of vertical organic composition in organic 
photodetectors by ultrasonic-assisted solvent vapor anneal-
ing. ACS Appl. Electron. Mater. 2, 2188–2195 (2020). 
https:// doi. org/ 10. 1021/ acsae lm. 0c003 78

 100. Y. Wang, L. Song, Y. Chen, W. Huang, Emerging new-
generation photodetectors based on low-dimensional halide 
perovskites. ACS Photonics 7, 10–28 (2020). https:// doi. 
org/ 10. 1021/ acsph otoni cs. 9b012 33

 101. J. Wang, Y. Zhang, J. Chen, Y. Wei, D. Yu et al., Strong 
polarized photoluminescence  CsPbBr3 nanowire composite 
films for UV spectral conversion polarization photodetec-
tor enhancement. ACS Appl. Mater. Interfaces 13, 36147–
36156 (2021). https:// doi. org/ 10. 1021/ acsami. 1c076 81

 102. X. Fu, S. Jiao, Y. Jiang, L. Li, X. Wang et al., Large-scale 
growth of ultrathin low-dimensional perovskite nanosheets 
for high-detectivity photodetectors. ACS Appl. Mater. 
Interfaces 12, 2884–2891 (2020). https:// doi. org/ 10. 1021/ 
acsami. 9b188 26

 103. Y. Zhang, J. Yao, Y. Teng, Z. Zhang, L. Wang et al., Two-
dimensional perovskite  NdNb2O7 for high-performance 
UV photodetectors by a general exfoliation and assembly 
strategy. Nano Energy 117, 108915 (2023). https:// doi. org/ 
10. 1016/j. nanoen. 2023. 108915

 104. Y. Zhang, J. Yao, Z. Zhang, R. Zhang, L. Li et al., Two-
dimensional perovskite  Pb2Nb3O10 photodetectors. J. 
Mater. Sci. Technol. 164, 95–101 (2023). https:// doi. org/ 
10. 1016/j. jmst. 2023. 05. 011

 105. J. Chen, Y. Shi, Y. He, T. Zhai, Two-dimensional Rud-
dlesden-Popper perovskite nanosheets: synthesis, optoelec-
tronic properties and miniaturized optoelectronic devices. 
FlatChem 17, 100116 (2019). https:// doi. org/ 10. 1016/j. 
flatc. 2019. 100116

 106. X.-D. Wang, N.-H. Miao, J.-F. Liao, W.-Q. Li, Y. Xie et al., 
The top-down synthesis of single-layered  Cs4CuSb2Cl12 
halide perovskite nanocrystals for photoelectrochemical 
application. Nanoscale 11, 5180–5187 (2019). https:// doi. 
org/ 10. 1039/ c9nr0 0375d

https://doi.org/10.1016/j.jallcom.2022.166097
https://doi.org/10.1016/j.jallcom.2022.166097
https://doi.org/10.1039/d3tc02894a
https://doi.org/10.1021/acsami.8b15212
https://doi.org/10.1021/acsami.8b15212
https://doi.org/10.1007/s43207-020-00058-5
https://doi.org/10.1007/s43207-020-00058-5
https://doi.org/10.1021/acsanm.0c01787
https://digital.lib.washington.edu/researchworks/handle/1773/45881
https://digital.lib.washington.edu/researchworks/handle/1773/45881
https://doi.org/10.1007/s40820-022-00983-6
https://doi.org/10.1039/C8NR05683H
https://doi.org/10.1039/C8NR05683H
https://doi.org/10.1021/acs.inorgchem.6b02832
https://doi.org/10.1016/j.apmt.2020.100765
https://doi.org/10.1016/j.apmt.2020.100765
https://doi.org/10.1039/c9nr07799e
https://doi.org/10.1021/acsami.8b06323
https://doi.org/10.1021/acsami.8b06323
https://doi.org/10.1016/j.jallcom.2024.174700
https://doi.org/10.1016/j.jallcom.2024.174700
https://doi.org/10.1021/acsanm.3c05672
https://doi.org/10.1021/acsanm.3c05672
https://doi.org/10.1021/acsami.7b12048
https://doi.org/10.1021/acsami.7b12048
https://doi.org/10.1007/978-3-030-74270-6_2
https://doi.org/10.1021/acsaelm.0c00378
https://doi.org/10.1021/acsphotonics.9b01233
https://doi.org/10.1021/acsphotonics.9b01233
https://doi.org/10.1021/acsami.1c07681
https://doi.org/10.1021/acsami.9b18826
https://doi.org/10.1021/acsami.9b18826
https://doi.org/10.1016/j.nanoen.2023.108915
https://doi.org/10.1016/j.nanoen.2023.108915
https://doi.org/10.1016/j.jmst.2023.05.011
https://doi.org/10.1016/j.jmst.2023.05.011
https://doi.org/10.1016/j.flatc.2019.100116
https://doi.org/10.1016/j.flatc.2019.100116
https://doi.org/10.1039/c9nr00375d
https://doi.org/10.1039/c9nr00375d


 Nano-Micro Lett.           (2025) 17:28    28  Page 52 of 63

https://doi.org/10.1007/s40820-024-01501-6© The authors

 107. L. Shooshtari, A. Esfandiar, Y. Orooji, M. Samadpour, R. 
Rahighi, Ultrafast and stable planar photodetector based on 
 SnS2 nanosheets/perovskite structure. Sci. Rep. 11, 19353 
(2021). https:// doi. org/ 10. 1038/ s41598- 021- 98788-x

 108. Y. Zhang, S. Li, Z. Li, H. Liu, X. Liu et al., High-performance 
two-dimensional perovskite  Ca2Nb3O10 UV photodetectors. 
Nano Lett. 21, 382–388 (2021). https:// doi. org/ 10. 1021/ acs. 
nanol ett. 0c037 59

 109. S. Parveen, K.K. Paul, P.K. Giri, Precise tuning of the thick-
ness and optical properties of highly stable 2D organometal 
halide perovskite nanosheets through a solvothermal process 
and their applications as a white LED and a fast photode-
tector. ACS Appl. Mater. Interfaces 12, 6283–6297 (2020). 
https:// doi. org/ 10. 1021/ acsami. 9b208 96

 110. S. Liu, H. Li, H. Lu, Y. Wang, X. Wen et al., High perfor-
mance 0D ZnO quantum dot/2D (PEA)2PbI4 nanosheet 
hybrid photodetectors fabricated via a facile antisolvent 
method. Nanomaterials 12, 4217 (2022). https:// doi. org/ 10. 
3390/ nano1 22342 17

 111. W. Cai, H. Li, M. Li, M. Wang, H. Wang et al., Opportunities 
and challenges of inorganic perovskites in high-performance 
photodetectors. J. Phys. D: Appl. Phys. 54, 293002 (2021). 
https:// doi. org/ 10. 1088/ 1361- 6463/ abf709/ meta

 112. S. Parveen, M. Das, S. Ghosh, P.K. Giri, Experimental and 
theoretical study of europium-doped organometal halide 
perovskite nanoplatelets for UV photodetection with high 
responsivity and fast response. Nanoscale 14, 6402–6416 
(2022). https:// doi. org/ 10. 1039/ D2NR0 1063A

 113. P. Li, B. Shivananju, Y. Zhang, S. Li, Q. Bao, High perfor-
mance photodetector based on 2D  CH3NH3PbI3 perovskite 
nanosheets. J. Phys. D: Appl. Phys. 50, 094002 (2017). 
https:// doi. org/ 10. 1088/ 1361- 6463/ aa5623/ meta

 114. L. Lv, Y. Xu, H. Fang, W. Luo, F. Xu et al., Generalized 
colloidal synthesis of high-quality, two-dimensional cesium 
lead halide perovskite nanosheets and their applications in 
photodetectors. Nanoscale 8, 13589–13596 (2016). https:// 
doi. org/ 10. 1039/ c6nr0 3428d

 115. A. Mandal, A. Ghosh, D. Ghosh, S. Bhattacharyya, Photo-
detectors with high responsivity by thickness tunable mixed 
halide perovskite nanosheets. ACS Appl. Mater. Interfaces 
13, 43104–43114 (2021). https:// doi. org/ 10. 1021/ acsami. 
1c134 52

 116. K. Xia, W. Wu, M. Zhu, X. Shen, Z. Yin et al., CVD growth 
of perovskite/graphene films for high-performance flexible 
image sensor. Sci. Bull. 65, 343–349 (2020). https:// doi. org/ 
10. 1016/j. scib. 2019. 12. 015

 117. Z. Zhang, Solution-processed Perovskite/MXene Heterostruc-
tures: Synthesis and Applications (2022).

 118. P.R. Varma, Low-dimensional perovskites, in Perovskite pho-
tovoltaics: basic to advanced concepts and implementation. 
ed. by A. Thankappan, S. Thomas (Elsevier, Amsterdam, 
2018), pp.197–229. https:// doi. org/ 10. 1016/ B978-0- 12- 
812915- 9. 00007-1

 119. M. Liu, H. Zhang, D. Gedamu, P. Fourmont, H. Rekola 
et al., Halide perovskite nanocrystals for next-generation 

optoelectronics. Small 15, 1900801 (2019). https:// doi. org/ 
10. 1002/ smll. 20190 0801

 120. Y. Han, X. Chang, X. Cheng, Y. Lin, B.-B. Cui, Recent pro-
gress of organic–inorganic hybrid perovskite quantum dots: 
preparation, optical regulation, and application in light-emit-
ting diodes. Laser Photonics Rev. 17, 2300383 (2023). https:// 
doi. org/ 10. 1002/ lpor. 20230 0383

 121. X. Tang, Z. Zu, H. Shao, W. Hu, M. Zhou et al., All-inorganic 
perovskite CsPb(Br/I)3 nanorods for optoelectronic applica-
tion. Nanoscale 8, 15158–15161 (2016). https:// doi. org/ 10. 
1039/ c6nr0 1828a

 122. S.L. Choon, H.N. Lim, I. Ibrahim, Z. Zainal, K.B. Tan et al., 
New potential materials in advancement of photovoltaic 
and optoelectronic applications: Metal halide perovskite 
nanorods. Renew. Sustain. Energy Rev. 171, 113037 (2023). 
https:// doi. org/ 10. 1016/j. rser. 2022. 113037

 123. T. Yang, Y. Zheng, Z. Du, W. Liu, Z. Yang et al., Superior 
photodetectors based on all-inorganic perovskite  CsPbI3 
nanorods with ultrafast response and high stability. ACS 
Nano 12, 1611–1617 (2018). https:// doi. org/ 10. 1021/ acsna 
no. 7b082 01

 124. P. Lu, M. Lu, H. Wang, N. Sui, Z. Shi et al., Metal halide per-
ovskite nanocrystals and their applications in optoelectronic 
devices. InfoMat 1, 430–459 (2019). https:// doi. org/ 10. 1002/ 
inf2. 12031

 125. C. Shen, Stabilization of organo-halide perovskites and their 
application as photodetectors. (Drexel University; 2020), 
https:// drexel. primo. exlib risgr oup. com/ disco very/ fulld isplay/ 
alma9 91014 69513 90047 21/ 01DRXU_ INST: 01DRXU

 126. A. Kostopoulou, I. Konidakis, E. Stratakis, Two-dimensional 
metal halide perovskites and their heterostructures: from syn-
thesis to applications. Nanophotonics 12, 1643–1710 (2023). 
https:// doi. org/ 10. 1515/ nanoph- 2022- 0797

 127. A. Zhang, Q. Lv, Organic-inorganic hybrid perovskite nano-
materials: synthesis and application. ChemistrySelect 5, 
12641–12659 (2020). https:// doi. org/ 10. 1002/ slct. 20200 3659

 128. M. Yu, D. Zhang, Y. Xu, J. Lin, C. Yu et al., Surface ligand 
engineering of  CsPbBr3 perovskite nanowires for high-
performance photodetectors. J. Colloid Interface Sci. 608, 
2367–2376 (2022). https:// doi. org/ 10. 1016/j. jcis. 2021. 10. 141

 129. M. Chen, Y. Zou, L. Wu, Q. Pan, D. Yang et al., Solvothermal 
synthesis of high-quality all-inorganic cesium lead halide per-
ovskite nanocrystals: from nanocube to ultrathin nanowire. 
Adv. Funct. Mater. 27, 1701121 (2017). https:// doi. org/ 10. 
1002/ adfm. 20170 1121

 130. M.I. Saleem, S. Yang, R. Zhi, H. Li, M. Sulaman et al., Self-
powered, all-solution processed, trilayer heterojunction per-
ovskite-based photodetectors. Nanotechnology 31, 254001 
(2020). https:// doi. org/ 10. 1088/ 1361- 6528/ ab7de7/ meta

 131. S. Lim, M. Ha, Y. Lee, H. Ko, Large-area, solution-processed, 
hierarchical  MAPbI3 nanoribbon arrays for self-powered 
flexible photodetectors. Adv. Opt. Mater. 6, 1800615 (2018). 
https:// doi. org/ 10. 1002/ adom. 20180 0615

 132. S. Wang, K. Wang, Z. Gu, Y. Wang, C. Huang et al., Solution-
phase synthesis of cesium lead halide perovskite microrods 
for high-quality microlasers and photodetectors. Adv. Opt. 

https://doi.org/10.1038/s41598-021-98788-x
https://doi.org/10.1021/acs.nanolett.0c03759
https://doi.org/10.1021/acs.nanolett.0c03759
https://doi.org/10.1021/acsami.9b20896
https://doi.org/10.3390/nano12234217
https://doi.org/10.3390/nano12234217
https://doi.org/10.1088/1361-6463/abf709/meta
https://doi.org/10.1039/D2NR01063A
https://doi.org/10.1088/1361-6463/aa5623/meta
https://doi.org/10.1039/c6nr03428d
https://doi.org/10.1039/c6nr03428d
https://doi.org/10.1021/acsami.1c13452
https://doi.org/10.1021/acsami.1c13452
https://doi.org/10.1016/j.scib.2019.12.015
https://doi.org/10.1016/j.scib.2019.12.015
https://doi.org/10.1016/B978-0-12-812915-9.00007-1
https://doi.org/10.1016/B978-0-12-812915-9.00007-1
https://doi.org/10.1002/smll.201900801
https://doi.org/10.1002/smll.201900801
https://doi.org/10.1002/lpor.202300383
https://doi.org/10.1002/lpor.202300383
https://doi.org/10.1039/c6nr01828a
https://doi.org/10.1039/c6nr01828a
https://doi.org/10.1016/j.rser.2022.113037
https://doi.org/10.1021/acsnano.7b08201
https://doi.org/10.1021/acsnano.7b08201
https://doi.org/10.1002/inf2.12031
https://doi.org/10.1002/inf2.12031
https://drexel.primo.exlibrisgroup.com/discovery/fulldisplay/alma991014695139004721/01DRXU_INST:01DRXU
https://drexel.primo.exlibrisgroup.com/discovery/fulldisplay/alma991014695139004721/01DRXU_INST:01DRXU
https://doi.org/10.1515/nanoph-2022-0797
https://doi.org/10.1002/slct.202003659
https://doi.org/10.1016/j.jcis.2021.10.141
https://doi.org/10.1002/adfm.201701121
https://doi.org/10.1002/adfm.201701121
https://doi.org/10.1088/1361-6528/ab7de7/meta
https://doi.org/10.1002/adom.201800615


Nano-Micro Lett.           (2025) 17:28  Page 53 of 63    28 

Mater. 5, 1700023 (2017). https:// doi. org/ 10. 1002/ adom. 
20170 0023

 133. P.V. Chandrasekar, S. Yang, J. Hu, M. Sulaman, Y. Shi 
et al., Solution-phase, template-free synthesis of  PbI2 and 
 MAPbI3 nano/microtubes for high-sensitivity photodetectors. 
Nanoscale 11, 5188–5196 (2019). https:// doi. org/ 10. 1039/ 
c9nr0 0452a

 134. Y. Li, Z.-F. Shi, S. Li, L.-Z. Lei, H.-F. Ji et al., High-per-
formance perovskite photodetectors based on solution-pro-
cessed all-inorganic  CsPbBr3 thin films. J. Mater. Chem. C 
5, 8355–8360 (2017). https:// doi. org/ 10. 1039/ c7tc0 2137b

 135. J. Zeng, H. Zhou, R. Liu, H. Wang, Combination of solu-
tion-phase process and halide exchange for all-inorganic, 
highly stable  CsPbBr3 perovskite nanowire photodetector. 
Sci. China Mater. 62, 65–73 (2019). https:// doi. org/ 10. 
1007/ s40843- 018- 9278-6

 136. Q. Zhou, J.G. Park, R. Nie, A.K. Thokchom, D. Ha et al., 
Nanochannel-assisted perovskite nanowires: from growth 
mechanisms to photodetector applications. ACS Nano 12, 
8406–8414 (2018). https:// doi. org/ 10. 1021/ acsna no. 8b038 
26

 137. Y. Li, Z. Shi, L. Lei, Z. Ma, F. Zhang et al., Controllable 
vapor-phase growth of inorganic perovskite microwire net-
works for high-efficiency and temperature-stable photode-
tectors. ACS Photonics 5, 2524–2532 (2018). https:// doi. 
org/ 10. 1021/ acsph otoni cs. 8b003 48

 138. J.K. Meyers, S. Kim, D.J. Hill, E.E.M. Cating, L.J. Williams 
et al., Self-catalyzed vapor–liquid–solid growth of lead halide 
nanowires and conversion to hybrid perovskites. Nano Lett. 
17, 7561–7568 (2017). https:// doi. org/ 10. 1021/ acs. nanol ett. 
7b035 14

 139. T. Qiu, Y. Hu, F. Xu, Z. Yan, F. Bai et al., Recent advances in 
one-dimensional halide perovskites for optoelectronic appli-
cations. Nanoscale 10, 20963–20989 (2018). https:// doi. org/ 
10. 1039/ C8NR0 5862H

 140. B. Sarwat, Flexible and substrate-free optoelectronic devices 
based on III-V semiconductor nanowires (University of Cam-
bridge, Cambridge, East of England, 2019)

 141. X. Li, X. Liu, Y. Li, D. Gao, L. Cao, Using novel semicon-
ductor features to construct advanced zno nanowires-based 
ultraviolet photodetectors: a brief review. IEEE Access 9, 
11954–11973 (2021). https:// doi. org/ 10. 1109/ ACCESS. 2021. 
30511 87

 142. A. Waleed, M.M. Tavakoli, L. Gu, Z. Wang, D. Zhang et al., 
Lead-free perovskite nanowire array photodetectors with 
drastically improved stability in nanoengineering templates. 
Nano Lett. 17, 523–530 (2017). https:// doi. org/ 10. 1021/ acs. 
nanol ett. 6b045 87

 143. A. Waleed, M.M. Tavakoli, L. Gu, S. Hussain, D. Zhang 
et al., All inorganic cesium lead iodide perovskite nanowires 
with stabilized cubic phase at room temperature and nanow-
ire array-based photodetectors. Nano Lett. 17, 4951–4957 
(2017). https:// doi. org/ 10. 1021/ acs. nanol ett. 7b021 01

 144. G.S. Kumar, R.R. Sumukam, R.K. Rajaboina, R.N. Savu, 
M. Srinivas et al., Perovskite nanowires for next-generation 
optoelectronic devices: lab to fab. ACS Appl. Energy Mater. 

5, 1342–1377 (2022). https:// doi. org/ 10. 1021/ acsaem. 1c032 
84

 145. K. Ren, J. Wang, K. Liu, Y. Huang, Y. Sun et al., Multiple-
engineering controlled growth of tunable-bandgap perovskite 
nanowires for high performance photodetectors. RSC Adv. 9, 
19772–19779 (2019). https:// doi. org/ 10. 1039/ C9RA0 1689A

 146. Y. Yue, Z. Yang, N. Liu, W. Liu, H. Zhang et al., A flex-
ible integrated system containing a microsupercapacitor, a 
photodetector, and a wireless charging coil. ACS Nano 10, 
11249–11257 (2016). https:// doi. org/ 10. 1021/ acsna no. 6b063 
26

 147. F. Ma, Z. Huang, M. Ziółek, S. Yue, X. Han et al., Template-
assisted synthesis of a large-area ordered perovskite nanow-
ire array for a high-performance photodetector. ACS Appl. 
Mater. Interfaces 15, 12024–12031 (2023). https:// doi. org/ 
10. 1021/ acsami. 2c208 87

 148. S.-X. Li, Y.-S. Xu, C.-L. Li, Q. Guo, G. Wang et al., Perovs-
kite single-crystal microwire-array photodetectors with per-
formance stability beyond 1 year. Adv. Mater. 32, e2001998 
(2020). https:// doi. org/ 10. 1002/ adma. 20200 1998

 149. D. Zhang, Q. Zhang, Y. Zhu, S. Poddar, Y. Zhang et al., Metal 
halide perovskite nanowires: synthesis, integration, proper-
ties, and applications in optoelectronics. Adv. Energy Mater. 
13, 2201735 (2023). https:// doi. org/ 10. 1002/ aenm. 20220 
1735

 150. Y. Li, P. Gui, S. Wei, Y. Sun, L. Yang et al., Template-assisted 
synthesis of 2D perovskite grating single crystal films at low 
temperatures for UV polarization-sensitive photodetectors. 
Small 20, e2305207 (2024). https:// doi. org/ 10. 1002/ smll. 
20230 5207

 151. L. Ren, K. Gao, Q. Tan, C. Qing, Q. Wang et al., High-perfor-
mance perovskite photodetectors based on  CsPbBr3 microw-
ire arrays. Appl. Opt. 60, 8896–8903 (2021). https:// doi. org/ 
10. 1364/ AO. 437478

 152. I.M. Asuo, D. Gedamu, I. Ka, L.F. Gerlein, F.-X. Fortier 
et al., High-performance pseudo-halide perovskite nanowire 
networks for stable and fast-response photodetector. Nano 
Energy 51, 324–332 (2018). https:// doi. org/ 10. 1016/j. nanoen. 
2018. 06. 057

 153. J. Miao, F. Zhang, Recent progress on highly sensitive per-
ovskite photodetectors. J. Mater. Chem. C 7, 1741–1791 
(2019). https:// doi. org/ 10. 1039/ c8tc0 6089d

 154. F. Cao, L. Li, Progress of lead-free halide perovskites: from 
material synthesis to photodetector application. Adv. Funct. 
Mater. 31, 2008275 (2021). https:// doi. org/ 10. 1002/ adfm. 
20200 8275

 155. M. Xue, H. Zhou, G. Ma, L. Yang, Z. Song et al., Investiga-
tion of the stability for self-powered  CsPbBr3 perovskite pho-
todetector with an all-inorganic structure. Sol. Energy Mater. 
Sol. Cells 187, 69–75 (2018). https:// doi. org/ 10. 1016/j. sol-
mat. 2018. 07. 023

 156. H. Zhang, Z. Zhang, C. Ma, Y. Liu, H. Xie et al., Low-tem-
perature synthesis of all-inorganic perovskite nanocrystals for 
UV-photodetectors. J. Mater. Chem. C 7, 5488–5496 (2019). 
https:// doi. org/ 10. 1039/ c9tc0 0761j

https://doi.org/10.1002/adom.201700023
https://doi.org/10.1002/adom.201700023
https://doi.org/10.1039/c9nr00452a
https://doi.org/10.1039/c9nr00452a
https://doi.org/10.1039/c7tc02137b
https://doi.org/10.1007/s40843-018-9278-6
https://doi.org/10.1007/s40843-018-9278-6
https://doi.org/10.1021/acsnano.8b03826
https://doi.org/10.1021/acsnano.8b03826
https://doi.org/10.1021/acsphotonics.8b00348
https://doi.org/10.1021/acsphotonics.8b00348
https://doi.org/10.1021/acs.nanolett.7b03514
https://doi.org/10.1021/acs.nanolett.7b03514
https://doi.org/10.1039/C8NR05862H
https://doi.org/10.1039/C8NR05862H
https://doi.org/10.1109/ACCESS.2021.3051187
https://doi.org/10.1109/ACCESS.2021.3051187
https://doi.org/10.1021/acs.nanolett.6b04587
https://doi.org/10.1021/acs.nanolett.6b04587
https://doi.org/10.1021/acs.nanolett.7b02101
https://doi.org/10.1021/acsaem.1c03284
https://doi.org/10.1021/acsaem.1c03284
https://doi.org/10.1039/C9RA01689A
https://doi.org/10.1021/acsnano.6b06326
https://doi.org/10.1021/acsnano.6b06326
https://doi.org/10.1021/acsami.2c20887
https://doi.org/10.1021/acsami.2c20887
https://doi.org/10.1002/adma.202001998
https://doi.org/10.1002/aenm.202201735
https://doi.org/10.1002/aenm.202201735
https://doi.org/10.1002/smll.202305207
https://doi.org/10.1002/smll.202305207
https://doi.org/10.1364/AO.437478
https://doi.org/10.1364/AO.437478
https://doi.org/10.1016/j.nanoen.2018.06.057
https://doi.org/10.1016/j.nanoen.2018.06.057
https://doi.org/10.1039/c8tc06089d
https://doi.org/10.1002/adfm.202008275
https://doi.org/10.1002/adfm.202008275
https://doi.org/10.1016/j.solmat.2018.07.023
https://doi.org/10.1016/j.solmat.2018.07.023
https://doi.org/10.1039/c9tc00761j


 Nano-Micro Lett.           (2025) 17:28    28  Page 54 of 63

https://doi.org/10.1007/s40820-024-01501-6© The authors

 157. K. Vighnesh, S. Wang, H. Liu, A.L. Rogach, Hot-injection 
synthesis protocol for green-emitting cesium lead bromide 
perovskite nanocrystals. ACS Nano 16, 19618–19625 (2022). 
https:// doi. org/ 10. 1021/ acsna no. 2c116 89

 158. A. Wang, X. Yan, M. Zhang, S. Sun, M. Yang et al., Con-
trolled synthesis of lead-free and stable perovskite deriva-
tive  Cs2SnI6 nanocrystals via a facile hot-injection process. 
Chem. Mater. 28, 8132–8140 (2016). https:// doi. org/ 10. 1021/ 
acs. chemm ater. 6b013 29

 159. C.K. Ng, W. Yin, H. Li, J.J. Jasieniak, Scalable synthesis of 
colloidal  CsPbBr3 perovskite nanocrystals with high reaction 
yields through solvent and ligand engineering. Nanoscale 12, 
4859–4867 (2020). https:// doi. org/ 10. 1039/ c9nr1 0726f

 160. A. Dey, J. Ye, A. De, E. Debroye, S.K. Ha et al., State of the 
art and prospects for halide perovskite nanocrystals. ACS 
Nano 15, 10775–10981 (2021). https:// doi. org/ 10. 1021/ acsna 
no. 0c089 03

 161. W. Zhai, J. Lin, Q. Li, K. Zheng, Y. Huang et al., Solvo-
thermal synthesis of ultrathin cesium lead halide perovskite 
nanoplatelets with tunable lateral sizes and their reversible 
transformation into  Cs4PbBr6 nanocrystals. Chem. Mater. 30, 
3714–3721 (2018). https:// doi. org/ 10. 1021/ acs. chemm ater. 
8b006 12

 162. Y. Li, X. Zhang, H. Huang, S.V. Kershaw, A.L. Rogach, 
Advances in metal halide perovskite nanocrystals: synthetic 
strategies, growth mechanisms, and optoelectronic applica-
tions. Mater. Today 32, 204–221 (2020). https:// doi. org/ 10. 
1016/j. mattod. 2019. 06. 007

 163. Y. Li, H. Huang, Y. Xiong, S.V. Kershaw, A.L. Rogach, 
Revealing the formation mechanism of  CsPbBr3 perovskite 
nanocrystals produced via a slowed-down microwave-assisted 
synthesis. Angew. Chem. Int. Ed. 57, 5833–5837 (2018). 
https:// doi. org/ 10. 1002/ anie. 20171 3332

 164. C.H. Lin, Z. Lyu, Y. Zhuo, C. Zhao, J. Yang et al., Micro-
wave synthesis and high-mobility charge transport of carbon-
nanotube-in-perovskite single crystals. Adv. Opt. Mater. 8, 
2001740 (2020). https:// doi. org/ 10. 1002/ adom. 20200 1740

 165. B. Kumar, S.V. Singh, A. Chattopadhyay, S. Biring, B.N. 
Pal, Scalable synthesis of a sub-10 nm chalcopyrite  (CuFeS2) 
nanocrystal by the microwave-assisted synthesis technique 
and its application in a heavy-metal-free broad-band photo-
detector. ACS Omega 5, 25947–25953 (2020). https:// doi. 
org/ 10. 1021/ acsom ega. 0c033 36

 166. S. Dahiya, S.V. Singh, U. Pandey, S. Hazra, B.N. Pal, Micro-
wave-assisted synthesis of CuZnS nanocrystals for spectrally 
flat visible light photodetector application using a ZnO/
CuZnS heterojunction. ACS Appl. Optical Mater. 2, 776–783 
(2024). https:// doi. org/ 10. 1021/ acsaom. 4c000 56

 167. F. Ely, K.O. Vieira, M.G. Reyes-Banda, M. Quevedo-Lopez, 
Broadband photodetectors from silane-passivated  CsPbBr3 
nanocrystals by ultrasound-mediated synthesis. Nanoscale 
16, 10833–10840 (2024). https:// doi. org/ 10. 1039/ d3nr0 6564b

 168. D.M. Jang, D.H. Kim, K. Park, J. Park, J.W. Lee et al., Ultra-
sound synthesis of lead halide perovskite nanocrystals. J. 
Mater. Chem. C 4, 10625–10629 (2016). https:// doi. org/ 10. 
1039/ c6tc0 4213a

 169. L. Rao, X. Ding, X. Du, G. Liang, Y. Tang et al., Ultrasonica-
tion-assisted synthesis of  CsPbBr3 and  Cs4PbBr6 perovskite 
nanocrystals and their reversible transformation. Beilstein J. 
Nanotechnol. 10, 666–676 (2019). https:// doi. org/ 10. 3762/ 
bjnano. 10. 66

 170. M.-M. Liu, L.-L. Zhou, S.-F. Li, F.-X. Liang, Y. Xing et al., 
A sensitive UV photodetector based on non-wide bandgap 
 MAPbBr3 nanosheet. IEEE Trans. Electron Devices 69, 
5590–5594 (2022). https:// doi. org/ 10. 1109/ TED. 2022. 31956 
89

 171. Y. Lu, X. Sun, H. Zhou, H. Lai, R. Liu et al., A high-per-
formance and broadband two-dimensional perovskite-based 
photodetector via van der Waals integration. Appl. Phys. 
Lett. 121, 161104 (2022). https:// doi. org/ 10. 1063/5. 01165 
05

 172. R. Wang, H. Zhou, B. Wu, D. Wu, L. Tao et al., Self-pow-
ered  CsPbBr3 perovskite nanonet photodetector with a hol-
low vertical structure. J. Phys. Chem. Lett. 12, 7519–7525 
(2021). https:// doi. org/ 10. 1021/ acs. jpcle tt. 1c021 77

 173. H. Algadi, C. Mahata, J. Woo, M. Lee, M. Kim et  al., 
Enhanced photoresponsivity of all-inorganic  (CsPbBr3) 
perovskite nanosheets photodetector with carbon nanodots 
(CDs). Electronics 8, 678 (2019). https:// doi. org/ 10. 3390/ 
elect ronic s8060 678

 174. X. Zhang, S. Yang, H. Zhou, J. Liang, H. Liu et al., Per-
ovskite-erbium silicate nanosheet hybrid waveguide photo-
detectors at the near-infrared telecommunication band. Adv. 
Mater. 29, 1604431 (2017). https:// doi. org/ 10. 1002/ adma. 
20160 4431

 175. W. Dou, Z. Yin, Y. Zhang, H. Deng, N. Dai, Two-dimensional 
perovskite (PEA)2PbI4 two-color blue-green photodetector. 
Nanomaterials 12, 2556 (2022). https:// doi. org/ 10. 3390/ 
nano1 21525 56

 176. F. Cao, Z. Hu, T. Yan, E. Hong, X. Deng et al., A dual-func-
tional perovskite-based photodetector and memristor for 
visual memory. Adv. Mater. 35, e2304550 (2023). https:// 
doi. org/ 10. 1002/ adma. 20230 4550

 177. A.H. Howlader, F. Li, R. Zheng, Nanorod-like nanocrystalline 
 CsSnI3 and CNT composite thin film–based hybrid photode-
tector. Emergent Mater. 5, 1925–1943 (2022). https:// doi. org/ 
10. 1007/ s42247- 022- 00394-8

 178. R. Grisorio, D. Conelli, R. Giannelli, E. Fanizza, M. Striccoli 
et al., A new route for the shape differentiation of cesium lead 
bromide perovskite nanocrystals with near-unity photolumi-
nescence quantum yield. Nanoscale 12, 17053–17063 (2020). 
https:// doi. org/ 10. 1039/ D0NR0 4246C

 179. Z.-J. Li, E. Hofman, A.H. Davis, M.M. Maye, W. Zheng, 
General strategy for the growth of  CsPbX3 (X = Cl, Br, I) 
perovskite nanosheets from the assembly of nanorods. Chem. 
Mater. 30, 3854–3860 (2018). https:// doi. org/ 10. 1021/ acs. 
chemm ater. 8b012 83

 180. J. Chen, Y. Fu, L. Samad, L. Dang, Y. Zhao et al., Vapor-
phase epitaxial growth of aligned nanowire networks of 
cesium lead halide perovskites  (CsPbX3, X = Cl, Br, I). Nano 
Lett. 17, 460–466 (2017). https:// doi. org/ 10. 1021/ acs. nanol 
ett. 6b044 50

https://doi.org/10.1021/acsnano.2c11689
https://doi.org/10.1021/acs.chemmater.6b01329
https://doi.org/10.1021/acs.chemmater.6b01329
https://doi.org/10.1039/c9nr10726f
https://doi.org/10.1021/acsnano.0c08903
https://doi.org/10.1021/acsnano.0c08903
https://doi.org/10.1021/acs.chemmater.8b00612
https://doi.org/10.1021/acs.chemmater.8b00612
https://doi.org/10.1016/j.mattod.2019.06.007
https://doi.org/10.1016/j.mattod.2019.06.007
https://doi.org/10.1002/anie.201713332
https://doi.org/10.1002/adom.202001740
https://doi.org/10.1021/acsomega.0c03336
https://doi.org/10.1021/acsomega.0c03336
https://doi.org/10.1021/acsaom.4c00056
https://doi.org/10.1039/d3nr06564b
https://doi.org/10.1039/c6tc04213a
https://doi.org/10.1039/c6tc04213a
https://doi.org/10.3762/bjnano.10.66
https://doi.org/10.3762/bjnano.10.66
https://doi.org/10.1109/TED.2022.3195689
https://doi.org/10.1109/TED.2022.3195689
https://doi.org/10.1063/5.0116505
https://doi.org/10.1063/5.0116505
https://doi.org/10.1021/acs.jpclett.1c02177
https://doi.org/10.3390/electronics8060678
https://doi.org/10.3390/electronics8060678
https://doi.org/10.1002/adma.201604431
https://doi.org/10.1002/adma.201604431
https://doi.org/10.3390/nano12152556
https://doi.org/10.3390/nano12152556
https://doi.org/10.1002/adma.202304550
https://doi.org/10.1002/adma.202304550
https://doi.org/10.1007/s42247-022-00394-8
https://doi.org/10.1007/s42247-022-00394-8
https://doi.org/10.1039/D0NR04246C
https://doi.org/10.1021/acs.chemmater.8b01283
https://doi.org/10.1021/acs.chemmater.8b01283
https://doi.org/10.1021/acs.nanolett.6b04450
https://doi.org/10.1021/acs.nanolett.6b04450


Nano-Micro Lett.           (2025) 17:28  Page 55 of 63    28 

 181. A.A. Bhat, M.B. Zaman, J.H. Malik, K.A. Malik, I. Assadul-
lah et al., Facile way of making hydrothermally synthesized 
crystalline  SrSnO3 perovskite nanorods suitable for blue 
LEDs and spintronic applications. ACS Omega 6, 16356–
16363 (2021). https:// doi. org/ 10. 1021/ acsom ega. 1c008 31

 182. S. Wang, J. Yu, M. Zhang, D. Chen, C. Li et al., Stable, 
strongly emitting cesium lead bromide perovskite nanorods 
with high optical gain enabled by an intermediate mono-
mer reservoir synthetic strategy. Nano Lett. 19, 6315–6322 
(2019). https:// doi. org/ 10. 1021/ acs. nanol ett. 9b024 36

 183. Y. Dong, H. Hu, X. Xu, Y. Gu, C.-C. Chueh et al., Photon-
induced reshaping in perovskite material yields of nanocrys-
tals with accurate control of size and morphology. J. Phys. 
Chem. Lett. 10, 4149–4156 (2019). https:// doi. org/ 10. 1021/ 
acs. jpcle tt. 9b016 73

 184. Z. Zhang, P. Zheng, S.S. Yan, B.S. Qiao, K.W. Ng et al., 
Ultrasensitive perovskite photodetector for filter-free color 
single-pixel imaging. Adv. Opt. Mater. 11, 2201847 (2023). 
https:// doi. org/ 10. 1002/ adom. 20220 1847

 185. A.R. Beisenbayev, Z.T. Sadirkhanov, Y. Yerlanuly, M.I. Kai-
kanov, A.N. Jumabekov, Self-powered organometal halide 
perovskite photodetector with embedded silver nanowires. 
Nanomaterials 12, 1034 (2022). https:// doi. org/ 10. 3390/ 
nano1 20710 34

 186. R. Huang, D.-H. Lin, J.-Y. Liu, C.-Y. Wu, D. Wu et al., 
Nanochannel-confined growth of crystallographically orien-
tated perovskite nanowire arrays for polarization-sensitive 
photodetector application. Sci. China Mater. 64, 2497–2506 
(2021). https:// doi. org/ 10. 1007/ s40843- 021- 1654-5

 187. D. Lin, J. Liu, R. Haroldson, J. Moon, Z. Li et al., High-
performance directly patterned nanograting perovskite pho-
todetector with interdigitated electrodes. Adv. Opt. Mater. 10, 
2201516 (2022). https:// doi. org/ 10. 1002/ adom. 20220 1516

 188. Q. Li, S. Yan, S. Tang, X. Zhang, W. Lei et al., Photodetec-
tor based on all-inorganic perovskite quantum dots with ring 
electrode, in 2019 IEEE international flexible electronics 
technology conference (IFETC) (2019) pp. 1–3. https:// ieeex 
plore. ieee. org/ abstr act/ docum ent/ 90737 61

 189. Y. Yang, H. Dai, F. Yang, Y. Zhang, D. Luo et al., All-perovs-
kite photodetector with fast response. Nanoscale Res. Lett. 
14, 291 (2019). https:// doi. org/ 10. 1186/ s11671- 019- 3082-z

 190. H. Zhang, Y.T. Zhang, Field-effect phototransistors based 
on graphene-quantum dot hybrids. MATEC Web Conf. 44, 
01033 (2016). https:// doi. org/ 10. 1051/ matec conf/ 20164 
401033

 191. X. Ma, Y. Xu, S. Li, T.W. Lo, B. Zhang et al., A flexible 
plasmonic-membrane-enhanced broadband tin-based perovs-
kite photodetector. Nano Lett. 21, 9195–9202 (2021). https:// 
doi. org/ 10. 1021/ acs. nanol ett. 1c030 50

 192. A.A. Bessonov, M. Allen, Y. Liu, S. Malik, J. Bottomley 
et al., Compound quantum dot–perovskite optical absorbers 
on graphene enhancing short-wave infrared photodetection. 
ACS Nano 11, 5547–5557 (2017). https:// doi. org/ 10. 1021/ 
acsna no. 7b007 60

 193. A. Subramanian, J. Akram, S. Hussain, J. Chen, K. Qasim 
et al., High-performance photodetector based on a graphene 

quantum dot/CH3NH3PbI3 perovskite hybrid. ACS Appl. 
Electron. Mater. 2, 230–237 (2020). https:// doi. org/ 10. 1021/ 
acsae lm. 9b007 05

 194. X. Gong, C. Liu, Photodetector utilizing quantum dots and 
perovskite hybrids as light harvesters. (2018). https:// paten ts. 
google. com/ patent/ US100 38156 B2/ en

 195. X. Liu, T. Liu, D. Chen, Y. Yang, Z. Ye et al., Broad-spectrum 
germanium photodetector based on the ytterbium-doped per-
ovskite nanocrystal downshifting effect. ACS Appl. Optical 
Mater. 1, 507–512 (2022). https:// doi. org/ 10. 1021/ acsaom. 
2c001 39

 196. X. Liu, Z.-W. Tang, X.-C. An, Y.-L. Huang, Z.-H. Liu et al., 
Infrared trace gas sensing with a fast perovskite nano-struc-
ture laser photodetector. IEEE Photonics Techn. Lett. 35, 
19–22 (2022). https:// ieeex plore. ieee. org/ abstr act/ docum 
ent/ 99325 99

 197. M.K. Kim, Z. Munkhsaikhan, S.G. Han, S.M. Park, H. Jin 
et al., Structural engineering of single-crystal-like perovs-
kite nanocrystals for ultrasensitive photodetector applica-
tions. J. Mater. Chem. C 10, 11401–11411 (2022). https:// 
doi. org/ 10. 1039/ d2tc0 1854c

 198. W. Wu, Y. Liu, J. Yao, X. Ouyang, Mixed-cation halide per-
ovskite doped with  Rb+ for highly efficient photodetector. 
Materials 16, 3796 (2023). https:// doi. org/ 10. 3390/ ma161 
03796

 199. Y.H. Kim, J. Park, S. Kim, J.S. Kim, H. Xu et al., Exploit-
ing the full advantages of colloidal perovskite nanocrystals 
for large-area efficient light-emitting diodes. Nat. Nano-
technol. 17, 590–597 (2022). https:// doi. org/ 10. 1038/ 
s41565- 022- 01113-4

 200. B. Zhang, M. Jia, Q. Liang, J. Wu, J. Zhai et al., Ultraviolet 
photodetector based on  Sr2Nb3O10 perovskite nanosheets. J. 
Wuhan Univ. Technol. Mater Sci. Ed. 39, 282–287 (2024). 
https:// doi. org/ 10. 1007/ s11595- 024- 2881-y

 201. J. Wei, Y. Rong, C. Wang, M. Lv, Y. Yang et al., The con-
trollable growth of  CsPb2Cl5 nanosheets and their applica-
tion as a stable photodetector for ultraviolet. Appl. Surf. 
Sci. 645, 158868 (2024). https:// doi. org/ 10. 1016/j. apsusc. 
2023. 158868

 202. J. Ding, X. Liu, S. Zhou, J. Huang, Y. Li et al., In-situ free-
standing inorganic 2D  Cs2PbI2Cl2 nanosheets for efficient 
self-powered photodetectors with carbon electrode. J. Col-
loid Interface Sci. 654, 1356–1364 (2024). https:// doi. org/ 
10. 1016/j. jcis. 2023. 10. 126

 203. T. Yan, X. Liu, X. Zhang, E. Hong, L. Wu et al., Large-area 
2D perovskite oxides/organic heterojunction enables highly-
sensitive self-powered photodetector for ultraviolet light com-
munication. Adv. Funct. Mater. 34, 2311042 (2024). https:// 
doi. org/ 10. 1002/ adfm. 20231 1042

 204. P. Song, Y. Zhang, J. Wang, H. Liu, L. Tian, Novel two-
dimensional  NbWO6 nanosheets for high performance UV 
photodetectors. Adv. Electron. Mater. 10, 2300462 (2024). 
https:// doi. org/ 10. 1002/ aelm. 20230 0462

 205. L. Mei, K. Zhang, N. Cui, W. Yu, Y. Li et al., Ultraviolet-vis-
ible-short-wavelength infrared broadband and fast-response 
photodetectors enabled by individual monocrystalline 

https://doi.org/10.1021/acsomega.1c00831
https://doi.org/10.1021/acs.nanolett.9b02436
https://doi.org/10.1021/acs.jpclett.9b01673
https://doi.org/10.1021/acs.jpclett.9b01673
https://doi.org/10.1002/adom.202201847
https://doi.org/10.3390/nano12071034
https://doi.org/10.3390/nano12071034
https://doi.org/10.1007/s40843-021-1654-5
https://doi.org/10.1002/adom.202201516
https://ieeexplore.ieee.org/abstract/document/9073761
https://ieeexplore.ieee.org/abstract/document/9073761
https://doi.org/10.1186/s11671-019-3082-z
https://doi.org/10.1051/matecconf/20164401033
https://doi.org/10.1051/matecconf/20164401033
https://doi.org/10.1021/acs.nanolett.1c03050
https://doi.org/10.1021/acs.nanolett.1c03050
https://doi.org/10.1021/acsnano.7b00760
https://doi.org/10.1021/acsnano.7b00760
https://doi.org/10.1021/acsaelm.9b00705
https://doi.org/10.1021/acsaelm.9b00705
https://patents.google.com/patent/US10038156B2/en
https://patents.google.com/patent/US10038156B2/en
https://doi.org/10.1021/acsaom.2c00139
https://doi.org/10.1021/acsaom.2c00139
https://ieeexplore.ieee.org/abstract/document/9932599
https://ieeexplore.ieee.org/abstract/document/9932599
https://doi.org/10.1039/d2tc01854c
https://doi.org/10.1039/d2tc01854c
https://doi.org/10.3390/ma16103796
https://doi.org/10.3390/ma16103796
https://doi.org/10.1038/s41565-022-01113-4
https://doi.org/10.1038/s41565-022-01113-4
https://doi.org/10.1007/s11595-024-2881-y
https://doi.org/10.1016/j.apsusc.2023.158868
https://doi.org/10.1016/j.apsusc.2023.158868
https://doi.org/10.1016/j.jcis.2023.10.126
https://doi.org/10.1016/j.jcis.2023.10.126
https://doi.org/10.1002/adfm.202311042
https://doi.org/10.1002/adfm.202311042
https://doi.org/10.1002/aelm.202300462


 Nano-Micro Lett.           (2025) 17:28    28  Page 56 of 63

https://doi.org/10.1007/s40820-024-01501-6© The authors

perovskite nanoplate. Small 19, e2301386 (2023). https:// 
doi. org/ 10. 1002/ smll. 20230 1386

 206. H. Wang, Z. Du, X. Jiang, S. Cao, B. Zou et al., Ultrastable 
photodetectors based on blue  CsPbBr3 perovskite nanoplate-
lets via a surface engineering strategy. ACS Appl. Mater. 
Interfaces 16, 11694–11703 (2024). https:// doi. org/ 10. 1021/ 
acsami. 3c186 59

 207. C.-Y. Wu, Y.-X. Le, L.-Y. Liang, J.-Y. Li, F.-X. Liang et al., 
Non-ultrawide bandgap  CsPbBr3 nanosheet for sensitive 
deep ultraviolet photodetection. J. Mater. Sci. Technol. 159, 
251–257 (2023). https:// doi. org/ 10. 1016/j. jmst. 2023. 03. 032

 208. R. Sun, D. Zhou, P. Lu, X. Jing, X. Zhuang et al., In situ 
preparation of two-dimensional ytterbium ions doped all-
inorganic perovskite nanosheets for high-performance visual 
dual-bands photodetectors. Nano Energy 93, 106815 (2022). 
https:// doi. org/ 10. 1016/j. nanoen. 2021. 106815

 209. B. Yang, W. Bi, F. Jin, X. Ma, S.-Q. Guo, Surface molecu-
lar engineering of  CsPbBr3 perovskite nanosheets for high-
performance photodetector. Compos. Commun. 29, 101032 
(2022). https:// doi. org/ 10. 1016/j. coco. 2021. 101032

 210. C.-Y. Li, J. He, Y. Zhou, D.-X. Qi, H. Jing et al., Flexible 
perovskite nanosheet-based photodetectors for ultraviolet 
communication applications. Appl. Phys. Lett. 119, 251105 
(2021). https:// doi. org/ 10. 1063/5. 00737 06

 211. M. Peng, Y. Ma, L. Zhang, S. Cong, X. Hong et al., All-inor-
ganic  CsPbBr3 perovskite nanocrystals/2D non-layered cad-
mium sulfide selenide for high-performance photodetectors 
by energy band alignment engineering. Adv. Funct. Mater. 
31, 2105051 (2021). https:// doi. org/ 10. 1002/ adfm. 20210 5051

 212. X. Liu, S. Li, Z. Li, Y. Zhang, W. Yang et al., Boosted respon-
sivity and tunable spectral response in B-site substituted 2D 
 Ca2Nb3–xTaxO10 perovskite photodetectors. Adv. Funct. 
Mater. 31, 2101480 (2021). https:// doi. org/ 10. 1002/ adfm. 
20210 1480

 213. Y. Dong, L. Xu, Y. Zhao, S. Wang, J. Song et al., The syn-
ergy of plasmonic enhancement and hot-electron effect on 
 CsPbBr3 nanosheets photodetector. Adv. Mater. Interfaces 8, 
2002053 (2021). https:// doi. org/ 10. 1002/ admi. 20200 2053

 214. L. Qian, Y. Sun, M. Sun, Z. Fang, L. Li et al., 2D perovskite 
microsheets for high-performance photodetectors. J. Mater. 
Chem. C 7, 5353–5358 (2019). https:// doi. org/ 10. 1039/ c9tc0 
0138g

 215. K. Wang, C. Wu, D. Yang, Y. Jiang, S. Priya, Quasi-two-
dimensional halide perovskite single crystal photodetector. 
ACS Nano 12, 4919–4929 (2018). https:// doi. org/ 10. 1021/ 
acsna no. 8b019 99

 216. C. Lan, R. Dong, Z. Zhou, L. Shu, D. Li et al., Large-scale 
synthesis of freestanding layer-structured  PbI2 and  MAPbI3 
nanosheets for high-performance photodetection. Adv. Mater. 
29, 1702759 (2017). https:// doi. org/ 10. 1002/ adma. 20170 
2759

 217. T. Wang, S. Hou, H. Zhang, Y. Yang, W. Xu et al., Highly 
controllable synthesis of  MAPbI3 perovskite nanocrystals 
with long carrier lifetimes and narrow band gap for applica-
tion in photodetectors. J. Alloys Compd. 872, 159589 (2021). 
https:// doi. org/ 10. 1016/j. jallc om. 2021. 159589

 218. R. Hu, C. Ge, L. Chu, Y. Feng, S. Xiao et al., Novel pho-
toelectric material of perovskite-like  (CH3)3SpbI3 nanorod 
arrays with high stability. J. Energy Chem. 59, 581–588 
(2021). https:// doi. org/ 10. 1016/j. jechem. 2020. 12. 003

 219. Y. Wang, X. Liu, Q. He, G. Chen, D. Xu et al., Reversible 
transformation between  CsPbBr3 perovskite nanowires and 
nanorods with polarized optoelectronic properties. Adv. 
Funct. Mater. 31, 2011251 (2021). https:// doi. org/ 10. 1002/ 
adfm. 20201 1251

 220. J. Gong, X. Li, P. Guo, I. Zhang, W. Huang et al., Energy-dis-
tinguishable bipolar UV photoelectron injection from LiCl-
promoted  FAPbCl3 perovskite nanorods. J. Mater. Chem. A 
7, 13043–13049 (2019). https:// doi. org/ 10. 1039/ c9ta0 1160a

 221. Y. Chen, X. Wu, Y. Chu, J. Zhou, B. Zhou et al., Hybrid 
field-effect transistors and photodetectors based on organic 
semiconductor and  CsPbI3 perovskite nanorods bilayer 
structure. Nano-Micro Lett. 10, 57 (2018). https:// doi. org/ 
10. 1007/ s40820- 018- 0210-8

 222. Z. Sun, Y. Wang, Y. Liu, R. Liu, T. Chen et al., Nanometer-
thick  CsPbBr3 films with embedded  CsPb2Br5 nanowires 
for photodetector applications. ACS Appl. Nano Mater. 7, 
11785–11793 (2024). https:// doi. org/ 10. 1021/ acsanm. 4c013 
81

 223. Y. Xiong, X. Xu, B. Chen, X. Xu, Highly crystalized 
 MAPbX3 perovskite triangular nanowire arrays for optoelec-
tronic applications. Adv. Mater. 36, e2310427 (2024). https:// 
doi. org/ 10. 1002/ adma. 20231 0427

 224. M.K. Kim, S.M. Park, H. Jin, J. Cha, D. Baek et al., Uniaxial 
alignment of perovskite nanowires via brush painting tech-
nique for efficient flexible polarized photodetectors. J. Mater. 
Sci. Technol. 207, 24–33 (2025). https:// doi. org/ 10. 1016/j. 
jmst. 2024. 04. 031

 225. T. Gao, Y. Jiang, S. Yang, J. Hu, Z. Zhang et al., Template-
free synthesis of perovskite (PEA)2PbI4 nanowires by ion-
intercalation processing for single-nanowire photodetectors. 
J. Alloys Compd. 940, 168894 (2023). https:// doi. org/ 10. 
1016/j. jallc om. 2023. 168894

 226. X. Lu, J. Li, Y. Zhang, L. Zhang, H. Chen et al., Template-
confined oriented perovskite nanowire arrays enable polariza-
tion detection and imaging. ACS Appl. Mater. Interfaces 16, 
24976–24986 (2024). https:// doi. org/ 10. 1021/ acsami. 4c044 
55

 227. Q. Lv, X. Shen, X. Li, Y. Meng, K.M. Yu et al., On-wire 
design of axial periodic halide perovskite superlattices for 
high-performance photodetection. ACS Nano 18, 18022–
18035 (2024). https:// doi. org/ 10. 1021/ acsna no. 4c052 05

 228. C. Lu, Q. Dai, C. Tang, X. Wang, S. Xu, L. Sun, Y. Peng, 
W. Lv, Towards high photoresponse of perovskite nanowire/
copper phthalocyanine heterostructured photodetector. Nano-
technology 34, 495201 (2023). https:// doi. org/ 10. 1088/ 1361- 
6528/ acf502/ meta

 229. Y. Guan, C. Zhang, Z. Liu, Y. Zhao, A. Ren et al., Single-
crystalline perovskite p-n junction nanowire arrays for ultra-
sensitive photodetection. Adv. Mater. 34, e2203201 (2022). 
https:// doi. org/ 10. 1002/ adma. 20220 3201

https://doi.org/10.1002/smll.202301386
https://doi.org/10.1002/smll.202301386
https://doi.org/10.1021/acsami.3c18659
https://doi.org/10.1021/acsami.3c18659
https://doi.org/10.1016/j.jmst.2023.03.032
https://doi.org/10.1016/j.nanoen.2021.106815
https://doi.org/10.1016/j.coco.2021.101032
https://doi.org/10.1063/5.0073706
https://doi.org/10.1002/adfm.202105051
https://doi.org/10.1002/adfm.202101480
https://doi.org/10.1002/adfm.202101480
https://doi.org/10.1002/admi.202002053
https://doi.org/10.1039/c9tc00138g
https://doi.org/10.1039/c9tc00138g
https://doi.org/10.1021/acsnano.8b01999
https://doi.org/10.1021/acsnano.8b01999
https://doi.org/10.1002/adma.201702759
https://doi.org/10.1002/adma.201702759
https://doi.org/10.1016/j.jallcom.2021.159589
https://doi.org/10.1016/j.jechem.2020.12.003
https://doi.org/10.1002/adfm.202011251
https://doi.org/10.1002/adfm.202011251
https://doi.org/10.1039/c9ta01160a
https://doi.org/10.1007/s40820-018-0210-8
https://doi.org/10.1007/s40820-018-0210-8
https://doi.org/10.1021/acsanm.4c01381
https://doi.org/10.1021/acsanm.4c01381
https://doi.org/10.1002/adma.202310427
https://doi.org/10.1002/adma.202310427
https://doi.org/10.1016/j.jmst.2024.04.031
https://doi.org/10.1016/j.jmst.2024.04.031
https://doi.org/10.1016/j.jallcom.2023.168894
https://doi.org/10.1016/j.jallcom.2023.168894
https://doi.org/10.1021/acsami.4c04455
https://doi.org/10.1021/acsami.4c04455
https://doi.org/10.1021/acsnano.4c05205
https://doi.org/10.1088/1361-6528/acf502/meta
https://doi.org/10.1088/1361-6528/acf502/meta
https://doi.org/10.1002/adma.202203201


Nano-Micro Lett.           (2025) 17:28  Page 57 of 63    28 

 230. D. Wu, Y. Xu, H. Zhou, X. Feng, J. Zhang et al., Ultrasensi-
tive, flexible perovskite nanowire photodetectors with long-
term stability exceeding 5000 h. InfoMat 4, e12320 (2022). 
https:// doi. org/ 10. 1002/ inf2. 12320

 231. D. Zhang, Y. Zhu, Q. Zhang, B. Ren, B. Cao et al., Vertical 
heterogeneous integration of metal halide perovskite quan-
tum-wires/nanowires for flexible narrowband photodetectors. 
Nano Lett. 22, 3062–3070 (2022). https:// doi. org/ 10. 1021/ 
acs. nanol ett. 2c003 83

 232. Z. Gao, H. Zhou, K. Dong, C. Wang, J. Wei et al., Defect 
passivation on lead-free  CsSnI3 perovskite nanowires enables 
high-performance photodetectors with ultra-high stability. 
Nano-Micro Lett. 14, 215 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00964-9

 233. G. Wang, B. Han, C.H. Mak, J. Liu, B. Liu et al., Mixed-
dimensional van der waals heterostructure for high-perfor-
mance and air-stable perovskite nanowire photodetectors. 
ACS Appl. Mater. Interfaces 14, 55183–55191 (2022). 
https:// doi. org/ 10. 1021/ acsami. 2c151 39

 234. M. Yuan, Y. Zhao, J. Feng, H. Gao, J. Zhao et al., Ultrasen-
sitive photodetectors based on strongly interacted layered-
perovskite nanowires. ACS Appl. Mater. Interfaces 14, 
1601–1608 (2022). https:// doi. org/ 10. 1021/ acsami. 1c208 51

 235. Y. Zhao, Y. Qiu, J. Feng, J. Zhao, G. Chen et al., Chiral 
2D-perovskite nanowires for stokes photodetectors. J. Am. 
Chem. Soc. 143, 8437–8445 (2021). https:// doi. org/ 10. 1021/ 
jacs. 1c026 75

 236. Y. Zhao, Y. Qiu, H. Gao, J. Feng, G. Chen et al., Layered-
perovskite nanowires with long-range orientational order 
for ultrasensitive photodetectors. Adv. Mater. 32, e1905298 
(2020). https:// doi. org/ 10. 1002/ adma. 20190 5298

 237. G. Li, R. Gao, Y. Han, A. Zhai, Y. Liu et al., High detectiv-
ity photodetectors based on perovskite nanowires with sup-
pressed surface defects. Photon. Res. 8, 1862 (2020). https:// 
doi. org/ 10. 1364/ prj. 403030

 238. M. Han, J. Sun, M. Peng, N. Han, Z. Chen et al., Controllable 
growth of lead-free all-inorganic perovskite nanowire array 
with fast and stable near-infrared photodetection. J. Phys. 
Chem. C 123, 17566–17573 (2019). https:// doi. org/ 10. 1021/ 
acs. jpcc. 9b032 89

 239. F. Cao, W. Tian, M. Wang, H. Cao, L. Li, Semitransparent, 
flexible, and self-powered photodetectors based on ferroe-
lectricity-assisted perovskite nanowire arrays. Adv. Funct. 
Mater. 29, 1901280 (2019). https:// doi. org/ 10. 1002/ adfm. 
20190 1280

 240. I.M. Asuo, P. Fourmont, I. Ka, D. Gedamu, S. Bouzidi et al., 
Highly efficient and ultrasensitive large-area flexible photo-
detector based on perovskite nanowires. Small 15, e1804150 
(2019). https:// doi. org/ 10. 1002/ smll. 20180 4150

 241. J. Feng, C. Gong, H. Gao, W. Wen, Y. Gong et al., Single-
crystalline layered metal-halide perovskite nanowires for 
ultrasensitive photodetectors. Nat. Electron. 1, 404–410 
(2018). https:// doi. org/ 10. 1038/ s41928- 018- 0101-5

 242. L. Gao, K. Zeng, J. Guo, C. Ge, J. Du et al., Passivated sin-
gle-crystalline  CH3NH3PbI3 nanowire photodetector with 
high detectivity and polarization sensitivity. Nano Lett. 16, 

7446–7454 (2016). https:// doi. org/ 10. 1021/ acs. nanol ett. 
6b031 19

 243. W. Deng, X. Zhang, L. Huang, X. Xu, L. Wang et al., Aligned 
single-crystalline perovskite microwire arrays for high-per-
formance flexible image sensors with long-term stability. 
Adv. Mater. 28, 2201–2208 (2016). https:// doi. org/ 10. 1002/ 
adma. 20150 5126

 244. E. Horváth, M. Spina, Z. Szekrényes, K. Kamarás, R. 
Gaal et  al., Nanowires of methylammonium lead iodide 
 (CH3NH3PbI3) prepared by low temperature solution-
mediated crystallization. Nano Lett. 14, 6761–6766 (2014). 
https:// doi. org/ 10. 1021/ nl502 0684

 245. K.S.R. Bapathi, M.F. Abdelbar, W. Jevasuwan, Q. Zhang, 
P.H. Borse et  al., Enhancing silicon photodetector per-
formance through spectral downshifting using core-shell 
CdZnS/ZnS and perovskite  CsPbBr3 quantum dots. Nano 
Energy 128, 109832 (2024). https:// doi. org/ 10. 1016/j. nanoen. 
2024. 109832

 246. Y. Wu, S. Dai, X. Liu, P. Guo, J. Zhang et al., Optical micro-
lithography of perovskite quantum dots/organic semicon-
ductor heterojunctions for neuromorphic photosensors. Adv. 
Funct. Mater. 34, 2315175 (2024). https:// doi. org/ 10. 1002/ 
adfm. 20231 5175

 247. M. Jeong, S.G. Han, B. Park, J. Choi, S. Chung et al., Enhanc-
ing photocurrent efficiency in filter-less NIR organic photo-
detectors through a photomultiplication-inducing perovskite 
quantum dot interlayer. Adv. Optical Mater. 12, 2303308 
(2024). https:// doi. org/ 10. 1002/ adom. 20230 3308

 248. X. Guan, C.-Y. Huang, L. Hu, D. Periyanagounder, Z. Lei 
et al., Perovskite quantum dots embedded paper photode-
tectors with high flexibility and self-powered operation. J. 
Mater. Chem. C 12, 5784–5792 (2024). https:// doi. org/ 10. 
1039/ d4tc0 0508b

 249. S. Liao, M. Chen, J. Li, R. Zhang, Y. Yang, High-perfor-
mance photodetectors based on low-defect  CsPb1-xZnxBr3 
quantum dots. J. Mater. Sci. Mater. Electron. 35, 715 (2024). 
https:// doi. org/ 10. 1007/ s10854- 024- 12488-6

 250. H. Zhou, M. Chen, C. Liu, R. Zhang, J. Li et al., Interfacial 
passivation of  CsPbI3 quantum dots improves the perfor-
mance of hole-transport-layer-free perovskite photodetec-
tors. Discov. Nano 18, 11 (2023). https:// doi. org/ 10. 1186/ 
s11671- 023- 03793-w

 251. S.-J. Jeong, S. Cho, B. Moon, J.A. Teku, M.-H. Jeong et al., 
Zero dimensional–two dimensional hybrid photodetectors 
using multilayer  MoS2 and lead halide perovskite quantum 
dots with a tunable bandgap. ACS Appl. Mater. Interfaces 15, 
5432–5438 (2023). https:// doi. org/ 10. 1021/ acsami. 2c172 00

 252. Y. Wang, S. Bai, H. Liang, C. Li, J. Sun et al., Cesium tin 
halide perovskite quantum dots for high-performance ultra-
violet photodetectors. J. Lumin. 257, 119700 (2023). https:// 
doi. org/ 10. 1016/j. jlumin. 2023. 119700

 253. B. Yang, P. Guo, D. Hao, Y. Wang, L. Li et al., Self-powered 
photodetectors based on  CsPbBr3 quantum dots/organic semi-
conductors/SnO2 heterojunction for weak light detection. Sci. 
China Mater. 66, 716–723 (2023). https:// doi. org/ 10. 1007/ 
s40843- 022- 2155-0

https://doi.org/10.1002/inf2.12320
https://doi.org/10.1021/acs.nanolett.2c00383
https://doi.org/10.1021/acs.nanolett.2c00383
https://doi.org/10.1007/s40820-022-00964-9
https://doi.org/10.1007/s40820-022-00964-9
https://doi.org/10.1021/acsami.2c15139
https://doi.org/10.1021/acsami.1c20851
https://doi.org/10.1021/jacs.1c02675
https://doi.org/10.1021/jacs.1c02675
https://doi.org/10.1002/adma.201905298
https://doi.org/10.1364/prj.403030
https://doi.org/10.1364/prj.403030
https://doi.org/10.1021/acs.jpcc.9b03289
https://doi.org/10.1021/acs.jpcc.9b03289
https://doi.org/10.1002/adfm.201901280
https://doi.org/10.1002/adfm.201901280
https://doi.org/10.1002/smll.201804150
https://doi.org/10.1038/s41928-018-0101-5
https://doi.org/10.1021/acs.nanolett.6b03119
https://doi.org/10.1021/acs.nanolett.6b03119
https://doi.org/10.1002/adma.201505126
https://doi.org/10.1002/adma.201505126
https://doi.org/10.1021/nl5020684
https://doi.org/10.1016/j.nanoen.2024.109832
https://doi.org/10.1016/j.nanoen.2024.109832
https://doi.org/10.1002/adfm.202315175
https://doi.org/10.1002/adfm.202315175
https://doi.org/10.1002/adom.202303308
https://doi.org/10.1039/d4tc00508b
https://doi.org/10.1039/d4tc00508b
https://doi.org/10.1007/s10854-024-12488-6
https://doi.org/10.1186/s11671-023-03793-w
https://doi.org/10.1186/s11671-023-03793-w
https://doi.org/10.1021/acsami.2c17200
https://doi.org/10.1016/j.jlumin.2023.119700
https://doi.org/10.1016/j.jlumin.2023.119700
https://doi.org/10.1007/s40843-022-2155-0
https://doi.org/10.1007/s40843-022-2155-0


 Nano-Micro Lett.           (2025) 17:28    28  Page 58 of 63

https://doi.org/10.1007/s40820-024-01501-6© The authors

 254. M. Jeong, S.G. Han, W. Sung, S. Kim, J. Min et al., Photo-
multiplication-type organic photodetectors with high EQE-
bandwidth product by introducing a perovskite quantum dot 
interlayer. Adv. Funct. Mater. 33, 2300695 (2023). https:// doi. 
org/ 10. 1002/ adfm. 20230 0695

 255. M. Kim, G. Bae, K.N. Kim, H.-K. Jo, D.S. Song et al., Per-
ovskite quantum dot-induced monochromatization for broad-
band photodetection of wafer-scale molybdenum disulfide. 
npg Asia Mater. 14, 89 (2022). https:// doi. org/ 10. 1038/ 
s41427- 022- 00435-y

 256. K. Chen, X. Zhang, P.-A. Chen, J. Guo, M. He et al., Solu-
tion-processed  CsPbBr3 quantum dots/organic semiconductor 
planar heterojunctions for high-performance photodetectors. 
Adv. Sci. 9, e2105856 (2022). https:// doi. org/ 10. 1002/ advs. 
20210 5856

 257. J.-F. Tang, Y.-D. Sie, Z.-L. Tseng, J.-H. Lin, L.-C. Chen 
et al., Perovskite quantum dot–ZnO nanowire composites for 
ultraviolet–visible photodetectors. ACS Appl. Nano Mater. 5, 
7237–7245 (2022). https:// doi. org/ 10. 1021/ acsanm. 2c011 45

 258. H. Li, Z. Li, S. Liu, M. Li, X. Wen et al., High performance 
hybrid MXene nanosheet/CsPbBr3 quantum dot photodetec-
tors with an excellent stability. J. Alloys Compd. 895, 162570 
(2022). https:// doi. org/ 10. 1016/j. jallc om. 2021. 162570

 259. J. Zheng, J. Jiang, W. Di, Q. Xie, X. Wu et al., Hybrid gra-
phene-perovskite quantum dot photodetectors with solar-
blind UV and visible light response. IEEE Photonics Techn. 
Lett. 34, 101–104 (2021). https:// ieeex plore. ieee. org/ abstr act/ 
docum ent/ 96585 65

 260. J. Qiao, F. Feng, S. Song, T. Wang, M. Shen et al., Perovskite 
quantum dot-Ta2NiSe5 mixed-dimensional van der Waals het-
erostructures for high-performance near-infrared photodetec-
tion. Adv. Funct. Mater. 32, 2110706 (2022). https:// doi. org/ 
10. 1002/ adfm. 20211 0706

 261. F.A. Chowdhury, B. Pradhan, Y. Ding, A. Towers, A. Ges-
quiere et al., Perovskite quantum dot-reduced graphene oxide 
superstructure for efficient photodetection. ACS Appl. Mater. 
Interfaces 12, 45165–45173 (2020). https:// doi. org/ 10. 1021/ 
acsami. 0c119 66

 262. S. Yan, Q. Li, X. Zhang, S. Tang, W. Lei et al., A vertical 
structure photodetector based on all-inorganic perovskite 
quantum dots. J. Soc. Inf. Disp. 28, 9–15 (2020). https:// doi. 
org/ 10. 1002/ jsid. 853

 263. M.I. Saleem, S. Yang, R. Zhi, M. Sulaman, P.V. Chandrasekar 
et al., Surface engineering of all-inorganic perovskite quan-
tum dots with quasi Core−Shell technique for high-perfor-
mance photodetectors. Adv. Mater. Interfaces 7, 2000360 
(2020). https:// doi. org/ 10. 1002/ admi. 20200 0360

 264. K. Shen, H. Xu, X. Li, J. Guo, S. Sathasivam et al., Flexible 
and self-powered photodetector arrays based on all-inorganic 
 CsPbBr3 quantum dots. Adv. Mater. 32, 2000004 (2020). 
https:// doi. org/ 10. 1002/ adma. 20200 0004

 265. C. Bi, S.V. Kershaw, A.L. Rogach, J. Tian, Improved stability 
and photodetector performance of  CsPbI3 perovskite quantum 
dots by ligand exchange with aminoethanethiol. Adv. Funct. 

Mater. 29, 1902446 (2019). https:// doi. org/ 10. 1002/ adfm. 
20190 2446

 266. T. Zou, X. Liu, R. Qiu, Y. Wang, S. Huang et al., Enhanced 
UV-C detection of perovskite photodetector arrays via inor-
ganic  CsPbBr3 quantum dot down-conversion layer. Adv. 
Opt. Mater. 7, 1801812 (2019). https:// doi. org/ 10. 1002/ adom. 
20180 1812

 267. T. Noh, H.S. Shin, C. Seo, J.Y. Kim, J. Youn et al., Significant 
enhancement of photoresponsive characteristics and mobility 
of  MoS2-based transistors through hybridization with perovs-
kite  CsPbBr3 quantum dots. Nano Res. 12, 405–412 (2019). 
https:// doi. org/ 10. 1007/ s12274- 018- 2230-6

 268. R. Pan, H. Li, J. Wang, X. Jin, Q. Li et al., High-responsivity 
photodetectors based on formamidinium lead halide perovs-
kite quantum dot–graphene hybrid. Part. Part. Syst. Charact. 
35, 1700304 (2018). https:// doi. org/ 10. 1002/ ppsc. 20170 0304

 269. H. Wu, H. Si, Z. Zhang, Z. Kang, P. Wu et al., All-inorganic 
perovskite quantum dot-monolayer  MoS2 mixed-dimensional 
van der Waals heterostructure for ultrasensitive photodetec-
tor. Adv. Sci. 5, 1801219 (2018). https:// doi. org/ 10. 1002/ 
advs. 20180 1219

 270. H. Wu, Z. Kang, Z. Zhang, Z. Zhang, H. Si et al., Interfa-
cial charge behavior modulation in perovskite quantum dot-
monolayer  MoS2 0D–2D mixed-dimensional van der Waals 
heterostructures. Adv. Funct. Mater. 28, 1802015 (2018). 
https:// doi. org/ 10. 1002/ adfm. 20180 2015

 271. C. Zou, Y. Xi, C.-Y. Huang, E.G. Keeler, T. Feng et al., A 
highly sensitive UV–vis–NIR all-inorganic perovskite quan-
tum dot phototransistor based on a layered heterojunction. 
Adv. Opt. Mater. 6, 1800324 (2018). https:// doi. org/ 10. 1002/ 
adom. 20180 0324

 272. Z. Zheng, F. Zhuge, Y. Wang, J. Zhang, L. Gan et al., Deco-
rating perovskite quantum dots in  TiO2 nanotubes array for 
broadband response photodetector. Adv. Funct. Mater. 27, 
1703115 (2017). https:// doi. org/ 10. 1002/ adfm. 20170 3115

 273. T.-T. Duong, P.-N. Tran, T.-P. Van, D.-H. Nguyen, V.-D. Tran, 
A dense, Pinholes-free pure cubic phase  CsPbBr3 nanocrys-
tals film for high-performance photodetector. Electron. 
Mater. Lett. 20, 217–223 (2024). https:// doi. org/ 10. 1007/ 
s13391- 023- 00448-x

 274. A. Lalita, H. Yadav, G. Sharma, R.A. Gupta et al., Bismuth 
sulfide quantum dots-CsPbBr3 perovskite nanocrystals het-
erojunction for enhanced broadband photodetection. Nano 
Ex. 5, 025028 (2024). https:// doi. org/ 10. 1088/ 2632- 959x/ 
ad52b2

 275. S. Mamgain, A. Yella, Dynamics of interfacial charge trans-
fer between  CsPbBr3 perovskite nanocrystals and molecular 
acceptors for photodetection application. Nanotechnology 35, 
165202 (2024). https:// doi. org/ 10. 1088/ 1361- 6528/ ad1afe/ 
meta

 276. A. Suhail, A. Saini, S. Beniwal, M. Bag, Tunable optoelec-
tronic properties of  CsPbBr3 perovskite nanocrystals for pho-
todetectors applications. J. Phys. Chem. C 127, 17298–17306 
(2023). https:// doi. org/ 10. 1021/ acs. jpcc. 3c048 56

https://doi.org/10.1002/adfm.202300695
https://doi.org/10.1002/adfm.202300695
https://doi.org/10.1038/s41427-022-00435-y
https://doi.org/10.1038/s41427-022-00435-y
https://doi.org/10.1002/advs.202105856
https://doi.org/10.1002/advs.202105856
https://doi.org/10.1021/acsanm.2c01145
https://doi.org/10.1016/j.jallcom.2021.162570
https://ieeexplore.ieee.org/abstract/document/9658565
https://ieeexplore.ieee.org/abstract/document/9658565
https://doi.org/10.1002/adfm.202110706
https://doi.org/10.1002/adfm.202110706
https://doi.org/10.1021/acsami.0c11966
https://doi.org/10.1021/acsami.0c11966
https://doi.org/10.1002/jsid.853
https://doi.org/10.1002/jsid.853
https://doi.org/10.1002/admi.202000360
https://doi.org/10.1002/adma.202000004
https://doi.org/10.1002/adfm.201902446
https://doi.org/10.1002/adfm.201902446
https://doi.org/10.1002/adom.201801812
https://doi.org/10.1002/adom.201801812
https://doi.org/10.1007/s12274-018-2230-6
https://doi.org/10.1002/ppsc.201700304
https://doi.org/10.1002/advs.201801219
https://doi.org/10.1002/advs.201801219
https://doi.org/10.1002/adfm.201802015
https://doi.org/10.1002/adom.201800324
https://doi.org/10.1002/adom.201800324
https://doi.org/10.1002/adfm.201703115
https://doi.org/10.1007/s13391-023-00448-x
https://doi.org/10.1007/s13391-023-00448-x
https://doi.org/10.1088/2632-959x/ad52b2
https://doi.org/10.1088/2632-959x/ad52b2
https://doi.org/10.1088/1361-6528/ad1afe/meta
https://doi.org/10.1088/1361-6528/ad1afe/meta
https://doi.org/10.1021/acs.jpcc.3c04856


Nano-Micro Lett.           (2025) 17:28  Page 59 of 63    28 

 277. H. Lee, H. Han, C. Park, J.W. Oh, H.H. Kim et al., Halide per-
ovskite nanocrystal-enabled stabilization of transition metal 
dichalcogenide nanosheets. Small 18, e2106035 (2022). 
https:// doi. org/ 10. 1002/ smll. 20210 6035

 278. Y. Liu, W. Gong, F. Xiang, Y. Li, H. Guo et al., High-per-
formance self-powered photodetectors with space-confined 
hybrid lead halide perovskite nanocrystals. Adv. Optical 
Mater. 11, 2202215 (2023). https:// doi. org/ 10. 1002/ adom. 
20220 2215

 279. S. Liu, S. Jiao, H. Lu, S. Yang, Y. Zhao et  al., A hole 
transport layer-free, more thermally stable, self-powered 
 CH3NH3PbBr3-based multiband imaging photodetector 
with novel topological insulator  Bi2Te3 electrodes. Adv. Opt. 
Mater. 10, 2201018 (2022). https:// doi. org/ 10. 1002/ adom. 
20220 1018

 280. S. Qiao, Y. Liu, J. Liu, G. Fu, S. Wang, High-responsivity, 
fast, and self-powered narrowband perovskite heterojunction 
photodetectors with a tunable response range in the visible 
and near-infrared region. ACS Appl. Mater. Interfaces 13, 
34625–34636 (2021). https:// doi. org/ 10. 1021/ acsami. 1c096 
42

 281. Y. Han, R. Wen, F. Zhang, L. Shi, W. Wang et al., Photodetec-
tor based on  CsPbBr3/Cs4PbBr6 composite nanocrystals with 
high detectivity. Crystals 11, 1287 (2021). https:// doi. org/ 10. 
3390/ cryst 11111 287

 282. X. Pan, J. Zhang, H. Zhou, R. Liu, D. Wu et al., Single-
layer ZnO hollow hemispheres enable high-performance 
self-powered perovskite photodetector for optical commu-
nication. Nano-Micro Lett. 13, 70 (2021). https:// doi. org/ 10. 
1007/ s40820- 021- 00596-5

 283. X. Zhang, X. Dong, S. Wang, H. Liu, W. Hu et al., A self-
powered photodetector based on polarization-driven in 
 CH3NH3PbI3 single crystal (100) plane. Chem. Eng. J. 404, 
125957 (2021). https:// doi. org/ 10. 1016/j. cej. 2020. 125957

 284. D. Liu, B.-B. Yu, M. Liao, Z. Jin, L. Zhou et al., Self-powered 
and broadband lead-free inorganic perovskite photodetector 
with high stability. ACS Appl. Mater. Interfaces 12, 30530–
30537 (2020). https:// doi. org/ 10. 1021/ acsami. 0c056 36

 285. R. Ray, N. Nakka, S.K. Pal, High-performance perovskite 
photodetectors based on  CH3NH3PbBr3 quantum dot/TiO2 
heterojunction. Nanotechnology 32, 085201 (2020). https:// 
doi. org/ 10. 1088/ 1361- 6528/ abc8b2/ meta

 286. M. Wang, F. Cao, L. Meng, W. Tian, L. Li, High-performance 
flexible self-powered photodetector based on perovskite and 
low-temperature processed  In2S3 nanoflake film. Adv. Mater. 
Interfaces 6, 1801526 (2019). https:// doi. org/ 10. 1002/ admi. 
20180 1526

 287. S. Wang, L. Li, W. Weng, C. Ji, X. Liu et al., Trilayered 
lead chloride perovskite ferroelectric affording self-powered 
visible-blind ultraviolet photodetection with large zero-bias 
photocurrent. J. Am. Chem. Soc. 142, 55–59 (2020). https:// 
doi. org/ 10. 1021/ jacs. 9b109 19

 288. J. Zhang, Q. Wang, X. Zhang, J. Jiang, Z. Gao et al., High-
performance transparent ultraviolet photodetectors based 
on inorganic perovskite  CsPbCl3 nanocrystals. RSC Adv. 7, 
36722–36727 (2017). https:// doi. org/ 10. 1039/ C7RA0 6597C

 289. M. Cao, J. Tian, Z. Cai, L. Peng, L. Yang et al., Perovskite 
heterojunction based on  CH3NH3PbBr3 single crystal for 
high-sensitive self-powered photodetector. Appl. Phys. Lett. 
109, 233303 (2016). https:// doi. org/ 10. 1063/1. 49717 72

 290. X. Li, D. Yu, F. Cao, Y. Gu, Y. Wei et al., Healing all-inor-
ganic perovskite films via recyclable dissolution–recyrstal-
lization for compact and smooth carrier channels of opto-
electronic devices with high stability. Adv. Funct. Mater. 26, 
5903–5912 (2016). https:// doi. org/ 10. 1002/ adfm. 20160 1571

 291. P. Ramasamy, D.-H. Lim, B. Kim, S.-H. Lee, M.-S. Lee et al., 
All-inorganic cesium lead halide perovskite nanocrystals for 
photodetector applications. Chem. Commun. 52, 2067–2070 
(2016). https:// doi. org/ 10. 1039/ C5CC0 8643D

 292. G. Maculan, A.D. Sheikh, A.L. Abdelhady, M.I. Saidami-
nov, M.A. Haque et al.,  CH3NH3PbCl3 single crystals: inverse 
temperature crystallization and visible-blind UV-photodetec-
tor. J. Phys. Chem. Lett. 6, 3781–3786 (2015). https:// doi. org/ 
10. 1021/ acs. jpcle tt. 5b016 66

 293. H. Lu, W. Wu, Z. He, X. Han, C. Pan, Recent progress in 
construction methods and applications of perovskite photode-
tector arrays. Nanoscale Horiz. 8, 1014–1033 (2023). https:// 
doi. org/ 10. 1039/ d3nh0 0119a

 294. C. Ma, D. Shen, J. Qing, T.-W. Ng, M.-F. Lo et al., Heat 
treatment for regenerating degraded low-dimensional perovs-
kite solar cells. ACS Appl. Mater. Interfaces 10, 4860–4865 
(2018). https:// doi. org/ 10. 1021/ acsami. 7b150 59

 295. K. Meng, X. Wang, Z. Li, Z. Liu, Z. Qiao et al., Self-passi-
vation of low-dimensional hybrid halide perovskites guided 
by structural characteristics and degradation kinetics. Energy 
Environ. Sci. 14, 2357–2368 (2021). https:// doi. org/ 10. 1039/ 
d0ee0 3836a

 296. K. Meng, X. Wang, Q. Xu, Z. Li, Z. Liu et al., In situ obser-
vation of crystallization dynamics and grain orientation in 
sequential deposition of metal halide perovskites. Adv. Funct. 
Mater. 29, 1902319 (2019). https:// doi. org/ 10. 1002/ adfm. 
20190 2319

 297. E.J. Juarez-Perez, L.K. Ono, Y. Qi, Thermal degradation 
of formamidinium based lead halide perovskites into sym-
triazine and hydrogen cyanide observed by coupled thermo-
gravimetry-mass spectrometry analysis. J. Mater. Chem. A 7, 
16912–16919 (2019). https:// doi. org/ 10. 1039/ c9ta0 6058h

 298. T. Soto-Montero, W. Soltanpoor, M. Morales-Masis, Pressing 
challenges of halide perovskite thin film growth. APL Mater. 
8, 110903 (2020). https:// doi. org/ 10. 1063/5. 00275 73

 299. E. Akman, A.E. Shalan, F. Sadegh, S. Akin, Moisture-resist-
ant  FAPbI3 perovskite solar cell with 22.25% power conver-
sion efficiency through pentafluorobenzyl phosphonic acid 
passivation. ChemSusChem 14, 1176–1183 (2021). https:// 
doi. org/ 10. 1002/ cssc. 20200 2707

 300. C.V.M. Vijila, K.R. Kumar, M.K. Jayaraj, Morphology evolu-
tion towards ultra-stable mixed tin-lead perovskite via com-
positional engineering. Solid State Sci. 115, 106586 (2021). 
https:// doi. org/ 10. 1016/j. solid state scien ces. 2021. 106586

 301. H. Chen, F. Zhou, Z. Jin, Interface engineering, the 
trump-card for  CsPbX3 (X=I, Br) perovskite solar cells 

https://doi.org/10.1002/smll.202106035
https://doi.org/10.1002/adom.202202215
https://doi.org/10.1002/adom.202202215
https://doi.org/10.1002/adom.202201018
https://doi.org/10.1002/adom.202201018
https://doi.org/10.1021/acsami.1c09642
https://doi.org/10.1021/acsami.1c09642
https://doi.org/10.3390/cryst11111287
https://doi.org/10.3390/cryst11111287
https://doi.org/10.1007/s40820-021-00596-5
https://doi.org/10.1007/s40820-021-00596-5
https://doi.org/10.1016/j.cej.2020.125957
https://doi.org/10.1021/acsami.0c05636
https://doi.org/10.1088/1361-6528/abc8b2/meta
https://doi.org/10.1088/1361-6528/abc8b2/meta
https://doi.org/10.1002/admi.201801526
https://doi.org/10.1002/admi.201801526
https://doi.org/10.1021/jacs.9b10919
https://doi.org/10.1021/jacs.9b10919
https://doi.org/10.1039/C7RA06597C
https://doi.org/10.1063/1.4971772
https://doi.org/10.1002/adfm.201601571
https://doi.org/10.1039/C5CC08643D
https://doi.org/10.1021/acs.jpclett.5b01666
https://doi.org/10.1021/acs.jpclett.5b01666
https://doi.org/10.1039/d3nh00119a
https://doi.org/10.1039/d3nh00119a
https://doi.org/10.1021/acsami.7b15059
https://doi.org/10.1039/d0ee03836a
https://doi.org/10.1039/d0ee03836a
https://doi.org/10.1002/adfm.201902319
https://doi.org/10.1002/adfm.201902319
https://doi.org/10.1039/c9ta06058h
https://doi.org/10.1063/5.0027573
https://doi.org/10.1002/cssc.202002707
https://doi.org/10.1002/cssc.202002707
https://doi.org/10.1016/j.solidstatesciences.2021.106586


 Nano-Micro Lett.           (2025) 17:28    28  Page 60 of 63

https://doi.org/10.1007/s40820-024-01501-6© The authors

development. Nano Energy 79, 105490 (2021). https:// doi. 
org/ 10. 1016/j. nanoen. 2020. 105490

 302. S. Shao, M.A. Loi, The role of the interfaces in perovskite 
solar cells. Adv. Mater. Interfaces 7, 1901469 (2020). https:// 
doi. org/ 10. 1002/ admi. 20190 1469

 303. H. Choi, K. Choi, Y. Choi, T. Kim, S. Lim et al., A review on 
reducing grain boundaries and morphological improvement 
of perovskite solar cells from methodology and material-
based perspectives. Small Meth. 4, 1900569 (2020). https:// 
doi. org/ 10. 1002/ smtd. 20190 0569

 304. Y. Bi, E.M. Hutter, Y. Fang, Q. Dong, J. Huang et al., Charge 
carrier lifetimes exceeding 15 μs in methylammonium lead 
iodide single crystals. J. Phys. Chem. Lett. 7, 923–928 
(2016). https:// doi. org/ 10. 1021/ acs. jpcle tt. 6b002 69

 305. Z. Lai, R. Dong, Q. Zhu, Y. Meng, F. Wang et al., Bication-
mediated quasi-2D halide perovskites for high-performance 
flexible photodetectors: from Ruddlesden–Popper type to 
Dion-Jacobson type. ACS Appl. Mater. Interfaces 12, 39567–
39577 (2020). https:// doi. org/ 10. 1021/ acsami. 0c096 51

 306. Y.A. Amador-Sánchez, B. Vargas, J.E. Romero-Ibarra, R. 
Mendoza-Cruz, E. Ramos et al., Surfactant-tail control of 
 CsPbBr3 nanocrystal morphology. Nanoscale Horiz. 9, 
472–478 (2024). https:// doi. org/ 10. 1039/ d3nh0 0409k

 307. A. Soosaimanickam, A. Saura, N. Farinós, R. Abargues, 
Influence of binary ligands in designing cesium lead halide 
 (CsPbX3, X = Cl, Br, I) perovskite nanocrystals-oleic acid 
and oleylamine. Nanoenergy Adv. 3, 376–400 (2023). https:// 
doi. org/ 10. 3390/ nanoe nergy adv30 40019

 308. S. Seth, A. Samanta, A facile methodology for engineering 
the morphology of  CsPbX3 perovskite nanocrystals under 
ambient condition. Sci. Rep. 6, 37693 (2016). https:// doi. org/ 
10. 1038/ srep3 7693

 309. R. Grisorio, M.E. Di Clemente, E. Fanizza, I. Allegretta, D. 
Altamura et al., Exploring the surface chemistry of cesium 
lead halide perovskite nanocrystals. Nanoscale 11, 986–999 
(2019). https:// doi. org/ 10. 1039/ C8NR0 8011A

 310. F. Krieg, Q.K. Ong, M. Burian, G. Rainò, D. Naumenko et al., 
Stable ultraconcentrated and ultradilute colloids of  CsPbX3 
(X = Cl, Br) nanocrystals using natural lecithin as a capping 
ligand. J. Am. Chem. Soc. 141, 19839–19849 (2019). https:// 
doi. org/ 10. 1021/ jacs. 9b099 69

 311. N. Pradhan, Why do perovskite nanocrystals form nanocubes 
and how can their facets be tuned? A perspective from syn-
thetic prospects. ACS Energy Lett. 6, 92–99 (2021). https:// 
doi. org/ 10. 1021/ acsen ergyl ett. 0c020 99

 312. S. Bera, A. Patra, S. Shyamal, D. Nasipuri, N. Pradhan, Lead 
halide perovskite cube coupled star nanocrystal photocata-
lysts. ACS Energy Lett. 7, 3015–3023 (2022). https:// doi. org/ 
10. 1021/ acsen ergyl ett. 2c014 86

 313. J. Wu, S. Zhao, X. Chi, N. Sui, Z. Kang et al., Optical prop-
erty of inorganic halide perovskite hexagonal nanocrystals. 
J. Phys. Chem. C 125, 25044–25054 (2021). https:// doi. org/ 
10. 1021/ acs. jpcc. 1c066 76

 314. A. Pan, B. He, X. Fan, Z. Liu, J.J. Urban et al., Insight into 
the ligand-mediated synthesis of colloidal  CsPbBr3 perovs-
kite nanocrystals: the role of organic acid, base, and cesium 

precursors. ACS Nano 10, 7943–7954 (2016). https:// doi. org/ 
10. 1021/ acsna no. 6b038 63

 315. B. Zhang, L. Goldoni, J. Zito, Z. Dang, G. Almeida et al., 
Alkyl phosphonic acids deliver  CsPbBr3 nanocrystals with 
high photoluminescence quantum yield and truncated octa-
hedron shape. Chem. Mater. 31, 9140–9147 (2019). https:// 
doi. org/ 10. 1021/ acs. chemm ater. 9b035 29

 316. S. Bera, R.K. Behera, N. Pradhan, α-halo ketone for polyhe-
dral perovskite nanocrystals: evolutions, shape conversions, 
ligand chemistry, and self-assembly. J. Am. Chem. Soc. 142, 
20865–20874 (2020). https:// doi. org/ 10. 1021/ jacs. 0c106 88

 317. J. Ye, D. Gaur, C. Mi, Z. Chen, I.L. Fernández et al., Strongly-
confined colloidal lead-halide perovskite quantum dots: from 
synthesis to applications. Chem. Soc. Rev. (2024). https:// doi. 
org/ 10. 1039/ d4cs0 0077c

 318. N. Fiuza-Maneiro, K. Sun, I. López-Fernández, S. Gómez-
Graña, P. Müller-Buschbaum et al., Ligand chemistry of inor-
ganic lead halide perovskite nanocrystals. ACS Energy Lett. 
8, 1152–1191 (2023). https:// doi. org/ 10. 1021/ acsen ergyl ett. 
2c023 63

 319. S.-S. Rong, M.B. Faheem, Y.-B. Li, Perovskite single crys-
tals: Synthesis, properties, and applications. J. Electron. Sci. 
Technol. 19, 100081 (2021). https:// doi. org/ 10. 1016/j. jnlest. 
2021. 100081

 320. B. Diouf, A. Muley, R. Pode, Issues, challenges, and future 
perspectives of perovskites for energy conversion applica-
tions. Energies 16, 6498 (2023). https:// doi. org/ 10. 3390/ 
en161 86498

 321. P. Tamarat, M.I. Bodnarchuk, J.-B. Trebbia, R. Erni, M.V. 
Kovalenko et al., The ground exciton state of formamidinium 
lead bromide perovskite nanocrystals is a singlet dark state. 
Nat. Mater. 18, 717–724 (2019). https:// doi. org/ 10. 1038/ 
s41563- 019- 0364-x

 322. Z. Wang, C. Shan, C. Liu, X. Tang, D. Luo et al., In situ 
growth of perovskite single-crystal thin films with low trap 
density. Cell Rep. Phys. Sci. 4, 101363 (2023). https:// doi. 
org/ 10. 1016/j. xcrp. 2023. 101363

 323. R. Ding, C.K. Liu, Z. Wu, F. Guo, S.Y. Pang et al., A gen-
eral wet transferring approach for diffusion-facilitated space-
confined grown perovskite single-crystalline optoelectronic 
thin films. Nano Lett. 20, 2747–2755 (2020). https:// doi. org/ 
10. 1021/ acs. nanol ett. 0c003 79

 324. L.A.T. Nguyen, D.N. Minh, Y. Yuan, S. Samanta, L. Wang 
et  al., Pressure-induced fluorescence enhancement of 
 FAαPbBr2+α composite perovskites. Nanoscale 11, 5868–
5873 (2019). https:// doi. org/ 10. 1039/ c8nr0 9780a

 325. L. Wang, K. Wang, B. Zou, Pressure-induced structural and 
optical properties of organometal halide perovskite-based 
formamidinium lead bromide. J. Phys. Chem. Lett. 7, 2556–
2562 (2016). https:// doi. org/ 10. 1021/ acs. jpcle tt. 6b009 99

 326. X. Guo, Q. Han, J. Wang, S. Tian, R. Bai et al., Optoelec-
tronic devices of large-scale transferred all-inorganic lead 
halide perovskite thin films. ACS Appl. Mater. Interfaces 15, 
24606–24613 (2023). https:// doi. org/ 10. 1021/ acsami. 3c031 
91

https://doi.org/10.1016/j.nanoen.2020.105490
https://doi.org/10.1016/j.nanoen.2020.105490
https://doi.org/10.1002/admi.201901469
https://doi.org/10.1002/admi.201901469
https://doi.org/10.1002/smtd.201900569
https://doi.org/10.1002/smtd.201900569
https://doi.org/10.1021/acs.jpclett.6b00269
https://doi.org/10.1021/acsami.0c09651
https://doi.org/10.1039/d3nh00409k
https://doi.org/10.3390/nanoenergyadv3040019
https://doi.org/10.3390/nanoenergyadv3040019
https://doi.org/10.1038/srep37693
https://doi.org/10.1038/srep37693
https://doi.org/10.1039/C8NR08011A
https://doi.org/10.1021/jacs.9b09969
https://doi.org/10.1021/jacs.9b09969
https://doi.org/10.1021/acsenergylett.0c02099
https://doi.org/10.1021/acsenergylett.0c02099
https://doi.org/10.1021/acsenergylett.2c01486
https://doi.org/10.1021/acsenergylett.2c01486
https://doi.org/10.1021/acs.jpcc.1c06676
https://doi.org/10.1021/acs.jpcc.1c06676
https://doi.org/10.1021/acsnano.6b03863
https://doi.org/10.1021/acsnano.6b03863
https://doi.org/10.1021/acs.chemmater.9b03529
https://doi.org/10.1021/acs.chemmater.9b03529
https://doi.org/10.1021/jacs.0c10688
https://doi.org/10.1039/d4cs00077c
https://doi.org/10.1039/d4cs00077c
https://doi.org/10.1021/acsenergylett.2c02363
https://doi.org/10.1021/acsenergylett.2c02363
https://doi.org/10.1016/j.jnlest.2021.100081
https://doi.org/10.1016/j.jnlest.2021.100081
https://doi.org/10.3390/en16186498
https://doi.org/10.3390/en16186498
https://doi.org/10.1038/s41563-019-0364-x
https://doi.org/10.1038/s41563-019-0364-x
https://doi.org/10.1016/j.xcrp.2023.101363
https://doi.org/10.1016/j.xcrp.2023.101363
https://doi.org/10.1021/acs.nanolett.0c00379
https://doi.org/10.1021/acs.nanolett.0c00379
https://doi.org/10.1039/c8nr09780a
https://doi.org/10.1021/acs.jpclett.6b00999
https://doi.org/10.1021/acsami.3c03191
https://doi.org/10.1021/acsami.3c03191


Nano-Micro Lett.           (2025) 17:28  Page 61 of 63    28 

 327. H. Arora, R. Dong, T. Venanzi, J. Zscharschuch, H. Schneider 
et al., Demonstration of a broadband photodetector based on 
a two-dimensional metal-organic framework. Adv. Mater. 32, 
e1907063 (2020). https:// doi. org/ 10. 1002/ adma. 20190 7063

 328. M. Shkir, I.M. Ashraf, K.V. Chandekar, I.S. Yahia, A. Khan 
et al., A significant enhancement in visible-light photodetec-
tion properties of chemical spray pyrolysis fabricated CdS 
thin films by novel Eu doping concentrations. Sens. Actuat. 
A Phys. 301, 111749 (2020). https:// doi. org/ 10. 1016/j. sna. 
2019. 111749

 329. S. Dabbabi, T. Ben Nasr, N. Kamoun-Turki, Parameters 
optimization of CIGS solar cell using 2D physical modeling. 
Results Phys. 7, 4020–4024 (2017). https:// doi. org/ 10. 1016/j. 
rinp. 2017. 06. 057

 330. S. Alhammadi, H. Jung, S. Kwon, H. Park, J.-J. Shim et al., 
Effect of Gallium doping on CdS thin film properties and 
corresponding Cu(InGa)Se2/CdS: Ga solar cell performance. 
Thin Solid Films 660, 207–212 (2018). https:// doi. org/ 10. 
1016/j. tsf. 2018. 06. 014

 331. N. Ding, W. Xu, D. Zhou, G. Pan, D. Li et al., Upconversion 
ladder enabled super-sensitive narrowband near-infrared 
photodetectors based on rare earth doped florine perovskite 
nanocrystals. Nano Energy 76, 105103 (2020). https:// doi. 
org/ 10. 1016/j. nanoen. 2020. 105103

 332. D. Wu, Y. Zhang, C. Liu, Z. Sun, Z. Wang et al., Recent 
progress of narrowband perovskite photodetectors: funda-
mental physics and strategies. Adv. Devices Instrum. 4, 
0006 (2023). https:// doi. org/ 10. 34133/ adi. 0006

 333. X. Liu, L. Cao, Z. Guo, Y. Li, W. Gao et al., A review of 
perovskite photovoltaic materials’ synthesis and applica-
tions via chemical vapor deposition method. Materials 12, 
3304 (2019). https:// doi. org/ 10. 3390/ ma122 03304

 334. J. Wei, C. Shi, Y. Zhao, W. Zhou, H. Li et al., Potentials 
and challenges towards application of perovskite solar cells. 
Sci. China Mater. 9, 769–778 (2016). https:// doi. org/ 10. 
1007/ s40843- 016- 5082-4

 335. P. Jastrzebska-Perfect, W. Zhu, M. Saravanapavanan-
tham, Z. Li, S.O. Spector et al., On-site growth of per-
ovskite nanocrystal arrays for integrated nanodevices. 
Nat. Commun. 14, 3883 (2023). https:// doi. org/ 10. 1038/ 
s41467- 023- 39488-0

 336. Z. Ahmad, M.A. Najeeb, R.A. Shakoor, A. Alashraf, S.A. 
Al-Muhtaseb et al., Instability in  CH3NH3PbI3 perovskite 
solar cells due to elemental migration and chemical com-
position changes. Sci. Rep. 7, 15406 (2017). https:// doi. org/ 
10. 1038/ s41598- 017- 15841-4

 337. S. Wang, M.-H. Li, Y. Jiang, J.-S. Hu, Instability of solution-
processed perovskite films: origin and mitigation strategies. 
Mater. Futures 2, 012102 (2023). https:// doi. org/ 10. 1088/ 
2752- 5724/ acb838/ meta

 338. Y. Ding, I.S. Yang, Z. Li, X. Xia, W.I. Lee et al., Nanoporous 
 TiO2 spheres with tailored textural properties: controllable 
synthesis, formation mechanism, and photochemical applica-
tions. Prog. Mater. Sci. 109, 100620 (2020). https:// doi. org/ 
10. 1016/j. pmats ci. 2019. 100620

 339. J. Yao, S. Chen, Y. Chen, B. Wang, Q. Pei et al., Macrofib-
ers with high mechanical performance based on aligned bac-
terial cellulose nanofibers. ACS Appl. Mater. Interfaces 9, 
20330–20339 (2017). https:// doi. org/ 10. 1021/ acsami. 6b146 
50

 340. M.-H. Li, J.-J. Jhang, S.-M. Chen, J.-R. Chen, L.-S. Lu et al., 
Perovskite capped zno nanorods ultraviolet/visible broadband 
photodetectors. IEEE Trans. Nanotechn. 21, 499–504 (2022)

 341. L. Xu, L. Xu, J. Luo, Y. Yan, B.-E. Jia et al., Hybrid all-in-one 
power source based on high-performance spherical triboelec-
tric nanogenerators for harvesting environmental energy. Adv. 
Energy Mater. 10, 2001669 (2020). https:// doi. org/ 10. 1002/ 
aenm. 20200 1669

 342. Y. Dong, Y. Gu, Y. Zou, J. Song, L. Xu et al., Improving all-
inorganic perovskite photodetectors by preferred orientation 
and plasmonic effect. Small 12, 5622–5632 (2016). https:// 
doi. org/ 10. 1002/ smll. 20160 2366

 343. K.M. Sim, A. Swarnkar, A. Nag, D.S. Chung, Phase sta-
bilized α-CsPbI3 perovskite nanocrystals for photodiode 
applications. Laser Photonics Rev. 12, 1700209 (2018). 
https:// doi. org/ 10. 1002/ lpor. 20170 0209

 344. M. Shoaib, X. Zhang, X. Wang, H. Zhou, T. Xu et al., 
Directional growth of ultralong  CsPbBr3 perovskite nanow-
ires for high-performance photodetectors. J. Am. Chem. 
Soc. 139, 15592–15595 (2017). https:// doi. org/ 10. 1021/ 
jacs. 7b088 18

 345. Y. Lu, K. Qu, T. Zhang, Q. He, J. Pan, Metal halide per-
ovskite nanowires: controllable synthesis, mechanism, and 
application in optoelectronic devices. Nanomaterials 13, 
419 (2023). https:// doi. org/ 10. 3390/ nano1 30304 19

 346. L. He, S. Pan, Z. Lin, J. Peng, Rapid route to polar solvent-
directed growth of perovskite nanowires. ACS Appl. Nano 
Mater. 2, 7910–7915 (2019). https:// doi. org/ 10. 1021/ acsanm. 
9b019 22

 347. D. Zhang, L. Gu, Q. Zhang, Y. Lin, D.-H. Lien et al., Increas-
ing photoluminescence quantum yield by nanophotonic 
design of quantum-confined halide perovskite nanowire 
arrays. Nano Lett. 19, 2850–2857 (2019). https:// doi. org/ 10. 
1021/ acs. nanol ett. 8b048 87

 348. L. Gu, M.M. Tavakoli, D. Zhang, Q. Zhang, A. Waleed et al., 
3D arrays of 1024-pixel image sensors based on lead halide 
perovskite nanowires. Adv. Mater. 28, 9713–9721 (2016). 
https:// doi. org/ 10. 1002/ adma. 20160 1603

 349. Y. Hu, H. Gu, Z. Wang, The anisotropic growth of perovskite 
oxide nanowires. Nanowires-Fundamental Research. InTech 
(2011). https:// doi. org/ 10. 5772/ 16295

 350. H. Zhou, X. Tang, Z. Gao, Lead-less perovskite alloy nanow-
ire photodetector with high performance. Colloid Interface 
Sci. Commun. 49, 100638 (2022). https:// doi. org/ 10. 1016/j. 
colcom. 2022. 100638

 351. W. Sun, S. Liu, C. Wang, X. Zu, S. Li et al., Integration of 
one-dimensional (1D) lead-free perovskite microbelts onto 
silicon for ultraviolet–visible–near-infrared (UV-vis-NIR) 
heterojunction photodetectors. J. Phys. Chem. Lett. 15, 2359–
2368 (2024). https:// doi. org/ 10. 1021/ acs. jpcle tt. 4c001 65

https://doi.org/10.1002/adma.201907063
https://doi.org/10.1016/j.sna.2019.111749
https://doi.org/10.1016/j.sna.2019.111749
https://doi.org/10.1016/j.rinp.2017.06.057
https://doi.org/10.1016/j.rinp.2017.06.057
https://doi.org/10.1016/j.tsf.2018.06.014
https://doi.org/10.1016/j.tsf.2018.06.014
https://doi.org/10.1016/j.nanoen.2020.105103
https://doi.org/10.1016/j.nanoen.2020.105103
https://doi.org/10.34133/adi.0006
https://doi.org/10.3390/ma12203304
https://doi.org/10.1007/s40843-016-5082-4
https://doi.org/10.1007/s40843-016-5082-4
https://doi.org/10.1038/s41467-023-39488-0
https://doi.org/10.1038/s41467-023-39488-0
https://doi.org/10.1038/s41598-017-15841-4
https://doi.org/10.1038/s41598-017-15841-4
https://doi.org/10.1088/2752-5724/acb838/meta
https://doi.org/10.1088/2752-5724/acb838/meta
https://doi.org/10.1016/j.pmatsci.2019.100620
https://doi.org/10.1016/j.pmatsci.2019.100620
https://doi.org/10.1021/acsami.6b14650
https://doi.org/10.1021/acsami.6b14650
https://doi.org/10.1002/aenm.202001669
https://doi.org/10.1002/aenm.202001669
https://doi.org/10.1002/smll.201602366
https://doi.org/10.1002/smll.201602366
https://doi.org/10.1002/lpor.201700209
https://doi.org/10.1021/jacs.7b08818
https://doi.org/10.1021/jacs.7b08818
https://doi.org/10.3390/nano13030419
https://doi.org/10.1021/acsanm.9b01922
https://doi.org/10.1021/acsanm.9b01922
https://doi.org/10.1021/acs.nanolett.8b04887
https://doi.org/10.1021/acs.nanolett.8b04887
https://doi.org/10.1002/adma.201601603
https://doi.org/10.5772/16295
https://doi.org/10.1016/j.colcom.2022.100638
https://doi.org/10.1016/j.colcom.2022.100638
https://doi.org/10.1021/acs.jpclett.4c00165


 Nano-Micro Lett.           (2025) 17:28    28  Page 62 of 63

https://doi.org/10.1007/s40820-024-01501-6© The authors

 352. Q. Ou, Y. Zhang, Z. Wang, J.A. Yuwono, R. Wang et al., 
Strong depletion in hybrid perovskite p-n junctions induced 
by local electronic doping. Adv. Mater. 30, e1705792 (2018). 
https:// doi. org/ 10. 1002/ adma. 20170 5792

 353. F.X. Liang, J.J. Jiang, Y.Z. Zhao, Z.X. Zhang, D. Wu et al., 
Fabrication of  MAPbBr3 single crystal p-n photodiode and 
n-p-n phototriode for sensitive light detection application. 
Adv. Funct. Mater. 30, 2001033 (2020). https:// doi. org/ 10. 
1002/ adfm. 20200 1033

 354. P. Cui, D. Wei, J. Ji, H. Huang, E. Jia et al., Planar p–n homo-
junction perovskite solar cells with efficiency exceeding 
21.3%. Nat. Energy 4, 150–159 (2019)

 355. X. Zhang, C. Ji, X. Liu, S. Wang, L. Li et al., Solution-grown 
large-sized single-crystalline 2D/3D perovskite heterostruc-
ture for self-powered photodetection. Adv. Opt. Mater. 8, 
2000311 (2020). https:// doi. org/ 10. 1002/ adom. 20200 0311

 356. R. Ray, N. Nakka, S.K. Pal, High-performance perovskite 
photodetectors based on  CH3NH3PbBr3 quantum dot/TiO2 
heterojunction. Nanotechnology 32, 085201 (2020). https:// 
doi. org/ 10. 1088/ 1361- 6528/ abc8b2

 357. P. Cheng, Z. Liu, R. Kang, J. Zhou, X. Wang et al., Growth 
and high-performance photodetectors of  CsPbBr3 single crys-
tals. ACS Omega 8, 26351–26358 (2023). https:// doi. org/ 10. 
1021/ acsom ega. 3c028 88

 358. X. Zhang, L. Guo, Y. Zhang, C. Cheng, Y. Cheng et al., 
Improved photoluminescence quantum yield of  CsPbBr3 
quantum dots glass ceramics. J. Am. Ceram. Soc. 103, 5028–
5035 (2020). https:// doi. org/ 10. 1111/ jace. 17225

 359. G. Nedelcu, L. Protesescu, S. Yakunin, M.I. Bodnarchuk, 
M.J. Grotevent et al., Fast anion-exchange in highly lumines-
cent nanocrystals of cesium lead halide perovskites  (CsPbX3, 
X = Cl, Br, I). Nano Lett. 15, 5635–5640 (2015). https:// doi. 
org/ 10. 1021/ acs. nanol ett. 5b024 04

 360. G. Zhao, H. Lv, Y. Zhou, X. Zheng, C. Wu et  al., Self-
assembled sandwich-like MXene-derived nanocomposites 
for enhanced electromagnetic wave absorption. ACS Appl. 
Mater. Interfaces 10, 42925–42932 (2018). https:// doi. org/ 
10. 1021/ acsami. 8b167 27

 361. Q. Zhang, L. Yan, M. Yang, G. Wu, M. Hu et al., Ultra-
fast transient spectra and dynamics of MXene  (Ti3C2Tx) in 
response to light excitations of various wavelengths. J. Phys. 
Chem. C 124, 6441–6447 (2020). https:// doi. org/ 10. 1021/ acs. 
jpcc. 9b116 52

 362. P. Lian, Y. Dong, Z.-S. Wu, S. Zheng, X. Wang et al., Alka-
lized  Ti3C2 MXene nanoribbons with expanded interlayer 
spacing for high-capacity sodium and potassium ion batter-
ies. Nano Energy 40, 1–8 (2017). https:// doi. org/ 10. 1016/j. 
nanoen. 2017. 08. 002

 363. Y. Ma, Y. Li, H. Wang, M. Wang, J. Wang, High performance 
flexible photodetector based on 0D–2D perovskite hetero-
structure. Chip 2, 100032 (2023). https:// doi. org/ 10. 1016/j. 
chip. 2022. 100032

 364. X. Yang, The application of perovskite quantum dots in pho-
todetectors. J. Phys. Conf. Ser. 1759, 012027 (2021). https:// 
doi. org/ 10. 1088/ 1742- 6596/ 1759/1/ 012027

 365. X. Feng, Z. He, W. Zhu, M. Zhao, Z. Liu et al., Perovskite 
quantum dots integrated with vertically aligned graphene 
toward ambipolar multifunctional photodetectors. J. Mater. 
Chem. C 9, 609–619 (2021). https:// doi. org/ 10. 1039/ d0tc0 
4932h

 366. A. Sarycheva, T. Makaryan, K. Maleski, E. Satheeshku-
mar, A. Melikyan et al., Two-dimensional titanium carbide 
(MXene) as surface-enhanced Raman scattering substrate. J. 
Phys. Chem. C 121, 19983–19988 (2017). https:// doi. org/ 10. 
1021/ acs. jpcc. 7b081 80

 367. N. Pradhan, Growth of lead halide perovskite nanocrystals: 
Still in mystery. ACS Phys. Chem. Au 2, 268–276 (2022). 
https:// doi. org/ 10. 1021/ acsph ysche mau. 2c000 01

 368. P. Mandal, A. Roy, S. Mannar, R. Viswanatha, Growth mech-
anistic insights into perovskite nanocrystals: dimensional 
growth. Nanoscale Adv. 2, 5305–5311 (2020). https:// doi. 
org/ 10. 1039/ D0NA0 0732C

 369. H. Oh, G. Kang, M. Park, Polymer-mediated In situ growth 
of perovskite nanocrystals in electrospinning: design of com-
posite nanofiber-based highly efficient luminescent solar con-
centrators. ACS Appl. Energy Mater. 5, 15844–15855 (2022). 
https:// doi. org/ 10. 1021/ acsaem. 2c033 95

 370. P.V. Kamat, N. Pradhan, K. Schanze, P.S. Weiss, J. Buriak 
et al., Challenges and opportunities in designing perovskite 
nanocrystal heterostructures. ACS Energy Lett. 5, 2253–
2255 (2020). https:// doi. org/ 10. 1021/ acsen ergyl ett. 0c012 
16

 371. T.J. Milstein, D.M. Kroupa, D.R. Gamelin, Picosecond 
quantum cutting generates photoluminescence quantum 
yields over 100% in ytterbium-doped  CsPbCl3 nanocrys-
tals. Nano Lett. 18, 3792–3799 (2018). https:// doi. org/ 10. 
1021/ acs. nanol ett. 8b010 66

 372. X. Zhou, J. Jiang, T. Ding, J. Zhang, B. Pan et al., Fast col-
loidal synthesis of scalable Mo-rich hierarchical ultrathin 
 MoSe2−x nanosheets for high-performance hydrogen evolu-
tion. Nanoscale 6, 11046–11051 (2014). https:// doi. org/ 10. 
1039/ C4NR0 2716G

 373. Y.P. Wang, H.C. Li, Y.C. Huang, C.S. Tan, Synthesis and 
applications of halide perovskite nanocrystals in optoelec-
tronics. Inorganics 11, 39 (2023). https:// doi. org/ 10. 3390/ 
inorg anics 11010 039

 374. J. Chang, E.R. Waclawik, Colloidal semiconductor nanocrys-
tals: controlled synthesis and surface chemistry in organic 
media. RSC Adv. 4, 23505–23527 (2014). https:// doi. org/ 10. 
1039/ C4RA0 2684E

 375. A. Surendran, X. Yu, R. Begum, Y. Tao, Q.J. Wang et al., 
All inorganic mixed halide perovskite nanocrystal–graphene 
hybrid photodetector: from ultrahigh gain to photostabil-
ity. ACS Appl. Mater. Interfaces 11, 27064–27072 (2019). 
https:// doi. org/ 10. 1021/ acsami. 9b064 16

 376. D. Wu, Y. Zhang, C. Liu, Z. Sun, Z. Wang et al., Recent pro-
gress of narrowband perovskite photodetectors: fundamental 
physics and strategies. Adv. Devices Instrum. 4, 6 (2023). 
https:// doi. org/ 10. 34133/ adi. 0006

 377. Y. Li, Z. Shi, L. Wang, Y. Chen, W. Liang et  al., Solu-
tion-processed one-dimensional  CsCu2I3 nanowires for 

https://doi.org/10.1002/adma.201705792
https://doi.org/10.1002/adfm.202001033
https://doi.org/10.1002/adfm.202001033
https://doi.org/10.1002/adom.202000311
https://doi.org/10.1088/1361-6528/abc8b2
https://doi.org/10.1088/1361-6528/abc8b2
https://doi.org/10.1021/acsomega.3c02888
https://doi.org/10.1021/acsomega.3c02888
https://doi.org/10.1111/jace.17225
https://doi.org/10.1021/acs.nanolett.5b02404
https://doi.org/10.1021/acs.nanolett.5b02404
https://doi.org/10.1021/acsami.8b16727
https://doi.org/10.1021/acsami.8b16727
https://doi.org/10.1021/acs.jpcc.9b11652
https://doi.org/10.1021/acs.jpcc.9b11652
https://doi.org/10.1016/j.nanoen.2017.08.002
https://doi.org/10.1016/j.nanoen.2017.08.002
https://doi.org/10.1016/j.chip.2022.100032
https://doi.org/10.1016/j.chip.2022.100032
https://doi.org/10.1088/1742-6596/1759/1/012027
https://doi.org/10.1088/1742-6596/1759/1/012027
https://doi.org/10.1039/d0tc04932h
https://doi.org/10.1039/d0tc04932h
https://doi.org/10.1021/acs.jpcc.7b08180
https://doi.org/10.1021/acs.jpcc.7b08180
https://doi.org/10.1021/acsphyschemau.2c00001
https://doi.org/10.1039/D0NA00732C
https://doi.org/10.1039/D0NA00732C
https://doi.org/10.1021/acsaem.2c03395
https://doi.org/10.1021/acsenergylett.0c01216
https://doi.org/10.1021/acsenergylett.0c01216
https://doi.org/10.1021/acs.nanolett.8b01066
https://doi.org/10.1021/acs.nanolett.8b01066
https://doi.org/10.1039/C4NR02716G
https://doi.org/10.1039/C4NR02716G
https://doi.org/10.3390/inorganics11010039
https://doi.org/10.3390/inorganics11010039
https://doi.org/10.1039/C4RA02684E
https://doi.org/10.1039/C4RA02684E
https://doi.org/10.1021/acsami.9b06416
https://doi.org/10.34133/adi.0006


Nano-Micro Lett.           (2025) 17:28  Page 63 of 63    28 

polarization-sensitive and flexible ultraviolet photodetectors. 
Mater. Horiz. 7, 1613–1622 (2020). https:// doi. org/ 10. 1039/ 
D0MH0 0250J

 378. T.K.T. Tran, J.A. Adewuyi, Y. Wang, M.D. Morales-Acosta, 
T. Mani et al., Anionic ligand-induced chirality in perovs-
kite nanoplatelets. Chem. Commun. 59, 1485–1488 (2023). 
https:// doi. org/ 10. 1039/ d2cc0 5469h

 379. G.H. Debnath, Z.N. Georgieva, B.P. Bloom, S. Tan, D.H. 
Waldeck, Using post-synthetic ligand modification to imprint 
chirality onto the electronic states of cesium lead bromide 
 (CsPbBr3) perovskite nanoparticles. Nanoscale 13, 15248–
15256 (2021). https:// doi. org/ 10. 1039/ d1nr0 4274b

 380. S. Jiang, Y. Song, H. Kang, B. Li, K. Yang et al., Ligand 
exchange strategy to achieve chiral perovskite nanocrystals 
with a high photoluminescence quantum yield and regulation 
of the chiroptical property. ACS Appl. Mater. Interfaces 14, 
3385–3394 (2022). https:// doi. org/ 10. 1021/ acsami. 1c189 78

 381. H. Gao, Y. Chen, R. Zhang, R. Cao, Y. Wang et al., Dual-
ligand quasi-2D perovskites with chiral-induced spin selec-
tivity for room temperature spin-LEDs. Mater. Horiz. 11, 
2906–2913 (2024). https:// doi. org/ 10. 1039/ d3mh0 2029k

 382. L. Tao, W. Tang, M. Yan, L. Ding, J. Wei et al., Construction 
of chiral-2D/3D perovskite heterojunction films for efficient 
circularly polarized light detection. J. Mater. Chem. C 11, 
12392–12399 (2023). https:// doi. org/ 10. 1039/ d3tc0 1534c

 383. Y. Liu, X. Gao, B. Zhao, J. Deng, Circularly polarized lumi-
nescence in quantum dot-based materials. Nanoscale 16, 
6853–6875 (2024). https:// doi. org/ 10. 1039/ d4nr0 0644e

 384. I. Hwang, Challenges in controlling the crystallization path-
ways and kinetics for highly reproducible solution-processing 
of metal halide perovskites. J. Phys. Chem. C 127, 24011–
24026 (2023). https:// doi. org/ 10. 1021/ acs. jpcc. 3c057 87

 385. S. Mazumdar, Y. Zhao, X. Zhang, Stability of perovskite solar 
cells: degradation mechanisms and remedies. Front. Electron. 
2, 712785 (2021). https:// doi. org/ 10. 3389/ felec. 2021. 712785

 386. N.M. Ali, T.A. Ali, N.H. Rafat, A comparison between dif-
ferent structures of perovskite nanorod solar cells. Optik 202, 
163645 (2020). https:// doi. org/ 10. 1016/j. ijleo. 2019. 163645

 387. C.E. Torrence, C.S. Libby, W. Nie, J.S. Stein, Environmental 
and health risks of perovskite solar modules: Case for bet-
ter test standards and risk mitigation solutions. iScience 26, 
105807 (2023). https:// doi. org/ 10. 1016/j. isci. 2022. 105807

 388. X. Liu, E.-C. Lee, Advancements in perovskite nanocrystal 
stability enhancement: a comprehensive review. Nanomateri-
als 13, 1707 (2023). https:// doi. org/ 10. 3390/ nano1 31117 07

 389. J. Shen, Q. Zhu, Stability strategies of perovskite quantum 
dots and their extended applications in extreme environment: 
a review. Mater. Res. Bull. 156, 111987 (2022). https:// doi. 
org/ 10. 1016/j. mater resbu ll. 2022. 111987

 390. L. Sinatra, M. Lutfullin, S.L. Mozo, J. Pan, O.M. Bakr, P-124: 
perovskite quantum dots display: challenges and opportu-
nities. SID Symp. Dig. Tech. Pap. 50, 1712–1715 (2019). 
https:// doi. org/ 10. 1002/ sdtp. 13283

 391. P.C. Reshmi Varma, Chapter low-dimensional perovskites, 
in Perovskite photovoltaics basic to advanced concepts and 
implementation. ed. by S. Thomas, A. Thankappan (Aca-
demic Press, London, 2018), pp.197–229. https:// doi. org/ 
10. 1016/ B978-0- 12- 812915- 9. 00007-1

 392. G.H. Ahmed, J. Yin, O.M. Bakr, O.F. Mohammed, Successes 
and challenges of core/shell lead halide perovskite nanocrys-
tals. ACS Energy Lett. 6, 1340–1357 (2021). https:// doi. org/ 
10. 1021/ acsen ergyl ett. 1c000 76

 393. H. Tsai, The challenges and promises of layered 2D perovs-
kites. Chem 8, 890–891 (2022). https:// doi. org/ 10. 1016/j. 
chempr. 2022. 03. 021

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1039/D0MH00250J
https://doi.org/10.1039/D0MH00250J
https://doi.org/10.1039/d2cc05469h
https://doi.org/10.1039/d1nr04274b
https://doi.org/10.1021/acsami.1c18978
https://doi.org/10.1039/d3mh02029k
https://doi.org/10.1039/d3tc01534c
https://doi.org/10.1039/d4nr00644e
https://doi.org/10.1021/acs.jpcc.3c05787
https://doi.org/10.3389/felec.2021.712785
https://doi.org/10.1016/j.ijleo.2019.163645
https://doi.org/10.1016/j.isci.2022.105807
https://doi.org/10.3390/nano13111707
https://doi.org/10.1016/j.materresbull.2022.111987
https://doi.org/10.1016/j.materresbull.2022.111987
https://doi.org/10.1002/sdtp.13283
https://doi.org/10.1016/B978-0-12-812915-9.00007-1
https://doi.org/10.1016/B978-0-12-812915-9.00007-1
https://doi.org/10.1021/acsenergylett.1c00076
https://doi.org/10.1021/acsenergylett.1c00076
https://doi.org/10.1016/j.chempr.2022.03.021
https://doi.org/10.1016/j.chempr.2022.03.021

	Exploring Nanoscale Perovskite Materials for Next-Generation Photodetectors: A Comprehensive Review and Future Directions
	Highlights
	Abstract 
	1 Introduction
	1.1 Overview of Photodetectors
	1.2 Nanoscale Perovskite-Based Materials for Photodetection
	1.3 Multidimensional Photodetection Capabilities of Nanoscale Perovskite-Based Materials

	2 Wide-Band Gap Semiconductors and Nanoscale Perovskite-Based Photodetectors
	3 Perovskite Photodetectors: Degradation Mechanisms and Long-Term Stability Solutions
	4 Ligand Selection and Morphology’s Impact on Nanoscale Perovskites
	5 Perovskite-Based Nanosheets
	5.1 Growth of Perovskite-Based Crystalline Nanosheets
	5.2 Perovskite Nanosheet-Based Photodetectors

	6 Perovskite-Based Nanorods
	6.1 Growth of Perovskite-Based Nanorod Arrays
	6.2 Perovskite Nanorod-Based Photodetectors

	7 Perovskite-Based Nanowires
	7.1 Growth of Perovskite-Based Nanowires
	7.2 Perovskite Nanowire-Based Photodetectors

	8 Perovskite-Based Quantum Dots
	8.1 Growth of Perovskite-Based Quantum Dots
	8.2 Perovskite Quantum-Dot-Based Photodetectors

	9 Perovskite-Based Nanocrystals
	9.1 Growth of Perovskite-Based Nanocrystals
	9.2 Perovskite Nanocrystal-Based Photodetectors

	10 Perovskite Nanostructure-Based Polarization-Sensitive Photodetectors
	11 Challenges and Prospects
	12 Conclusions
	Acknowledgements 
	References


