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Flexible perovskite light-emitting diodes:
recent progress, applications and
challenges
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Significant progress has been made in perovskite light-emitting diodes (PeLEDs) over the past
decade, with external quantum efficiencies (EQEs) exceeding 30% for green and red emissions, and
20% for blue emissions. However, the performance and device area of flexible PeLEDs remains
constrained due to issues such as crack formation and short circuits that occur during device
deformation. These challenges limit their applicability in flexible, stretchable, and wearable displays
and lighting solutions. This review systematically summarizes recent advancements in flexible
PeLEDs, focusing on various strategies to improve their flexibility and performance. We first discuss
the use of flexible substrates and electrodes in these devices. Next, we examine the fabrication
methods and the mechanical and optoelectronic properties of different perovskite materials used in
flexible PeLEDs, including three-dimensional (3D) thin films, low-dimensional nanomaterials, and
perovskite/polymer composites. Finally, we highlight the extensive applications of flexible PeLEDs in
wearable optoelectronics and provide an outlook on the future development of high-performance
flexible PeLEDs to facilitate their commercialization.

Flexible light-emitting diodes (FLEDs), recognized for their excellent
mechanical properties and lightweight features, have garnered sig-
nificant attention for a range of emerging optoelectronic technologies,
such as unconventional lighting, flexible and foldable displays, con-
sumer electronics, and healthcare monitoring1–4. Currently, the pre-
dominant technology in FLEDs is based on organic LEDs (OLEDs),
which utilize the deposition of organic light-emitting and charge
transport materials onto flexible substrates5–7. Despite the advantages of
OLEDs, including high EQE, color purity, and bending capabilities, the
organic molecules or polymers used often require complex synthesis
processes. Coupled with the high cost of these raw materials, this poses
substantial barriers to device production, especially for large-sized
flexible display panels8,9. Moreover, the luminescent color of OLED
materials depends on their chemical structure, and achieving color
adjustments typically necessitates the synthesis of varied materials,
which limits color tunability10,11.

Recently,metal halide perovskitematerials have emerged as promising
candidates for high-performanceLEDs, demonstrating substantial potential
for next-generation displays and lighting solutions due to their excellent
optical properties.Generally,metal halide perovskite can be expressed as the
formula of ABX3, where “A” site is commonly occupied by monovalent
cations such asmethylamine (MA+), formamidine (FA+), andcesium(Cs+).
“B” site is divalentmetal cation like lead ion (Pb2+) or tin ion (Sn2+), etc. And
“X” represents halide anion including chloride ion (Cl−), iodide ion (I−), and
bromide ion (Br−). The distinctive feature of perovskites is that ions at all
sites can be substituted either completely or partially, allowing for bandgap
tuning and thus influencing the emission wavelength. This compositional
tunability endows perovskite materials with a broad color gamut. The
unique bandgap structure of perovskites allows for high tolerance to shallow
and intra-band defects, which is beneficial for realizing high photo-
luminescence quantum yield (PLQY). Additionally, compared to conven-
tional commercialized OLEDs and quantum dots LEDs (QLEDs), PeLEDs

1School of Science and Engineering, Shenzhen Key Laboratory of Semiconductor Laser, The Chinese University of Hong Kong, Shenzhen (CUHK-Shenzhen),
Shenzhen, China. 2State Key Laboratory of Photovoltaic Science and Technology, Shanghai Frontiers Science Research Base of Intelligent Optoelectronics and
Perception, Institute of Optoelectronics, Fudan University, Shanghai, China. 3School of Advanced Energy, Shenzhen Campus of Sun Yat-sen University,
Shenzhen, China. 4Department of Electronic & Computer Engineering, State Key Laboratory of Advanced Displays and Optoelectronics Technologies, The Hong
Kong University of Science and Technology, Clear Water Bay, Hong Kong SAR, China. 5Department of Chemical and Biological Engineering, The Hong Kong
University of Science and Technology, Clear Water Bay, Hong Kong SAR, China. 6These authors contributed equally: Ying Li, Tingyi Gao, Ziquan He.

e-mail: zhangdaquan@cuhk.edu.cn; zhang_qp@fudan.edu.cn; fuyu37@mail.sysu.edu.cn; eezfan@ust.hk

npj Flexible Electronics |            (2025) 9:32 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-025-00408-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-025-00408-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-025-00408-5&domain=pdf
mailto:zhangdaquan@cuhk.edu.cn
mailto:zhang_qp@fudan.edu.cn
mailto:fuyu37@mail.sysu.edu.cn
mailto:eezfan@ust.hk
www.nature.com/npjflexelectron


have higher color purity. The full width at half maximum of the electro-
luminescent emission peak of PeLEDs is typically ~20 nm,while theOLEDs
and QLEDs are ~40 nm and 30 nm, respectively. This narrow emission
bandwidth provides the potential for more vivid and accurate color
reproduction in displays. Given these advantages, remarkable progress has
been achieved on PeLEDs12–19. For instance, the EQE and Luminance of
green PeLEDs have surpassed 32% and 1.1 × 106cdm−2 20,21, respectively,
which is comparable to state-of-the-art OLEDs and QLEDs22–25. Addi-
tionally, unique low-temperature synthesismethods for perovskites, such as
solution spin-coating and thermal evaporation, facilitate the fabrication of
high-performance flexible PeLEDs26–28. By employing comprehensive
optimization techniques, including active layer morphology manipulation,
charge transport layer refinement, and light outcoupling efficiency
enhancement, the EQE of flexible PeLEDs has significantly improved,
achieving an impressive value of 24.5%29. Unlike organic semiconductor
materials, the lower cost of rawmaterials and simpler synthesis processes for
flexible PeLEDs greatly reduce overall fabrication costs30, essential for large-
scale FLED production and commercialization.

In addition to the color purity mentioned above, we also extracted
relevant data from published studies to compare the flexibility31–43,
PLQY44–50, materials cost51, and stability52–54 of flexible devices based on
organic, inorganic, and perovskite light-emitting materials. Specifically, we
analyzed Young’s modulus values reported in the literature; organic mate-
rials typically exhibit lower Young’smodulus (1–10GPa), indicating higher
flexibility, while inorganic materials have higher values (70–250 GPa), and
perovskitematerials fall in between 10–50 GPa. For PLQY, all threematerial
types can achieve values exceeding 90%, demonstrating their potential for
efficient light emission. Material costs were evaluated by comparing the
prices of raw materials, with organic materials often being more expensive
due to complex synthesis processes, while inorganic materials are relatively
cheaper, and perovskite materials are the most cost-effective due to their
simple synthesis processes and cheap rawmaterials, with costs significantly
lower than those of organic and inorganic materials. Stability was assessed
by comparing the operational lifetimes of LEDs, with inorganic LEDs
showing excellent long-term stability, OLEDs have shown significant
improvements through engineering techniques, and PeLEDs continue to
make progress despite ongoing challenges. Figure 1 illustrates a comparison
of these critical properties among three typical light-emittingmaterials. The
overall performance of perovskite materials positions them as a promising
candidate for next-generation FLED devices.

In this review, we systematically summarize the recent advancements
in flexible PeLEDs while providing insights into this rapidly evolving and
promising research field.We begin by discussing optimization strategies for
flexible substrates and electrodes, which are critical for enhancing the

mechanical stability and performance of flexible PeLEDs. Subsequently, we
classify perovskite morphologies and review the fabrication methods,
mechanical and optoelectronic properties, and device performance of var-
ious flexible PeLEDs based on different types of perovskites. This includes
3D thin films, perovskite/polymer composites, two-dimensional (2D) and
quasi-2D films, one-dimensional (1D) nanowires (NWs), and zero-
dimensional (0D) quantum dots (QDs), as schematically depicted in
Fig. 2. Each morphology presents unique advantages for flexible PeLED
applications. We then discuss the progress in the application of flexible
PeLEDs, emphasizing their potential in wearable and foldable display
technologies. Finally, we outline the current challenges in fabricating high-
performance flexible PeLEDs and explore potential avenues for their future
development and commercialization.

Fig. 1 | Comparison of different emitting layers
for FLEDs. The comparison of flexibility, PLQY,
color purity, stability and cost-effectiveness among
inorganic, organic and perovskite materials as
emitting layers in FLEDs.

Fig. 2 | Schematic illustration of a typical flexible PeLED device with various
perovskite materials as the light-emitting layer and their potential applications.
The diversity of emitting layers in flexible PeLEDs provide versatile peroperties for
the devices and flexible PeLEDs exhibited great potential in the future applications
including artificial intellligence, new lighting system, wearable devices and foldable
display equipments.
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Flexible PeLEDs based on flexible substrates and
electrodes
Similar to traditional organic and inorganic materials, the fundamental
approach to realizing flexible devices involves utilizing substrates and
electrodes that boast high flexibility and transparency. Additionally, the
performance of flexible PeLEDs is significantly influenced by the choice of
substrates and electrodes. Therefore, optimizing the mechanical and elec-
trical properties of substrates and electrodes has proven to be an effective
strategy for enhancing the flexibility of flexible PeLEDs. For instance, Qin
et al.55 successfully deposited perovskite onto disposable label paper sub-
strates, achieving an impressive EQE of 14.3%. Wang et al. deposited a
perovskite emitting layer on an elastic polydimethylsiloxane (PDMS)/
polyethylene terephthalate (PET) substrate, allowing the PeLEDs to exhibit
exceptional durability; the luminance of the devices only dropped by 5.5%
after 5000 bending cycles with a radius of curvature of 2.5 mm (Fig. 3a)56.

The use of traditional electrodes in flexible devices often presents
durability challenges, necessitating the integration of flexible conductive
materials, such as graphene electrodes or silver nanowire (AgNW) com-
posite films, to not only improve conductivity but also enhance the device’s
mechanical durability57,58. Li et al. demonstrated the fabrication of flexible
QD PeLEDs by adapting relatively rigid and non-stretchable perovskite
stacked layers onto a wrinkled elastomer substrate59. Specifically, they
employed anultrathin, smoothAgNWs/polyimide (PI) composite electrode
tomechanically couple the emitting layerwith the pre-stretched elastomeric
adhesive (VHB 4905). This hybrid device, featuring an ultrathin LED
structure (<3 μm), achieved a CE of up to 9.2 cdA⁻¹, which is 70% higher
than that of control devices fabricated on rigid ITO/glass substrates. The
device maintained stable luminance and CE under strains ranging from 0%

to 20% over multiple cycles. After 1000 consecutive stretch-release cycles,
the brightness decreased by only 25%, while the CE increased by 25%
compared to the initial value (Fig. 3b). Zhao et al.60 developed a highly FLED
that incorporates a AgNW-based polymer electrode as the anode and
MAPbBr3 as the emissive layer. This innovative device exhibits exceptional
mechanical flexibility and strength while maintaining performance integ-
rity. It can bend to a radius of 2.5mm and endure 1000 bending cycles
between a flat state and a 4mm bending radius without any significant
degradation in performance (Fig. 3c).

Leveraging excellent conductivity, thermal conductivity, andflexibility,
MXene composite electrodes not only optimize charge transport but also
significantly improve the device’s heat dissipation capabilities, thereby
enhancing long-termstability.Caoet al. extensively explored the application
ofMXene composite electrodes inflexible PeLEDs61. Theyutilized amixture
of silver nanoparticles (AgNPs), AgNWs, MXene, and Poly(3,4-ethylene-
dioxythiophene): poly(styrenesulfonic acid) (PEDOT:PSS) as a hybrid
composite material, optimizing charge transport and reducing interface
resistance, which effectively improved the device’s efficiency and stability.
Fig. 3di shows that the MXene composite electrodes significantly outper-
form traditional electrodes in terms of heat dissipation performance,
thereby contributing to the long-term operational capability of flexible
devices. Fig. 3dii presents a photo of a large-area flexible PeLED device
operating at 5 V after assembly, validating the effective application of
MXene composite electrodes in large-size and flexible devices, indicating
that the electrode material can maintain stable performance while ensuring
high luminous efficiency.

Seo et al. exploited graphene, which possesses high flexibility and
superior properties, as an anode to achieve high-performance flexible

Fig. 3 | Flexible PeLEDs based on flexible substrates and electrodes. a A PeLED
fabricated on a flexible PDMS substrate when being lit and bent to a curvature radius
of 3.5 mm (i), and normalized luminance and current efficiency (CE)measured after
5000 bending cycles with a curvature radius of 2.5 mm (ii). Reproduced with per-
mission from ref. 56. Copyright 2021, JohnWiley and Sons. b Schematic illustration
of the stretch/release process of PI/AgNWs composite electrode attached on a pre-
stretched VHB, and digital photo of the stretchable PeLEDs under different strains
with and without bias. Reproduced with permission from ref. 59. Copyright 2017,

JohnWiley and Sons. cDigital photos of theflexible PeLEDs under different bending
conditions. Reproducedwith permission from ref. 60. Copyright 2017, Royal Society
of Chemistry. d Thermal conductivities of different electrodes (i) and photograph of
a large-area flexible PeLED with a size of 40 mm × 20 mm operating at 5 V (ii).
Reproduced with permission from ref. 61. Copyright 2022, American Chemical
Society. e Schematic drawings of exciton quenching by In and Sn atoms in ITO-
PeLEDs (i), and efficient light emission in Gr-PeLEDs (ii). Reproduced with per-
mission from ref. 62. Copyright 2017, John Wiley and Sons.
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devices62. As illustrated in Fig. 3e, the graphene electrode mitigated exciton
quenching, typically caused by metal atom species diffusing from ITO into
the buffer hole-injection layer (Buf-HIL). Consequently, the Gr-PeLEDs
(PeLEDs with a graphene anode) showed a high CEmax of 16.1 cd A

−1 and
maximal luminance (Lmax) of nearly 13,000 cdm

−2, with the current density
only decreasing slightly to ~81%of its initial value after 1200 bending cycles.

In summary, the selection of substrates and electrodes with enhanced
flexibility, transparency, and stability is of paramount importance for
improving the performance of flexible PeLEDs. Flexible substratesmust not
only exhibit mechanical robustness and flexibility but also possess thermal
stability to withstand the processing conditions and operational demands.
For the electrodes, a delicate balance betweenconductivity and transparency
is crucial, especially for the bottom electrodes, whose functions align in both
carrier injection and light extraction. For the top electrode,maintaininghigh
conductivity under various bending conditions is essential. Soft metals such
as aluminum (Al) and silver (Ag), as well as nanostructured metal patterns
like ultrathin gold films, are effective choices due to their excellent
mechanical flexibility and electrical conductivity.

Moreover, improving the conductivity of flexible electrodes is vital for
efficient carrier transport, which directly impacts the device efficiency.
Efficient carrier transport minimizes non-radiative recombination and
ensures better charge balance, leading to reduced efficiency roll-off and
enhanced operational stability. By employing these optimized substrates
and electrodes, flexible PeLEDs can achieve significantly higher brightness,
EQE, and operational lifetime, making them more viable for practical
applications.

Beyond the strategies applied to flexible substrates and electrodes, the
intrinsic properties of the perovskite emitting layer are significant limiting

factors for enhancing the performance of flexible LED devices. The initial
perovskite materials utilized in flexible PeLEDs were 3D perovskites, which
have been extensively studied and applied due to their promising optoe-
lectronic properties and solution processability. In the next section, we will
discuss the advancements in flexible PeLEDs based on 3D perovskite
thin films.

3D perovskite thin films-based flexible PeLEDs
Conventional methods for preparing the perovskite layer in 3D perovskite
thin films-based flexible PeLEDs are primarily categorized into solution-
processing and thermal evaporation techniques. For instance, Park et al.
utilized a spray-coating method to fabricate large-area flexible PeLEDs,
achieving aLmaxof 17,795 cdm

-2 andanEQEmaxof 6.18%(Fig. 4a)63.During
the deposition of metal halide perovskites, whether through solution pro-
cessing or thermal evaporation, the primary goal is to achieve uniform thin
films with broad coverage and no pinholes. This uniformity is crucial for
minimizing steric hindrance and avoiding the formation of shunt channels,
which enhances the overall efficiency of the device2. Ongoing advancements
in preparation techniques continue to drive improvements in the perfor-
mance of perovskite-based devices.

Traditional techniques, such as spray-coating and blade-coating, often
face challenges in precisely controlling the surface morphology and thick-
ness of perovskite films, which limits the EQE of the resulting devices64. To
address these limitations, Chu et al. introduced a low-temperature doctor-
blading technique (Fig. 4bi) for fabricating large-area perovskite films with
high uniformity and smoothness65. By employing an ultrafast coating speed
of 150mm s−1, a low processing temperature of 50 °C, and a nitrogen knife
pressure of 0.2MPa, they reduced film roughness from 394.7 nm to 0.8 nm

Fig. 4 | 3D perovskite thin films-based flexible PeLEDs. a Schematic illustration of
spray-coating process (i) and polymer substrate-based flexible large-area PeLED (ii).
Reproduced with permission from ref. 63. Copyright 2022, Elsevier. bThe process of
the doctor-blading (i) and current density and EQE curves of doctor-bladed PeLEDs
(ii). Under the terms of Creative Commons Attribution International License (CC-
BY 4.0). c Schematic illustrations of the flash-induced ultrafast recrystallization of
perovskite (MAPbBr3). Reproduced with permission from ref. 67. Copyright 2019,
Elsevier. d Schematic diagram of the CsPbBr3 layer thermal vacuum co-evaporation

deposition process in conjunction with in situ dynamic thermal crystallization (i),
and CE and EQE curves of PeLED devices with CsPbBr3 film emitter layers prepared
at different substrate temperatures and deposition rates with respect to applied bias
voltage. Reproduced with permission from ref. 69. Copyright 2020, American
Chemical Society. e Schematic illustration of the charge carriers transport and
recombination process in the PeLEDs based on flat and dendritic CsSnI3 film (i) and
SEM images of dendritic CsSnI3 films after 2000 cycles bends (ii). Reproduced with
Permission from ref. 70. Copyright 2021, John Wiley and Sons.
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using a 0.02M FPMAI (4-fluorophenylmethylammonium iodide) pre-
cursor solution. This optimized process enabled PeLEDs to achieve an EQE
of 7.1% for a 1 cm2 device (Fig. 4bii), with uniform emission over a 28 cm2

area, providing a cost-effective method for fabricating the emissive layer.
The solution-processing method for fabricating perovskite layers

typically requires a thermal annealing step,which consumes significant time
and energy. Additionally, this step may introduce high roughness and
defects due to the inherent limitations of the self-assembly process used in
solution coating66. Junk et al. introduced a flash lamp annealing (FLA)
technique (Fig. 4c) to achieve ultrafast recrystallization of the perovskite
(MAPbBr3) active layer in PeLEDs

67. This process transforms the perovskite
from a cubic to a densely recrystallized morphology with 38 nm grains,
enhancing radiative recombination and reducing surface roughness by 62%.
Consequently, the flexible PeLEDs fabricated using FLA exhibited a per-
formance improvement of 252% over devices processed by conventional
heat annealing. Liu et al. utilized inkjet printing to fabricate large-area
(28 cm2) red PeLEDs on flexible substrates, achieving an EQE of 14.3%with
a mixed FA0.8Cs0.2PbI3 perovskite composition68.

Beyond the limitations of the self-assembly process, solution-
processed perovskites often produce uneven films due to low solubility
in organic solvents. Therefore, the thermal co-evaporation method, cap-
able of overcoming these limitations, has been widely employed in the
research and fabrication of flexible 3D PeLEDs. Chen et al. systematically
investigated the morphology and crystallization process of inorganic
CsPbBr3 perovskite layer films fabricated by thermal co-evaporation, in
conjunction with continuous low-temperature thermal annealing to pro-
mote in situ dynamic thermal crystallization (Fig. 4di)69. The optimized
flexible CsPbBr3 LEDs exhibited an impressive luminance of
~17,350 cdm−2 at 6.5 V (Fig. 4dii), with a maximum CE of ~10.3 cd A−1,
and excellent stability, with a half-lifetime exceeding 400minutes when the
initial luminance was 500 cdm−2.

In the 3D perovskite structure, the A-site cations (e.g., MA⁺ or FA⁺)
form weak hydrogen bonds with the inorganic framework (BX6

4− octahe-
dra), resulting in insufficient rigidity of the overall framework. Additionally,
the inorganic framework in 3D structures extends in all directions and lacks
the buffering and protective organic layers found in 2D perovskites. This
makes 3D perovskites more prone to deformation or damage under stress.
By improving themicrostructure of perovskitefilms, grain boundary defects
are reduced, and the mechanical properties and charge transport char-
acteristics of the films are optimized, thus providing high-quality active
layers for flexible PeLEDs. As shown in Fig. 4e, Lu et al. prepared dendritic
CsSnI3filmsusing a solutionprocess, which exhibited a uniquemorphology
and mechanical properties, with a tree-like micro-nano structure on the
surface that optimized the balance between hole and electron injection,
reduced non-radiative recombination, and enhanced radiative recombina-
tion efficiency70. Flexible near-infrared (NIR) PeLEDs achieved an EQE of
5.4%, retaining93.4%of their initial efficiency after 2000bendingcycles.The
morphological characteristics of these films contribute to improved crack
resistance and deformation tolerance, offering an effective strategy for
enhancing flexibility.

Although tremendous progress has been made in flexible PeLEDs
basedon3Dperovskite thinfilms, their inherent instability remains a critical
barrier to industrialization and commercialization. Consequently, regulat-
ing dimensionality to enhance device lifetime has garnered increasing
attention as a promising avenue for research and development. Essentially,
low-dimensional perovskites involve 2D, 1D, and 0D structures. The
dimensionality reductionof perovskitematerials can typically be achieved at
both the morphological and molecular levels. In terms of morphological
regulation, common low-dimensional perovskite structures include 2D
nanoplatelets, 1D NWs and nanorods (NRs), as well as 0D QDs. At the
molecular level, the application of appropriate organic ligands can further
refine 3D perovskite structures into lower dimensions. For both morpho-
logical and molecular dimensionality control, this reduction in size leads to
stronger quantumconfinement effects. These effects arehighly beneficial for
enhancing PLQY and improving overall optoelectronic performance71.

Low-dimensional perovskite-based flexible PeLEDs
Molecular-level 2D perovskites aremore widely adopted in flexible PeLEDs
compared to their morphological-level counterparts. In these structures,
various ammonium ligands are employed to form spacer layers that sand-
wich the perovskite octahedral units72. The mechanical properties of 2D
perovskites are superior to those of 3D perovskites, primarily due to their
unique layered structure and material characteristics41,73. These layered
structures allow for interlayer sliding under external forces without com-
promising the overall framework, while the organic layers act as buffers to
effectively disperse stress74–76. Furthermore, themechanical properties of 2D
perovskites can be further optimized by adjusting the thickness of the
inorganic layers (i.e., reducing the n value) and varying the lengths of the
organic cation chains. Long-chain organic cations significantly reduce
Young’s modulus, resulting in greater flexibility and improved crack
resistance77. These features endow 2D perovskites with exceptional
mechanical stability, making them highly promising for flexible optoelec-
tronic devices.

Similar to flexible 3D PeLEDs, spin-coating is the preferred prepara-
tionmethod in 2D and quasi-2D PeLEDs research due to its simplicity, low
equipment requirements, and capability to produce high-quality films78.
However, spin-coating faces challenges in large-area flexible PeLEDs due to
difficulties in ensuring film uniformity and controlling film thickness.
Alternatively, inkjet printing is another important thin-film fabrication
technique that can uniformly coat 2D and quasi-2D perovskite solutions
onto large-area flexible substrates by precisely controlling the liquid ink
ejection nozzles79,80. For instance, Vescio et al. demonstrated inkjet-printed
lead-free PEA2SnI4-based flexible PeLEDs

81, achieving a maximum EQE of
1% (Fig. 5a), thereby showcasing the wide applicability and environmental
friendliness of inkjet printing on various substrates.

Another unique strategy for 2D perovskites involves regulating the
distributionofn-values to enhance light emissionperformanceand improve
device design flexibility82,83. Rui et al. explored a strategy for optimizing the
optoelectronic performance of quasi-2D perovskites by adjusting the
quantum well thickness, emphasizing the role of quantum wells in light
emission84. Consequently, the n = 2 device exhibited optimal performance,
achieving amaximumbrightness of 212 cdm−2, a CE of 0.44 cd A−1, and an
EQE of 0.148%, attributed to its enhanced quantum confinement and
exciton radiative recombination.

Cheng et al. enhanced the efficiency of 2D PeLEDs through mor-
phological control85. Polyethylene glycol (PEG), a Lewis base with superior
solubility and rheological properties, interacts chemically with Lewis acidic
Pb2+, facilitating strong passivation of grain boundaries and reducing non-
radiative recombination in perovskites. Additionally, PEG serves as amatrix
that regulates the growth of perovskite crystal grains, fostering uniformity in
perovskite thin films and significantly reducing pinhole density. This
synergistic effect enables precise morphological control, resulting in per-
ovskite films with high surface coverage, suppressed current leakage, and
improved electron-hole balance, thereby enhancing radiative recombina-
tion efficiency. Notably, this strategy is scalable to flexible substrates,
achieving highly efficient flexible PeLEDs with a competitive CE of
31.0 cdA−1 (Fig. 5b).

Compared to their 3D and 2D counterparts, current research on 1D
and 0D flexible PeLEDs is primarily focused at the molecular level. For
instance, 1DperovskiteNWsandNRspossess aunique grain boundary-free
morphology that demonstrates exceptional optical and electrical properties,
including long charge-carrier diffusion lengths and lifetimes, efficient carrier
transportation along their axis, and highly anisotropic polarization
effects86–90. Meanwhile, the strong spatial confinement of carriers in the
radial direction and the formation of self-trapped excited states lead to
substantial Stokes shifts91–93, enabling high PLQY values and superior dis-
play performance. Moreover, the excellent mechanical properties of NWs
make them ideal candidates for flexible optoelectronics. 1D NWs-based
flexible PeLEDs have shown impressive performance in terms of EQE,
bending radius, and bending cycles. For instance, Zhang et al. fabricated
perovskite NWs in porous alumina templates via a capillary effect94. These
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NWs demonstrated high density and good crystallinity, resulting in a 45%
improvement in device EQE, from 11% to 16%, compared to the planar
control device. Importantly, the device maintained 86% of its luminance
even under a 180° bend and retained 25%of its original luminance after 500
bending cycles, while the planar control device ceased operation after just
150 cycles.

By reducing the NWs’ diameter to a size comparable to the exciton
Bohr radius, Zhang et al. employedperovskite quantumwires (QWs) grown
via a close-spaced vapor reaction (CSVR) in porous alumina templates to
yield PeLEDs with high performance and stability95. The quantum con-
finement effect, combined with the passivation from the porous alumina
templates, results in a significantly improved radiative recombination rate
and a state-of-the-art PLQY of 92%. Additionally, the hydrophobic porous
alumina templates provide excellent stability, with a PL lifetime (TPL50) of
over 5644 h. This growthmethod also exhibits high potential for scalability,
and the perovskite QWs grown in porous alumina templates demonstrate
goodflexibility, as evidencedbyPL imagesona4-inchflexible substrate (Fig.
5ci). High-performance top-emitting PeLEDs have been achieved with a
maximum EQE of 8.6% by applying transparent IZO electrodes. Further-
more, the use of ultrathinAu electrodes yielded aflexible PeLEDdevicewith
an area of ~7 cm2. A 3D spherical LED device with excellent luminance
uniformity has also been fabricated (Fig. 5cii), demonstrating the feasibility
of CSVR-grown perovskite QWs for diverse lighting and display
applications.

Utilizingporous alumina templateswithultra-small pore sizes (~6.4 nm
diameter), Cao et al. fabricated high-efficiency perovskite QWs-based
PeLEDs96. They employed 1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene
(TBTB)-doped 1,1-Bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) as a
passivation layer, where TAPC passivated surface defects and facilitated
carrier transportation, while TBTB provided a Br-rich environment to fill Br
vacancies. Additionally, 1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile

(HAT-CN) was thermally deposited to serve as both a hole-injection layer
and a buffer layer. Consequently, the top-emitting devices with the structure
of Al/aluminum oxide (Al2O3)/perovskite QWs/TAPC/HAT-CN/ITO have
shown remarkable EQE values of 12.41%, 16.49%, 26.09%, and 9.97% for
blue, sky-blue, green, and pure-red emission regions, respectively.Moreover,
the perovskite QWs-based flexible devices have demonstrated uniform
luminance under bending, highlighting the versatility of perovskite QWs for
future applications.

Khan Lê et al.97 synthesized perovskite nanofibers through a one-step
fabricationprocess, showcasing the potential offiberPeLEDs. Subsequently,
Ren et al.98 developed all-organic perovskite QWs-based fiber LEDs using
porous alumina templates onAl fibers. Through anion exchange treatment,
full-color emission (green, blue, and red)was achieved.The encapsulationof
porous alumina templates and Al fibers imparted excellent bendability and
stretchability to the devices. As shown in Fig. 5di, ii, after bending with a
radius of 2mm, the electroluminescence (EL) intensity remained at 80% of
its initial value, while after 500 bending cycles with a bending radius of
5mm, the device retained over 85% of its initial EL intensity. Furthermore,
the device maintained 85% of its luminance under 100% strain. The flex-
ibility of perovskite QWs-based fiber LEDs allows for diverse shapes, Fig.
5diii shows “Victoria Harbor” structure created from various types of per-
ovskite QWs. The results reviewed in this section clearly highlight the
promisingpotential of 1DperovskiteNWsandQWs forflexible display and
lighting applications.

0D QD-based flexible PeLEDs also demonstrate immense potential in
flexible optoelectronic technologies due to their exceptional optical prop-
erties and fabrication flexibility59,99. The luminous characteristics of PeLEDs
stem from the quantum confinement effect of perovskite QDs (PQDs),
resulting in ultra-narrow emission linewidths (γ-values) typically less than
20 nm and tunable emission wavelengths100, ensuring high color purity
across the visible spectrum. Coupled with PLQYs exceeding 90%, QD

Fig. 5 | Low-dimensional flexible PeLEDs. a Device structure (i) and EQE vs
current density (ii) of 2D PEA2SnI4 inkjet-printed LEDs. Under the terms of
Creative Commons Attribution International License (CC-BY 4.0). b Schematic
mechanism of the perovskite morphology control with the PEG (i), and CE and EQE
as a function of luminance (ii). Reproduced with permission from ref. 85. Copyright
2019, John Wiley and Sons. c Fluorescent photographs of four-inch wafer-scale
MAPbBr3 QWs on Corning Willow glass (i), and EL image of a 3D spherical device
under 10 V bias (ii). Reproduced with permission from ref. 95. Copyright 2022,

Springer Nature. d Bendability (i) and stretchability (ii) characterizations, and (iii)
Victoria Harbor built by mounting batches of fibers. The unlabeled scale bar is 1 cm.
Under the terms of Creative Commons Attribution International License (CC-BY
4.0). e PL intensity retention of the EVA-160 film after repeatedly bending for
0–1000 cycles (i), and tensile curves of the pure EVA film and EVA-160 film (ii).
Reproduced with permission from ref. 104. Copyright 2018, American Chemical
Society.
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PeLEDs hold significant promise for applications in high-end displays and
lighting devices12,92,101,102. Moreover, PQD materials can be fabricated using
straightforward solution processes under ambient conditions, allowing
compatibility with flexible substrates such as plastics and polymer films.
Thus, PQDs lay a solid foundation for mechanical flexibility in devices103.

Compared to QDs in solution, gel-based composites retain their
structure without shrinkage and exhibit superior stability. Chen and colla-
borators prepared color conversion films made from CsPbBr3 PQDs and
ethylene-vinyl acetate copolymer (EVA), achieving a PLQY as high as
40.5%104. As shown in Fig. 5ei, CsPbBr3 PQDs/EVA films demonstrate
impressive flexibility, continuing to emit a vibrant green glow under UV
light (365 nm), even when bent to an extreme angle of 180°. Notably, after
undergoing 0 to 1000 bending cycles, no decrease in PL intensity was
observed, largely due to the inherent flexibility of the EVA matrix. More-
over, tensile test results (Fig. 5eii) confirmed that EVA-160 films, with a
mass ratio of CsPbBr3 PQDs to EVA of 0.6, exhibit mechanical behavior
similar to that of pure EVA films. When stretched to 350% of their original
length, these films maintain steady emission under UV light, showcasing
their exceptional mechanical and optical properties.

Sun et al. developed free-standing, flexible CsPbX3QD soft gels, scaled
at 10 × 19 cm2, through the self-hydrolysis of coordinating silane105. A
flexible white LEDwas fabricated by directly placing thin red and green gels
onto a transparent substrate, achieving chromaticity coordinates of (0.30,
0.32) and a color temperature of 7161 K, as well as a color gamut exceeding
128% of the NTSC standard, surpassing previous powder-based products.
Advantages of these devices include simple fabrication processes and high-
light conversion efficiency, making them suitable for large-area flexible
displays and applications requiring robust environmental tolerance.

Through an interface engineering approach combining inkjet printing
and plasma etching, bright and uniform red, green, and blue (RGB) micro-
PeLED arrays with pixel sizes as small as 45 μm have been successfully
fabricated. The integration of flexible device technology with RGB micro-
PeLED arrays, showcasing EQEs of 0.832%, 0.419%, and 0.052% for RGB
emissions, respectively, has enabled the fabrication offlexible displayswith a
resolution of 210 pixels per inch106. Electroluminescent QD PeLEDs exhibit
high efficiency, low driving voltage, and extensive potential for device
integration, making them increasingly valuable for applications in flexible
displays and wearable smart devices4.

Despite the improvements in optoelectronic performance achieved
through dimensionality regulation, simultaneously obtaining devices that
feature both high performance and mechanical properties remains a chal-
lenge. A promising approach to address this issue is to combine a high-
performance perovskite layerwith polymers that possess excellentflexibility.

Perovskite/polymer composites-based
flexible PeLEDs
Young’s modulus, a critical parameter for evaluating the mechanical
properties of materials, has been theoretically and experimentally reported
for metal halide perovskites to range from 12 to 20GPa107–109. This is sub-
stantially lower than that of conventional inorganic luminescent materials,
such as silicon, GaN, andGaAs, which typically exceed 100 GPa75,110,111. The
relatively low Young’s modulus, combined with the superior ductility of
perovskites, makes them highly suitable for high-performance flexible
optoelectronic devices.

However, the performance of flexible PeLEDs is still compromised by
prolonged mechanical deformation, such as bending and stretching. This
degradation is primarily attributed to the intrinsic brittleness of perovskite
materials. The tensile and compressive strains generated during bending
lead to vertical cracks along the grain boundaries and facilitate film dela-
mination from the substrate1,112,113. Such vertical cracks expedite the infil-
tration of oxygen and moisture, consequently accelerating material
degradation within the perovskite layer114,115. Moreover, film delamination
can result in immediate device failure.

To mitigate these issues, the development of perovskite-polymer
composites has been identified as an effective strategy to enhance

mechanical flexibility, resistance to deformation, and robust interfacial
adhesion116–118. For example, Zang et al. proposed an innovative self-healing
strategy119 that involves the incorporation of a multifunctional silane
molecule (3,3,3-trifluoropropyl)trimethoxysilane into the quasi-2D per-
ovskite PEA2Csn-1PbnBr3n+1, leading to the formation of flexible Si-O-Si
networks (Fig. 6a). The reversible hydrolysis and condensation reactions
within this siloxane network, along with the properties of the fluorinated
alkyl chains, impart exceptional self-healing capabilities to the perovskite
films. As a result, the synergistic effects enabled the flexible PeLEDs to
achieve an extraordinary EQE of 16.2% and retain 75% of their initial
efficiency after 1000 bending cycles, demonstrating exceptional mechanical
and operational stability.

Additionally, Bade et al. designed a composite structure by embedding
perovskite within a poly(ethylene oxide) (PEO) matrix120. The PEO matrix
serves as an elastic connector for the brittle perovskite microcrystals, pro-
viding stretchability to the composite emissive layer. Consequently, these
devices can withstand strains of up to 40% and maintain functionality over
100 stretching cycles, showcasing excellentmechanical robustness (Fig. 6b).

Sun et al. introduced a low-cost, green biomassmaterial ethyl cellulose
(EC) into CsPbI3 nanocrystals as a cross-linking agent between adjacent
halide octahedra121. As shown in Fig. 6c, the oxygen atoms in EC, particu-
larly those in the ethyl ether groups, exhibit high electron density, which
facilitates the formation of coordination bondswith undercoordinated Pb²⁺.
The theoretical simulationalso indicated that the formation energy of iodine
vacancies increased with the EC treatment, which demonstrates the
potential of EC on suppressing defect formation. Consequently, the PLQY
of CsPbI3 nanocrystals treated with EC increased significantly from 63% to
87%. Furthermore, the excellent flexibility of EC and its crosslinking effect
with perovskite nanocrystals enhanced the mechanical deformation resis-
tance of the perovskite layer. After 1000 bending cycles at a radius of 3mm,
the brightness exhibitedminimal decay. Even under repeated bending with
an ultra-small radius of 1mm, the nanocrystalsmaintained high brightness.

Inspired by the integration of rigid scales and soft tissues in pangolins,
Qian et al. developed a bioinspired structural design for self-healing flexible
PeLEDs using a polymer-assisted crystallizationmethod combinedwith the
flexible elastomeric properties of methylene diphenyl diisocyanate-based
polyurethane (MDI-PU)122. In such a unique design, harmful cracks can be
effectively self-healed through the intramolecular and intermolecular
hydrogen bonding of MDI-PU upon thermal treatment. The optimized
flexible blue PeLEDs achieved a record-breaking EQE of 13.5% with
exceptional bending strain resistance, retaining 87.8% and 80.7% of their
initial efficiency after 2000 cycles of bending and twisting operations,
respectively (Fig. 6d). Hence, as a good crosslinking agent, polymer mate-
rials can effectively improve both the mechanical and optical properties of
perovskite thin films, hence leading to excellent flexibility and mechanical
durability.

Therefore, integrating aflexible polymerwithperovskite can effectively
the performance of the flexible PeLEDs. The inherent flexibility of the
polymer improves the mechanical properties and robustness of the devices,
while its interactionwith perovskite optimizes crystallization, reduces defect
density, and regulates nucleation and growth, thereby achieving improved
film uniformity and performance. Additionally, the polymer’s ability to
protect the perovskite layer from oxygen and moisture significantly boosts
device stability and operational lifetime.

The performance of flexible PeLEDs reported recently is summarized
in Table 1 to compare the capacity of different strategies.

Hence, compared with single perovskite, exploiting perovskite/poly-
mer composites as the emitting layer for flexible PeLEDs is the approach to
not only enhances the mechanical flexibility of the devices but also helps in
maintaining their high optoelectronic performance. The properties of dif-
ferent emitting layers are summarized in Table 2.

Applications of flexible PeLEDs
Flexible PeLEDs have demonstrated significant potential for various
applications as deformable optoelectronic devices, particularly in the realms

https://doi.org/10.1038/s41528-025-00408-5 Review

npj Flexible Electronics |            (2025) 9:32 7

www.nature.com/npjflexelectron


of foldable lighting andwearable display technologies. Zhao et al. showcased
large-scale flexible NIR PeLEDs suitable for medical illumination123. As
illustrated in Fig. 7a, the uniform and intense emission from these devices
facilitates clear visualization of even subcutaneous blood vessels. When
integrated with other functional devices, this non-invasive detection cap-
ability offers a promising approach for monitoring various physiological
features.

In another development, Chou et al.124 fabricated perovskite light-
emitting touch-responsive devices (LETDs) by combining perovskite with a
composite electrode made of AgNW and PU for the touch interface. When
pressure is applied to the device’s surface, the electrodemakes direct contact
with the perovskite light-emitting layer, forming a Schottky contact that
allows for charge transport, thus illuminating the device.Upon the release of
pressure, the electrode detaches from the perovskite layer, ceasing photon
emission. The flexibility of the devices enables them to adhere to curved
surfaces, ensuring visual displays with good clarity, as shown in Fig. 7b. The
versatility of the LETDspositions themas strong candidates for applications
in biometricfingerprint recognition,motiondetection, andother interactive
displays.

High-quality displays are increasingly vital for wearable technology.
Kwon et al. achieved ultrahigh-resolution flexible PeLEDs designed for
attachable displays, as depicted in Fig. 7c125. They developed a novel double-
layer transfer printing technique to pattern the perovskite and organic
charge transport layers, effectively preventing internal cracking during
transfer. This innovativemethodyielded anultrahigh resolutionof 2550PPI
for RGB pixelated patterns and 33,000 line pairs per inch for monochro-
matic patterns, both with a transfer yield of 100%. The resulting ultrathin
PeLEDs are capable of operating on curvilinear surfaces—such as human
skin, leaves, and the edges of blades—while withstanding various
mechanical deformations, including bending, folding, wrinkling, and
twisting. Encapsulated with waterproof parylene on both upper and lower

surfaces, these devices exhibit excellent moisture stability. Their enhanced
optical and mechanical properties make these skin-attachable PeLEDs
promising for future applications inwearable devices, the Internet of Things
(IoT), virtual reality (VR), and augmented reality (AR).

Shan et al. employed a hybrid strategy and a simple solution assembly
process to fabricate bifunctional fibers based on PQDs, as illustrated in Fig.
7d126. Their approach utilized a hybrid perovskite ink composed of
poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine] (PTAA), 1,3,5-tri[(3-
pyridyl)-phen-3-yl]benzene (TmPyPB), and PQDs. Layer-by-layer, these
materials were coated onto transparent PET fibers using a dip-coating
process. The resulting perovskite fibers demonstrated excellent electro-
luminescent properties, alongside impressive photodetection capabilities.
This led to the successful demonstration of a wearable light fidelity (LiFi)
system utilizing the bifunctional fibers, enabling them to serve as both
transmitters and receivers for true full-duplex communication. Notably,
these fibers maintained functionality even at a bending radius of 4.5 mm,
showcasing their flexibility. This advancement could significantly enhance
data transmission rates and facilitate real-time interactions between
devices, marking a critical development in smart wearable and IoT
technology.

Theongoing researchandexplorationof applications involvingflexible
PeLEDs are poised to greatly enhance human life in the future. As con-
ceptualized in Fig. 8, several scenarios depict flexible PeLEDs integrated
seamlessly into daily life, including foldable screens, interactive large-area
flexible displays, wearable smart electronic devices, innovative lighting
systems, and advanced medical devices. These applications are not only
driven by the unique material properties of perovskites but also closely
intertwinedwith the advancements in artificial intelligence (AI) technology,
which further amplifies their potential impact.We anticipate that continued
research inflexiblePeLEDapplicationswill yield evengreater advancements
in the future.

Fig. 6 | Perovskite/Polymer Composites-based Flexible PeLEDs. a Schematic
illustration of the interaction between silica network with perovskite (i), bending
cycles-dependent EQE degradation behavior (ii). Reproduced with permission from
ref. 119. Copyright 2022, JohnWiley and Sons. b Photos of a lit LED under a 4V bias
before (top) and after (bottom) stretching to 40% strain (i) and CE–voltage char-
acteristics of the stretchable PeLEDs before and after stretching to 20% and 40%
strain (ii). Reproduced with permission from ref. 120. Copyright 2017, John Wiley
and Sons. cMolecular structure and calculated ESP profile of amonomermolecule of

EC (i), formation energies of surface I vacancies in the perovskite without and with
EC treatment (ii), schematic and digital photo of the flexible PeLEDs (iii), and
luminance of the device with different bending cycles at a bending radius of 3 mm.
Reproduced with permission from ref. 121. Copyright 2022, John Wiley and Sons.
d Schematics of MDI-PU-incorporated flexible perovskite films (i), J–V–L char-
acteristics (ii), and EQE and CE (iii) as a function of current density measured after
repeated bending and twisting. Reproduced with permission from ref. 122. Copy-
right 2022, American Chemical Society.
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Summary and outlook
In conclusion, we have reviewed recent research advancements in flex-
ible PeLEDs, with a particular emphasis on the perovskite light-emitting
layer. Our analysis began by examining the progress made in developing
flexible PeLEDs utilizing flexible substrates and electrodes. We cate-
gorized various perovskite materials, including 3D thin films, 2D/quasi-
2D films, 1D NWs, 0D QDs, and perovskite/polymer composites, dis-
cussing their synthesis methods, optical and mechanical properties, and
applications in flexible PeLEDs. The unique material properties and
excellent device performance highlight the potential of flexible PeLEDs
as candidates for next-generation flexible and wearable optoelectronic
devices. However, further improvements in device performance are
essential before these technologies can be applied in practical scenarios,
which can be achieved through innovations in both perovskite materials
and device structures.

Mechanical robustness is a critical challenge for the practical deploy-
mentofflexiblePeLEDs, as thesedevicesmust endure various deformations,
including bending, stretching, and abrasion. To address this, a rational
design approach to the device structure is effective. This may involve

utilizing mechanically stable substrates and electrodes and optimizing
interfacial layers to enhance adhesion between different layers. Moreover,
regulating the composition and dimensionality of the perovskite emitting
layer offers versatile opportunities to enhance flexibility. Incorporating
perovskite/polymer composites with effective cross-linking strategies,
refined polymer-perovskite interfaces, and novel self-healing mechanisms
are promising methods to simultaneously achieve high performance and
flexibility in flexible PeLEDs. These advancements not only address the
intrinsic brittleness of perovskitematerials but also pave theway for durable
and reliable flexible optoelectronic devices. Beyond good flexibility,
enhancing the performance of flexible PeLEDs is crucial for their industrial
viability, positioning advanced additive engineering as a potential direction
for future exploration.

Operational stability remains a significant obstacle, affecting both
flexible and rigid PeLEDs. Non-radiative recombination due to defects
on the crystal surface and grain boundaries is a primary factor that
severely undermines operational stability. To combat this issue, devel-
oping rational designs for effective passivation strategies that sig-
nificantly reduce defect densities within the perovskite layer is essential.
Furthermore, unbalanced charge injection and transport can result in
Joule heating, further exacerbating low operational stability in PeLEDs.
Thus, optimizing charge transport layers to achieve balanced carrier
transport is a key strategy for enhancing the durability of PeLED devices.
The implementation of encapsulation strategies is also critical to miti-
gate the sensitivity of perovskite materials to oxygen and moisture,
which can lead to degradation. Addressing these challenges will facilitate
significant advances in improving the operational stability and lifespan
of PeLEDs.

Anothermajorobstacle to thepractical applicationofflexiblePeLEDs is
their toxicity. Presently, high-efficiency PeLEDs are primarily based on Pb

Table 2 | Comparisons of emitting layers of flexible PeLEDs

Emitting layer Advantages Disadvantages

3D perovskite High luminance Low PLQY, low stability,
low flexibility

Low-dimensional
perovskite

HighPLQY, high stability Low luminance

Perovskite/polymer
composites

High PLQY, high
stability, high flexibility

Poor interface contact

Fig. 7 | Applications of flexible PeLEDs. a NIR photographs of the large-area
flexible PeLED (i), PeLED with a 0.5-inch circular window illuminating sub-
cutaneous blood vessels on the human palm while in close contact (ii), and PeLED
illuminating the back of a human fist (iii). Reproduced with permission from
ref. 123. Copyright 2020, SpringerNature. bTransparent flexible LETDwrapped to a
1 in. diameter vial and glowing in the form of letter “T” when stamped (i), and
photograph of a LETD under 4 V bias when an “A”-shape stamp is pressed onto the
surface of the AgNW–PU top electrode (ii). Reproduced with permission from
ref. 124. Copyright 2017, American Chemical Society. c Photograph of ultrathin
multicolor PeLEDs attached to human skin (i), ultrathin PeLEDs attached to human

skin under various deformations: 20% compression (ii) and twist (iii), ultrathin
PeLEDs laminated on a leaf (iv), demonstration of the water resistance of ultrathin
PeLEDs (v), and photograph of an ultrathin PeLED folded on a razor blade edge (vi).
Under the terms of Creative Commons Attribution International License (CC-BY
4.0). d Schematic illustration of the working mechanism (LED mode) of the light-
emitting/detecting bifunctional perovskite fiber (i), schematic of the structure of a
perovskite EL fiber (ii), EL spectra of a green (iii) and a red (iv) electroluminescent
perovskite fiber. Under the terms of Creative Commons Attribution International
License (CC-BY 4.0).
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compositions, which do not meet the safety standards necessary for com-
mercialization. While alternative metal ions, such as tin (Sn), have been
explored as substitutes for Pb in rigid PeLEDs, research on Pb-free flexible
PeLEDs is still limited. Thus, developing high-performance, non-Pb FLEDs
is a promising direction for future research and innovation.

In summary, while substantial achievements have been made
concerning rigid PeLEDs, including enhanced device EQE and lumi-
nescence, the development of high-performance flexible PeLEDs lags
behind. Overcoming challenges related to mechanical flexibility,
operational stability, and material toxicity is critical for the future
advancement and commercialization of flexible PeLEDs in wearable and
other optoelectronic applications.
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