
Ren et al., Sci. Adv. 10, eadn1095 (2024)     15 May 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

1 of 8

M AT E R I A L S  S C I E N C E

Full- color fiber light- emitting diodes based on 
perovskite quantum wires
Beitao Ren1,2,3, Daquan Zhang1,2,3, Xiao Qiu1,2,3, Yucheng Ding1,2,3, Qianpeng Zhang1,2,3, Yu Fu4, 
Jin- Feng Liao5, Swapnadeep Poddar1,2,3, Chak Lam Jonathan Chan1,2,3, Bryan Cao1,2,3,  
Chen Wang1,2,3, Yu Zhou1,2,3, Dai- Bin Kuang5, Haibo Zeng6, Zhiyong Fan1,2,7,3*

Fiber light- emitting diodes (Fi- LEDs), which can be used for wearable lighting and display devices, are one of the 
key components for fiber/textile electronics. However, there exist a number of impediments to overcome on de-
vice fabrication with fiber- like substrates, as well as on device encapsulations. Here, we uniformly grew all- 
inorganic perovskite quantum wire arrays by filling high- density alumina nanopores on the surface of Al fibers 
with a dip- coating process. With a two- step evaporation method to coat a surrounding transporting layer and 
semitransparent electrode, we successfully fabricated full- color Fi- LEDs with emission peaks at 625 nanometers 
(red), 512 nanometers (green), and 490 nanometers (sky- blue), respectively. Intriguingly, additional polydimeth-
ylsiloxane packaging helps instill the mechanical bendability, stretchability, and waterproof feature of Fi- LEDs. 
The plasticity of Al fiber also allows the one- dimensional architecture Fi- LED to be shaped and constructed for 
two- dimensional or even three- dimensional architectures, opening up a new vista for advanced lighting with 
unconventional formfactors.

INTRODUCTION
Flexible optoelectronic devices, light- emitting diodes (LEDs) in 
particular, have been playing an important role in multifarious 
applications, including wearable displays, health monitoring sys-
tems, virtual reality, optical communications, automotive lighting, 
etc. (1–6) Now, various types of advanced technologies, such as 
emitter- coated fibers, nanostructural materials, and polymer-  and 
elastomer- based substrates, have been developed for high- performance 
flexible LEDs (1, 7–10). Among them, fiber LED (Fi- LED), which 
emits light from a flexible substrate that resembles a fiber, exhibits 
marked advantages over the others in wearable displays due to its 
good compatibility with textiles fabrication, as well as excellent spa-
tial luminance uniformity.

Metal halide perovskites (MHPs) have carved a niche for them-
selves as one of the most promising light- emitting materials for 
next- generation LEDs, owing to their intrinsically marvelous opto-
electronic features, including effective radiative carrier recombina-
tion, remarkable color tunability and purity, as well as facile synthesis 
and low- temperature fabrication processes in both liquid and vapor 
phases (11–14). Attributed to the well- developed approaches for in-
terface engineering and structure optimization for perovskite LED 
(PeLED) devices, the external quantum efficiency (EQE) of PeLED 
has been boosted from less than 1% to nearly 30%, within a decade 

(15–17). Meanwhile, MHPs were also successfully incorporated into 
upcoming technologies, such as large- scale, flexible, and multifunc-
tional LEDs (18–21), suggesting their great potential in wearable 
displays. However, MHP- based Fi- LEDs have remained underex-
plored because of challenges in fabrication, such as gravity and 
surface tension–induced nonuniform coating, low- quality crystalli-
zation, complex process for electrode deposition, etc., which culmi-
nate in uneven and inefficient light emission.

Here, we demonstrate full- color Fi- LEDs based on MHP quantum 
wires (PeQWs) with good bendability, stretchability, and moisture 
stability. Serving as a growth template, porous alumina membrane 
(PAM) with an ultrasmall pore size of ~5 nm is fabricated on thin alu-
minium (Al) fibers for growing all- inorganic PeQWs by a roll- to- roll 
solution- coating process. With the combination of quantum confine-
ment effect and the passivation from the three- dimensional (3D) 
PAM structure, the as- grown PeQWs demonstrate prominent photo-
luminescence quantum yield (PLQY) of nearly 90% and a noticeable 
photoluminescence (PL) lifetime (TPL50) of up to 1500 hours under 
ambient condition. The obtained Fi- LEDs behave graceful full- color 
fabric electroluminescence (EL), and the corresponding planar PeLED 
devices with the optimal structure achieved a relatively high EQE 
of 15.2%, when compared to all- inorganic PeLEDs (22). With extra 
polydimethylsiloxane (PDMS) encapsulation, a variety of EL scenarios 
are demonstrated with the full- color Fi- LED devices, highlighting 
great potentials of MHP Fi- LEDs in flexible and wearable lighting and 
displays.

RESULTS
The schematic illustration depicting the growth of PeQWs is shown 
in Fig. 1A. A solution dip- coating method was adopted with a fiber- 
compatible roll- to- roll system. MHP precursor [CsPbX3 (X = Cl, Br, 
I, or mixed halide)] solution is filled into PAM channels which are 
fabricated on a thin (0.1, 0.3, or 0.5 mm in diameter) Al fiber with 
a 5- V anodic anodization process. A surrounding annealing proce-
dure with a heating coil is subsequently carried out for spatially uni-
form solvent vaporization and MHP crystallization. It is noted that 
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the Wenzel state enables rough PAM surface more hydrophilic and 
then better wettability than its original status on smooth Al surface 
(23), which is proved by a decreased contact angle of MHP precur-
sor [in dimethyl sulfoxide (DMSO)] (fig. S1). During soaking our 
PAM@Al fiber in MHP precursor, Wenzel state allows the solution 
to completely infiltrate into PAM channels such that the PeQW ar-
ray can be uniformly grown. To minimize the formation of MHP 
thin- film (TF) structure on the PAM surface, the residual solution is 
removed by nitrogen (N2) blowing before annealing for solvent 
vaporization and MHP crystallization. As a result, a nearly 100% 
filling ratio and clean surface can be observed by comparing the top- 
view scanning electron microscopy (SEM) images of PAM before 
(Fig. 1B) and after (Fig. 1C) CsPbBr3 QWs growth. The correspond-
ing cross- sectional SEM images in fig. S2 and top- view morphology 
comparison between QWs and TF structure in fig. S3 also provide 
the evidence for the absence of extra TF structure on the surface 
postcoating. In addition, because of quantum confinement effect 
and the exclusion of surface tension during dip- coating, CsPbBr3 
QWs provide more uniform and brighter luminescence under ultra-
violet (UV) stimulus than CsPbBr3 TF (insets in fig. S3). The ob-
tained well- crystallized single CsPbBr3 QW extracted from the 
PAM channel can be characterized by high- resolution transmission 
electron microscopy (HRTEM) technology, as shown in Fig.  1D, 
where an interplane spacing of 0.29 nm can be seen and assigned to 
the distance between two neighbouring (200) planes. In fig.  S4, a 
relatively intact and well- crystalized single PeQW with the length of 
~50 nm is captured by scanning transmission electron microscopy 
(STEM) in lower magnification. The energy dispersive spectroscopy 
(EDS) mapping with caesium (Cs) and lead (Pb) elements (fig. S5) is 
also characterized by STEM to demonstrate the PeQW array.

The obtained PeQWs exhibit a typical fluorescent feature, and 
the emissive color is adjusted with the perovskite material composi-
tions listed in table S1. Benefiting from the flexibility of thin Al fiber, 
the as- fabricated fibers can be easily tangled (Fig. 1E) and woven 
(Fig. 1F) to each other, revealing the potential in textile lighting ap-
plication (Fig. 1A). Meanwhile, thin Al fiber has both malleability 
and plasticity, which allows it to be fashioned into diverse 2D and 
3D architectures. Here, we showcase a 2D full- color string “I Love 
HKUST” (Fig. 1G), a 3D green swirl (Fig. 1H), and an HKUST 
Redbird pattern (Fig. 1I) with excellent fluorescence uniformity. In 
Fig. 1J, we combine various kinds of PeQWs to build up a “night 
scene” of Victoria Harbour, with the iconic buildings in Hong Kong, 
where a halide exchange method is used to acquire halide gradient 
for obtaining color transition regions (24, 25). The low activation 
energies for defect or ion migration within the nanostructure, cou-
pled with the high dynamic nature of the surface ions, allow the 
occurrence of halide exchange in PeQWs (26). Specifically, green 
CsPbBr3 QWs undergo a halide exchange process with CsI and CsCl 
solutions to obtain CsPbBrxI3−x and CsPbBrxCl3−x gradient. It is 
reported that the MHP synthesized by ion exchange typically pres-
ents better phase stability than directly synthesized MHP (27). In 
fig. S6, the PL spectra of green–to–sky- blue (G- B) and green- to- red 
(G- R) transition regions are indicated with dual peaks or a plateau 
shape, thus realizing the multicolor fibers on the second building 
from the left. Our strategy with PeQWs growth on PAM@Al 
fiber opens up an innovative way for fabricating unconventional 
3D- structured lighting sources.

To further study the crystallinity of our PeQWs, x- ray diffraction 
(XRD) patterns for three representative red/green/sky- blue (R/G/B) 
PeQWs are measured and shown in fig.  S7. Distinctive peaks at 
15.1°, 21.7°, and 30.7° are respectively classified to (110), (112), and 
(220) planes of orthorhombic CsPbBr3 phase. The intensity differ-
ences and slight shift of specific peaks in the R-  and B- PeQWs 
patterns can be attributed to the lattice expansion or contraction 
induced by lager I− ion and smaller Cl− ion (28). Figure 2A shows 
the absorption and PL spectra with the corresponding PL image of 
R/G/B PeQWs. In contrast to the traditional TF counterparts (PL 
spectra in fig. S8), PeQWs exhibit blue- shifted PL peaks due to the 
quantum confinement effect (29, 30). The PL peaks of PeQWs are 
located at 625, 512, and 490 nm, respectively, with narrow full width 
at half maximum (FWHM) of 39, 18, and 20 nm. Meanwhile, the 
synergetic effect of the spatial confinement and surface passivation 
of the PAM template contribute to high PLQY values of 59.96, 87.11, 
and 65.10% for the R- , G- , and B- PeQWs, respectively (Fig. 2B), which 
are much higher than that of TF counterparts (31). To understand 
the mechanism for high PLQY in PeQWs, x- ray photoelectron 
spectroscopy (XPS) (fig. S9) and time- resolved photoluminescence 
(TRPL) measurement (fig. S10) are characterized. From XPS results, 
the dominant halide compositions in different PeQWs can be distin-
guished (fig. S9, A to C), and the slight right- shift to lower binding 
energy of Cs 3d, Pb 4f, and Br 3d spectra on CsPbBr3 QW sample, 
respectively by 0.2, 0.2, and 0.4 eV (fig. S9, D to F), is also observed, 
suggesting the surface passivation effect from PAM template, thus 
suppressing nonradiative recombination on the PeQW surface (32). 
TRPL results show the average carrier lifetime (τave) of 10.71, 6.40, 
and 5.57 ns, respectively, for R- , G- , and B- PeQWs. A short τave can 
be typically caused by the increase of either or both radiative and 
nonradiative recombination (19, 33). In our case, on the basis of the 
lower binding energy in XPS results and high PLQY, such a short 

Fig. 1. PeQWs Fabrication. (A to D) Schematic of PeQWs growth with PAM tem-
plate (A) and the corresponding top view SeM images of PAM on Al fiber before (B) 
and after (c) csPbBr3 QWs formation, as well as the hRteM image (d) of a single 
csPbBr3 QW extracted from PAM template. (E to J) Fluorescent pictures: colorful 
tangled fibers (e), woven fibers (F), i love hKUSt pattern (G), green swirl (h), hKUSt 
Redbird logo (i), and victoria harbor (J) built by mounting batches of fibers. All the 
unlabeled scale bars are 1 cm.
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τave further validates the high radiative recombination rate in PeQWs. 
In addition, transient absorption (TA) measurement is conducted to 
study the energy transfer and recombination dynamics of photogen-
erated carriers in PeQWs. Figure 2C presents the single pronounced 
ground- state bleach (GSB) peaks for such PeQWs, at a delay time of 
5 ps, which coincide with the PL peaks. As shown in fig. S11, a single 
narrow GSB peak for G- PeQWs indicates the absence of energy 
transfer and the coexistence of different phases, while for B-  and R- 
PeQWs, a slight time- dependent red shift may be caused by halide 
segregation in mixed halide perovskite, which can be notably sup-
pressed by using cationic additives (17, 34). For our PeQWs, although 
devoid of any extra doping for defect passivation, the outstanding 
optical properties mentioned illustrate the superiority over conven-
tional TF structure counterparts. Simultaneously, the highly uniform 
growth of PeQWs on the PAM@Al fiber is characterized by a position- 
dependent PL measurement with an over 4- cm- long sample along 
both the length (Fig. 2D, with the corresponding PL spectra in fig. S12) 
and radius directions (fig. S13). Furthermore, benefiting from the 
3D protection of the PAM template from moisture and oxygen stim-
ulus (19, 31, 35), the as- grown PeQWs exhibit an extraordinary PL 
lifetime in an ambient condition (23°C, 45 to 55% relative humidi-
ty), with the TPL50 values of ~720, ~1400, and ~1000 hours, respec-
tively, for R- , G- , and B- PeQWs (Fig. 2E), where TPL50 is defined as 
the time when the PL drops to 50% of its initial intensity. The cor-
responding PL spectral evolutions of different PeQWs are denoted 
in fig. S14, which manifests relative spectral stability by spatially 
inhibiting the ambient air- induced ion migration, especially for the 

mixed halide B-  and R- PeQWs. In addition to the Al foil, our PeQWs 
can also be easily grown on other types of substrates, such as widely 
used fluorine- doped tin oxide (FTO)–coated glasses and flexible 
stainless- steel foil. A thin layer of Al needs to be coated on the sub-
strates either by sputtering or cold spray method (19, 36), before the 
anodization process. The cross- sectional SEM images in fig. S15 
(A and B), as well as the PL spectra in fig. S15C, indicate the success-
ful growth of PeQWs on stainless- steel and FTO- coated glass, respec-
tively. This feature enables PeQWs good compatibility in industry 
and high potential in practical applications.

To fabricate Fi- LED on the PeQW- based fiber, surrounding 
copper phthalocyanine (CuPc) and thin gold (Au) are conformably 
deposited with a two- step evaporation method (fig. S16), where 
CuPc serves as a hole transporting layer (HTL) and Au is a semi-
transparent top electrode. Briefly, the as- prepared PeQW fiber is 
horizontally mounted on stage for evaporation on the front side and 
then is turned over 180° for the evaporation on the back side, so as 
to uniformly and continuously deposit surrounding CuPc and Au 
(fig. S17). Figure 3A presents the schematic of our Fi- LED device, 
where Al fiber is cathode terminal and surrounding Au is anode ter-
minal when under forward bias. The insets in Fig.  3A show the 
cross- sectional schematic of device and its corresponding SEM im-
age, indicating that an around 200- nm- thick PeQW array structure 
is used. The cross- sectional TEM image in fig. S18 can easily observe 
the vertically arranged PeQW array, with an ultrathin Al2O3 barrier 
layer (around 4 nm, indicated by red dashed lines) between PeQW 
array and Al substrate. An energy band structure for the fabricated 

Fig. 2. PeQWs characterizations. (A) Absorption and Pl spectra of three representative R/G/B PeQWs. the inset is the fluorescent image. (B) PlQY and Pl peak position 
of PeQWs with different halide compositions. (C) tA spectra of PeQWs at the same delay time of 5 ps. (D) normalized Pl intensity evolution as a function of length position 
along a single fiber. the inset shows the fluorescent photograph of the corresponding green fiber. (E) Pl stability test in ambient air (23°c, ~45 to 55% relative humidity). 
a.u., arbitrary units; Od, optical density.
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Fi- LED devices is plotted in Fig. 3B, where R/G/B devices are re-
spectively with the R/G/B PeQWs active layer shown in dotted box. 
The valance band maximum values of those three PeQWs are de-
termined with the UV photoelectron spectroscopy (UPS) results 
(fig. S19), and the bandgaps (Eg) are calculated with the correspond-
ing PL peak positions because MHP is well- known as a direct band-
gap material. Intriguingly, a metal- insulator- semiconductor (MIS) 
junction is formed in the Al/Al2O3/PeQWs structure, enabling an 
electron tunneling process through the ultrathin Al2O3 layer and its 
working mechanism has been clearly explained in other report (37), 
which can be proved by a linear dependence of I/V2- 1/V plotting 
(fig. S20), where I is the integrated EL intensity and V is the bias 
voltage. When getting a high enough voltage bias for tunneling 
through the ultrathin Al2O3 layer, electrons undergo radiative re-
combination with holes in PeQW zone for light emission. Figure 3C 
shows the EL spectrum and the photograph of lighting Fi- LEDs under 
a constant 6- V forward bias, giving the EL peaks at 627, 512, and 494 nm 
for R- , G- , and B- devices, respectively, and narrow FWHM of 40, 
20, and 18 nm. The corresponding Commission Internationale de 
l’éclairage chromaticity coordinate diagram is given in fig.  S21, 
showing the emissive color coordinates of (0.65, 0.31), (0.07, 0.73), 
and (0.08, 0.32), respectively, positioned at red, green, and sky- blue 
regions. The consistent EL spectra under different bias voltages in 
fig. S22 demonstrate the good color stability of the mixed- halide Fi- 
LEDs, where slightly increased FWHM at higher bias voltage is be-
lieved to be caused by a field- induced quantum confinement Stark 
effect (38). EL variation is also quantified to be a value of 11.2% by 

studying the EL intensity distribution along both the length and 
radius directions (fig. S23). The length- dependent EL degradation is 
majorly resulted from the current spreading issue of the thin Au 
electrode, which typically can be addressed by depositing an extra 
layer of Au grid to improve the conductivity (19).

For a convenient experimental estimation of Fi- LED perfor-
mance, planar devices with the exactly same device structure and 
similar fabrication procedures (Materials and Methods) are charac-
terized. Figure 3D presents the current density- luminance- voltage 
(J-  L-  V) diagram of PeQW- based planar devices. Because of the ex-
istence of the barrier layer, the threshold of etch device is a little bit 
higher than that of traditional TF counterpart, showing 4.0, 4.4, and 
4.8  V, respectively, for R- , G- , and B- PeQWs devices. In Fig.  3E, 
EQE–current efficiency–voltage diagram is calculated and plotted 
on the basis of J-  L-  V results, where EQE is determined by the ratio 
between the number of photons emitted and the number of elec-
trons passing through the device. We can see that the champion 
EQE of 7.6, 11.6, and 4.3% are achieved for R- , G- , and B- PeQWs 
devices, respectively, at the luminance of 144, 876, and 110 cd m−2. 
The lifetime measurement with an initial luminance (L0) of 100 cd 
m−2 for all kinds of Fi- LEDs is carried out in ambient condition 
without encapsulation (fig. S24). The results present a moderate life-
time, and there is still a large room for improvement. Despite the 
relatively lower EQE and stability of our Fi- LEDs than that of the 
state- of- the- art planar PeLEDs, the exceptional quality of PeQWs 
underscores the potential for further optimization and the realiza-
tion of highly efficient Fi- LEDs by tuning the PeQW composition 

Fig. 3. PeQW- based Fi- LED structure and performance. (A) device schematic. the inset at the top left corner shows the cross- sectional SeM image of device. (B) energy 
band structure of the Fi- led devices. (C) el spectra of R/G/B led devices. the inset is an el photograph of Fi- leds with different colors. (D to E) Planar devices characteriza-
tion: J-  L-  V (d) and eQe–current efficiency–voltage (e) curves of R/G/B led devices. (F) device characterizations with different htls. the inset indicates the modified en-
ergy band structure of tAPc devices for better electron blocking.
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and device structure (31, 39). Considering the severe electron 
leakage from PeQWs because of the low LUMO (lowest unoccupied 
molecular orbital) of CuPc (fig. S25A), further optimization is con-
ducted by increasing the thickness of CuPc and altering HTL from 
CuPc to 1,1- bis[(di- 4- tolylamino)phenyl]cyclohexane (TAPC). As 
shown in Fig. 3F, the device with thicker CuPc does not show obvi-
ous improvement, while the higher LUMO of TAPC substantially 
enhances the blocking effect for suppressing the electron leakage 
from PeQWs and enables a higher EQE of 15.2% (measured in 
ambient air condition without any encapsulation) for green PeQW- 
based device, which is close to 200 times higher than the previously 
reported PeLED devices with MIS structure (37). A band alignment 
drawing under forward bias voltage straightforwardly presents the 
enhanced electron blocking effect (fig. S25). As a high energy bar-
rier between PeQWs and TAPC, electrons are blocked and accumu-
lated into PeQWs, thus higher efficiency for radiative recombination 
(ηRadiative). It is widely recognized that EQE is directly proportional 
to ηRadiative, which can be defined by the following formula

Moreover, PAM nanostructure has been widely explored for light 
coupling by manipulating the refractive index (40–43). The presence 
of high light extraction efficiency (ηExtraction), namely, out- coupling 
efficiency (OCE) has been amply substantiated on nanowires/quan-
tum wires arrays on PAM@Al substrates, with both experimental 
and simulation results, according to our previous works (19, 31, 33, 
44–46). Meanwhile, the top semitransparent Au electrode can be 
simply tuned the thickness to modulate the angular- dependent emis-
sion profile and microcavity effect in specific device structure to 
receive the highest OCE (47). Therefore, the relatively high EQE in 
this work can be attributed to the high quality of PeQWs, carrier spa-
tial confinement, and effective light extraction with PAM template, 
as well as the structural device optimization, revealing their great 
potential in highly efficient light- emitting applications. Under such 
consideration, all the devices demonstrated subsequently take TAPC 
as HTL, unless otherwise specified.

Apart from the promising performance, our PeQW- based Fi- 
LEDs can also realize light emission in 2D and 3D architectures 
because Al fiber substrate can be reshaped into diverse profiles with 
2D or 3D architectures, benefiting from both of its malleability and 
plasticity. As shown in Fig. 4A, three Al fibers are sculpted to estab-
lish I Love HKUST model and then respectively are fabricated for 
B- , R- , and G- PeQW–based Fi- LEDs. The photograph shows the EL 
feature under a constant 8- V bias. It is worth noting that the 
“HKUST” string is made by patterning one 24- cm- long Al fiber, 
which is the longest monolithically independent perovskite Fi- LED 
in the literature, to the best of our knowledge, with a surrounding 
emission area of nearly 4 cm2. Here, gallium- indium liquid alloy 
(hereinafter referred to as “liquid metal”) is used as device elec-
trode contacts, and a constant 8- V bias is applied to liquid metal via 
metal probes to light up three Fi- LEDs at the same time. Similarly, 
in fig. S26A, the Fi- LED is also fabricated on a filament- shaped Al 
fiber which is assembled in a lighting bulb and lighted up with a 
constant 6- V bias. A 3D swirl- shaped substrate is compatible with 
our PeQW- based Fi- LED fabrication methodology as well, as dem-
onstrated by the EL image at constant 8- V bias in fig. S26B. In 
addition, by encapsulating our Fi- LEDs with PDMS for resisting 
moisture and oxygen, as well as stress dispersion, PeQW- based Fi- 
LED devices with good stretchability, bendability, twistability, and 

waterproof feature have also been demonstrated. Specifically, as 
shown in Fig. 4B, a wavy- shaped, which is a widely used architec-
ture for stretchable and wearable electronics (48–51), is applied to 
our Fi- LED device to achieve stretchability. A maximum 100% 
elongation is realized with a constant 6- V bias on the Fi- LED 
device (Fig. 4C). Also, as shown in Fig. 4D, our Fi- LEDs maintain 
good EL with a bending radius of 3 mm. Moreover, the wavy archi-
tecture device can be even bent with the radius of 2 mm owing to 
its better tension alleviation (Fig. 4E). It is also very interesting that 
neither 180° twisting (Fig. 4F) nor water soaking treatment (Fig. 4, 
G and H) damages the device. Besides the malleability of Al fiber 
and PDMS protection, such flexible features are also profiting from 
the 3D PAM template. During deformation, almost all the com-
pressive or tensile stress is concentrated in PAM template, which 
substantially mitigates the stress and tension on PeQWs (52, 53). 
Consequently, all the functional materials are sandwiched between 
three layers of stress reliever: PDMS, PAM, and malleable Al fiber, 
thus ensuring highly flexible devices. To further evaluate the ro-
bustness of Fi- LEDs with PDMS encapsulation, we monitored the 
EL degradation under various harsh conditions, including bending, 
stretching, and water soaking. For the bendability test, a 1.5- cm- long 
Fi- LED device was attached onto different cylinders with different 
diameters. It can be seen that the EL intensity retains around 80% 
of its initial value even under a bending radius of 2 mm, as shown 
in Fig. 4I (black curve). Meanwhile, after 500 bending cycles with a 
bending radius of 5 mm, the device remains over 85% of its ini-
tial EL intensity (red curve in Fig.  4I). For the stretchability test 
(Fig. 4J), we have found that the device maintains 85% of its initial 
value even under 100% strain, while it plummets to 50% after 
150 stretching cycles under 60% strain, meaning that the mechanical 
damage from the repeated bending cycles is not negligible. To fur-
ther improve device mechanical stability, a thinner Fi- LED device 
with a fiber diameter of 0.2 mm has been fabricated and measured. 
We have found that the device can retain over 90% EL intensity 
after 500 bending cycles (star symbol in Fig. 4I) and 80% EL inten-
sity after 150 stretching cycles (star symbol in Fig. 4J). Figure 4K 
shows the aging test results of the encapsulated device under water 
soaking. Benefiting from the perfect encapsulation of PDMS, the 
EL intensity of Fi- LED has no change even after continuous water 
soaking for more than 1000 hours. The remarkable properties dis-
cussed above position the PeQW- based Fi- LED device as one of the 
highly appealing candidates for flexible and wearable lighting and 
display applications. Its promising potential for integration onto 
fabrics further enhances its appeal in this regard.

DISCUSSION
Overall, this work uses fiber- shaped PAM template to uniformly 
grow PeQWs on Al fibers with 1D, 2D, and 3D architectures. The 
unique two- step evaporation strategy allows further Fi- LED device 
fabrication on various unconventional architectures. Ascribed to 
the malleability and plasticity of Al fiber, in conjunction with the 
encapsulation and protection with PDMS, the PeQW- based Fi- 
LEDs have been integrated onto fabric and have rendered bendable, 
stretchable, twistable, and waterproof devices, which are essential 
for wearable applications. The facile and unique bonding and fabri-
cation process here allows us to construct arbitrary architectures 
with multiple colors aiming at future advanced lighting and display 
applications.

EQE = ηInjection × ηRadiative × ηExtraction (1)
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MATERIALS AND METHODS
Materials
Unless otherwise stated, all chemicals were purchased from Sigma- 
Aldrich and used as received without further purification.

MHP precursor preparation
1) G- MHP: CsBr and PbBr2 were dissolved in DMSO with a mo-

lar ratio of 1.5:1;
2) B- MHP: CsBr, PbBr2, and PbCl2, were dissolved in DMSO 

with a molar ratio of 1.5:0.6:0.4;
3) R- MHP: CsBr and PbI2 were dissolved in DMSO with a molar 

ratio of 1.2:1. An overnight stirring at 60°C and further filtration by 
polytetrafluoroethylene 0.45- μm filter were needed for preparing 
MHP solutions. The concentration of all MHP solutions was 0.1 M, 
which was defined by the concentration of Pb.

Halide exchange fiber fabrication
Green fiber with CsPbBr3 PeQWs was prepared by the methodology 
mentioned above, followed by a dip/withdrawal process in CsI and 
CsCl solutions (both are 16 mg/ml in methanol) for Br- I and Br- Cl 
exchange, respectively, at a withdrawal speed of 5 cm s−1, thus ac-
quiring G- R and G- B color transition regions on fiber.

Fi- LED fabrication
Al fibers were anodized for PAM template fabrication with the 
method which can be found in our previous report (19). R- , G- , B- 
MHP solutions were infiltrated in PAM template, at a withdrawal 
speed of 2 mm s−1, followed by N2 blowing for removing residual 
solutions on surface. Then, a 10- min postanneal process was needed 
to form R- , G- , B- PeQWs, at the temperature of 80°C. Afterward, 
CuPc and thin Au were successively deposited on PeQWs by a two- 
step thermal evaporation. Briefly, the as- prepared samples were hor-
izontally fixed on stage for 25- nm CuPc evaporation (~1 Å/s) on the 
front side then were turned over 180° for another 25- nm CuPc evap-
oration on another side, to deposit surrounding HTL and cathode, 
uniformly and continuously. For TAPC devices, TAPC (10 mg/ml; 
from Ossila) in chlorobenzene was dip- coated on the as- obtained 
PeQWs at a withdrawal speed of 2 mm s−1. The outward thin Au 
electrode was deposited by the same evaporation method except the 
rate (~5 Å/s) and thickness (30 nm). The device active area was de-
fined by the overlapping area between the Al fiber substrate and the 
Au electrode. Except PAM formation, the whole processes were car-
ried out in N2- filled glovebox. For PDMS encapsulation, elastomeric 
PDMS and curing agent (SYLGARD 184 Silicone Elastomer) were 
mixed at a mass ratio of 20:1 and then degassed in a vacuum oven 

Fig. 4. EL characterizations in diverse scenarios. (A) B- , R- , and G- Fi- leds with i love hKUSt pattern. (B to C) Stretchable device with undulant shape before (B) and 
under (c) stretching. (D to E) Bendable device respectively with bending radius of 3 mm (d) and 2 mm (e). (F) el images of two Fi- led devices with 180° twisting. (G to 
H) digital photograph (G) and el image (h) of an encapsulated device in water. (I to J) Flexibility evaluations for encapsulated Fi- leds: bendability (i) and stretchability (J) 
characterizations. the insets show the photograph of Fi- leds under bending and stretching. (K) Aging test of the encapsulated device under continuous water soaking. 
All the unlabeled scale bars are 1 cm.
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for 30 min. The Fi- LEDs were merged into the prepared mixture, 
and the whole model was cured at room temperature overnight.

Planar device fabrication
PAM substrates were obtained by using Al foils with the same meth-
od in fiber - LED fabrication. R- , G- , B- MHP solutions were dropped 
on PAM substrates, stayed for 2 min for infiltration, and then spin- 
coated at a rate of 6000 rpm for 1 min to completely remove residu-
al solutions, followed by 10- min annealing at 80°C. Afterward, 
25- nm CuPc (~1 Å/s) and 30- nm Au (~5 Å/s) were successively 
thermally evaporated on PeQWs with shadow masks. The device 
area was defined by the overlapping area between the Al foil sub-
strate and the Au electrode. For TAPC devices, TAPC was spin- 
coated on PeQWs at 3000 rpm for 1 min and then crystalized at 
room temperature for 30 min. Except PAM formation, all the pro-
cesses were carried out in N2- filled glovebox.

Measurement and characterization
FIB and SEM were carried out with FEI Helios G4 UX and JEOL 
7100F. TEM was operated with JEOL 2010 instrument with 200- kV 
acceleration voltage, and EDS was achieved by JEOL ARM200F un-
der STEM mode. UV- visible absorption and PL- relevant results 
were measured respectively by the Varian Cary 500 spectrophotom-
eter and the Edinburgh Instruments FS5 fluorescence spectrometer 
with an integrating sphere. XRD patterns were gained by using 
Empyrean (PANanalytical), while XPS/UPS measurements were con-
ducted with Kratos Axis Ultra DLD. TA spectral characterizations 
were detected by a Helios (Ultrafast Systems) spectrometer, together 
with a regeneratively amplified Ti:Sapphire laser source (Coherent 
Legend; 800- nm wavelength, 150- fs pulse, 5 mJ per pulse, and 1- kHz 
repetition rate). A total of 75% of the 800- nm output pulse was 
frequency- doubled in a BaB2O4 crystal, generating 400- nm pump 
light. Meanwhile, the remaining portion of the output was concen-
trated into a sapphire window to produce white light continuum 
(420 to 780 nm) as probe light. The 400- nm pump beam was focused 
on the sample with a beam width of about 360 μm and a power 
intensity of 40 μJ cm−2. LED performance was characterized by a 
source measurement- unit Keithley 2450 and an Ocean Optics Flame 
spectrometer with an integrating sphere.
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Figs. S1 to S26
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