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nealing deposition of perovskite
films with infused multifunctional organic
molecules to enhance the performance of large-
area light-emitting devices†

Ching-Ho Tien,*ab Jun-Qing Liuc and Lung-Chien Chen *c

All-inorganic perovskites show great promise as an emission layer in perovskite light-emitting diodes

(PeLEDs) owing to their easy solution processing, low manufacturing cost, and excellent optoelectronic

properties. However, there is still an immense performance gap from small-area devices to large-area

PeLED devices. The inhomogeneity of large-area high-quality perovskite films inevitably leads to vast

defects and electroluminescence performance losses. Herein, a post-hot-cast annealing deposition

scheme and the introduction of the multifunctional molecule 2-amino-1,3-propanediol (APDO) were

proposed to regulate the crystallization of the perovskite film. As a result, uniform APDO:CsPbBr2.5Cl0.5
perovskite films with high crystallinity and lower defect density were deposited by post-hot-cast

annealing. A decent maximum brightness of 2659 cd m−2 was achieved for the large-area cyan PeLEDs

with an emitting area of 400 mm2.
1. Introduction

Metal halide perovskite (MHP) materials have many advantages
such as wide color gamut, high luminous efficiency, and low
synthesis cost.1–4 Since the rst room-temperature emitting
perovskite light-emitting diode (PeLED) was reported in 2014,5

various performance parameters of PeLEDs have rapidly
improved in a few years. The external quantum efficiency (EQE)
of green, red and near-infrared emitting PeLEDs has exceeded
20%,6–8 and the blue PeLEDs achieved a record of 18.6%.9

Several scientic research groups have recently reported
PeLEDs with lifetimes exceeding 10 000 hours,10 demonstrating
the feasibility of overcoming the intrinsic instability of perov-
skite materials. Performance indicators of PeLEDs continue to
approach the most advanced organic and quantum dot LEDs,
and they exhibit unique advantages in terms of color purity,
material cost, etc. Therefore, PeLEDs stand out in the eld of
wide color gamut display and have drawn much interest from
both academia and industry.11–14 Despite the impressive prog-
ress, PeLEDs still face some challenges in achieving commercial
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display applications. On the one hand, high-performance
PeLEDs only work in a small active layer area. The high
degree of inhomogeneity of large-area lms becomes a major
obstacle when the active layer area expands.15–17 On the other
hand, most studies on PeLEDs focus on prototype devices with
a single emitting pixel. High-resolution, full-color MHP array
patterning strategies and device integration technology are
relatively lagging behind, which strongly hinders the commer-
cialization of PeLED displays. In addition, high-performance
PeLEDs are mainly prepared based on rigid substrates, thus
limiting their potential application scenarios.

At present, as the device area increases the performance
decreases even more. When large-area perovskite lms are
prepared, due to the limitations of solution processing and
interface preparation processes, the uniformity of the perov-
skite lm deteriorates, pores increase, and defects increase. The
development of feasible large-area MHP thin lm deposition
technology is necessary to realize large areas of PeLED devices.
It has been reported that the preparation methods of large-area
perovskite lms include blade coating,18,19 slot-die coating,20,21

spray coating,22,23 inkjet printing,24 and vapor deposition.25,26 So
far, beneting from the improvement of MHP lm quality and
the optimization of device structures, large-area PeLEDs have
made some important breakthroughs. For example, large-area
PeLEDs have achieved an EQE of more than 16% and a light-
emitting area of more than 40 cm2.17,25,27,28 Despite this, the
performance of large-area PeLEDs is generally inferior to that of
small-area PeLEDs, which is mainly attributed to the difficulty
in fabricating defect-free, uniform, dense, and high-quality
RSC Adv., 2024, 14, 18567–18575 | 18567
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MHP emissive layers. The resulting pinholes or cracks will
increase defect-induced non-radiative recombination and
leakage current, thereby reducing PeLED performance and
increasing energy consumption.

Nowadays, spin coating (SC) is widely used to prepare
perovskite lms, and the use of large-area substrates will cause
problems with the coffee ring effect and unevenness. It has been
reported that the hot-casting (HC) method was used to prepare
large-area perovskites. They believe that due to the reduced
surface tension between the perovskite precursor solution and
the substrate, preheating the substrate with high thermal
energy can promote the growth of uniform and large-area
perovskite lms.29,30 In the current production of PeLEDs, the
substrate is hot annealed aer spin coating, which accelerates
the formation of the perovskite lm. However, it is reversed in
the hot-casting method. The substrate is preheated rst and
then spin-coated to form a perovskite lm. This makes the
growth process of the perovskite crystal advance as a whole, and
the growth of the crystal nucleus is completed at the end of the
spin-coating stage. In our preliminary experiments, we found
that unless the temperature is increased (nearly 200 °C), the
perovskite lm is not completely crystallized aer spin coating,
and the surface is still in a solid–liquidmixed state. Therefore, it
is necessary to anneal aer the process to improve the crystal-
lization quality of perovskite lms. At the same time, Shen et al.
reported that when the multifunctional organic molecule 2-
amino-1,3-propanediol (APDO) is doped into PEDOT:PSS, it
triggers the “anchoring effect” at the grain growth interface,
which is helpful for the deposition of large-area perovskite
lms.31 Inspired by this problem, we proposed adding APDO to
the perovskite precursor solution in the hope that the incor-
poration of APDO would make the large-area perovskite solu-
tion hydrophilic and make the lm more uniform and non-
porous. Finally, the large-area cyan APDO:CsPbBr2.5Cl0.5
PeLED (measured at 400 mm2) achieved a maximum EQE of
2.81% and a maximum brightness of 2659 cd m−2, respectively.
2. Experimental section
2.1 Materials

Cesium bromide (CsBr, 99.9%), lead bromide (PbBr2, 98+%),
and cesium chloride (CsCl, 99.99%) were purchased from Alfa
Aesar. Poly(ethylene oxide) (PEO) and Al ingot (99.997%) were
purchased from Sigma-Aldrich. PEDOT:PSS (Clevios Al 4083)
was purchased from Heraeus. 1,3,5-Tris(1-phenyl-1H-
benzimidazol-2-yl)benzene (TPBi, 99.5%) was purchased from
Lumtec. 2-Amino-1,3-propanedio (APDO, 97+%), dimethyl
sulfoxide (DMSO, 99.9%), gamma-butyrolactone (GBL, 99.9%),
and lithium uoride (LiF, 99.99%) were purchased from Uni-
Onward. Patterned ITO-coated glass substrates with an area of
30 mm × 20 mm with a characteristic of 7 U/, were designed
and purchased from Ruilong.
2.2 Preparation of APDO:CsPbBr2.5Cl0.5 perovskite solution

The cyan CsPbBr2.5Cl0.5 perovskite precursor solution was
prepared by dissolving CsCl (100.8 mg), CsBr (253.6 mg), and
18568 | RSC Adv., 2024, 14, 18567–18575
PbBr2 (440.4 mg) in 4 ml of DMSO solvent, in which the
concentration was xed at 0.3 M, followed by stirring at 140 °C
for 30 min. The PEO additive (10 mg ml−1 dissolved in DMSO)
was incorporated into 4 mg TPBi and blended with the
CsPbBr2.5Cl0.5 precursor solution, which was stirred at 25 °C for
4 h. APDO:CsPbBr2.5Cl0.5 perovskite precursor solution with
three different doping contents were prepared under these
optimized conditions by choosing the APDO infusion contents
as 1 mg, 2 mg, and 3 mg. The perovskite lms prepared using
the traditional spin coating (SC) and hot casting (HC) methods
were named SC perovskite and HC perovskite, respectively.
According to different APDO doping contents, the correspond-
ing samples were named hereaer as HC-1mg APDO, HC-2mg
APDO and HC-3mg APDO, respectively.

2.3 Device fabrication

The PEDOT:PSS solution was spin-cast onto a patterned ITO-
coated glass substrate at 4500 rpm for 45 s and then annealed
for 20 min at 140 °C in air as a hole-transport layer (HTL). The
PEDOT:PSS/ITO glass substrate was placed in a N2-lled glove
box. Preheating (hot-casting) of the perovskite precursor and
HTL substrate was performed at 100 °C for 30 min on a hot
plate. Then, the precursor was deposited within 5 s aer
transferring the substrate to the spin coater. The 160 mL
precursor was spin-coated onto HTL substrate at 3000 rpm for
60 s and baked at 100 °C for 10 min (post-heating), as shown in
Fig. 1(a). Finally, TPBi (40 nm) electron-transport layer (ETL)
and LiF (1 nm)/Al (150 nm) bilayer cathode were deposited on
the top of the devices through thermal evaporation under a high
vacuum of 5 × 10−6 torr. The overall APDO:CsPbBr2.5Cl0.5
PeLED structure and luminescence photo are shown in
Fig. 1(b). On the other hand, we also use the traditional spin
coating (not hot-casting) perovskite lms to prepare PeLED
devices. All corresponding PeLED devices in this study were
named below as SC-PeLED, HC-PeLED, HC-1mg APDO PeLED,
HC-2mg APDO PeLED, and HC-3mg APDO PeLED.

2.4 Sample characterization

Steady-state photoluminescence (PL) spectra and photo-
luminescence quantum efficiencies (PLQYs) of the perovskite
lms were recorded using an integrated spectrometer LQ-100X-
PL (Enlitech, Kaohsiung, Taiwan) with a xed excitation wave-
length at 365 nm at room temperature. Time-resolved photo-
luminescence (TRPL) spectra were measured through an
iHR320 imaging spectrometer (Horiba Jobin Yvon, France) with
a 375 nm picosecond pulsed laser as an excitation source. X-ray
diffraction (XRD) patterns were performed using an X'Pert PRO
MRD X-ray diffractometer (XRD, Malvern panalytical, Nether-
lands) with a Cu X-ray tube (l= 1.5418 Å) radiation source set to
45 kV and 40 mA. Scanning electron microscopy (SEM) images
of perovskite lms were obtained using a high-resolution
thermal eld emission scanning electron microscope (JSM-
7610F, JEOL, Japan). The current density–voltage (J–V), lumi-
nescence, CE, EQE, and electroluminescence (EL) spectra of the
encapsulated devices were collected using a system comprised
of PR-670 spectra scan spectroradiometer (Syracuse, NY, USA)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic of the synthesis route for APDO:CsPbBr2.5Cl0.5 perovskite films. (b) Schematic device structure of PeCLED and lumines-
cence photo.
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View Article Online
coupled with a Keithley 2400 source meter (US, Keithley
Instruments).

3. Results and discussion

Fig. 2(a) shows the PL spectra of perovskite lms prepared by
different methods and doped with different contents of APDO.
It can be seen that the PL intensity increases signicantly when
the spin-coating method is replaced by the hot-casting method,
and the intensity increases with the proportion of APDO doping.
Among them, the HC-2mg APDO perovskite lm obtains the
highest PL intensity and better PLQY, reaching 14.45%, which is
twice as high as the PLQY of the SC perovskite lm prepared by
spin-coating without APDO. However, the HC-3mg APDO
perovskite lm may cause lattice distortion due to excessive
doping, resulting in a decrease in PL intensity. In addition, the
wavelength of the SC perovskite lm prepared by spin-coating
without APDO was 507 nm, while the wavelength of the HC
perovskite lm and the HC-APDO perovskite lm treated by hot-
casting and doping with APDO showed a red shi to 508 nm.
Fig. 2 (a) Photoluminescence (PL), and (b) time-resolved PL spectra of
and different APDO doping contents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Moreover, as the doping content of APDO increased, the wave-
length position did not change, indicating that the red-shi of
the wavelength was related to the hot-casting method. Next,
when the spin-coating method was replaced by the hot-casting
method, the FWHM of the SC perovskite lm decreased from
19.8 nm to 18.742 nm (HC perovskite lm). By doping APDO,
the FWHM can be further reduced. The HC-2mg APDO perov-
skite lm has the narrowest FWHM of 18.03 nm, indicating that
both the hot-casting method and APDO doping have the effect
of reducing defects and improving the crystallization quality of
perovskite, thereby increasing the radiative recombination
probability of the material. Fig. 2(b) shows the time-resolved PL
curves of perovskite lms prepared by different methods and
doped with different contents of APDO. The decay curves of
TRPL were tted by a bi-exponential function (I(t) = A1 exp(−t/
s1) + A2 exp(−t/s2)), and the average decay time of perovskite
lms was calculated. It can be seen that the hot-casting method
signicantly improved the carrier lifetime compared to the
spin-coating method. The carrier lifetime of the HC-2mg APDO
the CsPbBr2.5Cl0.5 perovskite films with different preparation methods

RSC Adv., 2024, 14, 18567–18575 | 18569

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02652g


Fig. 4 XRD patterns of CsPbBr2.5Cl0.5 perovskite films with different
preparation methods and APDO doping contents.
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perovskite lm reached 1.137 ns, indicating fewer defects in the
lm and that the excited carriers could emit uorescence by
radiative recombination. This also indicates that the optical
properties of the lm under this condition were better. Table
S1† summarizes the CsPbBr2.5Cl0.5 perovskite lms prepared by
different methods and doped with different contents of APDO
and their PL peak, FWHM, PLQY, and lifetime values. Fig. 3
plots the absorption spectra of CsPbBr2.5Cl0.5 perovskite lms
with different preparation methods and APDO doping contents.
The samples with APDO doping demonstrate better absorption
than samples without APDO doping owing to smooth surfaces
and less reection.

Fig. 4 shows the XRD patterns of perovskite lms prepared
and doped with different contents of APDO by different
methods. Basically, four main diffraction peaks were displayed
for each parameter. Due to the incorporation of Cl in the
perovskite composition, the XRD diffraction peak angle
increases,32 causing the XRD pattern to shi to the right.
Therefore, the shied XRD pattern was between CsPbBr3 and
CsPbCl3 and closer to CsPbBr3. Taking the XRD pattern of the
orthorhombic crystal of the all-inorganic perovskite CsPbBr3 as
an example, diffraction peaks usually appear at about 15°, 21°,
31° and 43°, corresponding to the lattice planes of (100), (110),
(200) and (220), respectively.33 The measured diffraction peaks
of CsPbBr2.5Cl0.5 moved slightly to larger angles, about 15.7°,
21.9°, 31.25° and 44.35°, proving that some of the chlorine
replaced the bromine in the octahedral structure. Because the
ionic radius of chlorine is 181 pm, which is smaller than the
ionic radius of bromine (196 pm), the bond length between
chlorine and lead ions was shortened, resulting in lattice
contraction, which leads to the movement towards the direction
of increased diffraction angle. To achieve better optoelectronic
properties, the ratio of CsBr was increased in the precursor
solution. This would result in the formation of Cs4PbBr6,33

which was an intermediate phase before the conversion to
CsPbBr3. Cs4PbBr6 has inferior optoelectronic properties than
CsPbBr3, but a suitable ratio can improve the overall
Fig. 3 Absorption spectra of CsPbBr2.5Cl0.5 perovskite films with
different preparation methods and different APDO doping contents.

18570 | RSC Adv., 2024, 14, 18567–18575
performance. Therefore, the characteristic peaks of Cs4PbBr6
(ref. 34) were observed at 13.1°, 22.1° and 25.9° in the SC
perovskite lms prepared by the spin-coating method. When
the hot-casting method was used, the intensity of the diffraction
peaks increased, indicating the enhancement of crystallinity.
The crystallinity was further improved aer doping with APDO,
showing that HC-2mg APDO perovskite lm had a signicant
increase in crystallinity. In the XRD results, when APDO is
added at 2 mg ml−1, the characteristic peak at 22.1° is signi-
cantly enhanced, while those at 13.1° and 25.9° are notably
weakened. The phenomenon may be attributed to the
“anchoring effect” of APDO in the perovskite layer due to the
stack of nucleating seeds being tightly linked, with a uniform
orientation onto the substrate.31 In addition, the characteristic
peaks of Cs4PbBr6 decreased signicantly aer using the hot-
casting method. When the doping content of APDO was 2 mg,
all the characteristic peaks except 22.1° disappeared, suggesting
that the perovskite had fewer impurities and a more regular
lattice structure under this condition.

The morphology of perovskite lms affects the performance
of the LED devices. Too many and too large pores will cause
carriers to directly penetrate and undergo non-radiative
recombination. The increase in leakage current also increases
the current density, reducing the luminous efficiency. Fig. 5
shows the SEM surface morphology of perovskite lms prepared
by different methods and doped with different contents of
APDO. There was not much difference in the morphology of the
lm growth between the spin-coating (Fig. 5(a)) and the hot-
casting methods (Fig. 5(b)). The main difference was the
average grain size under the domain size. In the spin-coating
method, many small grains can be seen growing together, and
different grains can be distinguished by the grain boundary
lines. In the hot-casting method, a large number of reduced
grain boundaries can be observed, indicating that the grains
were annealed for a longer time by the hot-casting method,
thereby eliminating the grain boundaries and synthesizing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Surface SEM images of CsPbBr2.5Cl0.5 perovskite films with different preparation methods and APDO doping contents.
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a larger crystal. Larger grains tend to perform better in opto-
electronic properties and lifetime. Fig. 5(c–e) show the
improvement of the CsPbBr2.5Cl0.5 morphology by doping
APDO. When 1 mg of APDO was doped, the small molecules of
APDO could better assist in repairing defects, signicantly
reducing pores. The overall domain size was composed of many
small grains that were joined together to form a dense plane,
which initially suppressed the generation of leakage current
and better conned the probability of radiative recombination.
When 2 mg of APDO was doped, the amount of APDO doping
reached the optimal parameter, and large grains appeared in
large quantities and further reduced defects, resulting in
a denser and smoother surface morphology. When 3 mg of
APDO was doped, the surface stacking was obvious, forming
a large number of small hills, and pores appeared in the lm,
Fig. 6 AFM images of CsPbBr2.5Cl0.5 perovskite films with different prep

© 2024 The Author(s). Published by the Royal Society of Chemistry
which was attributed to the excessive addition of APDO, which
caused the growth to be worse than expected. Fig. 6 shows the
AFM (atomic force microscopy) pictures of CsPbBr2.5Cl0.5
perovskite lms with different preparation methods and APDO
doping contents. Their root mean square deviation values are
31.5, 24.2, 20.6, 18.2, and 26.6 nm, corresponding to SC (Fig.
6(a)), HC (Fig. 6(b)), HC-1mg APDO (Fig. 6(c)), HC-2mg APDO
(Fig. 6(d)), and HC-3mg APDO (Fig. 6(e)), respectively. The
results are consistent with the SEM images. The APDO doping
can improve the morphology of perovskite lms.

The J–V characteristics of large-area PeLEDs are shown in
Fig. 7(a). The current densities of all PeLEDs start increasing in
the range of 2.5–3.0 V. The current density curve of the SC-LED
rises the fastest, which was caused by the leakage current
generated by slightly more surface defects. Aer changing to the
aration methods and APDO doping contents.

RSC Adv., 2024, 14, 18567–18575 | 18571
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Fig. 7 Characteristics of large-area PeLEDs with different preparation methods and APDO doping contents. (a) J–V, (b) L–V, (c) CE–V, (d) EQE–
V, (e) EL spectra, and (f) operating lifetime test ((inset) photographs of the working SC- and HC-2mg APDO PeLEDs).
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hot-casting method, the current density curve rises more slowly,
indicating that fewer surface defects limit the leakage current.
When doped with APDO, the current density becomes more
gentle, and the current density is lower than 100 mA cm−2. The
optoelectronic performance of CsPbBr2.5Cl0.5 PeLEDs with
different preparation methods and APDO doping contents are
summarized in Table S2.† Fig. 7(b) shows the luminance–
voltage characteristics of the large-area PeLEDs. The SC-PeLED
prepared by the spin-coating method has a low overall lumi-
nance, with a maximum luminance of 263 cd m−2 and a turn-on
voltage of 3 V (>1 cd m−2). The HC-PeLED prepared by the hot-
18572 | RSC Adv., 2024, 14, 18567–18575
casting method has a turn-on voltage of about 2.5 V and
a maximum luminance of more than 1000 cd m−2. As the
doping contents of APDO increases, the maximum luminance
of the device gradually increases. When the doping content of
APDO was 2 mg, the HC-2mg APDO PeLED device has
a maximum luminance of 2659 cd m−2 at 7.5 V. When the
doping content of APDO increases to 3 mg, the excess small
molecules cause distortion of the perovskite CsPbBr2.5Cl0.5
grains, which indirectly increases the surface defects and
reduces the overall luminance of the device. The CE–V charac-
teristics curve is shown in Fig. 7(c). The SC-PeLED only showed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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current efficiency at about 8 V, while the PeLEDs prepared by
the hot-casting method started at about 3.5–4 V. The current
efficiency increased with the increase in APDO doping contents,
and the HC-2mg APDO PeLED achieved the highest current
efficiency of 6.86 cd A−1, which was related to its dense and
large-grained surface morphology. The HC-3mg APDO PeLED
had a lower current density because the excessive doping of
APDO resulted in poor surface morphology, which could not
create good radiative recombination for carriers. Fig. 7(d) shows
that the HC-2mg APDO PeLED achieved the highest EQE of
2.81%, mainly attributed to the dense and large-grain surface
morphology under this condition, which was conducive to
reducing leakage current, improving charge transport charac-
teristics and perovskite lm luminescence efficiency. However,
the EQE of HC-3mg APDO PeLED decreased with excessive
doping of APDO. Fig. 7(e) shows the EL spectra. The emission
wavelengths of SC-PeLED and HC-PeLED were at 510 nm, about
2–3 nm red-shied from the PL spectra in Fig. 2(a). Meanwhile,
with APDO doping, the emission spectrum of HC-2mg APDO
PeLED was at 507 nm. The peak positions of EL and PL spectra
of all APDO samples are the same. It is red-shied by about 2–
3 nm for SC and HC samples without APDO doping caused by
joule heat when the device was operating. The HC-2mg APDO
PeLEDs (80% lifetime T80 ∼ ca. 135 min) featured a distinct
enhancement in operating lifetime at an initial luminance of
100 cd m−2 compared with the HC-PeLED without APDO (80%
lifetime T80 ∼ ca. 87 min) (Fig. 7(f)), which was attributed to the
simultaneous improvement of lm uniformity and charge
balance by doping APDO. In addition, SC-PeLED did not
participate in the operating lifetime test due to its high voltage
(>8.5 V) when the brightness was 100 cd m−2. Fig. 7(f) inset
shows photographs of device luminescence compared with SC-
PeLED prepared by the spin-coating method. HC-2mg APDO
PeLED prepared by the hot-casting method has more uniform
luminescence and better brightness, conrming that the
problem of uneven lm coating was effectively improved. The
improvement of performance is contributed to the “anchoring
effect” caused by priority crystallization of the PbX2 octahedrons
(X = Br/Cl), owing to –NH2 and –OH of APDO.31
4. Conclusions

In summary, we improved large-area PeLEDs by introducing the
hot-casting method and doping small molecule APDO and
successfully prepared uniform luminescent lms, which
enabled large-area perovskite lms to be prepared by the spin-
coating method. The use of APDO additive can improve the
crystallinity of perovskite lms owing to the “anchoring effect”,
promote the formation of a luminescent phase, reduce defect
density, and enhance charge transport and radiative recombi-
nation. Finally, the HC-2mg APDO PeLED with 2 mg APDO
doping can achieve the highest brightness, maximum CE and
maximum EQE of 2659 cd m−2, 6.86 cd A−1 and 2.81%, which
were much better than the optoelectronic performance of SC-
PeLED.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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