
Articles
https://doi.org/10.1038/s41565-022-01113-4

1Department of Materials Science and Engineering, Seoul National University, Seoul, Republic of Korea. 2Department of Energy Engineering, Hanyang 
University, Seoul, Republic of Korea. 3Department of Materials Science and Engineering, University of Tennessee, Knoxville, TN, USA. 4School of Chemical 
and Biological Engineering, Institute of Engineering Research, Research Institute of Advanced Materials, Soft Foundry, Seoul National University, Seoul, 
Republic of Korea. 5These authors contributed equally: Young-Hoon Kim, Jinwoo Park, Sungjin Kim. ✉e-mail: twlees@snu.ac.kr

Metal halide perovskites have many outstanding 
optoelectronic properties, such as high absorption coef-
ficients, narrow emission spectra (full-width at half- 

maximum (FWHM) ≈ 20 nm), tunable emission wavelengths  
(400 nm ≤ λ ≤ 780 nm) and high charge carrier mobility1–5.  
Perovskites are composed of low-cost elements and are solution- 
processable6, and therefore they are being developed as light- 
harvesting materials and light emitters that can be mass-produced 
to achieve the commercialization of large-size solar cells, displays 
and solid-state lighting. These developments have led to perovskite 
solar cells (PSCs) with high power conversion efficiencies (25.4%)7 
and perovskite light-emitting diodes (PeLEDs) with high elec-
troluminescence (EL) efficiencies (external quantum efficiency 
(EQE) = 23.4%, current efficiency (CE) = 108 cd A–1)8.

Most of the research on high-efficiency PSCs and PeLEDs has 
focused on the spin coating of polycrystalline films9–15. Unlike 
PSCs, polycrystalline film-based PeLEDs have non-uniform and 
poor device performance over large areas due to the intrinsic limi-
tations of (1) controlled crystal growth of perovskite polycrystalline 
films and (2) achieving small grains to have sufficient charge carrier 
confinement. Furthermore, the spin coating of polycrystalline films 
involves sequential crystallization steps: the deposition of a wet 
precursor solution, evaporation of solvent during spin coating, and 
nucleation and growth of crystals16. This process often includes an 
additional process, called nanocrystal pinning, to achieve uniform 
and small nanograins5, which complicates the crystallization pro-
cess. These multiple steps are closely related to each other and sub-
stantially affected by small variations in fabrication conditions (for 
example, atmosphere, temperature, surface energy of the substrates 
and nanocrystal pinning time), so the experimental conditions 

to achieve the best efficiency may be different, depending on the 
environments in laboratories that do not have well-controlled dry 
rooms. Moreover, this process is limited to small areas17; when 
applied to a large area, non-uniform films are formed16, which limits 
EL efficiency, reproducibility, uniformity and the mass production 
of large-area PeLEDs18.

Printing processes that can fabricate large-area perovskite poly-
crystalline films have been developed for the mass production 
mostly of PSCs17. However, uniform perovskite polycrystalline thin 
films (thickness <50 nm) with small nanograins (Supplementary 
Fig. 1), which are required to achieve optimum light outcoupling19 
and the confinement of charge carriers5 in efficient PeLEDs, can-
not be easily fabricated by these printing methods. Because of the 
fundamental nature of halide perovskites, which possess low exci-
ton binding energy and long diffusion length for both holes and 
electrons, printed non-uniform and thick polycrystalline films 
with large grain size are much more detrimental to achieving high 
EL efficiency and reproducibility in large-area PeLEDs than in 
PSCs, which exploit the advantages of large grains and thick films. 
Therefore, research into printing perovskite polycrystalline films 
has mainly focused on photovoltaics rather than light-emitting 
diode (LED) applications17.

Recently, near-infrared PeLEDs incorporating blade-coated 
methylammonium lead iodide (MAPbI3) polycrystalline films 
were developed to achieve a decent EQE of 16.1% for a pixel size of 
4 mm2, but they showed reduced EQE for a large pixel size (12.7% 
in 100 mm2) due to the difficulty of controlling the crystallization of 
perovskite polycrystalline films over a large area16. Furthermore, the 
film morphology was still substantially affected by blade-coating 
speed, temperature and N2 knife pressure, which is an additional 
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process16. These drawbacks make it difficult to transfer the process 
to other scalable manufacturing lines to achieve large-area and 
high-throughput production. This implies that large-area PeLED 
devices for mass production should be fabricated using materi-
als that are not severely affected by processing conditions and 
environment.

Here we propose that the conventional problems of poor EL 
efficiency and non-uniformity in large-area PeLEDs can be over-
come by printing colloidal perovskite nanocrystals (PNCs) using a 
modified bar-coating (m-bar-coating) method that allows for the 
fast evaporation of residual solvent. m-Bar-coated PNC films sub-
stantially reduce the drop in EL efficiency of bar-coated large-area 
PeLEDs compared with spin-coated small-area PeLEDs (Fig. 1a). In 
our PNC films, surface-capping organic ligands effectively suppress 
ion migration and charge trapping during the operation of PeLEDs, 
which was confirmed by low capacitance at low frequency, magnetic 
field-independent photoluminescence (PL) and the absence of over-
shoot in transient EL. Unlike the conventional approach in which 
polycrystalline bulk films crystallize during film formation9–16, pre-
crystallization along with ligand-mediated solvation of PNCs in 
non-polar solvents20 and fast solvent evaporation through m-bar 
coating provide a crystal structure that is not affected by the film 
formation process and forms uniform large-area PNC films; the uni-

formity of the PNC films formed by m-bar coating is similar to that 
obtained by spin coating (Fig. 1b–d and Supplementary Figs. 2–5). 
Using these m-bar-coated PNC films, we achieved EQE = 23.26% in 
PeLEDs with a pixel size of 4 mm2 and EQE = 22.5% in large-area 
PeLEDs with a pixel size of 102 mm2, with both types of PeLEDs 
showing high reproducibility. We have also demonstrated bright 
and uniform PeLEDs that maintained a high EQE of 21.46% for an 
area of 900 mm2.

Suppressed ion migration and charge trapping in PNC films
Colloidal PNCs were synthesized using a simple solubility- 
difference-assisted recrystallization method at room tempera-
ture in air8,21 instead of by the hot-injection method at high tem-
perature (>150 °C)22. The as-synthesized colloidal formamidinium 
lead bromide (FAPbBr3) PNCs had predominantly circular shapes 
with an average diameter of ~9.63 nm (Supplementary Fig. 6).  
To maintain organic ligands on the surfaces of the as-synthesized 
PNCs, we did not purify them using anti-solvent (for example, 
methyl acetate, which is standard for the purification of colloidal 
PNCs)22,23. Instead, we changed the solvent in the as-synthesized 
PNCs to pure toluene for device fabrication (see Methods for details), 
which allows high device efficiency without serious hindrance to 
charge carrier transport in the PNC films. The X-ray photoelectron 
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Fig. 1 | Characteristics of colloidal PNCs for large-area bar-coated PeLEDs. a, Schematic illustration of the suppression of charge trapping and ion 
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spectra of the PNC films showed clear peaks of Br (~68–70 eV) and 
Pb (~139 and ~144 eV), which characterize the perovskite, and C 
(~282–285 eV), N (~400 eV) and O (~532–535 eV), which indicate 
the presence of organic ligands (n-decylamine and oleic acid) pas-
sivating the PNC surface in the films (Supplementary Fig. 7)24. These 
surface-covering organic ligands have low dielectric constants25 
and induce the efficient confinement of charge carriers inside the 
PNC films24,26. This confinement yielded higher photolumines-
cence quantum efficiencies (PLQE ≈ 55.8 and 56.2% in spin-coated 
and m-bar-coated films, respectively) and exciton binding energy 
(EB ≈ 76 meV; Supplementary Fig. 8) in FAPbBr3 PNC films than in 
FAPbBr3 polycrystalline films (PLQE ≈ 15% and 1% in spin-coated 
and m-bar-coated films, respectively, and EB ≈ 25 meV)27.

Ion migration and charge trapping were also suppressed during 
the operation of PeLEDs fabricated with PNC films. To investigate 
these advantages of PNCs over polycrystalline films, we fabri-
cated PeLEDs incorporating FAPbBr3 PNC or polycrystalline films 
with the structure indium tin oxide (ITO)/buffer hole-injection 
layer (Buf-HIL)4/FAPbBr3 PNC or polycrystalline film/2,2′,2″-

(1,3,5-benzenetriyl)tris(1-phenyl-1H-benzimidazole) (TPBI)/LiF/
Al and measured their capacitance at different frequencies and 
applied biases. To increase the uniformity of the fabricated poly-
crystalline films, we dropped 3–4 droplets of pure chloroform onto 
the quasi-film of the precursor solution during spinning (that is, 
nanocrystal pinning)5, achieving a grain size of ~100–500 nm, 
whereas we spin-coated the PNC solutions to fabricate PNC films 
(particle size ~5–50 nm; Supplementary Figs. 5 and 9).

In capacitance–frequency (C–f) measurements, the PeLEDs 
incorporating polycrystalline films (polycrystal-PeLEDs) showed 
much higher capacitance than those incorporating PNC films 
(PNC-PeLEDs) at frequencies <105 Hz (Fig. 2a); the increase in capac-
itance as frequencies decreased below 105 Hz is related to the relax-
ation of ions28,29. The lower capacitance of the PNC-PeLEDs compared 
with the polycrystal-PeLEDs indicates suppressed ion migration in 
the PNC film; this effect is confirmed by the lower increase in capaci-
tance of the PNC-PeLEDs compared with the polycrystal-PeLEDs 
in capacitance–voltage (C–V) measurements at a constant fre-
quency of 1,000 Hz (Fig. 2b). Grain–particle boundaries act as major 
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Fig. 2 | Suppressed ion migration and charge trapping in PNC films. a,b, C–f (a) and normalized C–V (b) characteristics of PeLEDs fabricated with FAPbBr3 
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ion-migration pathways30,31, and PNC films have many more of them 
than do polycrystalline films due to the higher surface-to-bulk ratio of 
PNC films compared with polycrystalline films32,33. However, the PNC 
surface is capped with organic ligands, whereas the grains in polycrys-
talline films are not, so ion migration in PNC films can be suppressed 
by the ligands between nanocrystals in the films. The suppressed ion 
migration in PNC films is further confirmed by the higher activation 
energy (Ea) for ion migration (~0.5 eV) compared with in polycrystal-
line bulk films (~0.14 eV; Supplementary Fig. 10).

Furthermore, the capacitance in C–f measurements at low 
frequencies (<103 Hz) is normally governed by film surface 
polarization, which can consist of charged surface defects and 
surface-accumulated charged species34. Therefore, the lower capaci-
tance amplitude of the PNC-PeLEDs at low frequency indicates 
that PNC films have a high-quality surface with largely suppressed 
charged surface defects and surface-accumulated charged species 
compared with polycrystal-PeLEDs (Fig. 2a).

To further study the effects of increased exciton binding energy 
and suppressed charge trapping on the PL of PNC films, we also 
measured the PL intensity of FAPbBr3 PNC and polycrystalline films 
as a function of applied magnetic field (0–900 mT) under photo-
excitation (intensity, 100, 250 and 500 mW cm–2). Photoexcitation 
at >100 mW cm–2 led to a gradual decrease in the PL intensity of 
FAPbBr3 polycrystalline films as the magnetic field strength increased 
(Fig. 2c). In contrast, the PL intensity of FAPbBr3 PNC films was 
not affected by magnetic field upon photoexcitation, revealing the 
absence of magnetic field effects on PL (Fig. 2d). This implies that 
electron–hole pairs are formed in PNC films with a stronger binding 
energy and exchange interaction, ruling out perturbation of conver-
sion between bright and dark states upon application of a magnetic 
field (Supplementary Text 1)35–39. This provides direct evidence that 
the strong carrier confinement and suppressed defects within the 
PNC structures generate high PLQE of the light-emitting excitons.

To investigate the effects of organic ligands on charge trapping 
during device operation, we compared the transient EL of FAPbBr3 
polycrystal- and PNC-PeLEDs. The polycrystal-PeLEDs showed 
luminance overshoot that saturated at 0.5 ms, which then decreased 
to a steady value (intensity ~60% of luminance overshoot; Fig. 2e), 
whereas the PNC-PeLEDs showed no overshoot (Fig. 2f). In tran-
sient EL, luminance overshoot generally occurs as a result of recom-
bination between pretrapped charge carriers and injected charge 
carriers40,41. After most of the pretrapped charge carriers have 
recombined with the injected charge carriers, luminance occurs 
only as a result of recombination between injected charge carriers, 
so luminance gradually decreases to a steady state40,41. Therefore, the 
transient EL data indicate that the organic surface ligands in PNC 
films efficiently passivate defects and prevent charge carrier trap-
ping during the operation of PeLEDs.

An increase in applied bias had different effects on the 
polycrystal- and PNC-PeLEDs. In the polycrystal-PeLEDs, the EL 
increased to a maximum overshoot intensity (IEL,over) in ~0.5 ms, 
then decayed to a steady-state intensity (IEL,ss) at ~5 ms, and the ratio 
IEL,ss/IEL,over increased from ~0.52 at 3.8 V to ~0.77 at 5 V. In contrast, 
in the PNC-PeLEDs, an increase in applied bias accelerated the 
rise time (ts) required to reach ~90% saturated EL intensity from 
~3.29 ms at 3.4 V to ~1.61 ms at 5 V (Supplementary Fig. 11).

Fabrication of uniform, large-area PNC films by modified 
bar coating
To explore whether PNC film morphology is affected by the film for-
mation process, we compared FAPbBr3 PNC and polycrystalline films 
fabricated by spin coating and m-bar coating. For the m-bar coating 
of PNC and polycrystalline films, we held the substrate at an angle 
of ≥50° with respect to the surface immediately after bar coating of 
the perovskite solution to evaporate the remaining solvent (sche-
matic illustrations and the mechanism of m-bar coating are shown in 
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Supplementary Figs. 12 and 13)42. The PNC films fabricated by m-bar 
coating showed highly uniform surface roughness, PL intensity, absorp-
tion and PL lifetime over a large area (3 × 3 cm2), which were com-
parable to the spin-coated PNC films (Fig. 3a–c and Supplementary 
Figs. 2–5). The absorption and PL intensities were slightly higher in 
the m-bar-coated PNC films than in the spin-coated PNC films owing 
to their slightly greater thickness (~33 nm compared with ~25 nm, 
respectively). The m-bar-coated PNC film-based PeLEDs also showed 
similar capacitance to the spin-coated PNC film-based PeLEDs in C–f 
measurements (Fig. 2a, Supplementary Fig. 14 and associated discus-
sion). However, PNC films fabricated by conventional bar coating 
without tilting of the substrate showed large variations in the PL and 
absorption spectra over a large area (Supplementary Figs. 15 and 16)43. 
The uniformity of the m-bar-coated PNC films increased with tilt-
ing angle and saturated at a tilting angle of ≥50° (see Supplementary  
Fig. 17 and associated discussion for more details).

m-Bar-coated polycrystalline films without any further addi-
tional processing showed (1) an absorption spectrum that could not 
be measured, (2) a redshifted PL (peak at 553 nm) with substantially  

reduced intensity and (3) a drastically extended PL lifetime (1,785 ns) 
compared with the spin-coated polycrystalline films (PL peak at 
545 nm, PL lifetime of ~214.4 ns; Fig. 3d–f). These differences arise 
from the poor film coverage and large crystals (size >10 µm) result-
ing from the slow evaporation of the dimethyl sulfoxide (DMSO) 
solvent, which has a high boiling point (189 °C), used in the 
m-bar-coating of polycrystalline films (Supplementary Fig. 18)5.

To understand the dynamics of charge carrier recombination in 
PNC and polycrystalline films fabricated by spin coating and m-bar 
coating, we calculated the recombination rate (K), radiative recom-
bination rate (Kr) and the non-radiative recombination rate (Knr) of 
each sample using equations (1) and (2):

PL lifetime = 1
K =

1
Knr + Kr

, (1)

PLQE =
Kr

Knr + Kr
. (2)
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Polycrystalline films showed decreased Kr and Knr for 
m-bar-coated films compared with spin-coated films, with 
Kr decreasing even more than Knr (Kr ≈ 6.99 × 105 s–1 and 
Knr ≈ 3.96 × 106 s–1 for spin-coated films, and Kr ≈ 5.6 × 103 s–1 and 
Knr ≈ 5.55 × 105 s–1 for m-bar-coated films; Supplementary Table 1). 
In contrast, PNCs showed similar Kr and Knr in both spin-coated 
and m-bar-coated films (Kr ≈ 5.53 × 106 s–1 and Knr ≈ 4.38 × 106 s–1 for 
spin-coated films, and Kr ≈ 5.37 × 106 s–1 and Knr ≈ 4.18 × 106 s–1 for 
m-bar-coated films). These results imply that the film fabrication 
process affects morphology and recombination dynamics in poly-
crystalline films but not in PNC films.

Achieving high EL efficiency in bar-coated large-area 
PeLEDs
Next, we investigated whether m-bar-coated PNC films could 
achieve high EL efficiency in PeLEDs. m-Bar-coated FAPbBr3 
polycrystalline films without any additional processing exhibited 

poor film morphology and large crystals (>10 µm), and therefore 
showed severe leakage current under a low applied bias (<4 V) and 
very low CE (6.76 × 10–5 cd A–1) in polycrystal-PeLEDs compared 
with spin-coated FAPbBr3 polycrystal-PeLEDs (CE = 5.09 cd A–1; 
Supplementary Fig. 19). In contrast, m-bar-coated FAPbBr3 
PNC-PeLEDs achieved a high CE (71 cd A–1) and EQE (15.4%) 
without any additional processing (Supplementary Figs. 20 and 21).

We further increased the EL efficiency of PNC-PeLEDs by 
adding an ~12.5% molar ratio of guanidinium (CH6N3

+, GA) to 
the FAPbBr3 PNCs (PLQE = 90.65%) and by layering ~5 nm of 
1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene (TBTB) on top of 
the m-bar-coated FA0.875GA0.125PbBr3 PNC films (Supplementary 
Text 2)8. These m-bar-coated FA0.875GA0.125PbBr3 PNC-PeLEDs 
achieved a high EQE (23.26%) comparable to that of spin-coated 
FA0.875GA0.125PbBr3 PNC-PeLEDs (23.12%; Fig. 4a–c). The EQE of 
m-bar-coated FA0.875GA0.125PbBr3 PNC-PeLEDs was calculated by 
using the full angular EL distribution (Fig. 4d).
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m-Bar-coated FA0.875GA0.125PbBr3 PNC-PeLEDs showed high 
reproducibility in 52 devices (Fig. 4e) and sharp EL spectra 
(FWHM = 20 nm) with a peak at 530 nm (Fig. 4f). The slight red-
shift of the EL spectrum of the m-bar-coated PNC-PeLEDs is due 
to the greater thickness of the m-bar-coated films (~33 nm) com-
pared with the spin-coated films (~25 nm; inset of Fig. 4f). The 
device efficiency is 17 times higher than that of previously reported 
PeLEDs prepared with dip-coated PNC films (EQE = 1.38% for a 
pixel area of 5 mm2)44. To the best of our knowledge, printed PNC 
PeLEDs have not been previously reported. PeLEDs fabricated 
with m-bar-coated PNCs combined with m-bar-coated TBTB or 
m-bar-coated Buf-HIL showed EQEs of 19.97 and 17.0%, respec-
tively (see Supplementary Figs. 22 and 23 and the associated discus-
sion for more details). These efficiencies are still higher than those of 
previously reported printed PeLEDs (EQE = 16.1% for PeLEDs with 
blade-coated perovskite polycrystalline bulk films and a spin-coated 
poly[N,N′-bis(4-butylphenyl)-N,N′-diphenylbenzidine] hole trans-
port layer)16.

To further demonstrate the possible utility of our PNCs in dis-
plays and solid-state lighting in large-scale industrial production, we 
fabricated large-area PeLEDs using m-bar coating. The m-bar-coated 
PNC-PeLEDs maintained a high EQE of 22.5% for a large pixel area of 
102 mm2 with high reproducibility in 20 devices (Fig. 5a–c), which is 
greatly improved compared with the previously reported large-area 
PeLEDs that incorporated blade-coated MAPbI3 polycrystalline 
films (EQE = 12.7% in 100 mm2)16. We also demonstrated bright and 
uniform PeLEDs with a pixel area of 900 mm2 that maintained a high 
EQE of 21.46% (Fig. 5d,e), which is much higher than the previ-
ously reported large-area PeLEDs that incorporated spin-coated 
quasi-two-dimensional polycrystalline films45 (EQE = 16.4% in 
900 mm2; Fig. 5f and Supplementary Tables 2 and 3). PeLEDs based 
on m-bar-coated FA0.875GA0.125PbBr3 PNC films also showed similar 
device operating lifetime in different pixel areas (time until the ini-
tial luminance at 100 cd m–2 drops to 50%, T50 = 64 min for 4 mm2, 
56 min for 17 mm2, 81 min for 75 mm2, 79 min for 102 mm2, 61 min 
for 200 mm2 and 60 min for 900 mm2) due to the uniform morphol-
ogy of the m-bar-coated large-area FA0.875GA0.125PbBr3 PNC films, 
showing substantial improvement compared with the previously 
reported large-area PeLEDs that used FAPbBr3-based PNCs (T50 at 
14.2 cd m–2 = 32 min; Supplementary Fig. 24).

Conclusions
We have achieved highly efficient, large-area PeLEDs by printing 
colloidal PNCs using an m-bar-coating process. The results indicate 
that colloidal PNCs are more suitable than polycrystalline films for 
demonstrating printed large-area, high-efficiency PeLEDs because 
(1) organic ligands in the PNCs prevent ion migration and charge 
trapping in films during the operation of PeLEDs, (2) the photo-
physical and morphological properties of the PNC films are not 
affected by the film fabrication process or conditions and (3) uni-
form large-area PNC films without pin holes can be easily printed 
by m-bar coating, which allows for the fast evaporation of residual 
solvent. We achieved an EQE of 23.26% in PeLEDs with a pixel area 
of 4 mm2, and an EQE of 22.5% in an area of 102 mm2, both of which 
were highly reproducible. These efficiencies represent a more than 
106-fold improvement over polycrystal-PeLEDs fabricated by the 
same m-bar-coating process. To the best of our knowledge, our work 
is the first demonstration of PeLEDs that use printed PNC films. 
We have also demonstrated that the PeLEDs fabricated with printed 
PNC films maintained a high EQE of 21.46% in an area of 900 mm2, 
which suggests a step towards the development of perovskite emit-
ters in industrial displays and solid-state lighting.
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Methods
Synthesis of perovskite nanocrystals. To form a clear transparent precursor 
solution, 0.1 mmol FABr (Dyesol) or a mixture of FABr and GABr (Dyesol) (molar 
ratio of 0.875:0.125) with 0.2 mmol PbBr2 (Aldrich) were dissolved in 0.5 ml 
N,N-dimethylformamide (DMF). Then, 0.15 ml of the precursor solution was 
added dropwise to a mixture of 5 ml toluene, 2 ml 1-butanol, 0.3 ml oleic acid and 
24.2 µl n-decylamine with vigorous stirring. The solution turned yellow-green 
immediately. After mixing for 10 min, the solution was transferred to a falcon tube 
and then centrifuged at 12,000 r.p.m. for 10 min. The aggregated large particles 
were collected and then redispersed in 1 ml toluene. The final solution was 
obtained by collecting the supernatant solution after centrifuging for a second time 
at 3,750 r.p.m. for 10 min. The sequential centrifuging process removed the excess 
organic ligands that did not interact with the PNCs.

Preparation of precursors for perovskite polycrystalline bulk films. A clear 
transparent precursor solution with a concentration of 30.0 wt% was prepared by 
dissolving FABr and PbBr2 in DMSO (the molar ratio of FABr/PbBr2 was 1.1:1).

PeLED fabrication and characterization. First, 70 nm ITO patterned glasses 
were cleaned by sonication in acetone and isopropanol for 15 min, respectively. 
After evaporating the residual solvent, the glasses were treated with ozone for 
10 min. Then, Buf-HIL, consisting of a 1:1 (wt/wt) poly(3,4-ethylenedioxythiophen
e):poly(styrene sulfonate) (PEDOT:PSS) and perfluorinated ionomer, were 
spin-coated to a layer thickness of 40 nm. After baking at 150 °C for 30 min, 
samples were transferred to a glove box with N2 conditions for the PNC film 
fabrication. Printed PNC and perovskite polycrystalline films were fabricated by 
bar coating followed by tilting of the substrates at an angle of >50° with respect 
to the surface. Spin-coated PNC films were fabricated by spin coating the PNC 
solutions at 1,000 r.p.m. for 60 s, whereas spin-coated polycrystalline films were 
fabricated by dropping 3–4 droplets of chloroform solvent onto the quasi-film 
of the precursor solution during spinning (nanocrystal pinning was conducted 
after spinning at 3,000 r.p.m. for 30 s). For the FA0.875GA0.125PbBr3 PNC-PeLEDs, 
we spin-coated TBTB dissolved in toluene onto the perovskite emitting layer 
to create a 5-nm-thick layer. Then, the samples were moved to a high-vacuum 
evaporation chamber and a 50-nm-thick layer of TPBI, 1-nm-thick layer of LiF 
and 100-nm-thick layer of Al were sequentially deposited as the cathode. The 
devices were encapsulated to maintain N2 conditions and exclude H2O and O2. 
A Keithley 236 device was used as source measurement unit and a Minolta CS 
2000 spectroradiometer was used to measure the luminance characteristics of the 
PeLEDs.

Time-correlated single-photon-counting measurement. PL lifetime was 
measured using a FluoTime 300 spectrometer. A picosecond-pulse laser head 
(LDH-P-C-405B, PicoQuant) was used to excite the samples at a laser wavelength 
of 405 nm. A photon-counting detector (PMA Hybrid 07) and time-correlated 

single-photon-counting module (PicoHarp, PicoQuant) were used to detect the PL 
decay and calculate the PL lifetimes of samples.

Photoluminescence and photoluminescence quantum efficiency measurement. 
PL spectra were recorded using a JASCO FP8500 spectrofluorometer. To measure 
the PLQE of the PNC solutions, the same spectrofluorometer was equipped 
with a 100-nm integrating sphere. PLQE values were calculated using Jasco 
SpectraManager II software.

Transmission electron microscopy measurement. Transmission electron 
microscopy images of PNCs were collected using a JEOL-JEM 2100F microscope 
operating at an acceleration voltage of 200 kV.
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