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ABSTRACT
Metal halide perovskites (MHPs) have emerged as a highly promising candidate for next-generation
light-emitting materials due to their exceptional optoelectronic properties. These properties include
superior color purity, high photoluminescence quantum efficiency (PLQY), and the facile tunability
of bandgap through compositional and dimensional control. Particularly, polycrystalline perovskites
have been introduced as the first perovskite light-emitting diodes (PeLEDs) with superior charge
mobility. However, the development of efficient and stable PeLEDs, crucial for commercialization,
has proven to be a significant challenge due to the low exciton binding energy (Eb) and inher-
ent defects. Nevertheless, recent achievements have demonstrated polycrystalline PeLEDs with an
external quantum efficiency (EQE) surpassing 28% and a half-lifetime (T50) exceeding 30,000 h. In
this review, we present the progress of polycrystalline PeLEDs with improved efficiency (PLQY, EQE)
and stability by focusing on grain size regulation, defect passivation, and dimensional control. This
review offers promising strategies for realizing polycrystalline perovskite material as a light emitter,
highlights limitations and provides future perspectives for advancing PeLEDs.
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1. Introduction

Metal halide perovskites (MHPs) are highly promis-
ing as semiconducting materials for developing next-
generation optoelectronic devices [1…3]. These materials
exhibit remarkable optoelectronic properties for light-
emitting diodes (LEDs), including high photolumines-
cence quantum yields (PLQYs), adjustable bandgaps,
narrow full-width at half maximum (FWHM), high
charge-carrier mobilities, and defect tolerance [4,5]. The
tunability of bandgap by compositional and dimen-
sional control o�ers a valuable means to adjust the
emission color of LEDs, making perovskites candi-
dates for displays that satisfy the Rec. 2020 stan-
dards [6…8]. Compared to other emitters such as
inorganic quantum dot and organic emitter, MHPs
exhibit superior photophysical properties, lower cost,
and higher color purity. Consequently, MHPs have
attracted signi�cant attention as luminescent materials
for LEDs.
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Perovskite light-emitting diodes (PeLEDs) can be
classi�ed into two distinct categories: polycrystalline
perovskite and colloidal nanocrystal perovskite [9]. Poly-
crystalline perovskites comprise bulk crystalline grains
divided by grain boundaries, and they have superior
mobility of charge carriers. However, when applied in
LEDs, they are hindered by their low exciton bind-
ing energy (Eb) due to the large size of the perovskite
grains [10,11]. On the other hand, colloidal nanocrys-
tals are tiny, with sizes from� 100 nm down to� 5 nm.
They are formed by the interaction of perovskite pre-
cursors with alkylammonium ions that have long alkyl
moieties [10]. Perovskite nanocrystals have high PLQYs
as a result of highEb, achieved by con�ning excitons
within the nanocrystal structure [12…14]. However, LED
applications based on perovskite nanocrystals su�er from
the signi�cant drawback that their charge injection and
charge transport are too slow due to excessive insulating
ligands. This review article will focus on polycrystalline
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perovskites, which have been improved by various strate-
gies to overcome their disadvantages and achieve excel-
lent charge transport and high PLQY.

The crystal structure of three-dimensional (3D) poly-
crystalline MHPs follows the ABX3 con�guration, where
A represents an inorganic (e.g. Cs+ ) or organic (e.g.
methylammonium ion [CH3NH3

+ , MA+ ], formami-
dinium ion [FA+ ]) cations, B represents a metal cation
(e.g. Pb2+ , Sn2+ , Ge2+ ), and X represents a halide anion
(e.g. ClŠ , BrŠ , IŠ ). The structural stability of polycrys-
talline MHPs relies on tolerance factor,t [15].

t =
rA + rX�
2(rB + rX)

(1)

When 0.813� t � 1.107, the perovskite tends to form
a stable cubic crystal structure (Pm3m) [16]. In the late
1950s and 1970s, the investigation of 3D Cs-containing
(CsPbX3) and 3D MA-containing (MAPbX3) MHPs
marked the initial exploration of MHPs as potential emit-
ters. However, early applications in PeLEDs had limi-
tations such as requiring low temperatures to operate,
emitting light across wide wavelengths, and having low
electroluminescence (EL) e�ciency.

The low EL e�ciency of 3D polycrystalline PeLEDs
at room temperature can be attributed to the thermal
ionization of excitons [17…19]. To address these e�-
ciency limitations, diverse engineering strategies have
been implemented, including manipulation of morphol-
ogy and grain size, modi�cation of interfaces, and incor-
poration of additives. Great progress has been achieved
in the development of PeLEDs and led to a rapid increase
in external quantum e�ciency (EQE) to comparable lev-
els to those of OLEDs. A high EQE of� 29% was recently
achieved for visible-light PeLEDs [20].

To design a strategy to improve the optoelectrical
properties of PeLEDs, the de�nitions of the e�ciencies
must be understood. One of the main streams to improve
the optoelectrical properties of PeLEDs is to maximize
the EQE, which is de�ned as the ratio of the number
of photons extracted from the device to the number of
electrons injected [21]:

EQE(%) = � · � · � · � PL (2)

where� is an out-coupling factor which is the fraction of
photons extracted from the device. It is a structural factor
of the device because the light passing between each pair
of layers can be either outcoupled or waveguided laterally
side by total re�ection.� is a charge-balance factor that
quanti�es the balance between the numbers of injected
electrons and holes, which recombine in the emission
layer to generate photons.� is the probability of the for-
mation of emissive species considering the spin-statistics.

It can be explained by the spin-selection rule to make
radiative decay in terms of quantum mechanics.� PL is
PLQY, the proportion of excitons that recombine radia-
tively. To simplify, the product� · � · � PL can de�ned as
internal quantum e�ciency (IQE) [22,23]:

EQE(%) = � · IQE (3)

For a decade, many researchers have studied to increase
the IQE of the perovskite �lm and improve the EQE
of PeLEDs by introducing various strategies such as
grain size reduction, defect passivation, and dimensional
control.

Grain size reduction in polycrystalline perovskite is
an e�ective strategy to increase the PLQY (Figure1a).
When holes and electrons are injected into the emissive
layer, excitons form as a result of Coulombic interac-
tion, and the electrostatic interaction within an exciton
is commonly referred to asEb. If Eb is high, an elec-
tron and a hole strongly bind each other in the form of
exciton. IfEb is low, excitons readily disassociate to free
charge carriers; such materials are unsuitable as emis-
sive layers in LED. MHP has a smallEb of < 100 meV
and a long exciton di�usion length of> 100 nm, so
at room temperature, thermal ionization and delocal-
ization are major de�cits of perovskite as an emitting
material [17…19]. Thus, spatially con�ning excitons in
nanograin by decreasing the grain size can be an e�ec-
tive strategy to increase theEb of MHP and overcome
its limitation. Grain size reduction methodologies are
introduced with a fundamental understanding of nucle-
ation and growth during crystallization and grain split-
ting of large grains into nanograins with invasive small
molecules.

Also, decreasing defect density in polycrystalline
perovskite is crucial since the presence of defects in
MHPs signi�cantly degrades the light-emitting proper-
ties (Figure1b). The defects can trap charge carriers
before the bimolecular recombination process occurs
[24,25]. Therefore, trap-assisted nonradiative recombi-
nation must be suppressed to increase the radiative
recombination rate and achieve high PLQY. Besides,
Point defects can act as scattering centers, which a�ect the
balance between electron and hole transport, and thereby
cause charge imbalance. This adverse e�ects of defects
within perovskite on the overall e�ciency and opera-
tional lifetime of PeLEDs indicate that e�ective defect
passivation is imperative. The promising strategies to
decrease defect density are explained, and categorized
by modulating stoichiometry of the perovskite precur-
sor, passivating grain boundaries, and post-treatment for
further elimination of defects.

Lastly, one e�ective way to increaseEb and PLQY is to
spatially con�ne excitons by using two-dimensional (2D)
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Figure 1.Schematic illustration of the mainstreams for e�cient and stable polycrystalline PeLEDs. (a) Grain Size Reduction; (b) Defect
Passivation; and (c) Dimensional Control.

layered structures (Figure1c). By replacing small A-site
cations with large organic ammonium cations, the crystal
structure of 3D perovskite can be changed to a 2D struc-
ture, which can have highEb > 200 meV [26,27]. Despite
their high absorption coe�cient and high PLQY, 2D
perovskites have insulating surface-terminated ligands
which cause inherent poor charge transport, and thereby
impede the use of 2D perovskites as an emission layer for
PeLEDs [28]. Therefore, to attain excellent charge trans-
port while keeping highEb, quasi-2D perovskites, which
is a continuous mixture of a diverse number of perovskite
layers (n), has been developed. Quasi-2D perovskites has
a great advantage in energy funneling from low-n-phase
to high-n-phase, resulting in e�cient radiative recombi-
nation [26]. Nonetheless, the introduction of a quasi-2D

system has confronted new challenges owing to surface
defects arising from the high surface-to-volume ratio
of the 2D structure and lower charge carrier mobility
than 3D perovskites. Strategies to solve these problems
to achieve highly e�cient PeLEDs are introduced with
more precise control of the growth process [29,30]. Phase
engineering of quasi-2D perovskites for e�cient energy
funneling, defect passivation, and strategies to overcome
low charge mobility will be introduced.

Here, we will review recent progress in polycrystalline
PeLEDs by focusing on grain size reduction, defect passi-
vation, and dimensional control for improving luminous
e�ciency and operational stability. We also highlight the
remaining limitations and perspectives of polycrystalline
PeLEDs.
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2. Advances in polycrystalline perovskite MHP
diodes

2.1. Increase of radiative recombination by grain
size reduction

The grain size of perovskite �lm is determined during
the crystallization process, which includes the nucle-
ation and growth stages. The kinetics of crystallization
can be explained using LaMer•s model [31] (Figure 2a).
During the spin-coating process, the solvent in the pre-
cursor solution evaporates, so the precursor concentra-
tion increases. When the concentration reaches a critical
value, crystal nuclei begin to form. As the precursors
attach to nuclei, the grains grow and the concentra-
tion decreases. To generate small nanograins within the
perovskite �lm, the crystallization process must be con-
trolled. Considering the theoretical background of the
crystallization kinetics of perovskite, we suggest three
main strategies to achieve small nanograins: i) Modu-
lating surface energy to maximize the number of nuclei
that form; ii) Regulating grain growth by using functional
additives; and the newly suggested method of iii) Grain
splitting on as-cast perovskite �lm.

2.1.1. Maximize the number of nuclei that form
during crystallization
To obtain uniform perovskite �lm with a small grain size,
the initial spatial density of nucleation sites must be max-
imized. When the nucleation site density is high enough,
the distance between nuclei decreases, thereby physically
limiting the space available for grain growth. A straight-
forward approach to control crystallization is to modify
the underlying hole transport layer (HTL) to provide
nucleation sites and modulate the crystallization kinet-
ics. To achieve high spatial density of nucleation seeds,
additives like potassium ions (K+ ) can be introduced
into the HTL. K+ ions undergo strong dipole interactions
with halide ions in the perovskite, and thereby in�uence
�lm-growth kinetics [32] as well as reduce ion migra-
tion and nonradiative recombination [33,34]. Owing to
the strong dipole interaction between K+ and halide
ions, K+ acts as a nucleation-seed supplier on the crys-
tallization substrate, whereby potassium sulfate (K2SO4)
dissolves into the poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT: PSS) (Figure2b). Inter-
facial nucleation and grain growth assisted by K+ lead to
the formation of dense perovskite �lm with high surface

Figure 2.Schematic diagram of nucleation and growth process of polycrystalline perovskite “lm and the nucleation control with inter-
facial modulation. (a) LaMer•s model. Cs is supersaturation concentration (Reproduced with permission from ref. [31]; copyright 2018,
Wiley-VCH); (b)Pristinegraingrowth (left) andK+ -guidedgraingrowth (right); (c)Contactanglesofperovskiteprecursorsolutiononpris-
tine (left) and K+ modi“ed PEDOT:PSS (right) (Reproduced with permission from ref.[35]; copyright 2020, Wiley-VCH); and (d) Schematic
diagrams and top-view SEM images of the perovskite “lms produced without the GA layer (left) and with the GA layer (right) (Reproduced
with permission from ref. [36]; copyright 2022, Wiley-VCH).
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coverage and controlled crystal orientation [35]. Distri-
bution of K+ ions on the surface of PEDOT: PSS has
been examined using X-ray photoelectron spectroscopy
(XPS). The integrated areas of C and K atoms quanti�ed
the ratio of C: K to be� 7:1 on the surface of the modi�ed
PEDOT: PSS. The contact angle with perovskite precur-
sor solution decreased to 7.8° in the K+ -modi�ed �lm
from 26.2° in pristine PEDOT:PSS [35] (Figure 2c). This
change implies an increase in the wetting capability of
these solutions toward K+ -modi�ed perovskite materi-
als and is attributable to an increase in their hydrophilic
nature. As a result, the average grain size was reduced
from 55 nm to 10 nm, and the �lm PLQY of perovskite
�lm on each substrate increased from 12.3% to 34.8%
owing to exciton con�nement with decreased grain size.

Another approach to maximize the spatial density of
nucleation sites is to use organic ammonium cations.
They have a strong in�uence on perovskite crystallization
kinetics due to the formation of weak hydrogen bonds
with intermediate perovskite species during crystalliza-
tion. For example, guanidinium ((NH2)2NH+ , GA+ )
ion controls crystallization dynamics [36]. The nitro-
gen atoms in GA+ strengthen hydrogen bonds with
[PbBr6]4Š octahedra. A GA+ thin layer on the HTL pro-
vided the nucleation seeds for perovskite crystal growth,
resulting in small grain sizes of about 10…30 nm. Also,
the �lm roughness decreased from 8.44 nm to 2.37 nm;
this change is a sign of increased homogeneity of grain
growth across the �lm (Figure2d).

The nucleation density can also be improved by
increasing the hydrophilicity of hydrophobic HTL
through incorporating GABr in HTL [36]. For example,
the blended-HTL, consisting of poly(9,9-dioctyl�uor-
enyl-2,7-diyl)-co-(4,4•-(N-(4-sec-butylphenyl) dipheny-
lamine) (TFB) and poly(9-vinylcarbazole) (PVK), is
hydrophobic (contact angle= 85°), so it hinders growth
of perovskite �lm with full coverage. However, as the
GABr ratio increased to 3 mg mLŠ1, the hydrophilicity of
HTL was greatly increased (contact angle= 29°) because
hydrophilic groups of the GABr improve the surface wet-
tability, thus increasing nucleation density. By incorpo-
rating GA+ , the device e�ciency of GA+ treated PeLEDs
(PLQY: 87%, EQEavg: 18.7%) could be improved com-
pared to that of pristine PeLEDs (PLQY: 67%, EQEavg:
13.7%).

2.1.2. Grain growth regulation with functional
additives
Grain growth can be restricted by functional addi-
tives that a�ect crystallization kinetics by either phys-
ical or chemical interactions with perovskite interme-
diates in the precursor solution. Here, the mechanisms
are explained in two perspectives: i) physical insertion

between nuclei or ii) chemical binding to perovskite
intermediate.

Physical inhibition of grain growth can be obtained
by using additives. The method involves the dripping
process of volatile antisolvent, called nanocrystal pin-
ning process (NCP), which is di�erent from conventional
antisolvent dripping used for uniform �lm growth of per-
ovskite for solar cells; an antisolvent with low polarity
can e�ectively displace the polar solvent, so the precur-
sor solution becomes supersaturated, and crystallization
accelerates. Volatile antisolvent such as chloroform (CF)
can be more favorable for fast evaporation of the solvent
and instant pinning of the crystal growth process. This
approach e�ectively suppresses the growth of perovskite
structures. The antisolvent dripping method achieves
uniform and dense �lms by utilizing supersaturation
[17,37,38]. The additives used in the antisolvent should
be non-polar organic molecules to ensure compatibil-
ity with the non-polar solvent. During the spin-coating
process in which reactions occur between perovskite pre-
cursors, additives can be mixed into the antisolvent to
regulate grain growth.

For example, in a process known as called additive-
based NCP (A-NCP), 1,3,5-tris(2-N-phenylbenzimida-
zolyl)benzene (TPBi) is dissolved in CF as an additive for
anti-solvent dripping on MAPbBr3 perovskite �lm [17].
During the A-NCP process, TPBi suppresses the continu-
ous growth of MAPbBr3 crystals by intercalating between
grains, thereby hindering bonding interaction between
them (Figure3a). MAPbBr3 treated with pure CF devel-
oped a broad distribution of grain size of 90…350 nm
(average 171.04 nm), whereas MAPbBr3 treated with CF
with 0.1 wt% TPBi showed a size distribution of 50…200
nm (average 86.67 nm). The photoluminescence (PL)
intensity of TPBi-treated MAPbBr3 �lm surface gradu-
ally increased as TPBi concentration was increased from
0 wt% to 0.1 wt%. This observation provides evidence of
an increased radiative recombination rate due to the con-
�nement of excitons within the nanograins by physically
regulating grain growth with additives.

Inhibition of grain growth can be achieved by adding
small molecules that chemically interact with perovskite
intermediates during the formation of continuous per-
ovskite structures. In particular, bulky ammonium ions
can terminate grain growth by disrupting the connectiv-
ity of the perovskite lattice, interacting with ionic species
in the precursor solution, such as [PbX6]4Š octahedra.
Whereas, small A-site cations such as Cs+ and MA+

can facilitate the linkage of [PbX6]4+ octahedra, and
enable the formation of a continuous crystal lattice. How-
ever, adding an excess amount leads to the formation
of an undesirable 2D phase for commonly used bulky
ammonium ions such as phenethylammonium bromide
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Figure 3.Schematic illustration of grain growth regulation and grain splitting strategies. (a) Grain growth regulation with TPBi in CF
intercalating between grains (Reproduced with permission from ref.[17]; copyright 2017, Elsevier); (b) Illustration of molecule design for
hindering 2D perovskite and increasing binding a�nity; (c) Quantum con“nement e�ect by decreasing particle size; and (d) TEM images
of perovskite nanoparticles during subsequent grain splitting (from left to right) (Reproduced with permission from ref. [20]; copyright
2022, Springer Nature).

(PEABr). Therefore, a comprehensive ligand design strat-
egy is required to form small 3D nanograins while sup-
pressing 2D phases.

The introduction of ligands that induce steric hin-
drance in the lattice has been proposed as a research
direction, considering the process of inhibition of 2D
phase formation by octahedral distortion [39]. This
was achieved by incorporating an additional methyl
substitution (-CH3) in the methylene (-CH2-) posi-
tion of the head group, resulting in� -methyl-benzyl-
ammonium (MBA+ ) (Figure 3b). As a result, only the
3D cubic CsPbBr3 phase was observed in Grazing-
Incidence Wide-Angle X-ray Scattering (GIWAXS) pat-
terns. Furthermore, the addition of a bromine, electron-
withdrawing group, to thepara-position of the phenyl
ring increased the binding a�nity between NH3+ and
the perovskite. Enhanced binding a�nity decreased the
size of nanograins lower than the Bohr radius, increasing
the Eb and resulting in a blue shift due to the quantum
con�nement e�ect (Figure3c).

2.1.3. Grain split on as-cast perovskite film
Another way to decrease the grain size is post-treatment
to split as-cast perovskite grains into nanograins. One
such post-treatment approach uses an acidic molecule
[20]. Acidic molecules can form covalent bonds in a
weak polar solvent during post-treatment; this approach
exploits the dominant presence of positively charged
uncoordinated Pb ions at grain boundaries. For exam-
ple, benzylphosphonic acid (BPA) forms a P-O-Pb cova-
lent bond with uncoordinated Pb ions, passivating the
perovskite surface. While BPA dissolved in the tetrahy-
drofuran is coated onto the as-cast perovskite �lm, the
large grains were continuously split into smaller cubic
grains during the waiting process. As the splitting pro-
cess is repeated, the large grains are fragmented to ulti-
mately yield nanoparticles with a size of� 10 nm called
in situ core/shell structure, con�rmed with the trans-
mission electron microscope (TEM) images (Figure3d).
A bene�t of this process is an increase ofEb from 90 meV
to 220 meV as grain size is reduced from 100 nm to
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Figure 4.Schematic illustration of point defects and their energy levels. (a) Point defects in the perovskite lattice and (b) its formation
energy and transition levels of defects (Reproduced with permission from ref. [41]; copyright 2014, Wiley-VCH); (c) PL lifetime curves
of MAPbBr3 thin “lms with di�erent molar ratios of MABr:PbBr2 (Reproduced with permission from ref. [38]; copyright 2015, American
Association for the Advancement of Science); (d) DFT simulation of the LiBr passivation mechanism with optimized ”at, Br-terminated,
CsBr-terminated, LiBr-terminated, Cs-terminated, and Li-terminated perovskite structures (Reproduced with permission from ref. [52];
copyright 2019, Wiley-VCH); and (e) Vertical depth distribution of A-site cations (Reproduced with permission from ref. [51]; copyright
2020, Wiley-VCH).

10 nm. The grain size andEb of this polycrystalline per-
ovskite are both close to those previously reported in
pre-synthesized perovskite nanoparticles surrounded by
ligands [40]. Nanograins with BPA have highEb result-
ing in a high PLQY of 89% not sacri�cing excellent
charge mobility, which is one of the main advantages of
polycrystalline perovskite. As a result, the conventional
trade-o� betweenEb and charge mobility was broken,
leading to exceptional EQE of 28.9%, maximum lumi-
nance of 473,990 cd mŠ2, and half-lifetime (T50) over
30,000 h at 100cd mŠ2.

2.2. Suppression and passivation of defect sites on
intra- and inter-grain

MHPs with the general ABX3 stoichiometry always have
various point defects, line defects, and bulk defects. Point
defects located inside the bulk (intragrain) and on the
surface (intergrain) are detrimental traps for excitons.
Point defects can be classi�ed as vacancy, interstitial,
and substitution types (Figure4a). Generally, defect sites

with shallow energy levels probably facilitate radiative
recombination, whereas those with deep energy lev-
els introduce nonradiative recombination, and thereby
reduce PLQY.

The formation energy and transition level have been
calculated theoretically for all point defects in MAPbI3
[41] (Figure 4b). The interstitials (MAi and Ii), all vacan-
cies (VPb, VMA, and VI), and all substitutions (MAPb,
PbMA, and MAI), are defects that have low forma-
tion energies and are shallow traps (< 0.05 eV). Con-
versely, Pb interstitials (Pbi) and antisite substitutions
(PbI, IPb, IMA) have high formation energies and act as
deep traps. Remarkably, MHPs have exceptional opto-
electronic properties despite the presence of the defects
[42…44]; this observation suggests that the electronic
trap sites have relatively little deleterious e�ect on opto-
electronic properties. This �nding suggests that MHP is
defect-tolerant and that shallow donors are the dominant
defects.

This section presents strategies to reduce the num-
ber of defects. The organization considers experimental
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approaches to suppress defect formation within grains
and between grains and also considers post-treatment
strategies to passivate defects.

2.2.1. Suppression of the defect formation within
grains; bulk perovskite
ABX3 structures can be synthesized using a stoichiomet-
ric 1:1 reaction of AX and BX2 precursors. However, this
conventional approach leads to the formation of metallic
Pb atoms, which decrease luminescence by increasing the
nonradiative decay rate. Metallic Pb atoms can be formed
in MAPbBr3 lattice as a result of unintentional loss of
Br atoms, even when the precursors are mixed in the
ideal 1:1 ratio [45]. To suppress the formation of metallic
Pb atoms, modulation of precursor ratio has been sug-
gested [38,46,47]. For a 1:1 ratio of MABr to PbBr2, XPS
measurements show obvious Pb 4f peaks at� 136.8 eV,
which represent metallic Pb, whereas for a 1.05:1 ratio,
this peak does not appear. PLQY has been increased from
3% to 36% by adjusting the ratio of MABr to PbBr2, with
prolonged PL lifetime [38] (Figure 4c).

To understand the mechanism by which excitons
recombine with metallic Pb atoms, time-resolved PL
(TRPL) was utilized. The time trend can be described
using a function that combines two exponential decays,
i.e. a fast decay and a slow decay. The fast decay is
attributed to the nonradiative recombination of excitons
trapped in defects at grain boundaries; the slow decay is
attributed to radiative recombination within the grains
[48]. When the MABr: PbBr2 ratio was increased from
1:1…1.05:1, the average PL lifetime increased from 12.2 ns
to 51.0 ns. The increase of PLQY from 3% to 36% and
prolonged PL lifetime implies a signi�cant drop in the
nonradiative recombination by metallic Pb atoms.

Inorganic additives, especially alkali cations such as
cesium halide (CsX, X= Cl, Br, I), rubidium halide
(RuX), sodium halide (NaX), and lithium halide (LiX)
have been introduced into perovskite to reduce defect
density. However, their defect reduction mechanism dif-
fers according to ionic radius (r). Alkali cations with dif-
ferent ionic radii show di�erentt for APbX3 perovskite.
If t is around the range of 0.813� t � 1.107, the alkali
cation can participate in the perovskite structure as an A-
site cation. Otherwise, the alkali cation cannot enter the
perovskite lattice.t has been calculated using ionic radii
of the alkali metal ions (Li+ , Na+ , K+ , Rb+ , Cs+ ), MA+

and FA+ in iodide perovskite, APbI3 [49]. Cs+ (r = 167
pm), MA+ (r = 217 pm) and FA+ (r = 253 pm) have
t = 0.81, 0.91, and 0.99 respectively, which are allowed
to participate in perovskite lattice as A-site cations. How-
ever, Li+ (r = 76 pm), Na+ (r = 102 pm), K+ (r = 138
pm), and Rb+ (r = 152 pm) havet < 0.8 and are not

able to form perovskite structure as A-site cations. How-
ever, Rb+ ions have been reported to substitute as A-site
cations in chloride perovskite (APbCl3) and bromide per-
ovskite (APbBr3) [50]. rCl andrBr are smaller thanrI , so
Rb+ ions are su�ciently large to occupy A-sites within
the lattice.

Density functional theory (DFT) calculations con-
�rmed that large Cs+ cations are more stable in the
bulk than on the PbI2-terminated surface or the FAI-
terminated surface, with a total energy di�erence of 0.10-
0.33 eV, whereas small Rb+ cations are more stable on
the PbI2-terminated surface than on the bulk of the FAI-
terminated surface, with a total energy di�erence of 0.15-
0.50 eV [51]; these results are consistent with conclusions
drawn using thet. Also, Li+ is energetically stable at
grain boundaries, as a form of �at LiPbBr2 structure
[52] (Figure4d). These results indicate that alkali cations
undergo di�erent interactions in perovskite depending
on their radii, so passivation of defects can occur by
various mechanisms.

Cs+ has been incorporated into the A-site of organic
halide perovskite to yield organic/inorganic hybrid per-
ovskite. Partial replacement of MA+ or FA+ by Cs+

cation can reduce trap density (nt), which matches the
ideal cubic structure and increases the phase stabil-
ity [53…56]. The small Cs+ induces lattice contraction,
which increases the Coulombic interaction between the
cations and the inorganic framework, so the forma-
tion energy of halide vacancies increases owing to the
increased net atomic charges of the surrounding halide
anions [51]. Consequently, the presence of Cs+ ions con-
stricts the migration pathways of ions and impedes their
migration.

In contrast to Cs+ , small-radius alkali cations such
as Rb+ and Li+ , which havet < 0.8, are not incor-
porated in the perovskite lattice; instead, they tend to
locate at the perovskite surface or grain boundaries. The
depth pro�ling of XPS provides evidence that Rb+ ions
tend to primarily accumulate at the surface of the per-
ovskite �lm [51] (Figure 4e). Small alkali cations at the
perovskite surface act as passivating agents by interacting
with dangling bonds, thereby suppressing ion migra-
tion through the grain boundary. To quantitatively ana-
lyze thent, a hole-only device (HOD) was fabricated
using a LiBr-doped perovskite �lm. Thent was estimated
using the space-charge limited current (SCLC) model
with HOD. Incorporation of 20 mol% LiBr reducednt
from 1.4× 1017 cmŠ3…6.6× 1016 cmŠ3, and as a result,
increased the PLQY from� 0.7% to � 30%, and
increased the PL lifetime. LiBr also creates a Br-rich envi-
ronment, which prevents the accumulation of Cs+ ions
on the surface, and also passivates BrŠ vacancies [52].
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These observations suggest that the nonradiative recom-
bination caused by defects is e�ectively suppressed by the
incorporation of small alkali cations.

2.2.2. Suppression of the defect formation on grain
boundaries
The grain boundary in perovskite materials consists
of charged point defects. To achieve e�cient and sta-
ble PeLEDs, these defects must be passivated. Ionic
defects have low activation energy for ion migration, so
they move easily under applied voltage during device
operation. During this process, ions move through defect
sites, and grain boundaries act as channels for ion migra-
tion. The defective nature of the grain boundaries is
the cause of overshoot during the initial operation of
PeLEDs, to prevent this phenomenon, e�ective passiva-
tion strategies should be developed.

One possibility to eliminate overshooting behavior
is to use a 3D/2D hybrid structure, by using a liquid
neutral reagent, benzylamine (BnA), to form a 3D/2D
hybrid structure that has 2D layers of BnA2PbBr4 [57]
(Figure5a). Grazing incidence X-ray di�raction (GIXD)
spectra of 3D MAPbBr3 �lm showed an anisotropic ring
pattern, with only peaks corresponding to the 3D phase.
However, when BnA was added, an additional re�ection
ring appeared and could be assigned to the interlayer
distance of the 2D perovskite. The 3D/2D hybrid struc-
ture can e�ectively passivate defects at grain boundaries
by surrounding 3D crystals with 2D layers. The steady-
state PL intensity of 3D/2D perovskite �lm was 5.37 times
higher than from 3D perovskite �lm and the peak wave-
length remained at 543 nm, which indicates that the PL
originated in the 3D phase and 2D phase only contributed
to defect passivation. Furthermore, TRPL con�rmed that
the 3D/2D hybrid �lm had an average PL lifetime (254.4
ns) approximately four times longer than that of the 3D
�lm (60.94 ns); this increase indicates a decrease in rapid
nonradiative recombination processes caused by defect
sites.

The shallow trap states caused by defects usually
undergo radiative recombination because the energy gap
between the trap state and the conduction-band mini-
mum can be overcome by thermal energy at room tem-
perature (Figure5b). From these principles, the in�uence
of defects within perovskite on the emission mechanism
can be understood by observing changes in PL charac-
teristics with decreasing temperature. At a temperature
range of < 130 K, 3D perovskite �lm exhibited a new
broad PL peak at lower energy compared to that of 3D/2D
hybrid perovskite; this result is due to structural disor-
der induced in the orthorhombic phase of MAPbBr3 at
low temperature by the presence of excess defects on
grain boundaries (Figure5c). However, in all temperature

ranges the 3D/2D hybrid �lm exhibited a single PL peak
that corresponds to the 3D perovskite without trap-
assisted emission; this implies the clear band-edge state
without disordered trap states.

Frequency-dependent capacitance analysis of PeLEDs
showed signi�cant increase of capacitance in the low-
frequency range below 100 Hz in the 3D PeLEDs due to
additional polarization caused by ion migration, which
was not observed in the 3D/2D PeLEDs (Figure5d).
Therefore, e�ective passivation of defects at grain bound-
aries signi�cantly improves device e�ciency and stability
by increasing radiative recombination and suppressing
ion migration.

Defect states at grain boundary have also been stud-
ied in 3D mixed-halide perovskite, CsPbX3 (X = Br,
I), by incorporating the diammonium ligand such as
ethylenediammonium dibromide (EDABr2). Incorporat-
ing EDABr2 resulted in the formation of island-shaped
morphologies with smaller grain sizes than in pristine
CsPbBr3; the change was attributed to a reduction in
the rate of crystal growth by binding with [PbX6]4Š

during the spin-coating process. Depth-pro�le of XPS
detected a signi�cantly increased intensity of BrŠ peak
at the surfacen of perovskite when EDABr2 was added
(Figure5e). Also, after the addition of EDABr2, the XPS
results showed an increase in binding energy only for
Br 3d; the lack of increase in binding energy for I 3d
indicates a preferable reaction of EDABr2 molecule with
bromide perovskite. These �ndings are consistent with
the XRD spectra.

The binding mechanism of EDABr2 and its e�ect
on crystallization in mixed halide systems were studied
with theoretical support using DFT calculations. Calcu-
lation of the formation energyEF 3D CsPbX3 (X = Br, I)
perovskites and EDACsnŠ1PbnX3n + 1 (n = 1…4) deter-
mined that CsPbBr3 has lowerEF by about 0.3 eV than
does CsPbI3, particularly whenn > 1. In addition, asn
increases,EF decreases; this result means that 3D CsPbX3
is energetically preferable over EDACsnŠ1PbnX3n + 1.
Consequently, when 20 mol% of EDABr2 was added,
the low-n phase of EDACsnŠ1PbnBr3n + 1 was dominant,
because it has lowerEF than high-n phases; This infer-
ence is consistent with the aforementioned XPS analysis,
at which a shift in the Br 3d was detected but not for the
I 3d peak.

Further calculations of theEF of VBr on a CsPbBr3 sur-
face with Pb-Br termination demonstrated that in pris-
tine 3D CsPbBr3, the surface has lowerEF by 0.23 eV
compared to the bulk state, so VBr form preferentially
at the surface (Figure5f). However, when the surface
of CsPbBr3 was passivated with EDABr2, EF was only
0.09 eV lower on the surface than that in the bulk state;
this change in the di�erences indicates that EDABr2
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Figure 5.Schematic diagram of (a) 3D/2D hybrid perovskite system; (b) charge carrier recombination dynamics of each system (c)
temperature-dependent PL of 3D and 3D/2D perovskite “lm; (d) capacitance-frequency curve of each PeLED (a-d, Reproduced with per-
mission from ref. [57]; copyright 2020, Springer Nature); (e) XPS depth pro“ling of X:Pb ratio and Br:I ratio; and (f) Br vacancy formation
energies on the CsPbBr3 surface and at the PbBr6-EDA interface, with respect to the bulk (e and f, Reproduced with permission from ref.
[51]; copyright 2020, Wiley-VCH).

e�ectively blocks the formation of halogen vacancies on
the 3D perovskite surface. Furthermore, calculations of
the activation energies for VBr and VI, which in�uence
halide migration, revealed a higher energy barrier of 0.50
eV for the EDA-Br-passivated surface compared to 0.37
eV in the bulk state.

2.2.3. Post-treatment strategies for defect passivation
Although numerous methodologies for passivating sur-
face defects in perovskite materials have been extensively
reported, the analysis of intragrain defect passivation
remains relatively limited. Fast crystallization via
spin-coating induces intrinsic point defects inside the
grain. One of the ultimate goals in perovskite optoelec-
tronics is to eliminate inherent defects within the crys-
talline structure. Intragrain defect passivation is assumed
to be considerably signi�cant because exciton recom-
bination predominantly occurs within the crystalline
domains. If complete passivation of intragrain defects can
be achieved, it can overcome limitations associated with
polycrystalline perovskite materials, namely low PLQYs
and ion migration. In this chapter, the post-treatments

upon as-cast perovskite �lm will be introduced to elimi-
nate defects which are inevitable with solution-processed
polycrystalline �lm.

Post-treatments targeting intragrain defects enable
their elimination through selective passivation using
small molecule and solvent engineering. A notable exam-
ple is the utilization of the aforementioned BPA molecule,
which serves to split large grains into nanograins,
thereby forming anin situ core/shell structure [20]
(Figure6a). The BPA molecule plays a dual role in tar-
geting defects. Firstly, the BPA shell passivates under-
coordinated lead atoms (Pb2+ ) in P-O-Pb covalent
bonds, resulting in a substantial reduction of nt. Sec-
ondly, small BPA molecules with strong acidity possess
the ability to penetrate and intercalate into large per-
ovskite crystals by substituting halide vacancies, exhibit-
ing a unique characteristic not found in longer alkyl
ligands.

XPS and ultraviolet photoelectron spectroscopy (UPS)
analyses provide insights into the passivation mecha-
nism between BPA and the defects (Figure6b). The O
1s spectrum of BPA demonstrates a prominent oxygen
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Figure 6.Schematic diagrams of defect passivation with post-treatments. (a) Core/shell structure nanograin formation with BPA
molecule by penetrating and splitting large grains into nanograins; (b) O 1s XPS core-level spectra of BPA (left) andin situcore/shell
perovskite (right); (c) Diagram of energy levels for pristine 3D andin situcore/shell perovskites obtained from UPS (a-c, Reproduced with
permission from ref. [20]; copyright 2022,Springer Nature); (d)Vapor annealingprocesswithas-cast perovskite “lm; (e)Schematic illustra-
tion of pristine quick solvent evaporation and homogenous blending mechanism during the vapor annealing process; and (f) PL spectra
changes of the mixed-halide perovskite “lms, without vapor annealing (left) and with vapor annealing (right) by time (d-f, Reproduced
with permission from ref. [58]; copyright 2021, Springer Nature).

peak associated with the P-OH group at 533.0 eV, along
with the P= O group at 531.5 eV, exhibiting a 2:1 ratio.
After BPA treatment, a new peak emerges at approx-
imately 531.0 eV in the O 1s spectrum. This spectral
change can be associated with the formation of a Pb-
O-P covalent bond between BPA and the perovskite
surface, e�ectively substituting the VBr site. Moreover,
the Pb 4f and Br 3d peaks in the BPA-treated struc-
tures exhibit higher binding energies compared to those
observed in the 3D perovskite structure. Through the
passivation of uncoordinated Pb2+ and VBr, the inherent
p-doping e�ect in the perovskite �lm caused by defects
at the surface and within the grains is e�ectively neutral-
ized. This is evidenced by the shift in the work function
(WF) from 4.74 eV to 4.00 eV, as veri�ed by UPS anal-
ysis (Figure6c). Further SCLC analysis with HOD con-
�rms the reduction of defect density from 3.50× 1016

cmŠ3 for 3D to 1.37× 1016 cmŠ3 for in situ core/shell
perovskites [20].

Another post-treatment reported to eliminate point
defects inside the grain is a vapor annealing. Vapor
annealing is the process of exposing perovskite �lms to
a speci�c vapor environment (Figure6d). During the
vapor annealing, the as-cast �lm becomes a sol state,
allowing ions and defects to be mobile within the lat-
tice, with the solvent acting as the dispersing medium
and the perovskite acting as the dispersed phase [58]. For
instance, the mixed halide perovskite �lm with chloride
and bromide is slightly dissolved when the as-cast �lm is
exposed to polar solvent DMF vapor. In the DMF vapor
environment, Ostwald ripening occurs as ions are mobile
in the perovskite �lm. This process involves the growth of
initially formed small grains into larger grains. The ripen-
ing occurs because larger grains are energetically favored
over smaller ones, reducing grain boundaries and defects.

Furthermore, without vapor annealing, the rapid
evaporation of the solvent and subsequent fast crystal-
lization lead to a heterogeneous phase with regions rich in
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bromine (Br) or chlorine (Cl). However, in the presence
of DMF vapor, the sol state facilitates and prolongs the
subsequent halide exchange process, driven by the chem-
ical potential di�erence between the Cl-rich phase and
the Br-rich phase. This results in a rearrangement of com-
position gradually approaching chemical equilibrium,
leading to a homogeneous phase (Figure6e). By monitor-
ing the PL spectra depending on vapor annealing time,
a gradual disappearance of the Cl-rich phase peak and
a continuous red-shift of the peak in the vapor-treated
samples are observed, resulting in a narrow and single-
emission peak (Figure6f).

As a result, the PLQYs of the vapor-treated �lms
exhibit signi�cant increases with a peak PLQY of 12%
compared to 3% for the pristine sample. Moreover, pro-
longed PL lifetimes are observed in TRPL. The recrys-
tallization of perovskite, enlargement of grain size, and
improved phase homogeneity during vapor annealing
collectively reduce the defect density, thereby minimizing
nonradiative recombination.

2.3. Reduced-dimensional perovskite for e�cient
energy funneling

2.3.1. Regulating the energy landscape in quasi-2D
perovskites by phase engineering
Low-dimensional perovskites are promising candidates
for e�cient light emission due to high Eb in lay-
ered structures where large organic spacer cations con-
�ne the excitons inside the perovskite octahedra as a
quantum-well structure [26,27,59…61]. Quasi-2D per-
ovskites are mostly composed of Ruddlesden-Popper
(RP) perovskites and Dion-Jacobson (DJ) perovskites.
RP perovskites are composed of a mixed structure of
low-dimensional perovskites with di�erent numbers of
[BX6] octahedra surrounded by organic spacer cations
in the form L2AnŠ1BnX3n + 1 (n = 1 to �) where L
is an organic spacer cation such as monoammonium
R-NH3

+ (R: alkyl or aromatic group) [28,61]. DJ per-
ovskites (L•AnŠ1BnX3n + 1) has developed to increase
device stability with the elimination of van der Waals gap
between organic spacer cations, incorporating diammo-
nium cation (+ H3N-R-NH3

+ ) instead of monoammo-
nium cation [28]. They haveEb = 380 meV forn = 1,
270 meV forn = 2, and 220 meV forn � 3. With mixed
phases that have distinctn and correspondingly di�er-
ent Eb, gradient energy transfer from phases that have
high band gap (low-n) toward phases that have low band
gap (high-n) enables e�cient charge transfer and strong
exciton con�nement in high-n phase, with consequent
increase in PLQY [62].

By controlling the ratio of organic spacer cations
to octahedra, the phase distribution and consequent

emission spectra can be tuned [62]. For example, with a
high concentration of organic spacer cation, the PL peak
can blue-shift, as a result of the in�uence of low-n phases
that have larger bandgap than high-n phases [63].

Hence, in quasi-2D perovskites, the energy can be
transferred from low-n phases to neighboring high-n
phases, bene�cial for e�cient charge transport without
energy loss (Figure7a). To exploit this advantage of quasi-
2D perovskites, especially the e�cient energy funneling,
the distribution of low-dimensional phases can be con-
trolled by slowing down the crystallization [30,64…66]
(Figure 7b). Di�usion-controlling molecules not only
slow down the crystallization process for the high-n
phase with an increase of charge transport by achieving
random phase orientation [28], but also passivate defects
originating from uncoordinated Pb2+ [67,68].

Generally, rapid and inhomogeneous crystallization of
quasi-2D perovskite precursors results in polydisperse
quasi-2D phases with rough surface morphology [29]
and aggregated low-dimensional phases; these charac-
teristics impede e�cient charge funneling and therefore
cause poor charge transport and ine�cient radiation
recombination. Especially, insulating low-n phases with
a large number of defects such asn = 1 or 2 can hinder
charge transport or cause energy loss during the charge-
funneling process. To solve this signi�cant problem in
quasi-2D perovskites, crystallization kinetics have been
modulated by capturing organic spacer cation by exploit-
ing Lewis acid…base interactions, or by hydrogen bond-
ing with additive molecules. This approach can inhibit
aggregation of organic spacer cations and formation of
a predominance of low-n phases during crystallization
and thereby can improve energy funneling in quasi-2D
perovskites.

To address the prominence of low-n phases, tris(4-
�uorophenyl)phosphine oxide (TFPPO) molecule was
introduced to regulate phase distribution in the direc-
tion of reducing low-n phases and increasing high-n
phases. TFPPO is e�ective in decreasing the di�usion
rate of organic spacer cations such as PEA+ , which ter-
minate perovskite into the low-n phase before complete
growth, by forming hydrogen bonds with PEA+ dur-
ing the initial stage of �lm formation. TFPPO additives
delayed the di�usion of captured PEA+ into the per-
ovskite lattice, so a monodispersed quasi-2D phase could
be obtained without segregated low-dimensional phases.
Monodispersed quasi-2D phase funnels energy e�-
ciently and has higher radiative recombination e�ciency
than polydispersed quasi-2D phase, as evidenced by
uni�ed energy landscape observed in transient absorp-
tion (TA) spectra and narrowed FWHM= 20nm in PL
spectra of TFPPO-treated �lms. Device performance of
PeLEDs based on monodispersed quasi-2D phase was
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Figure 7.(a) Energy funneling process in Quasi-2D perovskites (Reproduced with permission from ref. [63]; copyright 2016, Springer
Nature); (b)Schematic illustrationof selective phase engineeringbyadding reactioncontroller; (c)Charge distributionofBABr and BAMeS
calculated by DFT; (d) UV-vis spectroscopy of fabricated perovskite “lm using MeS molecules; (e) TA spectra of quasi-2D perovskites incor-
porating MeS ion to reducen= 1 phase for e�cient energy funneling (c, d and e, Reproduced with permission from ref.[66]; copyright
2021, Springer Nature); (f) GISAXS patterns for quasi-2D perovskite “lms based on TEA and PPT. Inset, the chemical structure of TEA and
PPT; and (g) 2D plots of PL spectra at the di�erent annealing conditions of quasi-2D perovskite “lms based on TEA and PPT. (f and g,
Reproduced with permission from ref.[30]; copyright 2023, Springer Nature).

also signi�cantly increased, as demonstrated by the max-
imum EQE of 25.6% and the maximum luminance of
52,000 cd mŠ2.

Another way to modulaten-phase distribution is to
exploit a product from the chemical reaction of buty-
lammonium (BA) organic spacer cation with methane-
sulfonate (MeSŠ ) anion; this product can also impede
the di�usion of BA and retard crystallization [66].
An organic spacer cation, BA, reacts with the CsMeS
molecule by three hydrogen bonds, so the electron-rich
domain has been moved from Br…to O and N atoms
in MeSŠ . Charges are redistributed from 0.70 e (elec-
tron) between BA and Br to 0.84 e between BA and
MeSŠ (Figure 7 c, d). The strong electron a�nity of
organic spacer cation increases the probability that the

low-n phase transforms to the high-n phase. After grad-
ual phase evolution to increase the proportion of high-
n phase, MeS-treated samples developed more high-n
phase and less low-n phase, especiallyn = 1 phase, than
untreated samples (Figure7e).

Incorporating ligands with phosphoryl chloride func-
tional groups can also alter the crystallization process
[64]. The electron density of a bis(2…oxo…3…oxazolidinyl)
phosphinic chloride (BOPCl) molecule is concentrated
on the Cl and O components, so the molecule can cap-
ture PEA+ cation during crystallization. This change in
the crystallization process has been observed in BOPCl-
treated perovskite �lms without any post-annealing pro-
cess. When post-annealing treatment is not applied, the
BOPCl molecule interacts with the organic spacer cation
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during the initial stage of crystallization, so the crystal-
lization process slows. Due to incomplete crystallization,
PLQY increases over time from 20% to 40%; the trend is
attributed to subsequent grain growth and defect elimi-
nation at the �nal stage of crystallization. In contrast, the
untreated sample undergoes a rapid and complete crys-
tallization and has an initial high PLQY= 50%, but the
formation of nonradiative defects decreases PLQY to 30%
over time [64]. BOPCl-treated perovskite that had been
promoted to full crystallization by a post-annealing pro-
cess had outstanding PLQY= 80% with high stability
over time and maximum EQE= 20.82% from PeLEDs.

Although methods of controlling the distribution of
n phases have been extensively investigated, many still
have di�culties in precise modulation of phase distri-
bution. Additionally, during crystallization, the initial
distribution can undergo disproportionation to yield a
broad distribution ofn from 1 to�; this distribution may
incur operational instability due to massive ion di�usion
between perovskite phases.

An in-depth study of the mechanism of dispropor-
tionation revealed thatn = 1, 2, and 3 phases formed
during the initial stage of the crystallization process
and that phases that hadn > 3 likely formed during
the last stage of crystallization [30]. Transformation of
the intermediate-n (n = 3) to low-n and high-n easily
occurred spontaneously due to low formation energy
of the n = 1 phase, and to entropic stabilization of a
mixture of n-phases. The authors incorporated 2-(5-(2,
2�-dimethyl-[1,1�-biphenyl]Š4-yl)thiophen-2-yl)ethyl-1
-ammonium iodide (PPT) to alleviate disproportiona-
tion during initial of crystallization; this novel molecu-
lar design to increase steric barriers results in unusual
phase control behaviors. When PPT was used, it formed
n = 3 phase during the initial stage of the spinning
process, and retained this phase throughout the spin-
ning, whereas when BA or thio-phenylethylammonium
(TEA) were usedn = 3 phase changes to low-n or high-n
phases (Figure7f). Moreover, high annealing tempera-
ture (> 100 °C) or prolonged annealing time (> 5 h)
can also change the intermediate-n phase to other phases
due to the driving force, causing a disproportionation
(Figure7g). Without disproportionation in quasi-2D per-
ovskites using these novel ligands, PeLED exhibited a
considerably high EQE of 26.3% and a prolonged oper-
ation lifetime of 30.9 h at 700 nm by inhibiting ion
migration under electric bias.

From a di�erent perspective, post-treatment using iso-
propyl alcohol (IPA) solvent, which can e�ectively wash
away excess organic spacer cations and undesirable low-n
phase with large bandgap could also be an e�ective strat-
egy to modulaten-phase distribution due to the selec-
tivity of the method [69]. A washing procedure, applied

once, twice, or thrice, resulted in a signi�cant removal of
low-n phases. In LED devices, this treatment increased
current-injection e�ciency and luminance (from 191
cd/m2; to 33,532 cd/m2) as a result of selective elimina-
tion of low-n phases.

2.3.2. Rational passivation of 2D phase induced
defect sites
The major limitation of quasi-2D perovskite LEDs is that
they are unstable primarily because their edge defects are
vulnerable to oxidative attack by photogenerated excitons
or electrically injected carriers [70]. Edge states are not
fully protected by organic spacer cations, and therefore
can be easily exposed to moisture and oxygen, so they
are chemically unstable. Transfer of surface-localized
carriers or excitons to neighboring O2 molecules can
accelerate the formation of superoxide (O2

Š ), which is
a major cause of the decomposition of quasi-2D per-
ovskites (Figure8a). Therefore, the concept of edge stabi-
lization has been introduced to mitigate the degradation
that can be induced by edge defects [70]. Triphenylphos-
phine oxide (TPPO), which has a P= O functional
group, was incorporated as an additive to quasi-2D per-
ovskites. The introduction of TPPO ligands did not alter
the PL intensity in the< 001> direction, because the
organic spacer cation had already surrounded the per-
ovskite crystal su�ciently. However, when the edge states
that had been bound by TPPO ligands were exposed
to air, the PL intensity of the edge state increased sig-
ni�cantly due to the selective passivation provided by
the TPPO ligands [70]. The P= O functional group in
TPPO can form a strong covalent bond with uncoor-
dinated Pb2+ and thereby passivate the edge defects of
quasi-2D perovskites (Figure8b).

Edge-stabilized quasi-2D perovskites protected by
both PEA+ ligands which are well attached to the
< 001> direction and TPPO ligands that passivate edge
defects can also help to slow ion migration during
device operation. By using edge-stabilized quasi-2D
perovskites in LED devices, the maximum EQE was
increased from 4.5% in the untreated control sample to
14%, and the maximum luminance nearly doubled, from
26,700 cd mŠ2 to 45230 cd mŠ2. Furthermore, the oper-
ation lifetime of PeLEDs has increased remarkably from
53 s in the control sample to 44 min with edge-stabilized
perovskite.

Another problem of quasi-2D perovskites is that the
low-n phase tends to include many defects, which hinder
e�ective cascade energy funneling between neighboring
n-phases [30,66]. If energy transfer between neighboring
perovskite domains is ine�cient, excitons can dissoci-
ate by nonradiative recombination, with a signi�cant loss
of light emission [30]. Therefore, many researchers have
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Figure 8.(a) Schematic illustration of edge defect and stabilization mechanism in low-dimensional perovskites; (b) Edge defect PL char-
acteristics before and after incorporation of TPPO ligands with exfoliatedn = 2 phase perovskite crystals. Inset, PL spectra of perovskite
crystals exhibiting dual-emission from pristine (� emission = 450 nm) and edge state (�emission= 510 nm). (a and b, Reproduced with
permission from ref. [70]; copyright 2020, Springer Nature); (c) Anti-solvent treatment using DBPF molecules; (d) Temperature depen-
dent PL of Control “lm and Dual passivation “lm (c and d, Reproduced with permission from ref. [67]; copyright 2022, Springer Nature);
and (e) Comprehensive passivation strategy with functionalized derivatives of DBPF resulting in (f) high EQE and long operational lifetime
(e and f, Reproduced with permission from ref. [72]; copyright 2022, Wiley-VCH).

explored new methods to passivate defects to prevent
nonradiative recombination caused by shallow defect
states.

However, the selective surface passivation strat-
egy by additional ligand engineering is more com-
plicated in quasi-2D perovskites than in 3D per-
ovskites because some functional groups of ligands in
quasi-2D perovskites can change crystallization kinet-
ics due to their strong complexation with PbBr2
during crystallization. An example of careful selec-
tion of ligand for surface passivation is 2,7-dibromo-
9,9-bis (3�-diethoxylphosphorylpropyl)-�uorene (DBPF)
(Figure8c), which includes alkyl phosphate moieties that
have relatively low coordination strength to avoid strong
complexation with Pb2+ , but which provides e�ective
passivation with uncoordinated Pb2+ [67]. Thus, the
DBPF ligand can passivate defect states of quasi-2D
phases without unnecessary change of crystallization
behavior. The DBPF ligand can concurrently passivate
bulk defects within the perovskite grain and surface
defects on the top of the �lm. The main emitting

region of the quasi-2D perovskite �lm is near the
�lm•s surface, so the PLQY of perovskite �lm is con-
siderably increased after surface passivation. Moreover,
bulk passivation contributes strongly to suppressing ion
migration by �lling vacancies at the grain boundary,
thus increasing the operational lifetime of devices [71]
(Figure8d).

To further investigate the e�ects of surface and
bulk dual passivation with additional interface passiva-
tion, DBPF with di�erent functional groups has been
synthesized by acidi�cation and sali�cation reactions.
Functionalized three molecules, namely 2,7-dibromo-
9,9-bis(3•-diethoxylphosphorylpropyl)�uorene (DBPF-
OEt), 2,7-dibromo-9,9-bis(3�-phosphonic acid propyl)
�uorene (DBPF-OH), and 2,7-dibromo-9,9-bis(3•-phos-
phatepropyl)�uorene potassium salt (DBPF-OK) were
proposed [72] (Figure 8e).

DBPF-OK, DBPF-OH, and DBPF-OEt individually
target the passivation of the interface, bulk, and sur-
face respectively, with di�erent solubilities. DBPF-OK
with the lowest solubility among the three passivators
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Figure 9.(a) Schematic illustration of randomly-oriented perovskite crystals with NCP method observed by (b) GIWAXS measurement (a
and b, Reproduced with permission from ref. [28]; copyright 2019, Wiley-VCH). (c) Schematic illustration of pressurized tape encapsulation
method decreasing the alignment of low dimensional perovskites for (d) e�ective energy funneling exhibited in confocal PL images (c
and d, Reproduced with permission from ref. [74]; copyright 2021, Elsevier).

increases the wettability of the perovskite precursor solu-
tion [72]. DBPF-OK ligand also interacts with uncoor-
dinated Pb2+ in low-n perovskite, so the defective low-n
phase is passivated without altering crystallization kinet-
ics. DBPF-OH passivates uncoordinated Pb2+ in the
bulk, and e�ectively anchors ions by hydrogen bonding
with halogen components, thereby e�ectively suppress-
ing ion migration during device operation. DBPF-OEt
must be incorporated in antisolvent during the nanocrys-
tal pinning (NCP) process and is used for surface passi-
vation of the high-n perovskite; the result is a reduction
in nonradiative recombination at the emissive layer and
an increase in PLQY. This sophisticated and comprehen-
sive targeted-passivation strategy achieves simultaneous
passivation of defective low-n phase perovskite, suppres-
sion of ion migration, and increased PLQY. Notably,
it has led to a maximum EQE of 23.3% and a sig-
ni�cantly prolonged device operation lifetime of> 200
min with a low turn-on voltage of � 2.8 V [72]
(Figure8f).

2.3.3. Increasing charge transport by adjusting
perovskite orientation
Another important challenge is to increase charge trans-
port, which is impeded by the aligned and oriented struc-
ture of quasi-2D perovskites with van der Waals gaps that
result from organic spacer cations.

One e�ective method to increase charge mobility
is to obtain a randomly oriented quasi-2D phase dur-
ing the spin-coating process. When the precursor solu-
tion of quasi-2D perovskite is spin-coated without using
NCP, the crystals grow preferentially in the horizontal
plane [28,73]. However, a modi�ed NCP process that
uses a non-volatile solvent (e.g. toluene) as an addi-
tive, can induce non-preferential random orientation
by immediate pinning of crystals (Figure9 a, b). In
this process, DMSO molecules coordinated onto the
(001) plane are rapidly replaced by toluene molecules
that cannot dissolve perovskite, resulting in random
orientation of quasi-2D phases [28,73]. The presence
of randomly-oriented perovskite domains provides a
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pathway for e�cient charge transfer between neigh-
boring domains and thereby facilitates charge trans-
port. Notably, nanostructure-modi�ed quasi-2D per-
ovskites prepared using this NCP process achieved
PLQY= 30.3%, which is much higher than that of
aligned quasi-2D perovskites (< 0.5%).

As a post-treatment, pressure-induced encapsulation
by using scotch tape during annealing is also e�ec-
tive in increasing charge transport along eachn-phase
domain in randomly-oriented quasi-2D perovskites [74]
(Figure9 c, d). This encapsulation method results in the
conversion of the low-n phase to the high-n phase, which
is more favorable than the low-n phase for light emission.
The method also induces random orientation from the
vertically aligned perovskite domain [74]. In GIWAXS
results, the characteristic peaks that indicate alignment
in the (100) and (110) directions are greatly diminished;
this change eliminates charge-transport barriers and pro-
vides e�cient pathways. PeLEDs that were constructed
using �lms fabricated with the encapsulation growth
method showed a decrease in internal resistance and an
increase in charge-transport capability. Improved charge
transport capability can be represented as an increased
current e�ciency of 47.1 cd/A, luminance of 8,300 cd
mŠ2 with green emission, and high EQE of 12.8% with
sky-blue emission. These improvements are attributed to
the smoothed energy landscape possessing medium-n to
high-n with e�cient charge-transport pathways.

3. Limitations and future perspectives

3.1. Stability

The most actively researched green PeLEDs have nearly
approached the theoretical limit of EQE, 30%. However,
in terms of operational lifetime, articles with highly e�-
cient PeLEDs reportT50 of only a few hundred hours
even at 100 nit. This limitation is attributed to the facile
degradation of perovskite structures under voltage bias
due to ion migration, driven by the high defect density
in perovskites. The ideal and e�cient diode behavior is
observed during e�ciency measurements, achieved by
fast voltage sweeps and the charge trap �lling e�ect. How-
ever, in terms of stability measurement, rapid perovskite
structural degradation is induced by ion movement dur-
ing long-term applied voltage. Additionally, Joule heating
during device operation and internal electric �elds fur-
ther accelerate this structural degradation. From this per-
spective, research on the stability of PeLEDs has focused
on approaches such as cross-linking grain boundaries
to hinder ion migration paths, introducing interlayers
to prevent charge accumulation at interfaces and using
functional ligands to block defect sites.

The formation of cross-links between grain bound-
aries has been reported to block defects and signi�cantly
increase the ion migration activation energy. Studies uti-
lizing acrylamide-based monomers and K2S2O8 photo
initiators demonstrated that the temperature-dependent
conductivity analysis revealed an increase in ion migra-
tion energy from 0.21 eV to 0.50 eV upon the formation
of cross-links at grain boundaries. Moreover, when a
voltage was applied through the electrode on perovskite
�lms, the pristine �lms exhibited the detection of AgBr
peaks in XRD after 12 h of voltage application, indicating
BrŠ ion migration to the cathode. In contrast, the cross-
linked �lms did not show any such peak, leading to a
signi�cant improvement in the operational lifetime from
T50 = 2.1 h to 208 h at 100 nits. The advantage of cross-
linked passivation lies in the wide range of initiators that
can be selectively used based on polymerization types,
and grain-boundary polymerization e�ectively prevents
moisture penetration.

The formation of an interlayer on the surface of the
perovskite layer can block unnecessary ion and metallic
species movement between layers and prevent the forma-
tion of internal electric �elds. Interlayers obstruct direct
contact between the layers while not a�ecting charge
transport. For this purpose, a thin layer capable of tunnel-
ing needs to be coated onto the perovskite, with LiF being
commonly used due to its excellent chemical stability and
ability to prevent the formation of electric �elds at inter-
faces, owing to its wide bandgap. Unlike electron injec-
tion layers, which are typically deposited as island growth
with a thickness of around 1 nm, interlayers used for this
purpose are deposited as thin �lms with a thickness of
approximately 5 nm, e�ectively covering the surface of
the perovskite. The stable deposition of LiF interlayers
physically block the migration of halide ions occurring
during device operation. Furthermore, interlayers can be
formed on the perovskite surface by post-treatment with
substances such as MABr or LiBr in salt form. Using
this approach, it is possible to block defects present on
the perovskite surface and for electron-dominant devices
improve charge balance to address the additional heat
generation issue caused by unbalanced charge injection.

The instability of PeLEDs is primarily attributed to
the low ion migration energy and high defect density
in perovskite materials. Therefore, utilizing functional
ligands for rational defect passivation is considered one
of the most e�ective methods. Oxygen-based materials
with lone electron pairs, speci�cally in the P= O form,
are highly e�ective in blocking halide vacancy defects
and preventing the exposure of lead ions. However, this
approach only addresses defects present at the grain
boundary, and internal defects remain unaddressed.
In situ core/shell structures reported by our group
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demonstrated a signi�cant breakthrough in the opera-
tional stability of PeLEDs [20]. This notable achievement
stems from the simultaneous passivation of defects resid-
ing at the grain boundaries and within the bulk state of
3D perovskite crystals, thereby blocking all possible paths
for ions to migrate along the defects under electrical bias.
Furthermore, from the perspective of charge injection,in
situcore/shell structure o�ers advantages over previously
reported quasi-2D or nanocrystal structures. Quasi-2D
perovskites often result in unfavorable 2D states due to
excessive ligand, and perovskite nanocrystal structures
contain an excess amount of insulating ligands (e.g. oley-
lamine, oleyl acid), hindering charge injection. However,
in situ core/shell structures based on 3D perovskites
are passivated by BPA with a small molecular length,
which doesn•t inhibit the charge injection. Additionally,
an ideal device structure with negligible charge injec-
tion barrier and fast charge transport assisted the e�-
cient device operation at low voltage. The gradient WF
of the hole injection layer and the accurate lowest unoc-
cupied molecular orbital level of the electron transport
layer provided an ohmic contact with the perovskite layer.
Through the ideal device structure, the e�cient low-
voltage operation could e�ectively mitigate the impact
of Joule heating and charge accumulation at interfaces,
which signi�cantly suppresses the degradation of devices.
Consequently, the device lifetime of PeLEDs, which used
to be on the order of a few hundred hours, could be dra-
matically extended to approximately 30,000 h at 100 cd
mŠ2.

While this represents a highly improved performance
compared to previous results for PeLEDs, it still falls short
of commercial viability. This limitation is attributed to
the high defect density in perovskite, even in the idealin
situ core/shell system, where the defect density remains
at a considerable level of 1016 cmŠ3. Thus, to fully lever-
age the advantages of perovskite as an emissive mate-
rial, the stability of PeLEDs must be urgently improved.
Moreover, to achieve increased stability, a comprehensive
understanding of PeLEDs through detailed analysis and
the proposal of models for the underlying mechanisms
are required. This will enable researchers to explore e�ec-
tive methods for defect control from material and process
perspectives.

3.2. Large-area devices

Recently large-area (> 1 cm2) PeLEDs have achieved
EQEs> 22% [14], which is catching up with the high
EQEs of 28.9% achieved in small-area (4.9 mm2)
laboratory-scale devices. Despite the great improvement
in EQE of large-area PeLEDs, when the emission area is
scaled up, the e�ciency generally decreases due to the

non-uniformity of perovskite �lms. The non-uniformity
increases the trap-assisted nonradiative recombination
and causes current leakage [75]. A method to control
intermediate phases was introduced to make a break-
through for the fabrication of large-area devices and
resolve the low uniformity caused by inhomogeneous
di�usion of the solution. However, controlling interme-
diate phases by the conventional spin-coating method
is ine�ective for devices with an active area> 1 cm2.
Therefore, many researchers have explored alternative
fabrication methods, such as blade-coating, bar-coating,
and thermal evaporation for the production of PeLEDs.
Blade-coating and bar-coating are solution-based pro-
cesses; they have high uniformity in spreading the solu-
tion and evaporating the solvent during the deposition
process. In contrast, solvent-free thermal evaporation is
free from problems induced by inhomogeneous solvent
evaporation. Thermal evaporation has distinct advan-
tages in pixelation, patterning, and mass production,
including large-area fabrication.

A conventional •antisolvent-assisted• crystallization
method in quasi-2D perovskites cannot be adapted to
large-area device fabrication [76] since the method yields
poor �lm morphology that causes shunting paths, which
leads to high leakage current and low PLQY at the edge
of perovskite. The perovskite crystallization on the edge
di�ers from that at the �lm•s center because of the phase
segregation ascribed to inhomogeneous di�usion of anti-
solvent.

One method has been devised to achieve highly uni-
form and suppress phase segregation. On large-area sub-
strates, the distribution of chemical components dif-
fers between center and edge regions, inducing di�erent
degrees of supersaturation between the center and edge
regions with the NCP method during the spin-coating
process. L-norvaline, which contains COOŠ functional
groups, can strongly bind to the perovskite to generate
new intermediate phases, which greatly reduce the spa-
tially inhomogeneous distribution and achieve a uniform
surface from the edge to the center of the �lm. As the
solvent evaporates, steric hindrance of COOŠ interme-
diates inhibits perovskite growth toward the 3D con�g-
uration, and thereby facilitates simultaneous quasi-2D
phase formation while suppressing undesirable 2D or 3D
phases.

Large-area PeLEDs have also been fabricated by low-
temperature blade-coating combined with sol…gel engi-
neering [77]. Uniform and small grains were obtained
by using a diluted precursor with the aid of an N2 knife,
which accelerates the evaporation of the remaining sol-
vent. Incorporation of excess 4-�uorophenylmethylam-
monium iodide (FPMAI) into the precursor induces
dense nucleation centers, slows or eliminates the gelation
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process, and accelerates the phase-transformation pro-
cess. Speci�cally, excess FPMAI accelerates the reaction
between PbI2 and MAI/FPMAI. A modi�ed sol…gel pro-
cess with diluted precursor, N2 knife, and excess FPMAI
alters the conventional process. The modi�ed process
is composed of simultaneous PbI2 precipitation with
accelerated phase transformation reaction between PbI2
and MAI/FPMAI (stage 1), additional PbI2 precipitation
and phase transformation with suppressed grain growth
(stage 2), and aging and phase transformation (stage 3)
with formation of small grains. This method yielded a
highly uniform and homogeneous surface with thickness
at the center and the edge of the �lm; this result can
be ascribed to the shortened deposition time with high
nucleus density.

Furthermore, a simple modi�ed bar-coating (m-bar-
coating) method facilitates the evaporation of residual
solvent and may present a new strategy for the fabrica-
tion of large-area devices [14]. Conventional spin-coating
and blade-coating methods are critically a�ected by pro-
cessing conditions and environment, so they are not
well-adapted to the fabrication of large-area devices. In
contrast, m-bar-coating achieves fast evaporation of sol-
vent with pre-crystallized perovskite nanocrystals in a
non-polar solvent, which is not a�ected by the experi-
ment environment during �lm formation. Therefore, the
highly uniform large-area �lm can be obtained without a
change in the crystal structure.

For the thermally-evaporated perovskite,in situ
nanocrystal synthesis has been developed by co-evapora-
ting CsBr, PbBr2, and TPPO ligands which possess su�-
cient steric hindrance [78]. TPPO ligands interact with
the electron acceptor PbBr2, e�ectively reducing its reac-
tivity and impeding the crystallization of CsPbBr3. The
P = O moiety in TPPO ligands is favorable to robust
covalent bonding, and therefore passivates uncoordi-
nated Pb2+ exposed on the surface of the perovskite and
constrains the growth of CsPbBr3 crystals.In situsynthe-
sis of perovskite nanocrystals with thermal evaporation
contributes to a notable increase in the PLQY of up to
80% and EQE of 16.4%, which is the highest record for
thermally-evaporated perovskites.

Large-area devices produced by spin-coating still
have lower e�ciency and operation lifetime than their
small-area counterparts. However, new techniques such
as blade-coating, bar-coating, and thermal evaporation
have not yet achieved e�ciency as high as spin-coating,
mainly due to an incomplete understanding of the crys-
tallization and defect formation mechanisms involved.
Spin-coating has limited feasibility of upscaling to large-
area deposition, so the knowledge obtained from the
spin-coating method must be extended to other deposi-
tion methods to enable their further development.

3.3. Blue PeLEDs

The increases in e�ciency and operation lifetime of blue
PeLEDs have signi�cantly lagged behind those of LEDs
that emit longer wavelengths than blue. Blue PeLEDs also
have inferior spectral stability, speci�cally concerning
trap-assisted nonradiative recombination and halide seg-
regation [79]. Speci�cally, in polycrystalline perovskite,
the replacement of BrŠ with ClŠ enables blue emission.
However, this replacement causes additional segregation
of halide anions during device operation, intensifying ion
migration.

Blue emission can also be achieved by decreasing
the size of perovskite nanocrystals to the quantum-
con�nement regime. However, a decrease in size below
the Bohr diameter results in inhomogeneous morphol-
ogy and a broad size distribution of 3.8± 0.8 nm, which
broadens the FWHM [80]. Therefore, blue emission is
very di�cult to achieve using perovskite nanocrystals,
which cannot utilize the high color purity of perovskites
as a material advantage.

By adopting a quasi-2D perovskites with a layered
structure, the ion migration under electric bias can be
signi�cantly suppressed even in mixed-halide systems
because of their increased activation energy for ion
migration. Phenethylammonium chloride (PEACl) can
be incorporated in quasi-2D perovskites to relieve lattice
strain, which can accelerate ion migration. The elim-
ination of a driving force for ion migration increases
the intrinsic stability of the material induced by various
defects, such as point, bulk, and surface types [81…83].

Introducing a small amount of yttrium (III) chlo-
ride (YCl3) into perovskite precursors, in which CsPbBr3
and PEACl are mixed in a molar ratio of 1:1, increases
PLQY by passivating surface and grain boundaries while
spectrally maintaining a blue light emission [83]. The
formation of YCl3 clusters hinders perovskite grain
growth, enables e�ective charge-carrier con�nement,
and reduces nonradiative recombination. Chemical pres-
sure increases as crystals grow in the solution, so a gra-
dient distribution of Y3+ ions develops from high at the
center of the �lm to low at the top. Consequently, the
incorporation of Y3+ contributes to the blue emission
spectrum, while a large amount of Y3+ ions accumu-
late on the �lm surface and grain boundaries and exert
a signi�cant passivation e�ect.

A similar strategy to reduce ion migration uses a
�uorene-derived� -conjugated cationic polymer, poly[(9,
9-bis(3�-((N,N-dimethyl)-N-ethylammonium)-propyl)-
2,7-�uorene)-alt-2,7-(9,9-dioctyl�uorene)] dibromide
(PFNBr), which can be incorporated into the perovskite
crystal structure [79]. The charged quaternary ammo-
nium and bromide groups in PFNBr can be located at the
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grain boundaries, and they e�ectively passivate positively
charged and negatively charged ionic defects and mitigate
ion migration in response to weak electrostatic interac-
tions. The peak wavelengths of the PL and EL spectra
were unchanged during light exposure and device opera-
tion, providing valuable insights into a way of increasing
the stability of perovskite by suppressing the ion migra-
tion.

Blue PeLEDs must emit light at 465 nm to ful�ll deep-
blue emission. However, the e�ciency decreases abruptly
as the emission wavelength decreases, and this trend is
a signi�cant limitation. For example, the current quasi-
2D-based blue-emitting perovskite LEDs have an EQE
of 11.2% for sky-blue emission at a wavelength of 485
nm but an EQE of 8.0% for emission at a wavelength of
476 nm. In addition, the operation lifetime is very short,
only tens of minutes, due to quasi-2D perovskites for blue
emission.

To improve the e�ciency and operation lifetime
of blue perovskite LEDs, some challenges must be
addressed. One challenge is to develop new materials
with more extensive bandgap and more stable than mate-
rials currently used. Another concern is optimizing the
device structure and fabrication process. Solving these
challenges will help develop blue light-emitting PeLEDs,

which are more e�cient and durable than current ones
and can be used in several applications.

4. Conclusion and outlook

3D polycrystalline perovskite materials have inherent
challenges due to their large grain size, resulting in lowEb
and long exciton di�usion length, making them suscep-
tible to exciton dissociation. To address the intrinsic low
PLQY owing to the lowEb, approaches have been pro-
posed to reduce the grain size and con�ne excitons within
the grains. These strategies involve interfacial engineer-
ing to induce a high density of nucleation, physical inhi-
bition of grain growth through additives, chemical bind-
ing of ligands with the perovskite, and grain splitting by
strong reaction agents used in post-treatment. With these
strategies, 3D polycrystalline perovskites have evolved
into quasi-2D perovskites and nanocrystals possessing
high Eb, achieving high EQEs (Table1) (Figure10).

However, to enhance the exciton con�nement, more
ligands should be incorporated into perovskite for grain
size reduction, dimension reduction, and nanocrystal
formation from 3D polycrystalline perovskites. The insu-
lating nature of organic ligands leads to decreased charge

Figure 10.Tendency of charge mobility, exciton binding energy, and defect density of 3D polycrystalline, Colloidal nanocrystal, Quasi-
2D, andIn situcore/shell nanocrystal perovskite.
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Table 1.Exciton binding energy and charge mobility di�erence
in the type of perovskites.

3D
polycrystalline Quasi-2D

Colloidal
Nanocrystal

In situ
core/shell

nanocrystal

Exciton binding
energy
Eb(meV)

90 130 152 220

Charge
mobilityµ
(cm2 VŠ1

sŠ1)

3.26× 10Š2 3.2× 10Š3 1.51× 10Š3 2.99× 10Š2

EQE (%) 11.05 28.1 26.7 28.9
PLQY (%) 67 82 99 89
Luminance

(cd mŠ2)
156,155 40,514 13,100 473,990

Half lifetime,
T50 (h, at
100cd mŠ2)

255 4.04 3
31,808

(accelerated)

Reference [84] [85,86] [40,87] [20]

Note:Eb is estimated by temperature-dependent PL measurement.

mobility and relatively high turn-on voltagesl thus, lumi-
nance and lifetime of PeLEDs are signi�cantly decreased.
Compared to other strategies that increaseEb, the on-
substrate synthesized core/shell perovskites without con-
ventional long-chain ligands used for colloidal synthesis
signi�cantly increaseEb through grain splitting and e�ec-
tive defect passivation, while maintaining the high charge
mobility of 3D perovskites (Table1).

Two con�icting reasons always hinder the further
improvement of PeLEDs. First, although much research
about increasingEb has been reported, research to
increase charge mobility for low achieving operating volt-
age has not been su�ciently studied. Low voltage oper-
ation is crucial in achieving prolonged lifetime due to
Joule heating during device operation. Severe tempera-
ture rising of PeLEDs accelerates ion migration of halide
anion, inducing the breakdown of perovskite octahedron
structure and electrochemical corrosion of electrode.

Therefore, strategies that can simultaneously increase
charge transport and mitigate ion migration should be
further studied. For example, anchoring perovskite grain
with a conductive ligand can simultaneously accelerate
charge transport and suppress halide ion migration. Ulti-
mately, research is needed to determine materials that
can play various roles, such as grain size reduction, defect
passivation, enhanced charge transport, and suppression
of ion migration. By developing such materials, overcom-
ing the inherent weaknesses of perovskites with respect to
soft lattices susceptible to ion migration will be more fea-
sible. Also, by integrating these diverse approaches, the
achievement of highly e�cient, long operation lifetime,
blue-emitting, and large-area PeLEDs can be realized. If
these methods can be successfully integrated, PeLEDs

will become the next generation of displays for the aug-
mented reality (AR) and virtual reality (VR) industries,
where increasing demand for a wide color gamut for real-
izing natural color beyond that of the state-of-art organic
LEDs and quantum dot LEDs [88,89].
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