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Nanocrystalline Perovskites for Bright and Efficient

Light-Emitting Diodes

Kyung Yeon Jang, Seong Eui Chang, Dong-Hyeok Kim, Eojin Yoon, and Tae-Woo Lee*

Nanocrystalline perovskites have driven significant progress in metal halide
perovskite light-emitting diodes (PeLEDs) over the past decade by enabling
the spatial confinement of excitons. Consequently, three primary categories of
nanocrystalline perovskites have emerged: nanoscale polycrystalline
perovskites, quasi-2D perovskites, and perovskite nanocrystals. Each type has
been developed to address specific challenges and enhance the efficiency and
stability of PeLEDs. This review explores the representative material design
strategies for these nanocrystalline perovskites, correlating them with exciton
recombination dynamics and optical/electrical properties. Additionally, it
summarizes the trends in progress over the past decade, outlining four
distinct phases of nanocrystalline perovskite development. Lastly, this review
addresses the remaining challenges and proposes a potential material design
to further advance PeLED technology toward commercialization.

1. Introduction

Perovskite light-emitting diodes (PeLEDs) have exceptional prop-
erties, particularly high color tunability and purity of emission
spectrum, and therefore have been identified as promising can-
didates for next-generation display technologies.!l'! The emission
wavelength of perovskites can be readily adjusted by modifying
the components of their ABX; crystal structure, where A is a
monovalent cation (e.g., organic methylammonium (MA*) or for-
mamidinium (FA*), or inorganic cesium (Cs*)), B is a divalent
inorganic cation (e.g., lead (Pb?*), tin (Sn?*)), and X is a halide
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anion (e.g., CI7, Br7, or I7).2] This
structural versatility allows for precise
tuning of the emission wavelength.3#

As aresult, perovskite emitters can cover
the entire visible spectrum and match the
wavelengths required for the Rec. 2020
color standard (red: 630 nm, green: 532 nm,
blue: 467 nm). Additionally, the intrinsi-
cally narrow full-width at half maximum
(FWHM) of perovskite emission spectra
(< 20 nm) aligns well with the require-
ments of a wide color gamut in ITU-
R Recommendation BT.2020 (Rec. 2020),
which is the standard for future dis-
play colors.[!l This feature offers a signif-
icant advantage in color purity over or-
ganic light emitters and conventional in-
organic quantum dots (QDs) such as II-
VI (e.g., CdSe) and III-V (e.g., InP) QDs.

Notably, perovskites demonstrate exceptional advantages in
the green emission region compared to the other types of emit-
ting materials. With an emission wavelength of 532 nm and a nar-
row FWHM of 20 nm, achieve a CIEy > 0.76, covering almost
100% of the Rec. 2020 color gamut.[®] This performance signif-
icantly surpasses that of conventional green phosphorescent or-
ganic light-emitting diodes (OLEDs), which typically exhibit CIEx
~0.30 and CIEy ~0.65, covering only ~70% of the Rec. 2020 stan-
dard due to undesirable shoulder peaks.l’! Similarly, green InP
QDs exhibit broader FWHM values of ~34 nm, primarily due to
their strongly size-dependent emission properties.®]

In addition to their outstanding optical properties, perovskites
provide substantial advantages in production. Unlike organic
emitters, which require complex synthesis processes taking sev-
eral days to weeks, or inorganic QDs, which demand several tens
of hours, perovskites can be processed into thin films or synthe-
sized as colloidal nanoparticles in less than an hour. Thin films
can be fabricated using simple spin-coating techniques, while
colloidal nanoparticles are synthesized through reprecipitation
under ambient conditions. This simplicity not only reduces pro-
duction costs but also enhances scalability. Moreover, perovskites
are derived from cost-effective metal halide precursors with min-
imal additives, making their material costs substantially lower
than those of alternative emitting materials.'!

Despite these advantages, bulk perovskite was initially not
an ideal light emitter due to its low exciton binding energy
and long exciton diffusion length.®! However, extensive research
has overcome intrinsic limitations, focusing on the develop-
ment of three key types of nanocrystalline perovskites: nanoscale
polycrystalline (PC) film,* quasi-2D (Q2D) perovskites,!** and
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Figure 1. A) Schematic illustration of bulk perovskite and nanocrystalline perovskite structures, including SEM image of polycrystalline perovskite,

[14]

and TEM images of quasi-2D perovskitel®®! and perovskite nanoparticles(®! for PeLEDs. Reproduced with permission.[®146°] Copyright 2022, Springer
Nature. Copyright 2020, Springer Nature. Copyright 2024, Springer Nature. B) Development over time of the external quantum efficiency (EQE) of
PeLEDs that use polycrystalline (including in situ nanocrystal), quasi-2D, or perovskite nanocrystals for red, green, and blue (peak wavelength < 480
nm) emissions. C) Maximum luminance for PeLEDs that use polycrystalline perovskite (red triangle), quasi-2D perovskite (blue square), and perovskite
nanocrystal (grey circle), with commercial luminance requirements for VR displays (10° cd m~2) and AR displays (10% cd m~2) indicated. D) Operational
lifetime (Tsq) at an initial luminance of 100 nits for PeLEDs that use polycrystalline perovskite (red triangle), quasi-2D perovskite (blue square), and
perovskite nanocrystal (grey circle), with the commercial benchmark of 10° h indicated.

perovskite nanocrystals (PNCs).['?! These nanocrystalline per-
ovskites spatially confine excitons and facilitate radiative re-
combination while suppressing non-radiative decay pathways
(Figure 1A). In particular, PeLEDs utilizing nanoscale polycrys-
talline perovskites achieved the first high-efficiency PeLEDs in
2015.11% As a result, PeLEDs using nanocrystalline perovskites
have demonstrated significant improvements in external quan-
tum efficiency (EQE), luminance, and operational lifetime over
the past decade. A comparison of these achievements with the
requirements for commercialization is provided below.

The EQE of PeLEDs has improved dramatically. Early PeLEDs
reported in 2014 had a maximum EQE (EQE,,,.) of only 0.1%.1%]

max)
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In contrast, recent advancements using nanocrystalline per-
ovskites have achieved an EQE, . ~30% (Figure 1B).[%!*] The
rapid progress of the EQE positions PeLEDs as competitive with
commercial OLEDs, and thereby fulfills a key requirement for
commercialization.

When evaluating the EQE improvements across different
types of nanocrystalline perovskites, it is important to consider
optical effects. While the EQE approaches the theoretical effi-
ciency limit for single-junction devices, the actual improvements
in PeLEDs using PC perovskite films are enhanced by photon re-
cycling effects from a thick emissive layer!™* or enhanced light
outcoupling efficiency due to scattering from uneven perovskite
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Table 1. Comparison of performance between state-of-the-art PeLEDs and inorganic QD-LEDs.

Type EL Peak FWHM EQE Luminance Operational Lifetime (Tso @ 100 cd m~2) Refs.
Cd-based 600 nm - 21.6% 356 000 cd m~2 1600000 h [227]
QD-LED 537 nm 26 nm 28.7% >200 000 cd m=2 2570000 h [228]
525 nm - 22.9% 614 000 cd m~2 1760000 h [227]
479 nm 23 nm 21.9% >50 000 cd m~2 24000 h [228]
Cd-free 630 nm 35nm 21.4% 100 000 cd m~2 1000000 h [229]
QD-LED 543 nm 38.2nm 26.68% 277 000 cd m~2 508 349 h [230]
457 nm - 20.2% 88 900 cd m~2 15850 h [237]
PeLED 636 nm 28 nm 22% 7000 cd m~2 780 (Tgo @ 100 cd m~2) [22]
540 nm - 28.9% 473 990 cd m—2 31858 h [14]
531 nm 20 nm 26.1% 10 908 cd m™2 5.0h [6]
531 nm 22.1nm 29.5% 147 872.8 cd m=2 50317 h [21]
470 nm - 21.3% 635 cd m™? - [147]
465 nm - 16.7% 430 cd m~2 - [147]

grains.'> The optical effect is relatively small in PNCs but more
pronounced in PC films, making it difficult to fairly compare the
EQE values between PNCs and PCs. Therefore, to accurately as-
sess the EQE improvement of pure nanocrystalline perovskite
materials, comparisons should exclude the influence of optical
effects.

Maximum luminance (L,,,) is a crucial performance param-
eter in PeLEDs, with significant progress made across differ-
ent emission colors. Green-emitting PeLEDs have achieved L.,
up to ~470 000 cd m~2,'* red-emitting PeLEDs have reached
~30 000 cd m~2,1% and blue-emitting PeLEDs have achieved
~12 000 cd m~2 (Figure 1C).I"”] The lower luminance in the blue
and red colors compared to green is attributed to the differences
in photopic luminous efficiency. While these luminance levels
are suitable for applications such as indoor high-dynamic-range
television (> 1000 cd m~2) and could be potentially suitable for
outdoor displays (> 3000 cd m~2),[*®! they need to be further en-
hanced for virtual reality (VR) displays and significantly improved
for augmented reality (AR) displays. Both AR and VR displays re-
quire complex optical paths, including significant optical losses
of #75% in VR displays using pancake lenses and up to 99% in
AR displays using optical combiners. To achieve the necessary
dynamic range and ambient contrast ratio, the luminance needs
to reach ~10° ¢d m™? for VR displays and 10° cd m~2 for AR
displays.[1920]

Finally, operational lifetime remains a significant challenge.
The commercial requirement for operational lifetime in televi-
sions or mobile phones that have high average daily usage is typ-
ically Ty ~ 10* h at initial luminance L, = 1000 c¢d m~2. For
other practical mobile applications, excluding frequently-used
televisions or mobile phones, a Ty, of at least 10° h at L, =
100 cd m? is required, considering the average daily usage and
replacement cycle of electronic devices.I'! However, the longest
reported operational lifetime at L, = 100 cd m? in PeLEDs is T,
= 31 808 h in green PC-PeLEDs, and 50 317 h in green Q2D-
PeLEDs.['*21] In comparison, red-emitting PeLEDs exhibit a Ty,
~3900 h (estimated from T,, = 780 h),[??) while blue-emitting
PeLEDs show a significantly shorter Ty, ~35 h,!3] which rep-
resents the longest operational lifetimes achieved so far. Com-

Adv. Mater. 2025, 2415648

2415648 (3 of 44)

pared to other emerging LED technologies using conventional
inorganic QDs, the operational lifetime of PeLEDs still falls sig-
nificantly short, highlighting a critical challenge for PeLEDs to
achieve the stability required for practical applications (Table 1).
At their current stage of development, PeLEDs are more suitable
for applications with shorter display usage times, such as smart-
watches, cameras, and fitness trackers. However, significant chal-
lenges remain, especially for red and blue PeLEDs, which re-
quire substantial improvements to reach commercial viability
(Figure 1D).

The progress made in PeLEDs is the result of strategic mate-
rial design efforts focused on PC perovskites, Q2D perovskites,
and PNCs. However, much of the research in each area has pri-
marily concentrated on addressing specific issues individually.
Therefore, organizing these diverse strategies is valuable for of-
fering a more comprehensive understanding of the field. Achiev-
ing the ultimate goal of PeLED commercialization will require ad-
dressing multiple complex challenges simultaneously. In this re-
view, we integrate strategic material design approaches for three
types of nanocrystalline perovskites, discussing how targeted ef-
forts have enhanced the optical/electrical properties. By bringing
these strategies together, we aim to facilitate the development of
more precise and advanced nanocrystalline PeLEDs. Finally, we
offer insights into future material requirements and the remain-
ing challenges for advancing PeLED technology.

2. Recombination in Nanocrystalline Perovskite

Understanding the advances and remaining obstacles in PeLED
technology requires an examination of the mechanisms of ra-
diative recombination in nanocrystalline perovskites. To develop
perovskites as efficient light emitters, limitations related to their
excitonic properties must be overcome. Bulk perovskite is not
an ideal light emitter because of several characteristics. One
significant limitation of bulk lead halide perovskites is due to
their inherently high relative dielectric constant, which leads to
substantial screening of the electric field within the crystal.l?*]
This electric field screening results in the formation of excitons
that have low exciton binding energy, typically only 30-50 meV
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Figure 2. A) Exciton binding energy versus grain/particle size of polycrystalline, quasi-2D, and nanoparticle perovskites. B) Relative PLQY curve as a
function of carrier density, illustrating the major exciton recombination mechanisms for 3D perovskites (top) and nanocrystalline perovskites (bottom).
3D perovskites exhibit low PLQY at low carrier densities due to dominant trap-assisted recombination but achieve high PLQY in the high carrier density
regime due to radiative bimolecular recombination (red solid line). In contrast, nanocrystalline perovskites exhibit high PLQY at low carrier densities due
to efficient radiative excitonic recombination but show a decline at high carrier densities due to non-radiative Auger recombination. C) Proportions of
monomolecular, bimolecular, and Auger recombination for 3D perovskites as a function of carrier density, derived from theoretical calculations using the
recombination constants of 3D perovskites. D) Proportions of the same recombination mechanisms for nanocrystalline perovskites, calculated using

the recombination constants of nanocrystalline Q2D perovskites.

(Figure 2A).1%) Such low exciton binding energy facilitates ther-
mal ionization of electron-hole pairs (or excitons) to form free
carriers. Moreover, the high charge-carrier mobility and long ex-
citon diffusion lengths, coupled with slow recombination rates,
allow charge carriers to diffuse easily within the grains. This in-
creases the possibility of carriers being trapped in defect states
or being extracted by charge-transporting layers; these character-
istics are more suited to photovoltaic applications than to light
emission.l”]

However, the development of nanocrystalline perovskites has
established perovskites as efficient light emitters. The spatial con-
finement increases the exciton binding energy from ~30 meV in
bulk perovskites to 50-300 meV in nanocrystalline perovskites
(Figure 2A).[1*2627] This increased exciton binding energy pre-
vents the formation of free carriers and promotes radiative exci-
tonic recombination. Additionally, decreasing the grain size lim-
its exciton diffusion, thereby reducing the probability of exciton
quenching.[1%]
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From a practical perspective on recombination mechanisms,
the development of LEDs aims for radiative recombination (ei-
ther monomolecular (exciton recombination) or bimolecular
(free carrier recombination) that efficiently converts charge car-
riers to light. In bulk perovskites, due to the low exciton binding
energy and high dielectric constant, charge carriers exist predom-
inantly as free electrons and holes, and radiative recombination
occurs by bimolecular processes.[?®] The charge carrier density
depends on the time can be described as:[2%30]

—% =kn+kn’ +kn’ (1)

where n [cm™] is charge-carrier density, t [s] is time, k; is
the monomolecular recombination rate (including non-radiative
trap-assisted recombination and radiative excitonic recombina-
tion), k, is the radiative bimolecular recombination rate, and k;
is the non-radiative Auger recombination rate. This equation can
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be used to obtain the photoluminescence quantum yield (PLQY)
of the radiative recombination of bulk 3D perovskite as:

k,n

= Pt kniknl (inbulk3Dperovskite) 2)
1 n 31

n(n)

In typical bulk 3D perovskite, 10° < k, < 107 s7%, k,
~1071° cm?® 571, and k; #1072 cm® s71.3Y Under these condi-
tions, monomolecular trap-assisted recombination dominates at
n < 10'® cm™. As n increases, the traps are filled by carriers,
and radiative bimolecular recombination becomes significant
(Figure 2B,C). Therefore, achieving efficient radiative recombi-
nation in bulk perovskites requires high n and well-passivated
traps; achieving these conditions is a challenging task for low n
LED operating conditions.

In contrast, in nanocrystalline perovskites, the charge carri-
ers are confined within small grains, so the dominant radiative
recombination mechanism can change to excitonic recombina-
tion. The PLQY of radiative recombination in nanocrystalline per-
ovskites can be calculated as:(2%3]

k +k,n
(K + k") +k,n + kyn?

n(n) = (in nanocrystalline perovskite) (3)

Here monomolecular recombination rate k; divided into radia-
tive excitonic recombination k] and non-radiative trap assisted re-
combination k. Even atlow n <10'® cm™?, radiative recombina-
tion can dominate if k] is significantly larger than k". Therefore,
utilizing excitonic recombination in nanocrystalline perovskites
is crucial for achieving high radiative recombination under typi-
cal LED operating conditions (Figure 2B,D).

However, several challenges still remain for nanocrystalline
perovskites. Due to their small grain or particle size, the high
surface-to-volume ratio induces surface defects, which increase
the non-radiative recombination rate k}". Therefore, managing
defects is crucial to achieving high quantum yield in nanocrys-
talline perovskites. Additionally, the non-radiative Auger recom-
bination rate k; tends to be higher than in bulk 3D perovskites
due to the smaller size and strong exciton binding energy (e.g.,
k; %107 cm® s7! for Q2D perovskite using phenethylamine)."!
This high k; results in an abrupt decrease in quantum yield at the
high charge carrier density, and thus limits efficient operation
at high brightness (Figure 2B,D).'3] Overcoming these draw-
backs remains a critical challenge for nanocrystalline PeLEDs.
In the following sections, we investigate how different nanocrys-
talline structures increase radiative recombination processes and
contribute to high-performance PeLEDs.

3. Nanoscale Polycrystalline Perovskites

3.1. Decrease the Grain Size of Polycrystalline Perovskites

Nanoscale PC perovskite was the first type of nanocrystalline per-
ovskite to achieve bright and efficient PeLEDs.[1*133233] To fabri-
cate PC perovskite, a precursor solution is prepared by dissolv-
ing the perovskite precursors in polar solvents such as dimethyl
sulfoxide (DMSO) or dimethylformamide (DMF). The solution
is then spin-coated onto a substrate. During the spin-coating
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process, continuous solvent evaporation leads to supersatura-
tion, initiating the nucleation of crystal seeds that grow into per-
ovskite grains. However, without precise control over nucleation
and growth, non-uniform, micrometer-sized grains (bulk 3D per-
ovskites) often form. In bulk 3D perovskites, the low exciton bind-
ing energy causes excitons to easily dissociate into free carriers,
leading to charge carrier trapping and non-radiative recombina-
tion, which reduces efficiency.['”) Additionally, large and non-
uniform film coverage can lead to severe leakage of current.34
Therefore, to achieve high-efficiency PeLEDs with PC perovskite,
it is crucial to spatially confine the charge carrier, which can be
achieved by reducing the grain size (Figure 3A and Table 2).

3.1.1. Crystallization Kinetics Engineering

To regulate grain size, the first strategy involves the engineer-
ing of a precursor solution. The perovskite precursor, dissolved
in polar solvents, behaves as a colloidal solution, where the pre-
cursors are not fully dissolved but instead form clusters, such
as PbX,-DMSO and PbX,-AX-DMSO.*] These clusters are typ-
ically sub-micrometer in size, and during nucleation following
spin-coating, they act as nuclei, leading to the formation of large
grains. Therefore, it is essential to prevent the formation of these
microscale aggregated clusters.

One effective approach to achieving smaller grain sizes is by
carefully controlling the aging time of the precursor, as colloid
sizes tend to change over time. In the early stages of precursor
preparation, large aggregates of clusters may form due to incom-
plete dissolution. To address this issue, perovskite solar cell pre-
cursors are typically aged for 6 hours to ensure complete dis-
solution. However, excessive aging can lead to the reformation
of aggregates.3®l For example, green PeLED precursors are of-
ten stirred overnight or aged for over seven days,!>”% while red
PeLEDs may require only 1-2 h of stirring.[3**9 Since the opti-
mal aging time varies depending on the precursor composition,
it should be carefully optimized for each specific formulation.

Additionally, modifying the precursor can help reduce aggre-
gation. Adding an excess halide source can split larger aggregates
into smaller colloids by forming high-valent halide-plumbates;
for instance, adding HI or HBr has proven effective.[*I=*] Alter-
natively, additives such as caprylyl sulfobetaine and benzylamine,
which strongly interact with the precursors, can significantly re-
duce colloid size, yielding small grains (%50 nm) and smoother
film morphology.8]

Grain size can be further controlled by engineering the crys-
tallization kinetics during coating. According to LaMer’s nucle-
ation theory,**] nucleation begins when the precursor concentra-
tion exceeds the critical supersaturation threshold. Subsequently,
precursors diffuse to the nucleation site, so the crystal growth
occurs until reaching equilibrium. To achieve small grain sizes
with uniform and high-coverage film morphology, a high density
of nucleation sites with restricted growth is required. Utilizing
this theory, crystallization can be delayed by incorporating SnF,
additives, which increase precursor solubility and the maximum
saturation concentration.l*¢] Nucleation initiated at higher con-
centrations suppresses crystal growth, leading to smaller, more
homogeneous grains (Figure 3B). Additionally, polymeric addi-
tives such as poly(vinylpyrrolidone) (PVP)!*’ and poly(ethylene
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Figure 3. Grain size reduction of polycrystalline perovskites. A) Schematic illustration of charge carrier confinement effect depending on grain size.l'°]
Copyright 2015, AAAS. In large grains, excitons dissociate into free carriers due to long diffusion lengths and low exciton binding energy, leading to low
quantum yield. In contrast, reducing the grain size increases the exciton binding energy, spatially confines excitons within small nanograins, and enables
high quantum yield. B) Schematic illustration of experimental approaches to reduce grain size; crystallization kinetics engineering (left) and crystal
growth inhibition by nanocrystal pinning process (right). Reproduced with permission.[4¢:58] Copyright 2022, American Chemical Society. Copyright 2017,
Elsevier. C) SEM images of gradual grain size decrease depending on antisolvent-based nanocrystal pinning and additive-based nanocrystal pinning.

Reproduced with permission.[' Copyright 2015, AAAS.

glycol) (PEO)* have been introduced to prevent rapid crystal
growth by interacting with perovskite precursors and interrupt-
ing precursor diffusion, further controlling grain size and film
uniformity.

The underlying interface acts as a template that influences nu-
cleation and growth, thus the material properties of the under-
lying layer must be carefully managed. In the case of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
slight solvation of the upper PSS layer by DMSO affects the crys-
tallization process. To exploit this phenomenon, an alternative
hole injection layer (HIL), Poly(styrenesulfonate)-grafted polyani-
line (PSS-g-PANI), was introduced, which has a higher solubility
of PSS in DMSO than PEDOT:PSS. This higher solubility results
in the slow evaporation of DM SO, thereby significantly delaying

Adv. Mater. 2025, 2415648
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the crystallization of the perovskite. This slower crystallization,
combined with the additive-based nanocrystal pinning (A-NCP)
method, enables fine control of the perovskite film morphology,
producing granular nanograins that more effectively confine ex-
citons compared to the columnar grains typically formed when
using PEDOT:PSS.[*]

When using polymer hole transport layers (HTLs) (e.g., poly-
TPD, TFB, and PVK), limited wettability is the primary factor
to consider. The hydrophobic surface of polymer HTLs can
lead to fewer nucleation sites, resulting in irregular, large grain
sizes and insufficient surface coverage (Figure 3B).>%%! There-
fore, polymer HTLs typically require an ultra-thin interlayer (<
5 nm) to convert the surface to hydrophilic and ensure proper
nucleation. Common interlayers, such as poly(9,9-bis(3’-(N,N-

© 2025 Wiley-VCH GmbH
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Table 2. Performance of state-of-the-art Polycrystalline PeLED.
Color Perovskite Composition EL Peak (FWHM) EQE Operational lifetime Strategy Refs.
Luminance/Radiance
Red CsPbl,,Br, 638 nm (30 nm) 9000 cd m~2 17.8% Tsoum #138.7h @ 1mA cm= Metastable Phase [39]
Crystallization
Green (FAg7MAg1GAy)0.87 540 nm 470 000 cd m~2 28.9% Tso,Lum ~31,858 h @ 100 cd m~2 Defect Passivation in situ [14]
Csg.13PbBr3 Core/shell; Reducing grain
size to 10 nm
Green CsFAg 15 PbBrs 521 nm (17.5 nm) 88 166 cd m~2 28.4% Tso,Lum ~25.9 min @ 12025 cd Molecular Additive [82]
m-2
Green CsosMAg 4FA, 1 PbBr; 526 nm 8500 cd m™2 24.6% Tso,Lum ~23.8 min @ undefined Interface Engineering [74]
Green CsosMAg 4FA, 1 PbBr; 530 nm (20 nm) 190 000 cd m~2 22.3% Tso,Lum ~18.6 min @ 0.33 mA Molecular Additive 37]
cm™
Green CsPbBr;/Cs,PbBrg 527 nm 10 050 cd m=2 22.3% Tsoum 59 h @ 130 cd m~2 Core/shell Structure [232)
Green CsosMA 4FA, 1 PbBr; 525 nm (20 nm) 83306 cd m~2 22.1% Tso,Lum ~36.1 min @ 0.33 mA Surface Treatment Molecular  [233]
cm™? Additive
Green CsosMAg 4FAy 1 PbBr; 527 nm 103 286 cd m~2 22.06% - Molecular Additive [234]
Green FAPbBr, 536 nm (21 nm) 120 000 cd m—2 20% Tso,Lum ~26 min @ 10986 cd m=2 Molecular Additive [38]
Green FAPbBr; 532 nm 79 000 cd m~2 18.04%  Tsgum ~14.26 min @ 100 cd m~2 Interface Engineering [78]
Blue CsPbBr;, 480 nm (21 nm) 465 2910 cd m2 17.9%, Tso,Lum ~126 min @ 100 cd m~2 Surface Ligand Engineering [80]
nm (23 nm) 576 cd m~? 103%  Tspum ~18 min @ 100 cd m~2
Blue CsFAg 15 PbBryCly, 472 nm (14 nm) 478 1516 cd m=2 11.1%, Tso,Lum #3205 @ 95 cd cm™2 Molecular Additive [82]
nm (14 nm) 488 1534 cd m™2 17.5%, Tso,Lum ~300s @ 129 cd cm™2
nm (16.5 nm) 496 2038 cd m~? 21.6%, Tso,Lum ~60s @ 778 cd cm™2
nm (17 nm) 18 480 cd m~2 24.4%  Tsoum ~173s @ 1861 cd cm™
Blue FAy,Cs;,Rbg 1 PbBr,Cls 478 nm (18 nm) 487 8136 cd m™2 10.3% - Interface Engineering [235]
nm (18 nm) 18748 cd m~2 13.6%
Blue CsPbBr, sCly s 464 nm (21 nm) 2180 cd m~2 9.8% Tso,Lum ~23 min @ 100 cd cm™2 Molecular Additive 81
Blue CsPbBrCl, 461 nm (15.4 nm) 1978 cd m~2 5.68% Tso,Lum ~9 Min @ 10 cd cm™2 Surface Ligand Engineering  [236]
NIR Csg15FA gPbls 793 nm (37 nm) 110 W sr=' m=2 24.3% Tsoum ©#1,125h @ 5 mA cm= Molecular Additive [237]
Tsoum ~84.4h @ 100 mA cm=2
NIR FAPbI 810 nm 600 W sr~! m~2 23.6%  Tsorum ~1,774h @ 20 mA cm™2 Molecular Additive [238]
Tso,Lum ~256 h @ 100 mA cm=2
NIR FAPbI, 785 nm 1593 W sr! m~2 23.2% Tsoum ~227 h @ 100 mA cm=2 Molecular Additive [239]
NIR FAPbI 800 nm 158 W sr! m2 22.8%  Tsum ~11,539h @ 5.0 mAcm™? Molecular additive [70]
Tso,Lum 32,675 h @ 3.2 mA cm™2
NIR FA,Cs,,Pbl, 789 nm (42 nm) 1485 W sr ' m~2 213 Tsoum 190 h @ 20 mA cm™2 Compositional Engineering  [60]

dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene))dibromide (PFN-Br),l3!} PVP, 5254 LiF [3955-57]
enhance the wettability, allowing the polar precursor to spread
evenly and thus avoid these problems.

3.1.2. Inhibition of Crystal Growth by Nanocrystal Pinning

DMSO and DMF, the solvents used for perovskite precursors,
have low volatility, allowing for slow evaporation during the
spin-coating process. This slow evaporation provides sufficient
time for precursors to diffuse to nucleation sites, promoting
the growth of larger crystals. Moreover, these solvents interact
strongly with the precursor and remain even after the spin-
coating. These remaining solvents further facilitate the grain
growth during the annealing process.

To address this issue, an excess amount of non-polar sol-
vent can be introduced during the spin-coating process. This

Adv. Mater. 2025, 2415648

2415648 (7 of 44)

technique, known as NCP, is effective for producing uniform
and smaller grains.'%) When a volatile non-polar solvent (e.g.,
chloroform),['%! distinct from the anti-solvent typically used in
perovskite solar cells, is applied to the perovskite precursor film
during spin-coating, it causes rapid supersaturation of the pre-
cursor, resulting in the formation of a large number of nucleation
sites across the surface. Consequently, a uniform and small grain-
sized PC perovskite can be achieved (Figure 3B).

Applying A-NCP, which uses non-polar solvents with dissolved
additives, can further inhibit crystal growth (Figure 3C). 1,3,5-
tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi) has been
used as an additive in chloroform reducing the average grain
size from 171.04 to 86.67 nm.'>%®] During the spin-coating
process, TPBi intercalates between the grains, pinning the
perovskite grain growth. MAPbBr; with A-NCP showed in-
creased PL intensity as TPBi concentration increased, due to
enhanced exciton confinement from smaller grain sizes and
reduced defect density at grain boundaries. In later research,

© 2025 Wiley-VCH GmbH
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TPBi was shown to suppress dynamic disorder in the per-
ovskite lattice, facilitating radiative recombination.[®! Addition-
ally, TPBi, an electron-transporting organic molecule, can grad-
ually cover the grain boundaries and top surface during A-
NCP, enhancing electron injection into the perovskite layer.
Thus, the multifunctional A-NCP with TPBi reduces grain size,
suppresses dynamic disorder to enhance radiative recombina-
tion, and improves electron injection (Figure 3C).®) Similarly,
the use of 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine
(PO-T2T), which contains P=0 bonds that can coordinate with
Pb?*, can decrease grain size and passivate defects, and thereby
increase radiative recombination.[’]

3.2. Defect Management of Polycrystalline Perovskites

Although reducing grain size is crucial to overcoming the intrin-
sically low exciton binding energy and long diffusion length of
bulk 3D perovskites, the increased surface-to-volume ratio can
lead to the formation of defects at grain boundaries. These de-
fects can trap carriers and induce non-radiative recombination,
which competes with both excitonic and bimolecular radiative
recombination. To suppress defect formation, several strategies
can be employed: 1) A-site cation alloying can prevent defect for-
mation and increase the activation energy of halide migration. 2)
Stoichiometric engineering of A-site cation can prevent the for-
mation of metallic Pb and undesirable phases, which induce non-
radiative recombination. 3) The molecular passivator can be de-
signed to minimize the number of defect sites to achieve high de-
vice efficiency and stability. 4) Modifying the interface and charge
transport layer (CTL) can prevent exciton quenching and ensure
charge balance.

3.2.1. A-Site Cation Alloying

A-site cations occupy the cuboctahedral sites within the per-
ovskite lattice, balancing the negative charge of the [BX(]* octa-
hedra and stabilizing the crystal structure. Recent studies have
increasingly focused on A-site cation alloying to enhance device
efficiency and stability by suppressing ion migration. Ion migra-
tion, typically for halide anions, leads to the formation of halide
vacancies or induces halide segregation. A-site cation alloying
suppresses halide ion migration in two ways.

First, A-site cation alloying enhances crystallinity and reduces
defects in the perovskite lattice, which can serve as pathways for
ion migration.®®! In a study of FA, Cs, PbBr;, when x = 0.1,
the PLQY increased by 28.3%, compared to 20.6% in pristine
FAPDBr;. PL lifetime also increased, indicating a reduction in
defect density.[®] Similarly in FAPbI;, alloying with 15% Cs pre-
vented interfacial decomposition and increased the PLQY from
< 60% to 77.9%. Device stability was also significantly improved,
with Ty, increasing from ~38.4 h to 190.1 h.1]

Second, A-site cation alloying induces local lattice distortions,
increasing the activation energy for ion migration. For example,
doping with A-site cations such as Cs™ or MA* into FAPDI;, in-
duces lattice contraction at the surface, which impedes ion dif-
fusion along grain boundaries. For Cs(FA,g;MA15)0.05PbI;,
where 5% Cs* was introduced, the activation energy for halide
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anion diffusion increased significantly from 0.37 to 0.53 eV.[®!]
Similarly, when 5% of Rb* and Cs* cations were doped into
MAPDI;, the activation energy increased from 0.4 to 0.47 and
0.48 eV, respectively.[®2] In CsPb(Br/Cl);, substituting Cs into
larger A-site cations of methylenediammonium (MDA*) showed
an increase in activation energy from 0.41 eV (single cation per-
ovskite) to 0.86 eV, resulting in more stable electroluminescence
(EL) in blue PeLEDs.[}] Therefore, A-site cation alloying is an ef-
fective strategy to reduce defect density and hinder halide migra-
tion. Recent studies have also adopted quadruple cation alloying
(FA/MA/GA/Cs) to achieve highly efficient and stable PeLEDs.['*]

3.2.2. Stoichiometric Engineering of A-Site Cation

When forming ABX, perovskite crystals, the ideal stoichiometric
ratio of AX to BX, compounds in precursor solution is 1:1. How-
ever, rapid film formation can cause an accumulation of lead pre-
cursors in localized areas, resulting in the formation of metallic
lead (PD?).[1% PbO acts as a defect that leads to exciton quench-
ing, promoting non-radiative recombination and significantly re-
ducing PL intensity. Early PeLED research showed that increas-
ing the MABr/PDbBr, ratio to 1.05 suppressed the formation of
metallic Pb°, resulting in EQE,_,. 8.53%, which marked a break-
through in PeLED efficiency in 2015 (Figure 4A).[1% More re-
cently, a slightly higher AX/PbX, ratio of 1.15 with the quadruple
cation has contributed to a further increase EQE,,, to 28.9%.114]
Excess A-site cations also provide a passivation effect at the grain
boundary.®¥] When MABr is dissolved in an equal molar ratio
to CsPbBr; precursor, MABr, which is more soluble in DMSO
than CsBr, preferentially locates on the surface of CsPbBr; crys-
tals. The MABEr layer acts as a passivation layer that reduces non-
radiative defects and achieves an EQE, ., of 20.3%.[64]

Additionally, when the ionic radius of an A-site cation is
much smaller than halide ions, such as CsPbBr;, CsPbl;, or
FAPbDI,, the potential formation of a non-emissive secondary
phase should be considered. For instance, when Cs™ is the main
A-site cation, the stoichiometry must be controlled to minimize
the formation of Cs,PbBr.[®] The Cs,PbBr, phase is thermo-
dynamically favored with excess CsBr, leading to a non-emissive
wide bandgap (3.9 eV) phase and insulating characteristics that
hinder charge transport. To fully suppress the Cs,PbBr, phase
and obtain 3D CsPbBr; perovskite, a Cs:Pb ratio of 1.0 to 1.2
is recommended.[®] In perovskites like CsPbI, or FAPDI;, these
perovskites can exist in two phases: the a-phase, which exhibits
efficient radiative recombination, and the §-phase (or yellow
phase), which has isolated Pbl, octahedra and poor emission
properties.l®”] The use of excess CsI or FAI helps suppress the
formation of the §-phase by promoting the formation of corner-
shared [PbI;]” intermediates rather than edge-shared PbI, in-
termediates, and thereby lowers the energy barrier for a-phase
formation.[®®) Therefore, maintaining an optimal stoichiometric
ratio is therefore crucial to increase the phase stability and effi-
ciency of perovskites.

3.2.3. Design of Molecular Passivator

The realization of highly efficient and stable PeLEDs requires
minimization of the number of defects in the perovskite film.
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Figure 4. Defect management strategies of polycrystalline perovskites. A) Schematic illustration of defect management by mixed A-site alloying and
stoichiometry engineering. Reproduced with permission.[1% Copyright 2015, AAAS. B) Chemical structure of molecular passivator by molecular structure
engineering (top) and multifunctional group modification (bottom). C) Schematic illustration of detrimental effects of PEDOT:PSS and NiO, layer to
perovskite. Acidic PEDOT:PSS etches the ITO electrode, allowing metallic species from the etched ITO to diffuse into the perovskite layer, causing exciton
quenching. Additionally, highly conductive PEDOT:PSS induces interfacial quenching with the perovskite. Interfacial reactions with NiO, result in the
oxidation or deprotonation of perovskite components, degrading the crystal structure. D) Hole injection layer modification by PFl-enriched surface
suppresses exciton quenching at the interface (left). Reproduced with permission.[”2l Copyright 2017, WILEY-VCH. Substituting PEDOT into PANI
to prevent the ITO etching (right). Reproduced with permission.[*?] Copyright 2018, WILEY-VCH. E) Surface modifying materials at perovskite-HTL
interface.
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They include anionic halide vacancies and cationic uncoordi-
nated Pb?*. Ionic termination of the perovskite surface also
should be neutralized to hinder ion migration through the va-
cancies. To overcome the defective nature of perovskite, various
molecular passivators have been used.

Lewis-base molecular passivators can bind strongly to exposed
Pb cations. Among these, the P=0 bond is effective for surface
passivation.l®’] Triphenylphosphine oxide (TPPO), which con-
tains three phenyl rings attached to a P=O bond, can be applied
during the NCP process (Figure 4B).1®! However, TPPO is an in-
sulating single-molecule material, so the use of excess TPPO as a
passivator is not appropriate for low-voltage and high-luminance
devices. This drawback can be mitigated by incorporating con-
ductive molecular structures that have P=0 functional groups.*”]
2,7-bis(diphenylphosphoryl)-9,9'-spirobifluorene (SPPO13) con-
sists of two P=0 bonds connected by a spirobifluorene struc-
ture; the high electron mobility of SPPO13 increases charge in-
jection. (Figure 4B). Due to the bulkier nature of SPPO13 com-
pared to TPPO, the defect density was slightly higher than TPPO,
but a significantly increased luminance of 190 000 cd m~? was
reported through efficient charge injection and moderate defect
passivation.l?’]

To simultaneously block both cationic and anionic defects,
amphoteric ionic molecules can be utilized.”") Sulfobetaine 10
(SFB10), which possesses both a positively charged ammonium
moiety and a negatively charged sulfonate moiety, acts as a dipo-
lar stabilizer (Figure 4B). By interacting with the precursors dur-
ing crystal formation, SFB10 slows the crystallization and leads
to the formation of uniform a-FAPDbI;. SFB10 concentrates at
grain boundaries after phase formation; the ammonium moiety
strongly binds with I~ ions, and the sulfonate ion binds with Pb?*
ions. This defect management strategy using SFB10 yielded near-
infrared (NIR) PeLEDs with a T, #32 675 h at 3.2 mA cm~2.170

Another effective molecular passivator is 1,8-octanedithiol
(ODT), which acts as a multifunctional agent for comprehensive
suppression of non-radiative recombination.”!] ODT serves as
a Lewis-base passivator for uncoordinated Pb?* ions, suppress-
ing exciton quenching at grain boundaries. Additionally, ODT
surrounds the nanograins of perovskite, providing spatial con-
finement of excitons and concentrates at the interface with the
HIL, thereby preventing exciton quenching at the perovskite-
HIL interface. This defect passivation strategy using ODT has
been shown to significantly improve EQE, ,, by 23.46% in single-
cation PC PeLEDs.["!]

max

3.2.4. Interface and Charge Transport Layer Engineering

In the PeLEDs that perovskite stacked between the HTL and
electron-transport layer (ETL), interfaces are susceptible to defect
formation owing to a mismatch of the lattice constant, and chem-
ical reactivity. Therefore, interfacial defect sites must be passi-
vated to prevent non-radiative recombination.

PEDOT:PSS is an excellent hole-injecting polymer, which
is both transparent and conductive. However, excitons are
easily quenched due to their strong acidity and high con-
ductivity (Figure 4C). This problem can be overcome by
mixing PEDOT:PSS with a perfluorinated polymeric acid,
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octene-
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sulfonic acid copolymer (PFI), which has a deep work function
and low conductivity.*”) PFI has lower surface energy than
PEDOT:PSS, so when PEDOT:PSS-PFI blend is spin-coated
on a hydrophilic substrate, a vertical gradient of PFI develops
in the layer, with PFI content increasing from the substrate to
the top surface. The high PFI content at the surface decreases
surface quenching induced by PEDOT and forms ohmic contact
at the perovskite surface, thereby increasing hole injection.
(Figure 4D).[3272] PSS-g-PANI has also been used as an alterna-
tive HIL of PEDOT:PSS. The polyaniline (PANI) moiety replaces
the PEDOT, forming PSS-g-PANI which as a lower acidity of
pH 5.4, compared to the PEDOT:PSS of pH 2.0.1*) When acidic
PEDOT:PSS spin-coated on ITO, it can etch ITO, generating
metallic species that diffuse into the perovskite and cause exci-
ton quenching. In contrast, PSS-g-PANI, with its lower acidity,
suppresses the etching of ITO, effectively preventing the exciton
quenching induced by metallic species (Figure 4D).[*]

Nickel oxide (NiO,) is commonly used inorganic HTL in
PeLEDs, but it has several drawbacks. First, the discrepancy
in lattice constants between NiO, and perovskite can lead
to microstrain in perovskite,”3l or a weak connection at the
NiO, /perovskite can result in the formation of disconnected
cavities.l”*] Additionally, the oxide surface is chemically reactive,
which can dissociate the perovskite crystal structure and depro-
tonate the organic A-site cations (Figure 4C).l”*] To address these
issues, the insertion of a thin interlayer on NiO, using triph-
enylphosphine oxide (TPPO)"®! or nickel acetate (Ni(OAc),)!"*!
has been introduced. This interlayer prevents direct contact be-
tween the perovskite with NiO, thereby suppressing interfacial
quenching and unwanted chemical reaction (Figure 4E).[74

In contrast, exciton quenching at the interface between
the ETL and the perovskite is rarely reported, particularly
when thermally deposited organic molecules are used. Instead,
the device’s efficiency and performance are more influenced
by the electrical characteristics of these organic molecules.
For example, while TPBi has been widely used since the
early stages of PeLED development,!'! the electron-transporting
molecule with higher electron transport capability such as
PO-T2T or 2-[4-(9,10-Di-naphthalen-2-yl-anthracen-2-yl)-phenyl]-
1-phenyl-1H-benzoimidazole (ZADN)[**7’] has been adopted to
achieve more efficient and stable PeLEDs. Additionally, modi-
fying the structure of electron-transporting organic molecules
by incorporating stronger nucleophilic groups has demon-
strated further defect passivation on the perovskite surface.
An example is 4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-(pyridin-3-
yl)pyrimidine (B3PyPPM), where the central methyl group of 4,6-
Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PyMPM)
is replaced with a phenyl group. Compared to B3PyMPM,
B3PyPPM exhibits a more negative electric field distribution
within the molecule, enabling stronger coordination with sur-
face Pb?* vacancies. This modification increased the PLQY from
76.4% in B3PyMPM-deposited perovskite films to 84.18% in
B3PyPPM-deposited films.”®!

3.3. In Situ Perovskite Nanocrystal
Despite advancements in reducing grain size and implementing

passivation strategies for PC perovskites, further reducing the
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grain size to 10-20 nm to form in situ perovskite nanocrystals
(in situ PNCs) remains a key challenge. Achieving this would
increase exciton binding energy, facilitating radiative excitonic
recombination and ultimately enhancing PeLED efficiency. Two
main strategies have been proposed for fabricating in situ PNCs:
1) splitting grains by using ligands that interact with grain bound-
aries and within the crystal,l”! and 2) suppressing grain growth
by using molecular additives.[8%-%]

3.3.1. In Situ Core/Shell Perovskite Nanocrystal with Grain Splitting

Initial research used a 3D/2D hybrid perovskite structure to
achieve nano-sized grains in PC perovskite.””) The addition of
a small amount of the large ammonium cation, benzylamine, to
the precursor solution yielded a 3D/2D hybrid perovskite com-
posed of nanograins. In the precursor, benzylamine is protonated
by MA*, and converted to benzyl ammonium cation. These large
benzyl ammonium cations preferentially form a 2D phase on the
crystal surface, and thereby restrict grain growth and promote
the formation of nano-sized grains; this restriction is beneficial
for efficient exciton confinement. Additionally, the 2D phases at
the grain boundaries effectively passivate defects and suppress
ion migration between grains. As a result, the presence of these
2D phases on the surface both increased exciton binding energy
and significantly improved the operational stability of PeLEDs
to Tsy ~14 h (L, = 100 cd m™2), compared to Ts, of ~38 min
in 3D PeLEDs. 3D PeLEDs exhibit an “overshoot” phenomenon,
in which luminance increases by ~40% beyond the initial value;
this phenomenon is indicative of ion migration and internal elec-
tric field formation. Notably, the overshooting was suppressed in
the 3D/2D hybrid PeLEDs, where ion migration was effectively
blocked at the interface.”?)

A state-of-the-art approach for reducing grain size to the
nanometer-scale is the formation of an in situ core/shell PNC
structure, which effectively decreases grain sizes to ~10 nm by
splitting grain at defect sites (Figure 5A).'*] This method also
passivates both inter- and intra-grain defects. A key step in this
process involves coating benzyl phosphonic acid (BPA) solution
on the perovskite film. In a weak polar solvent, BPA exists in
its anionic form and forms strong covalent bonds with uncoor-
dinated Pb?* on the surface. This post-treatment reduced the
average grain size from 123 nm to 10 nm, and thus signifi-
cantly increased the exciton binding energy from 90 to 220 meV
(Figure 5A). The introduction of short ligands facilitated both
high exciton confinement and effective defect passivation and
yielded an EQE of 28.9% and a maximum luminance of 473
990 cd m~ (Figure 5B). This structure also achieved a high lumi-
nance of 10 000 cd m~2 ata low voltage of 2.7 Vand a T, =520 h
at 1000 cd m=2, with an estimated Ts, of 31 858 h at 100 cd m~2,
effectively overcoming the short operation lifetime PeLEDs.!'*]

3.3.2. Growth Regulation by Molecular Additives
Another approach for fabricating in situ PNCs involves directly
synthesizing them on substrates by restricting crystal growth

with additives that strongly coordinate with perovskite interme-
diates. In typical PC, crystal growth coincides with nucleation
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during the spin-coating stage, so rapid crystallization and growth
lead to the formation of large and uneven grains. In contrast, ad-
ditives that strongly coordinate with perovskite precursors and in-
termediates suppress growth during spin-coating but allow con-
trolled growth during subsequent thermal annealing. This regu-
lated growth mechanism restrains the diffusion of intermediates
and limits further growth.

Bulky phenethyl ammonium cations such as a-
methylbenzylammonium (MBA) ligands, are utilized for this
purpose. The a-methyl amine group in these cations binds to the
perovskite surface, where it restricts grain growth and prevents
the formation of 2D phases. The size of in situ grown PNCs
can be tuned from bulk to quantum dots as small as 3.5 nm
by adjusting the MBA concentration in the precursor solution.
This process yielded a uniform, stable in situ PNC-LED that
had a high EQE,_,, of 10.3% at pure-blue wavelength (465 nm)
(Figure 5C).® This method also applies to mixed-halide per-
ovskites, in which 7 nm in situ PNCs had higher activation
energy of ion migration (0.58 eV) than control samples (0.35 eV),
and thereby increased phase stability and spectral stability during
operation under voltage.[8!]

Similarly, §-aminovaleric acid hydrobromide (6-AVA-HBr) has
bifunctional groups that effectively confine in situ PNCs to an
average size of 6.8 nm. This treatment yielded a high exciton
binding energy of 109 meV and an EQE,,, of 22.5%/® The
18-crown-6 molecule is a macrocyclic structure that includes
strongly electron-donating oxygen atoms. It binds effectively to
Pb2* and A-site cations, and thereby slows the crystallization pro-
cess and controls crystal growth to produce PNCs of 15.9 nm size.
Synergistic additives such as p-fluorophenethylammonium bro-
mide (p-FPEABr) and LiBr achieve EQE,,, of 28.4% in green-
emitting PeLEDs and 24.4%, 21.6%, 17.5%, and 11.1% in blue-
emitting PeLEDs at wavelengths of 496, 488, 478, and 472 nm,
respectively, depending on the Cl ratio (Figure 5C).[8?!

4. Quasi-2D Perovskite

The valuable attribute of Q2D perovskites is a self-assembled
quantum-well structure, which was first reported for PeLEDs
in 2016.118 For this reason, Q2D perovskites are regarded as
highly promising materials for efficient PeLEDs. This quantum-
well structure can be represented by the formula A’,A B X 4,
where A’ is an organic spacer cation, A is a monovalent cation,
B is a divalent cation, and X is a halide anion. »n is the num-
ber of [BX,]* octahedral slabs, which are sandwiched between
the terminating spacer cations and that determines the thick-
ness of the layered structure (Figure 6A).3%] We categorized Q2D
phases based on the number of layers (1) as follows: 2D mono-
layer n = 1 phase, and small-n (n = 2 or 3) phases are clas-
sified as low-n phases (n = 1, 2 or 3); n = 4 or 5 phases as
medium-n phases; and n > 6 as high-n phases.] In contrast,
phases with n values exceeding 10 are more appropriately clas-
sified as nanoscale polycrystalline perovskites rather than Q2D
perovskites.

Spacer cations on the surface act as dielectric layers that
confine excitons, thereby forming quantum-well structures, a
phenomenon known as the dielectric confinement effect.!®:5]
Due to these characteristics, Q2D perovskites have large exciton
binding energies.[*) The n-value determines the major physical
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Figure 5. Representative strategies for in situ perovskite nanocrystals A) Schematic illustration of in situ core/shell PNC by grain splitting at bulk and
grain boundary (top), SEM images, and grain size distribution (bottom). Reproduced with permission.l’ Copyright 2022, Springer Nature. B) EQE,
luminance, and device lifetime of PeLEDs on the basis of in situ core/shell PNC. Reproduced with permission.[™] Copyright 2022, Springer Nature. C)
Schematic illustration of grain growth regulation by functional additives. Steric hindrance regulation (left) and introduction of multifunctional molecular
additive (right). Reproduced with permission.[81:82] Copyright 2023, WILEY-VCH, Copyright 2024, WILEY-VCH.

and optical characteristics of Q2D perovskite by the quantum-
confinement effect.’*2] Low-n phases, including the 2D mono-
layer (n = 1) and small-n phases (n = 2, 3) are strongly confined,
so they have a large bandgap and large exciton binding energy.
In contrast, medium-n (n = 4, 5) and high-n (n > 6) phases can
be regarded as weakly-confined structures, so they have lower
bandgap and exciton binding energy than low-n phase Q2D per-
ovskite.

Q2D perovskites are composed of multiple-quantum-wells
that consist of various n-layered perovskite phases.['!] If specific
stoichiometry is targeted, such as A’, A, B, X, , for n = 3, the result-
ing perovskite film generally contains not only the n = 3 phase but
also phases that have n =1 or 2, and others that have n > 4. This
distribution of n-phases occurs because the formation energies
and crystallization kinetics vary according to n, so a broad dis-
tribution of n-values develops in Q2D perovskites.®3] This distri-
bution of n-phases enables a photophysical phenomenon called

Adv. Mater. 2025, 2415648
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energy funneling, by which excitons are preferentially formed in
the low-n phases due to their higher exciton binding energies
than medium- or high-n phases (Figure 6A).*] These excitons
then transfer along a gradient of energy levels to higher-n phases,
which have lower bandgaps than lower-n phases. Ultimately, the
excitons recombine in the high-n phases, which have progres-
sively smaller bandgaps as n increases.

This energy-funneling process in Q2D perovskites facilitates
highly efficient radiative recombination of excitons.* How-
ever, for this process to be effective in increasing the PLQY,
the energy funneling must occur rapidly. Slow energy transfer
can lead to charge-carrier accumulation in low-n phases, where
the carriers become susceptible to non-radiative trap-assisted
recombination and Auger recombination, which reduces the
PLQY (Figure 6B).¢ Additionally, this inefficiency results in
emissions from multiple-quantum-well energy gaps rather than
the intended recombination in the targeted medium- or high-n

© 2025 Wiley-VCH GmbH

95UB017 SUOLUWIOD 3A 111D 3[cedljdde auy Aq peusenol a1e sajole YO ‘9SN J0 Sa|nJ 10} Aeiq1T 8UlUO A8|IM U (SUORIPUOD-PUE-SWLBIAL0O" A IM ATl 1jou 1 U0//SdNy) SUOTIPUOD pue SWie 1 84} 88S *[5202/20/02] uo Akeiqiauliuo A8iIm ‘AlsieAlun euolieN [N0ss Aq 8r9STYZ0Z eWPe/Z00T OT/I0p/L0d" A8 | IM Afe.d 1 jBul JUO'peoUeARe// ANy wWouj pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A

Broad n-distribution with n=1 phase

www.advmat.de

Narrow n-distribution without low-n phases

Slow and Inefficient Energy Funneling

n=1 n=2
O T O T, 7&/\©©\m\7 O A N ¢ \7
@\mT @\/ﬁ"’\? %TWVT\'\'

0T, ©©\m<7\7 Ol OOOOO

3D perovskite

A
O © 77 O@ R4 444 44
— —
TR N small E
trapping\-_ = \. makisy .
i \.,‘__‘ v"r‘x,f
slow, inefficient recombination ,',°\‘. exciton
energy funneling before funneling \c/ _dissociation
iy e &
i —

v Slow exciton transfer
v Low PLQY (non-radiative loss)
v Wide FWHM (Low color purity)

v Exciton dissociation

A

Fast and Efficient Energy Funneling

n=2 n=3 n<45

O 4 TQ/\QQNJV\ 7\?0\/\©©W7 N AL
W 6 WS 6 6 WU 6 6.6 ¢
0 I, DT I DTS N A4
OTF D TWW%%TTW

@§©§@§

@§©§

I
[] L]
\/'
fast, efficient
energy funneling

YR

117 radiative
l l lrecomlbirll‘;tion

N
T

v Fast exciton transfer
v High PLQY (efficient funneling)
v' Narrow FWHM (High color purity)

v Excitonic recombination

A

Figure 6. Schematic illustration of the characteristics of A) narrow n-distributed quasi-2D perovskite, demonstrating fast and efficient energy funneling,
and B) broad n-distributed quasi-2D perovskite, demonstrating slow and inefficient energy funneling.

phase, the consequence is a broad emission spectrum with large
FWHM and reduced color purity.**%’]

Given the relationship between energy funneling and n-
distribution in Q2D perovskites, current advances have focused
on controlling the distribution of n by methods such as engi-
neering spacer cations and incorporating additives. Narrowing
this distribution facilitates energy transfer. This section will dis-
cuss strategies to narrow the distribution of n-phases in Q2D
perovskites, including 1) modulation of spacer cations, 2) con-
trol of nucleation and growth by using additives to increase
energy funneling, and 3) strategies to enhance electrical prop-
erty and operational stability to achieve efficient Q2D PeLEDs
(Table 3).

4.1. Spacer Cation and n-Phase Modification

Narrowing the n-distribution is a promising approach to facilitate
energy funneling in Q2D perovskites. Density functional theory
(DFT) calculations indicate that the formation energy of low-n
phases (n =1, 2, or 3) is more negative and thermodynamically
stable compared to medium- or high-n phases that have n > 4. As
aresult, during the crystallization of Q2D perovskites, the forma-
tion of low n-phases is favored during the early stages, whereas
the formation of medium- or high- n phases is favored in later
stages due to the depletion of spacer cations, which are largely
consumed during the formation of low-n phases.[*’~?] These pro-
cesses lead to the depopulation of targeted n phases and result
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in a broad distribution of n-phases. Such a broad distribution
fails to provide the ideal gradual energy-cascade and thus hin-
ders efficient energy funneling toward the perovskite that has the
smallest bandgap. In drastic cases, the appearance of the n = oo
(3D) phase, which lacks sufficient exciton confinement, can fur-
ther reduce the PLQY. To prevent the depopulation of n-phases
and the excessive formation of low-n phases, the engineering
of spacer cations is used to destabilize the formation of low-n
phases.

From a thermodynamic perspective, formation energy is the
energy gap between the perovskite components in the individual
state and in the 2D layered perovskite structure state.[**] More
negative formation energy indicates the strong binding and facile
spontaneous self-assembly of spacer cations; this condition is en-
ergetically favorable to form n = 1 or 2. Therefore, the forma-
tion energy of the n = 1 phase is a critical factor that must be
decreased. For instance, phenethylamine (PEA) is a commonly
used spacer cation that has planar benzene rings that stack as a
result of z-7 interactions. These interactions increase the mag-
nitude of negative formation energy and therefore increase the
favorability of PEA,PbBr, (n = 1) over phases that have n >1
(Figure 7A).

Therefore, for optimal Q2D PeLEDs, the formation energy of
the phases must be finely tuned by the molecular design of spacer
cations. The tunning can be achieved by controlling factors such
as 1) the steric hindrance of the side chains, 2) the disruption
of stacking interactions, and 3) the dipole moment of the spacer
cation.
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Table 3. Performance of state-of-the-art Q2D PeLED.
Color Perovskite composition EL peak Luminance/ EQE Operational lifetime Strategy Refs.
(FWHM) radiance
Red (PPT),FA2Pb;, 14, 700 nm 42000 mW sr'm™2  26.3% Tsoum ~2.8h @ 12 mA cm= Spacer Cation Engineering  [107]
Phase Distribution Modulation
Red (PPT),FA;Pb, (Brg1l06) 13 716 nm 33000 mW sr'm=2  26.2% Tso,eqe #100 min @ 1T mA cm=2 Spacer Cation Engineering  [240]
Phase Distribution Modulation
Red (m-FPEAGgNMA, 4),CsPb, 1, 680 nm 1300 cd m—2 25.8% Tso,Lum ~36 min @ 100 cd m™2 Spacer Cation Engineering  [106]
(34 nm) Phase Distribution Modulation
Red (2-NMA, 4PhBA ¢),CsPb, 1, 639 nm 1300 cd m—2 242%  Tso1um 2115 min @ 100 cd m=2 Defect Passivation [247]
Red (PEAGsNMA 5),CsPb, 1, 639 nm 2508 cd m~2 21.8% Tso,Lum ~42 min @ 100 cd m~2 Light Out-coupling [242]
(45 nm)
Red (p-FPEA ,NMA5),CsPb, 1, 682 nm 404 cd m~? 21.8% Tso,Lum #35h @ 5 mA cm=? Defect Passivation [105]
(34 nm) Charge Transfer Engineering
Red PEA,CsPb, I, 656 nm 6483 cd m™2 20.7%  Tsppum ~71 min @ 10 mA cm™2 Defect Passivation [110]
Phase Distribution Modulation
Red PEA,Cs3Pb, (Bro 1slg.8s5)13 672 nm 2121 cd m™2 19.6%  Tspum 306 min @ 100 cd m=2  Crystallization Kinetics Control [243]
Green PEA,Cs,PbsBryg 516 nm 11370 cd m~2 32.1% Tso,um #3.56 h @ 100 cd m™2 Light Out-coupling [244]
(20 nm)
Green PEA,FA,Pb;Bry, 524 nm 39393 cd m™2 30.8% Ty um ~100.6 min @ 100 cd m=2 Light Out-coupling [245]
(30 nm) Charge Transport Engineering
Green PEA,FA;Pb,Bry3 531nm  1478728cdm™2  29.5%  Tsg ,m ~18.67h @ 12000 cd m=2 Phase Distribution Modulation [21]
(22.1 nm) Defect Passivation
Green PEA, (FAg.95Csg.05) 4 Pbs Bryg 532 nm 95 000 cd m~2 26.2%  Tso1um ~920 min @ 1000 cd m™2  Suppression of lon Migration [246]
Green PEA, (Csg.933FAg 067) 3 PbsBry3 515 nm 83561 cd m™? 26.0% - Charge Injection Engineering [247]
Green PEA,FA,Pb;Bry, 530 nm 288 798 cd m2 25.9%  Tsorum ~91.1min @ 100 cd m=2  Phase Distribution Modulation [117]
(24 nm)
Green PEA,Cs, ¢MA, 4Pb;Bryg 517 nm 52000 cd m~2 25.6%  Tsoium ~115 min @ 7200 cd m™2  Phase Distribution Modulation [94]
(20 nm) Defect Passivation
Green (PEA),FA,PbsBr g 530 nm 16 000 cd m~2 25.1% - Defect Passivation [248]
(22 nm) Charge Transfer Engineering
Green PEA,Cs,PbsBrg 511.7 nm 73 000 cd m~2 24.3%  Tso um ~35.5 min @ 100 cd m=2 Defect Passivation [249]
(21 nm)
Green PEA, (FA(87Cs0.1 3)2Pbs3 (Bro.97Clo.03) 10 530 nm 23657 cd m~2 23.9% Tso,Lum ~63 min @ 100 cd m™2 Spacer Cation Engineering  [96]
Phase Distribution Modulation
Blue (PEA),Cs,Pb; (BrysClys) 1o 478 nm 590 cd m~2 21.9% Tsoum #10 min @ 100 cd m=2  Phase Distribution Modulation [95]
(21.1nm) Defect Passivation
Blue PDA,Cs,Pb; (Brg 77Clo37) 10 472 nm 941 cd m~2 17.5%  Tsgiym ~11.3 min @ 100 cd m~2 Spacer Cation Engineering  [250]
(25 nm)
Blue p-FPEA, (Csg9FAg.1)3Pby (Bro4Clog)1s 478 nm 547 cd m~2 17.3% Tsorum A5 min @ 1mAcm=2  Crystallization Kinetics Control [251]
(22 nm)
Sky- p-FPEA,Cs,Pbg (Brg4,Clyss) 16 483 nm 1147 cd m=2 18.7% Tsoum #2205 @ 1 mA cm™2 Defect Passivation [252]
blue (25 nm) Suppression of lon Migration
Sky- p-FPEA,Cs,Pbs (Bro4,Closg) 16 488 nm 2708 cd m~2 17.3%  Tsorum #5.6 min @ 2mAcm=2  Crystallization Kinetics Control [253]
blue
Sky- PBA,CsPb,Br, 492 nm 10 142 cd m~2 17.08% Tso,Lum *16.8 min @ 4.5V Phase Distribution Modulation [254]
blue (25.9 nm) Charge Transport Engineering
Sky- p-FPEA,Cs;Pbg (BrosClys)os 485 nm 5740 cd m~2 16.3% s um ©23.62 min @ 1 mA cm™2 Defect Passvation [255]
blue (24.8 nm)
Sky- PEA, (Csy7EA)3)Pb,Brs 490 nm 2150 cd m~2 15.6%  Tsgum ~55.3 min @ 100 cd m=2  Phase Distribution Modulation [97]
blue Crystallization Kinetics Control

Adv. Mater. 2025, 2415648

2415648 (14 of 44)

© 2025 Wiley-VCH GmbH

95UB017 SUOLUWIOD 3A 111D 3[cedljdde auy Aq peusenol a1e sajole YO ‘9SN J0 Sa|nJ 10} Aeiq1T 8UlUO A8|IM U (SUORIPUOD-PUE-SWLBIAL0O" A IM ATl 1jou 1 U0//SdNy) SUOTIPUOD pue SWie 1 84} 88S *[5202/20/02] uo Akeiqiauliuo A8iIm ‘AlsieAlun euolieN [N0ss Aq 8r9STYZ0Z eWPe/Z00T OT/I0p/L0d" A8 | IM Afe.d 1 jBul JUO'peoUeARe// ANy wWouj pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

A Energetically favorable
PEA,PbBr, (n=1)

he
@xm N )\NH; M

Assembly inhibitor

Formation energy control |

Steric hindrance

Dipole moment

NH;
T\TVYV?V W\ \ Y; WW\TW\ W\TWV\_VW
E PEABr IBABr IPABr tBABr F G
S0 ﬁ— 107 n=3 TPMA/PEA
= 5.410 0.8
3 5451 06 3
3 Q S
] S 04 =
< 5.50 X E
s 5518 5517 g e ]
S 5554 < 0.0 -
- 3
w —-0.24 o
5.60 4 0%
-5.507 041 —— 40%
565 —0.6 +— T T T T T
390 420 450 480 510 540
Wavelength (nm) Wavelength (nm)
H 25 I o-F-PEABr 1000 J n
o laoo
i < 600
_ 2.0 ° E
=) @ F. ; 400
E 15] N - 200
é ° N 00 1~2 34 56 7~8  n>8
> 1.0 . 9 N I - 5045
° : Lo40
I z + NH3 = = 600 P ) °
O 15 Nt F H - E035
¢ # 200 ;0'30 *
NH; o025
2.0 . . . 0 2 °
- 1 - U.
«5* d’ Q«y & & & N TEA BA PPT' PPT
e & &ﬁ Qﬁ

Figure 7. Schematic illustration of A) energetically favorable n = 1 perovskite and strategies to suppress the formation of n = 1 perovskite: B) the
inhibition of self-assembly of spacer cation, C) the steric hindrance, and D) the dipole moment control. E) Formation energies as a function of the
assembly ability of the tail group of the spacer cation. Reproduced with permission.[®] Copyright 2023, WILEY-VCH. Transient absorption spectra of
quasi-2D perovskite films F) with 0 and 40% IPABr and G) with TPMA/PEA at At from -5 ps to 50 ps with different spacer cation substitutions. Reproduced
with permission.[%] Copyright 2018, Springer Nature. Copyright 2023, WILEY-VCH. H) Dipole moments of PEA derivatives with electron-withdrawing
and electron-donating groups.[3%101-193] | Grazing-incidence wide-angle X-ray scattering results for o-FPEABr and p-FPEABr.['% J) The n-distribution
and transient absorption rise time with TEA, BA, PPT, and PPT’. Reproduced with permission.[194] Copyright 2023, WILEY-VCH.

4.1.1. Self-Assembly and Steric Hindrance

The driving force for the formation of 2D perovskites is the stack-
ing and self-assembly of spacer cations. Engineering the side
chain of the spacer cation to induce weak assembly can make the
formation energy less negative. One example of a weak-assembly
spacer cation is a small alkyl cation without a benzene ring, such
as isobutylamine (iBA), isopropylamine (IPA), or tert-butylamine
(tBA) (Figure 7B). Their formation energies are reported to be

Adv. Mater. 2025, 2415648

2415648 (15 of 44)

—5.518, —5.517, and —5.410 eV, respectively, which are all smaller
than the formation energy of —5.597 eV of PEA. This difference
indicates that low-n phase formation can be suppressed by using
these small alkyl cations (Figure 7E).I°) Partially replacing PEA
with these small alkyl spacers effectively suppresses low-n phases
by reducing the interactions between PEAs.

For instance, incorporating 40% IPABr into PEA,PbBr, desta-
bilizes the n = 1 phase, reducing the magnitude of its formation
energy.[®®! PEA-only Q2D perovskite has a broad n-distribution
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ranging from n = 1 to 6. Conversely, the IPA/PEA co-cation per-
ovskite has primarily the n = 2 and 3 phases, with a reduced pres-
ence of n =1 phase, and no phase that has n > 5 (Figure 7F). This
distribution increases PLQY from 69% to 88% and yields desir-
able blue emission at 467 nm.[®! Similar results have been ob-
served when using iBAas a co-spacer with PEA. Replacing 40%
of PEA with iBA nearly eliminates the n = 1 phase while sig-
nificantly increasing the n = 2 and n = 3 phases. Consequently,
PLQY increased from 21% to 45%, EQE, . increased ~2.9 times
t07.84%, and L,.,, increased five times to 1130 cd m~2 at 485 nm
in blue PeLEDs.['%] These small alkyl spacer cations effectively
suppress n = 1 phases while maintaining n = 2 and n = 3 phases,
so they are suitable for Q2D perovskites that require low-n phase,
such as blue-emitting or red-emitting perovskites that require
strong confinement.

When targeting a narrow n-distribution of high-n phases (n >
6) for green-emitting and deep-red-emitting perovskite, the use
of a bulky spacer cation is effective, because its steric hindrance
results in much weaker assembly ability than small alkyl spacers
(Figure 7C). These non-planar or bulky spacer cations typically
feature two or more benzene rings as side chains, and they hin-
der the ability of the spacer cations to assemble into a low- or
medium-n phase. This characteristic allows them to effectively
prevent the formation of highly confined low-n phases, and to
favor the formation of high-n phases.

Spacer cations that have multiple benzene rings or highly-
branched configurations, such as 3,3-diphenylpropylamine
(DPPA), 2,2-diphenylethylamine (DPEA), and triphenylmethy-
lamine (TPMA), have been introduced as bulky co-spacers with
PEA for green-emitting Q2D perovskites.?] These bulky spacers
suppress not only low-n phases but also medium-»n phases and
therefore favor a distribution composed mainly of phases that
have n > 5 without forming 3D phases. This distribution facil-
itates rapid charge funneling (< 5 ps) into the lowest bandgap
domains (Figure 7G). As a result, the incorporation of TPMA as
a co-spacer cation leads to an increase in PLQY from 65.4% to
81.2% (TPMA/PEA co-spacer) and an increase in EQE, ., from
20.3% to 23.9%.

max

4.1.2. Dipole Moment of Spacer Cation

The binding affinity of the spacer cation to the perovskite lat-
tice also affects the formation energy of 2D perovskites. The
dipole moment represents the separation of positive and nega-
tive charges within a molecule or ion, indicating the degree of
polarity. In molecular systems, it can also be used as an indi-
cator of interaction strength, such as binding affinity or inter-
molecular forces. (Figure 7D). An increased dipole moment of
the ammonium spacer cation enhances the probability of bond-
ing with uncoordinated Pb?* ions, resulting in more negative for-
mation energy of the n = 1 phase. Consequently, to achieve a nar-
row n-distribution, spacer cations with lower dipole moments are
preferable.

One common strategy to modulate the dipole moment
is to introduce electron-withdrawing groups like fluorine or
electron-donating groups like methoxy group to spacer cation
(Figure 7H).[30.101-103] The position of fluorine on the phenyl ring
affects the dipole moment because the delocalized z-electrons in

Adv. Mater. 2025, 2415648

2415648 (16 of 44)

www.advmat.de

the ring can be easily attracted toward the electron-withdrawing
group. The dipole moment increases from o-FPEA (1.09 D) to m-
FPEA (2.03 D) to p-FPEA (2.39 D) (Figure 7H). Increasing dipole
moments in the order of o-FPEA < PEA < m-FPEA < p-FPEA,
show a corresponding trend in the negative formation energy,
with values of —9.39, —9.41, —9.44, and —9.63 eV, respectively.!'%!
Consequently, low-n phase is formed more prominently with p-
FPEA than with o-FPEA (Figure 71).l'% By tuning the dipole mo-
ment through molecular design, efficient energy funneling can
be achieved by minimizing the low-n phase. o-FPEA achieves a
higher PLQY (60%), than does for p-FPEA (35%). This compar-
ison indicates that introducing spacer cations with lower dipole
moments can increase radiative recombination by suppressing
the development of low-n phases, which induce non-radiative
recombination.[1%]

Furthermore, although m-FPEA and p-FPEA have more neg-
ative formation energies than o-FPEA and PEA, and there-
fore tend to form lower-n phases, their molecular configura-
tions of m-FPEA and p-FPEA provide better surface passiva-
tion and stronger interaction with perovskite than PEA. As a
result, combined with spacers such as 1-naphthylmethyl am-
monium (NMA) that have less negative formation energy, m-
FPEA is also widely adopted for the development of efficient
PeLEDs.[105:106]

4.1.3. lon Diffusion Restriction Model

Blocking the ion diffusion between octahedral slab layers
can suppress the formation of broad n-phase distribution.
Since n = 1 phase is enthalpically stable and a mixture
of n-phases is entropically favored, ion diffusion between
octahedral slab layers causes phase segregation into low-n
and high-n phases.['””] Therefore, the incorporation of spacer
cations that can block the interlayer ion diffusion can lead
to a narrow n-distribution. For example spacer cations such
as (2-(5-(3’,5'-dimethyl-[1,1’-biphenyl]—4-yl)thiophen-2-yl)ethyl-
l-ammonium (PPT’) and (2-(5-(2,2'-dimethyl-[1,1'-biphenyl]—4-
yl)thiophen-2-yl)ethyl-1-ammonium (PPT), which possess large
z-conjugation and high steric hindrance, have good surface cov-
erage so that the free energy barrier for I~ diffusion is signifi-
cantly high.

Perovskites in which the spacer cation is butylammonium
(BA) or thiophenylethylammonium (TEA) have the highest pop-
ulation of n=1and n=2, and 3D phases (n > 8), withafewn =>5
and n = 6 phases due to their poor surface coverage. In contrast,
when the spacer cation is PPT’ or PPT, the proportion of n=>5 and
n = 6 phases increases, particularly in PPT, which has very little
n =1 and n = 2 and none of the 3D phase (Figure 7]). This dif-
ference is attributed to the rotational angle between the phenyl
rings, which is #20° for PPT’ and 90° for PPT, and this high
steric hindrance effectively suppresses the ion diffusion between
layers."") In carrier dynamics, 7, ime, Which represents the
time constant of energy funneling within a multi-quantum-well
structure, significantly decreases with PPT” and PPT (Figure 7J).
As the n-distribution narrows and centers around n =5 and n =
6, Tyising ime decreases; this change indicates efficient and rapid
energy transfer from low-n phases to emissive high-n phases.
This efficient energy transfer from the restriction of ion diffusion
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Figure 8. Schematic illustration of A) precursor-solvent complex, B, C) controlling the formation of 2D and 3D phase in intermediate stages, and D)
resulting n-distribution with and without phase-regulating strategies. E) Dynamic light scattering results showing the size of PEA agglomerates with
and without 18-Crown-6. Reproduced with permission.['9] Copyright 2018, Springer Nature. F) Defect passivation of TPPO and the fluorination from
TPPO to TFPPO. Reproduced with permission.[%%] 2020, Springer Nature. G) The n-distribution and transient absorption rise time of pristine quasi-2D
perovskite films, and those that include APSA or GABA. Reproduced with permission.[*’] Copyright 2022, WILEY-VCH.

contributes to the high PLQY 0f 94% and an EQE,, of 26.3% that

have been achieved using PPT.1?”]

max

4.2. Nucleation and Growth Engineering by Additives

Incorporating additives into the precursor is another strategy to
narrow the n-phase distribution of Q2D perovskites. Strong co-
ordination of additives with precursors of Q2D perovskite mod-
ulates the nucleation and growth of Q2D perovskite. Additives
that bind with the intermediates can suppress the excess growth
of low-n phases and high-n phases and the consequent develop-
ment of a narrow distribution of n (Figure 8D).

4.2.1. Nucleation Engineering

Agglomeration of PEA cations occurs due to the spontaneous 77—
« stacking of phenyl rings from precursor states (Figure 8A). Dur-
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ing nucleation, PEA agglomerates serve as nuclei for the crystal-
lization of low-n phases, and then the subsequent local deficiency
of spacer cations promotes the formation of high-n phases.['%!
Thus, to suppress non-radiative recombination associated with
defective 2D phase, large agglomeration of PEA in the precursor
must be prevented. Additives that can directly interact with the
-NH group in PEA disrupt the agglomeration of PEA in the pre-
cursor state, and thereby hinder the formation of n = 1, 2 phases.

Crown ethers, which contain C—O—C bonds, are representa-
tive additives that enable hydrogen bonding with the -NH group
in PEA (Figure 8A). For instance, 18-crown-6 (1,4,7,10,13,16-
hexaoxacyclooctadecane) and cryptands have been introduced
to Q2D perovskites.['%1%] These additives intercalate between
PEA molecules, and thus effectively disrupt the agglomeration
of PEA cations and decrease the size of the PEA agglomerate
(Figure 8E).[1%] This disruption results in the elimination of the
n =1 phase. The use of 18-crown-6 in green Q2D PeLEDs leads
to a 3 fold increase in PLQY to ~70% and a significant increment
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of EQE,,, from 1.25% to 15.5%. Similarly, cryptands, which also
form hydrogen bonds with PEA, have been utilized in blue Q2D
perovskites, in which they facilitate energy transfer in 1 ps from
n = 2 to higher-n phases.l'®! In the absence of cryptand, excitons
remain in n = 1 phase for over 10 ps, so non-radiative recombina-
tion occurs. Consequently, the incorporation of cryptand results
in an increase of 2.5 times in PL intensity and an increase in
EQE, . from 2.33% to 10.16%.

max

4.2.2. Growth Engineering: Additive as Diffusion Delay Agent

Delaying the diffusion rate of PEA toward the perovskite frame-
work can be an effective strategy to suppress the formation of low-
n phases (Figure 8B). TPPO is a promising candidate for this pur-
pose; it inhibits the diffusion of spacer cations. Typically, TPPO
is used as an additive for defect passivation due to the highly nu-
cleophilic lone pair electrons of the P=0 bond, which can effec-
tively bind with uncoordinated Pb** ions and passivate defects
(Figure 8F).[®] Additionally, the oxygen in the P=O group can
form hydrogen bonds with the -NH group of the spacer cation,
and thereby regulate the diffusion of spacer cations toward the
perovskite layers. This regulatory action by TPPO helps suppress
the formation of low-n phases while promoting the formation of
medium- or high-n phases by controlling the diffusion of spacer
cations.®!

Fluorination of TPPO can further inhibit spacer cation diffu-
sion (Figure 8C). Fluorinated tris(4-fluorophenyl)phosphine ox-
ide (TFPPO) still forms hydrogen bonds between the oxygen in
P=0 and -NH groups but also forms hydrogen bonds between
fluorine and -NH (Figure 8F).°l This dual hydrogen bonding
strengthens the regulation of spacer cation diffusion and thereby
favors the formation of high-n phases. By suppressing the forma-
tion of defective 2D phase and insulating low-n phases, Q2D per-
ovskite LEDs with TFPPO achieve PLQY ~100% that arises from
rapid energy transfer and high EQE . of 25.6% due to increased
charge mobility.

max

4.2.3. Growth Engineering: Additive as Inhibitor

The binding affinity of additives and spacer cations to [PbX, ]*™
slabs strongly affects the growth of Q2D perovskites. Additives
that compete with PEA for binding to intermediates can effec-
tively suppress the excessive growth of high-n phases. Short
multi-functional additives, such as amino acids, are advanta-
geous because they have higher binding affinity than PEA cations
to [PbX,]*™ slabs (Figure 8C). The effect of coordination affinity
of additives toward [PbX,]*" slabs on n-phase distribution has
been investigated using zwitterions: 3-aminopropylphosphonic
acid (APPA), aminopropylsulfonic acid (APSA), y-aminobutyric
acid (GABA), and 4-aminobutane-1-thiol (ABT).[”’]

The binding affinity of each additive correlates with the
electron-donating ability, in the order: APPA < APSA < GABA <
ABT. With moderate electron-donating ability APSA and GABA,
result in a concentrated phase centered around n = 3, without the
presence of low- and high-n phases (Figure 8G). In contrast, with
the weakest electron-donating ability, APPA is insufficient to ef-
fectively inhibit the growth of high-n phases resulting in broad n-
distribution ranging from n =1 to n > 6. On the other hand, ABT,
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which has the strongest electron-donating ability, excessively in-
hibits growth and yields Q2D perovskite that consists predomi-
nantly of n = 2 phases, with a consequent significant blueshift
of emission to 457 nm and a low PLQY of 26.3%. Notably, by
controlling the binding affinity of additive on perovskite, concen-
trated medium-n phase with APSA and GABA yields high PLQYs
of 47.1% and 54.4%, respectively, with a significantly faster rise
time of 0.41 and 0.32 ps, compared to a rise time of 0.76 ps in the
pristine sample (Figure 8G).

L-Novaline and ethyl thiooxamate (ETO) also both possess two
binding moieties that strongly coordinate to [PbX,]*™ slabs: L-
Norvaline has -NH?3* and -COO-, and ETO has C=0 and C=S
groups.[?119 Consequently, these compounds bind strongly to
the surface, restricting the growth of Q2D perovskites, and thus
prevent the formation of high-n phase formation and conse-
quently increase EQE (L-Norvaline from 6% to 21.3%,12”] ETO
from 10.31% to 19.84%).11% This result demonstrates that ef-
ficient and rapid energy funneling can be achieved for Q2D
PeLEDs by modulating the growth mechanism, specifically by
suppression of low-n phases and narrowing of the n-distribution.

4.3. Modulation of Electrical Properties and Operational Stability

Q2D perovskite has an excess amount of insulating organic
spacer cations. However, the insulating property of Q2D per-
ovskite must be overcome for high luminance and device stabil-
ity. Low charge mobility leads to low luminance and fast device
degradation due to Joule heating, which accelerates ion migra-
tion. Therefore, strategies to increase the charge mobility of Q2D
perovskite have been developed as follows.

4.3.1. Charge Transport Through Van Der Waals Gap

The hole and electron mobilities vary depending on the spacer
cation, which affects the van der Waals gap between Q2D per-
ovskite layers (Figure 9A). A decrease in the van der Waals gap
increases carrier mobility by increasing the number of charge
carriers hopping across the insulating spacer cation barrier
(Figure 9B). For example, as the alkyl chain length shortens from
phenylbutylammonium (PBA) to phenethylammonium (PEA)
to phenylammonium (PA), the d-spacing of the n = 1 phase
decreases from 20.1 to 16.8 to 16.7 A (Figure 9C);!"'!l this d-
spacing includes both the van der Waals gap and the thickness
of the inorganic perovskite layer. Benzimidazolium (BIZ) has
the smallest d-spacing of 14.4 A and therefore BIZ-based Q2D
perovskite has higher electron and hole mobility than those of
PBA, PEA, and PA (Figure 9C). As a result, Q2D PeLED that
used the BIZ spacer had low turn-on voltage and superior L.
0f 30 000 cd m~2. Hence, reducing d-spacing by choosing shorter
spacer cations is an effective strategy to increase charge mobility
in Q2D perovskites.[1!1]

Dion-Jacobson (DJ)-type bidentate spacer cations are also used
to reduce the van der Waals gap (Figure 9B). These cations can
bind simultaneously to two Q2D perovskite layers. Typical DJ-
type spacer cations feature two binding groups para-substituted
on a benzene ring. For example, 1,4-bis(aminomethyl)benzene
(BAB) has two amine groups that tightly bind, resulting in
a d-spacing of 11.3 A, which is significantly shorter than
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Figure 9. Schematic illustration showing A) low charge mobility with a large van der Waals gap and B) high charge mobility with shallow van der Waals
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Reproduced with permission.['] Copyright 2019, WILEY-VCH. Schematic illustration of G) selective dissolution of low-n phase and H) efficient radiative
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the spacing of two stacks of single-dentate spacer cations.!'!?]

These DJ-type cations can be partially doped into Q2D per-
ovskites. For instance, 4-(2-aminoethyl)benzoic acid (ABA)
has been introduced as a co-spacer that reduces the van
der Waals gap and increases charge transfer between per-
ovskite slabs, as a result, this approach achieved EQE,_ . of
10.11% compared to 7.07% for pristine PeLEDs.'3] Simi-
larly, the use of the DJ-type cation 4'-(aminomethyl)-biphenyl-3-
carboxylic acid (4-ABCA) improves charge injection and trans-
port, resulting in a high EQE of 23.15% and a high L,
0f 133 560 cd m=2.[114]
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4.3.2. Orientations and Stacking of Quasi-2D Perovskites

Charge carrier mobility can be increased by controlling the orien-
tation of the Q2D perovskite planes (Figure 9D). The Q2D layers
with insulating spacer cations tend to stack and grow in the in-
plane direction because the slow evaporation of solvents such as
DMSO thermodynamically favors the growth of the (001) plane of
PbBr,.'"®! This in-plane perovskite hinders the charge transport
in the vertical direction toward electrodes.

NCP can suppress the preferential in-plane growth and ac-
celerate perovskite crystallization, randomizing the orientation
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of perovskite layers to facilitate charge transport.l'’*] In grazing-

incidence X-ray diffraction patterns, the samples without NCP,
show a distinctive diffraction peak along the Q, direction (out-of-
plane). In contrast, with NCP, the diffraction peak appears along
the Debye ring; this result indicates a random orientation of Q2D
perovskite planes (Figure 9F). A random mixture of in-plane and
out-of-plane Q2D perovskites effectively facilitates charge trans-
port by creating a 3D network of charge-transport pathways. The
increase of charge transport by NCP overcame the insulating na-
ture of spacer cations and thus increased the current density at
5V from 38.9 to 42.2 mA cm™2.*% During LED operation, this
increase in charge mobility by nanocrystal pinning resulted in
an increase of L. from 900 to 4710 cd m~2 and a 2018-times
increase in current efficiency.['*”]

Charge-transport efficiency can also be increased by increas-
ing the out-of-plane component of Q2D perovskites. The out-
of-plane Q2D perovskite facilitates better vertical charge trans-
port between the anode and cathode through conductive inor-
ganic perovskite slabs (Figure 9D). Amine-terminated carbon
dots on the HTL promote preferential growth of out-of-plane
Q2D perovskites.[''®) An increase in the proportion of out-of-
plane components increased the hole mobility 3.5 times, from
1.7 X 107 t0 5.9 X 107° cm? V! s7!, and increased the electron
mobility by two times, from 3.2 X 107 t0 7.8 X 107° cm? V-1 71,
These improvements in charge transport resulted in an increase
in EQE from 15.3% to 24.5%.[11]

Reversing the stacking gradient can also improve the charge
injection of Q2D PeLEDs. Typically, the film develops a vertical
gradient of n-phases, with the proportion of low-n phases decreas-
ing from the bottom to the top.[?”] The low-n phase has a deep
valence band maximum (VBM) and therefore hinders hole injec-
tion at the bottom (Figure 9E). By positioning high-n phases with
shallow VBM levels at the bottom of the film, charge injection
efficiency can be increased.

This inversion of the gradient of n-phases can be obtained
by exploiting the hydrogen bonding between 2-(methylsulfonyl)-
4-(trifluoromethyl)benzoic acid (MTA) and PEA; this bonding
slows the diffusion of PEA and thereby facilitates the reversal
of the stacking gradient.''”] This modification reduces the hole-
injection barrier, as evidenced by a shift of the VBM level from
—5.69 to —5.62 eV and a decrease in turn-on voltage from 3.1
to 2.9 V. The efficient charge injection obtained using MTA in-
creased the L from 110 000 to 290 000 cd m~2, and the EQE
from 16.8% to 25.9%.1]

4.3.3. Selective Dissolution of Defective and Insulating Low-n Phases

Low-n phases, particularly 2D monolayer n = 1 phases are highly
insulating and promote non-radiative recombination, and this
problem is a major cause of degradation of Q2D perovskites
during LED operation. In certain cases, small amounts of low-
n phases located at grain boundaries surrounding 3D phases can
enhance the stability of perovskite light-emitting diodes and so-
lar cells by passivating dangling bonds and mitigating incomplete
coordination.”*118] Additionally, small n-phases (n =2, 3) are cru-
cial for achieving deep-blue emission in Q2D-PeLEDs with high
EQE.[®%) Those are because low-n phases thermodynamically ex-
hibit a lower defect density compared to their 3D counterparts
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due to their inherently higher defect formation energy from lat-
tice distortion that releases lattice strain.[!19120]

Despite this advantage, some defects in low-n phases act as
deep traps that significantly increase non-radiative recombina-
tion, unlike the shallow traps typically found in 3D phases./'2]
Consequently, a large proportion of low-n or 2D phases can
hinder efficient radiative recombination in green-emitting Q2D-
PeLEDs that utilize medium-n or high-n phases. Furthermore,
the presence of a substantial amount of insulating spacer cations
in low-n phases leads to Joule heating during LED operation,
which promotes ion migration and ultimately results in the de-
composition of the perovskite.>>!2!] Therefore, the low-n phases
must be removed to improve the stability of Q2D-PeLEDs.

One promising strategy to overcome the insulating proper-
ties of Q2D perovskites is the selective removal of low-n phases
(Figure 9G). This goal has been achieved by applying a carefully-
controlled mixture of polar and non-polar solvents to Q2D per-
ovskite films after spin-coating.?!l The key to this process lies in
the precise control of the polarity of the polar solvent, to achieve
selective dissolution of targeted low-n phases. In this case, a small
amount of hexylamine, a polar solvent, was used to selectively
dissolve the defective n = 1 and n = 2 phases, and chloroben-
zene, a non-polar solvent, which barely interacted with the per-
ovskite structure (Figure 9H). This selective removal of defec-
tive low-n phases serves two critical functions: it suppresses trap-
assisted non-radiative recombination and promotes efficient en-
ergy funneling from medium-n to high-n phases. Effective elim-
ination of low-n phases increased conductivity and achieved a
high L. of 147 832 ¢d m™. The prevention of Joule heating
also increased operational stability and achieved a state-of-the-art
Ts, of 50 000 h. These advancements, coupled with an EQE of
29.5%, underscore the importance of removing low-n phase to
optimize Q2D-PeLEDs.[2!]

5. Perovskite Nanocrystals

Perovskite nanocrystals (PNCs) are synthesized as colloidal par-
ticles in a non-polar solvent and then deposited onto a substrate,
whereas nanoscale PC perovskites and Q2D perovskites are typ-
ically deposited and crystallized directly on the substrate.1?2]
PNCs offer the advantage of easy tunability of particle size, en-
abling highly efficient excitonic recombination properties, even
in the early stages of development. Additionally, because mate-
rial properties are adjusted prior to deposition, PNCs are more
suitable for large-area applications or mass production.

5.1. Fundamental Approaches for Efficient PNCs

An important feature of PNC is that their crystal growth is ter-
minated in solution while using organic ligands.!*123124] These
ligands are multifunctional, which 1) control PNC size, 2) bind
to the surface to passivate defects, and 3) prevent PNC aggrega-
tion; all of these functions significantly affect the luminescent
properties of PNCs. However, high ligand density or long alkyl
chains can hinder charge transport increase the charge-injection
barrier, and thereby reduce the efficiency of PeLEDs. Therefore,
the management of PNC properties requires ligand engineering.
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Figure 10. A) Schematicillustration of fundamental approaches to synthesizing efficient PNCs. Size control of PNCs (Left). Reduction of PNC size below
Dg induces strong quantum confinement, leading to a blue shift in the PL spectrum. Surface ligand density (Middle). Decreasing the density of ligands
can improve charge transport, but it can generate surface defects, inducing exciton quenching. Ligand length modulation (Right). Short chain ligands
generally exhibit good charge transport properties and strong surface binding chacracteristics but compromise colloidal stability. B, C) PL spectrum,
photographs under UV light (B), and PLQY (C) of MAPbBr; PNC solutions with varying sizes from 3 to 35 nm. Dg is 10 nm. PNCs with the size
over Dg show size-independent PL spectra. Reproduced with permission.['?4] Copyright 2017, American Chemical Society. D) Electron current density
of electron-only devices based on FAPbBr; PNCs that had various lengths of the alkyl chain.34! Inset: PLQY of FAPbBr; PNC solutions with amine
ligands of various alkyl chain lengths. Photographs: FAPbBr; PNC solutions with (bottom row) and without (top row) UV light exposure. Reproduced

with permission.[3*] Copyright 2017, Elsevier.

The basic approaches include 1) controlling PNC size, 2) adjust-
ing the density of ligands at the crystal surface, and 3) modifying
the length of alkyl chains in the ligands (Figure 10A). In the fol-
lowing section, we will explain these factors based on pioneering
studies that have established the key guidelines for designing ef-
ficient PNCs.

5.1.1. Size of PNCs

According to initial foundational PNC patents proposed in 2014,
highly efficient emitters require PNCs of optimal size, typically
slightly larger than the exciton Bohr diameter (Dy).[!271%7] If
PNCs are too large (> 30 nm), exciton confinement is ineffi-
cient, leading to low PLQY due to the thermal dissociation of
excitons.'?! On the contrary, reducing PNC size below Dy in-
duces quantum-confinement effects, causing a blueshift in emis-
sion wavelength. This effect can be exploited to synthesize blue-
emitting PNCs from single-bromide perovskites that typically
emit green-light (Figure 10B).['26-1301 However, a reduction in
PNC size increases the surface-to-volume ratio, thereby increas-
ing the density of surface defects and decreasing the PLQY.!3!
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Therefore, when small, highly confined PNCs are used, manage-
ment of surface defects becomes critical.

The size of PNCs can be controlled by adjusting synthesis con-
ditions, such as ligand concentration or synthesis temperature.
Adjusting ligand concentration affects crystal growth by interfer-
ing with the diffusion of perovskite precursors.['*?) Low ligand
concentrations can allow crystal sizes to exceed Dy, and this effect
yields size-independent emission spectra with narrow linewidth.
Increasing the concentration of a carboxylic acid (e.g., oleic acid)
reduces crystal size below Dy, and thereby induces quantum-
confinement effects and blueshifted PL emission with broadened
linewidth. Fine adjustment of the concentration of oleic acid en-
abled precise control of the size of MAPbBr; PNCs to around Dy
(Figure 10C). Among MAPDbBr; PNCs with sizes ranging from
3 to 35 nm, the PNCs with the size of 11 nm, which is slightly
larger than Dy, exhibited the highest PLQY. Due to the optimal
emission efficiency, PNC-LEDs based on the 11 nm MAPbBr,
achieved the highest EQE of 5.09% among the MAPbBr; PNCs
with various sizes.

Synthesis temperature also affects PNC size. Using the hot-
injection method, CsPbX; PNCs (X = CI, Br~, I7) were syn-
thesized by reacting Cs-oleate with lead halide, and sizes could
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be controlled by adjusting the reaction temperature.l?) As this
temperature decreased from 200 to 140 °C, the CsPbBr; PNC
sizes decreased from 11.8 to 3.8 nm. As PNC size decreased,
the bandgap increased due to quantum confinement, and the PL
emission wavelength was blueshifted. Similarly, decreasing syn-
thesis temperature in the ligand-assisted reprecipitation (LARP)
method reduces PNC size and blueshifts their PL emission.!!**]

Through various studies on the size control of PNCs, it has
been clearly demonstrated that PNC growth is influenced by ther-
modynamic and kinetic control such as temperature, ligand con-
centration, precursor conditions (e.g., halide compositions, con-
centration, reactivity).['3213*] However, the complex ionic nature
and low lattice formation energy of perovskites, the dynamic na-
ture of ligands, and the extremely fast growth of PNCs occurring
in seconds make it difficult to separate nucleation and growth
processes, thereby complicating the understanding of the PNC
growth mechanism.[***] Despite these difficulties, a recent study
utilized TOPO as a sole ligand, rather than the traditional acid-
base pair, to investigate the nucleation and growth mechanisms
in PNCs.I'3¢] This study revealed that the complex equilibrium
between PbBr, precursors and A[PbBr;] solute affects the con-
version path of precursor-monomer-nuclei, enabling to precise
control size of PNCs with uniform distribution. Nonetheless, an
accurate theoretical model for PNC growth mechanisms using
the commonly employed acid-base pair is still lacking.

5.1.2. Surface Ligand Density of PNCs

Controlling ligand density is crucial because the insulating lig-
ands hinder charge transport, and thereby degrade the efficiency
of PeLEDs (Figure 10A). To effectively utilize PNCs for the emis-
sive layer in PeLEDs, purification to partially remove these insu-
lating ligands is essential. Purification is typically performed us-
ing flocculation solvents such as methyl acetate, ethyl acetate, or
acetone, then using centrifugation to precipitate PNCs that have
reduced ligand density. However, excessive ligand detachment
can generate surface defects. Therefore, ligand removal must be
carefully controlled to facilitate charge transport while minimiz-
ing defect formation.

For example, performing two washing cycles using a hex-
ane/ethyl acetate mixture moderately reduced the surface ligand
density, and yielded CsPbBr; PNCs that have balanced PLQY and
EQE. This approach achieved PLQY > 90% and 50 times en-
hancement in EQE, reaching up to 6.27%.['*”) Ionic perovskites
are susceptible to solvents that have high dielectric constants,
so using low-dielectric solvents in the purification process helps
maintain high PLQY. By employing diethylene glycol dimethyl
ether (diglyme), which has a low dielectric constant (e = 7.23), as
awashing solvent, PNC-LEDs that had low turn-on voltage (2.7 V)
and high EQE, . (8.08%) were demonstrated.[*®! Additionally,
simply storing the PNC solution in a refrigerator enables precipi-
tation of excess ligands and impurities without using flocculation
solvents, and thereby improves PNC purity.'3]

However, excessive removal of ligands can generate surface de-
fects due to insufficient passivation, and thus reduce the PLQY
of the PNC solution. Furthermore, significant ligand loss can
break down the colloidal stability of PNCs, leading to aggrega-
tion, which is detrimental to film fabrication. Therefore, to bal-
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ance PLQY, colloidal stability, and electrical properties, the ligand
density must be delicately controlled.

5.1.3. Ligand Length Modulation in PNCs

The chain length of ligands has a strong effect on the optical
and electrical properties of PNCs. While longer alkyl chains en-
hance colloidal dispersion, they restrict charge carrier transport
and thereby reduce EQE (Figure 10A).['% Longer alkyl chains
also reduce ligand polarity, thereby decreasing adsorption energy
on the PNC surface,['"!] and can cause steric hindrance between
ligands.

Adjusting the chain length of primary alkylamines during
PNC synthesis predominantly influences photophysical and elec-
trical properties. For example, FAPbBr; PNCs synthesized with
n-hexylamine and n-octylamine exhibited particle sizes smaller
than 10 nm, whereas those synthesized with n-butylamine had
sizes of ~10 nm.[** This indicates that long organic alkyl chains
can suppress crystal growth, leading to smaller particle sizes.
However, PLQY decreased from 69% with n-hexylamine to 64%
with n-octylamine, due to inferior surface passivation caused by
steric hindrance between ligands (Figure 10D). Conversely, very
short ligands like n-propylamine led to a loss of colloidal stabil-
ity, so the PNCs aggregated and the PLQY decreased to 25%.
FAPbBr; PNCs with n-butylamine achieved optimal PLQY by
balancing colloidal stability and surface passivation. Moreover, as
chain length increases, insulating properties become more pro-
nounced; this impedes charge transport and reduces carrier con-
finement within PNCs, and therefore degrades EQE and lumi-
nance (Figure 10D). Among the various ligands, FAPbBr; PNC
with n-butylamine exhibited the highest PLQY and the most ef-
ficient charge transport. This enabled the corresponding PNC-
LEDs to achieve a current efficiency of 9.16 cd A~! and EQE of
2.05%.%41 Although the fundamental approaches for achieving
efficient PNCs have been discussed above, the optimal ligand
length and density should be tailored based on the composition
of perovskite crystals and the appropriate PNC size employed in
PNC-LEDs.

5.2. Core-Crystal Engineering for Stabilized PNCs

Defects can be formed within PNCs after synthesis due to the
ionic nature of perovskites. These defects cause exciton quench-
ing and lead to accelerated degradation. To mitigate these de-
fects and stabilize PNCs, core-crystal engineering is employed
by adding A-site cation dopants (e.g., Cs*, MA*, FA*, and
GA*) and B-site cation dopants (e.g., Co**, Sn?*, Cd?*, Zn?",
Ni?*, Mn**, Sr** Ce’*) (Figure 11A and Table 4). These ionic
dopants influence the formation and optical/electrical properties
of PNCs.

5.2.1. A-Site Cation Doping
A-site cation doping can primarily impact lattice stabilization. A-

site cations with ammonium moieties (e.g., MA, FA, and GA)
promote lattice stabilization by forming hydrogen bonds with
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Figure 11. A) Schematic illustration of core-crystal engineering in PNCs. A-site cations with ammonium moiety form hydrogen bonds with halide anions,
stabilizing perovskite crystal. B-site cations have various effects on the optical properties of PNCs. B) Schematic illustration of core-crystal engineered
FAPbBr; PNCs by doping GA cations. Reproduced with permission.[28] Copyright 2021, Springer Nature. C) PLQY of FA,GA,,PbBr; PNCs. Reproduced
with permission.[26] Copyright 2021, Springer Nature. D) PL energies versus lattice vectors in Sn, Cd, Zn- doped CsPbBr; PNCs. Reproduced with
permission.["8] Copyright 2017, American Chemical Society. E) Calculated formation energies of a-CsPbl; PNCs with increasing the ratio of Sr/Pb.
Reproduced with permission.['*] Copyright 2019, American Chemical Society. F) EQE of FAPbBry; PNC-LEDs without and with core-crystal engineering
by Cd** doping. Exciton binding energy was higher in Cd?*-doped FAPbBr; PNCs than in the control sample. Reproduced with permission.[>%l Copyright

2024, WILEY-VCH.

halide ions.['**1%3] On the other hand, inorganic cations like Cs*
and Rb*, although lacking the ammonium moiety, offer the ad-
vantage of superior chemical stability.'*] Additionally, these in-
organic cations induce lattice contraction due to their smaller
size than MA, FA, and GA cations, leading to an increase in the
bandgap.!'*}] By effectively utilizing these effects of A-site doping,
the lattice of PNCs can be further stabilized, which significantly
enhances luminescent properties.

GA* cation dopants that contain three ammonium moieties
can stabilize FAPbBr; PNCs (Figure 11B).2%] Compared to FA*,
GA* has a larger ionic radius that is beyond the tolerance of
cubic-phase perovskite. This lattice mismatch led to a contin-
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uous increase in internal energy (enthalpy), but up to 12.5%
GA" can be incorporated into the FAPbBr; due to the effect
of entropy stabilization. The extra amino group of GA*™ com-
pared to FA* forms hydrogen bonds with bromide anions, and
this effect increases internal stabilization. This core-crystal engi-
neering approach increased the PLQY from 79.9% for FAPbBr,
PNCs to 93.3% for FA,,GA,;PbBr; PNCs (Figure 11C). Us-
ing this strategy, PNC-LEDs achieved a record EQE of 23.4%
with EL emission at 531 nm which satisfies the Rec. 2020 color
standard.[2%]

Inorganic cations can also enhance the luminescence effi-
ciency of PNCs. Increasing the ratio of Cs* in FA,Cs, PbBr,
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Table 4. Performance of PNC-LEDs based on core-crystal engineering techniques.
Cation Cation Perovskite Working mechanism PLQY EL peak (FWHM) EQE Operational lifetime Refs.
type Composition
A-site Agt CsPbl; Defect passivation > 60% 690 nm (36 nm) 11.2% - [146]
A-site FA*, GA*  CsPb(Br/Cl); Internal crystal stabilization 32% (GA), 39%  490.5 nm (GA), 3.02% (GA), 1.55min @ 74cd m™2  [190]
(FA) 4925 nm (FA)  4.14% (FA)  1.82min @ 98 cd m2
A-site GA* FAPbBr; Internal crystal stabilization 93.3% 531 nm 23.4% 132 min @ 100 cd m~2 [26]
A-site Rb* CsPb(Br/Cl), Reduce trap state 30% (460 nm) 460 nm 465 nm 470 12.0% - [147]
45% nm 475 nm 480 (460 nm)
(465 nm) nm 16.7%
62% (465 nm)
(470 nm) 213%
71% (470 nm)
(475 nm) 24.3%
80% (475 nm)
(480 nm) 26.4%
(480 nm)
B-site Co?* CsPbBr; Reduce structural defect Change Fermi 96% 516 nm (16.7 nm) 21.8% ~300s @ 40mAcm=2  [256]
level
B-site Cd?* CsPb(Br/Cl), Defect passivation Increase E, 95% 490 nm (19 nm) 14.6% 12 min @ 134 cd m™2 [257]
B-site Ccd* FAPbBr; Increase Ey Change Fermi level >90% 534 nm (22 nm) 29.4% 111.8 min @ 100 cd m=2  [150]
B-site Zn?* CsPbl; Suppress defect formation Increase E, 98.5% 682 nm 15.1% - [152]
Change Fermi level
B-site  Mn?*, Ni?*  CsPb(Br/Cl), Defect passivation 70.2% 469 nm (21 nm) 3.31% 8min @ 7.3 mAcm™2  [258]
B-site MnZ* CsPb(Br/Cl); Reduce trap state 28% 466 nm (17.9 nm) 2.12% - [259]
B-site Na CsPbl; Suppress defect formation Increase 99.8% 687 nm 17.1% 40 min @ 100cd m=2  [155]
formation energy
B-site N CsPbls Increase formation energy Change Fermi 84% 691 nm 13.5% - [157]
level
B-site S+ CsPbl; Increase formation energy >90% 678 nm (32 nm) 5.92% 120 min @ 6V [154]
B-site Ce*t CsPbBr; Generation of radiative near-band-edge 89% ~515 nm (19 nm) 4.4% - [158]
states
B-site Zr2* CsPbl; Defect passivation Change Fermi level 91% 686 nm 13.7% - [260]

PNCs gradually induces lattice contraction, and this increases
crystallinity and chemical stability.['*] Ag* cations, diffused from
the Ag electrode into the PNC active layer, where they reacted
with I on the PNC surface to form Agl, passivated defects. This
method yielded a red PNC-LED that had an EQE of 11.2%.[14¢] In-
corporating Rb* into CsPb(Br,/Cl,,); PNCs induces lattice con-
traction due to the smaller size of Rb* compared to Cs*, which
increases the bandgap of PNCs. Rb* doping allowed for reducing
Cl~ content, which typically forms deep traps, while still main-
taining the bandgap for blue-emission.'*”! This compensation
approach enabled to minimization of the use of Cl~ ions for blue
emission, resulting in improved PLQY. This strategy enables the
realization of highly efficient blue PNC-LEDs that had an EQE of
26.4% at a peak wavelength of 480 nm.!'*”]

5.2.2. B-Site Cation Doping

Replacing B-site Pb?* ions (1.19 A) with divalent or trivalent B-
site metal cations like Sr2* (1.18 A), Cd2* (0.95 A), Mn?* (0.83 A),
Zn?* (0.74 A), and Ce** (1.01 A), regulates PNC optical proper-
ties (Figure 11A). Core-crystal engineering through B-site cation
doping can influence several critical factors, including 1) optical
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bandgap shift by lattice contraction, 2) formation energy of per-
ovskite, 3) structural defects, 4) exciton binding energy, 5) gener-
ation of emissive energetic states, and 6) electrical properties of
PNCs by shifting energy level (e.g., CBM, VBM, and Fermi level).

Optical bandgap energies exhibit a linear correlation with the
lattice vector in metal cation-doped CsPbBr; PNCs. This relation-
ship arises because B-site metal cations with smaller ionic radius
than that of Pb?* contract the perovskite lattice, and thus shorten
the Pb—Br bond lengths in PbBr, octahedra. The lattice contrac-
tion increases the overlap between Pb and Br orbitals and thereby
raises the energy level of the conduction band minimum (CBM).
Consequently, the absorption and emission spectra are slightly
blueshifted (Figure 11D).[1*8]

Doping with different elements enables tuning of the electri-
cal properties of PNCs by shifting electronic levels such as CBM,
VBM, and Fermi energy levels.!! The modification of CBM and
VBM directly influences the injection barrier at the interface be-
tween PNC and HTL (or ETL) layers. If the injection barrier is too
high, charge carrier accumulation can occur at the interface, lead-
ing to reduced charge balance and ultimately resulting in ineffi-
cient EL emission. Moreover, PNCs typically have n-type charac-
teristics, meaning that the Fermi level is located close to the CBM
of PNCs.[l This n-type characteristics can also impede efficient

© 2025 Wiley-VCH GmbH
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hole injection and reduce charge balance, thereby making PNCs
with ambipolar properties is also an important requisite for effi-
cient EL in PNCs.**] Actually, by doping B-site cations such as
Zn?*, Cd**, and Sr**, efficient carrier injection and charge bal-
ance were simultaneously achieved, resulting in a significant im-
provement in EQE.[150-152]

B-site cation doping increases the formation energy of per-
ovskite crystals and thereby stabilizes their structure. Formation
energy decreases as crystal size decreases, so this effect is partic-
ularly effective in small PNCs, which may be significantly stabi-
lized by doping. The elevated formation energy also greatly im-
proves the phase stability of PNCs.['>3] For instance, iodine-based
perovskites such as CsPbl, tend to transform to a non-perovskite
5-phase due to their low formation energy. Doping with Sr** ions
increases the formation energy of a-CsPbl; PNCs (Figure 11E),
and yields significantly enhanced phase stability, as well as im-
proved efficiency, thermal stability, and EL stability.!!>1154155]
Core-crystal engineering with Sr** doping yielded PNC-LEDs
that had an EQE, ,, of 17.1%.015]

Core-crystal engineering by incorporating B-site dopants ef-
fectively suppresses internal defects; i.e., short-range disorder,
in PNCs. Incorporating Ni?* ions into CsPbCl; PNCs increased
defect formation energy and filled halide vacancies. The im-
proved short-range order of the perovskite lattice boosted PLQY
t0 93.1%.11%%) Additionally, doping B-site cations of smaller sizes
than Pb** induces beneficial lattice distortions that increase the
exciton effective mass and raise the exciton binding energy.!'’]
In a recent study, Cd?* doping increased the exciton binding
energy from 94 meV for control PNCs to 252 meV for Cd**-
doped PNCs, while maintaining nearly steady Auger recombina-
tion rates; PNC-LEDs that used these doped PNCs had an EQE
of 29.4% (Figure 11F).[150]

Dopants can also modify the electron density at the band edge,
and thereby affect the efficiency of band-edge emission. Ce** dop-
ing, for example, increased the density of near band-edge radia-
tive states;[!°®) This change widened the radiative exciton relax-
ation channels and increased the EQE of PNC-LEDs from 1.6%
t0 4.49.1158]

max

5.3. Surface Reconstruction for Efficient and Stable PNC-LEDs

Low vacancy-formation energies of A-site cations and halide an-
ions, along with low activation energy for halide migration, lead
to defects such as ionic vacancies, undercoordinated Pb** ions,
and interstitial defects. Ligands strongly bound to the surface
of PNCs contribute to passivating these surface defects and im-
proving the stability of the PNCs. However, labile ligands like
oleylamine (OAm) and oleic acid (OA) induce defect formation
during film deposition, by detaching from the PNC surface due
to their dynamic binding. Therefore, achieving high-efficiency
PNC-LEDs requires highly defect-tolerant surface reconstruc-
tion, which alleviates exciton quenching by either eliminating
halide vacancies or neutralizing undercoordinated Pb atoms on
the surface.

Maximizing the effect of surface reconstruction requires elab-
orate ligand design, considering both the head group and the tail
group (Figure 12A). The head group is typically a functional moi-
ety such as phosphine oxide, phosphonic acid, or ammonium
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bromide, and has an important function in passivating halide va-
cancies or uncoordinated Pb** ions, which act as non-radiative
recombination centers. Equally important is the design of the
tail group, which significantly influences charge-transport prop-
erties, inter-particle coupling, and steric hindrance.

Surface reconstruction of PNCs to increase their luminescence
efficiency and stability can be achieved using several experimen-
tal methods (Figure 12A): 1) In situ modification, which involves
adding ligands directly to the synthesis precursor, thereby en-
abling simultaneous crystallization control and surface passiva-
tion during PNC formation. 2) Ligand exchange, by which the
initial ligands can be replaced with alternatives that offer supe-
rior passivation and improved electrical properties. 3) Layer-type
surface modification, which represents depositing an interlayer,
either on the top or bottom, to influence PNC film growth and
provide additional passivation. Surface reconstruction combined
with ligand design can provide beneficial effects such as 1) Sur-
face halide enrichment, 2) Strong coordination to lead ions, and
3) Hetero-interface passivation (Table 5).

5.3.1. Surface-Halide Enrichment

Alkyl ammonium salts are commonly used for surface-halide en-
richment and are often applied using post-treatment methods.
Halide anions (CI7, Br~, I") in alkyl ammonium salts passivate the
PNC surface by filling halide vacancies; electrostatic interactions
between alkylammonium cations and halide anions provide fur-
ther stabilization. Additionally, the hydrocarbon moieties of these
salts help maintain colloidal stability.

Employing the alkylammonium salts with relatively shorter
hydrocarbon chain than weakly-binding oleylamine and oleic
acid has shown superior passivation ability and improved charge
transport properties, with di-dodecyl dimethyl ammonium bro-
mide (DDAB) being one of the most representative materi-
als, which significantly increased EQE.[">*-1%] Moreover, post-
treatment using alkylammonium salts with different halide ions
enables halide-exchange, which can adjust the bandgap of PNCs.
Treatment of oleylammonium iodide salts replaced original bro-
mide ions in CsPbBr; PNCs as well as reduced halide defects,
yielding red PNC-LEDs with an EQE of 21.3%.[164]

Post-synthesis treatment with a ligand containing an aromatic
ring moiety in the tail can significantly affect electrical proper-
ties and charge carrier dynamics in PNCs. Phenethylammonium
halide (PEA-X) is the representative aromatic ammonium halide
ligand;!*%] aniline hydroiodide, which is shorter than PEA-X, has
also been used to produce highly conductive PNCs.[22166] Replac-
ing the phenyl moiety with a thiophene group led to the mul-
tifunctional ligand 2-thiophen propylamine bromide (ThPABT),
which not only replaced OAm* and passivated halide vacancies,
but its thiophene group coordinated with Pb?* ions.'®”] Fur-
thermore, triplet energy level (T,) from z-electrons in polyaro-
matic moieties also contribute to luminescence quenching in
PNCs. Smaller PNCs are particularly prone to severe quench-
ing due to the triplet energy levels of aromatic molecules such
as tetracene.l'%161 A previous study on aromatic ligands re-
vealed that NMA, with a low triplet energy level (T; = 2.6 eV),
caused efficiency losses in monolayer and low-n phases of Q2D
PeLEDs. In contrast, PEA, with a higher triplet energy level

© 2025 Wiley-VCH GmbH

95UB017 SUOLUWIOD 3A 111D 3[cedljdde auy Aq peusenol a1e sajole YO ‘9SN J0 Sa|nJ 10} Aeiq1T 8UlUO A8|IM U (SUORIPUOD-PUE-SWLBIAL0O" A IM ATl 1jou 1 U0//SdNy) SUOTIPUOD pue SWie 1 84} 88S *[5202/20/02] uo Akeiqiauliuo A8iIm ‘AlsieAlun euolieN [N0ss Aq 8r9STYZ0Z eWPe/Z00T OT/I0p/L0d" A8 | IM Afe.d 1 jBul JUO'peoUeARe// ANy wWouj pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

15214095, 0, Downloaded from https://advanced.onlinelibrary.wiley.com/doi/10.1002/adma.202415648 by Seoul Nationa University, Wiley Online Library on [20/02/2025]. See the Terms and Conditions (https://onlinelibrary wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED

ADVANCED
SCIENCE NEWS

MATERIALS

www.advmat.de

www.advancedsciencenews.com

(panunuod)
(wu 17)
lze1] 2-W P2 00L @ ulwi 0z %6l W PdSLL£9 wu zg§ %18 usain £189dv4 VSN spuedi| Sunjeuipiood 1UaLWI1Ea11-1S0d
JUaLWIIEdI}-1SOd
S}|es wniuowwe :Oﬁmuw:_uo_\:
[osL] -W P2 00L @ Y ¥°0¢ %5'8C -W P2 oLy wu 9 %001 pay £19dsD IdINL VdSa |1V spuedi| uireuipiood nyis-uj
9|ndsjow
[vozl W P00l @ YSL %197 W p311§T wu g£9 %06 pay £19dsd apuojy Aoy >juedio pajeusdoley JUBLWIERI}1SOd
wu_mm wniuowuwe
(s6'L=u (wu g7) 1K1Y 3naajow
[zd ‘-w P2 00L = °7) y 08z ~%L %1 2-W P2 000£ wu 9€9 %98 pay £(1/4g)adsd IHUY JSINL >juedio pajeusdole JUBLLIERI}1SOd
(wu a|ndsjow
[os1] ~Wp200L @ ulw ¢ %79°7T 2-W P2 80€L £€) wu 959 %66 pay £19dsD ISWL >luedio pajeuadoleH JUdWIBRI3ISOd
s|ndsjow
lzsl] 2w p200L @ utwi /| %6°L1 £-W P2 00€ wu £9¢ %18 anig £189dsD 19SINL >juedio pajeuadojen 1U3LWI1Ea13-150d
(wu 07) a|noajow
[e9z] ~Wp200L @ Y67~ 08L %1°0C 2-W P2 0865 wu L gg~ %56< uaain £199dv4 41 oiuedio pajeuadoley 1oheq
a|ndsjow
[o7] ~W P200L @ ulw zgl %Y€T - wu | €5 %E°€6 udain £199d (vD/v4) g1l ojuedio pareusdoley 1afeq
(wu £9°%1) uoedyIpow
[zo7] -wp200L @ S 6% %C8'L Wi P2 659 wu G/ %6 an|g £(0/19)adsd oyzH S1|es WnIuoWWE K|y nys-uj
(wu
9¢) wu
€9 (wu
7-W P2 006 6L) wu pay £(1/19)qdsd
%LTT 2-W P2 000§ 0zs (wu (usa40) usaIn £189dsD
[Lozl ~w p200L @ Y oL %L 9T %T'8L 2-W P2 00L 6L) wu G/y %08 an|g £(10/4g)qdsd "4gvaL sifes wnjuowwe [y JUaWIBAI-ISOd
(wu
[ve1l NSy @ S 66 %€°9 2w p3 59% L1) wu L zy 9%00L an|g £(12/19)qdsd 1va S}[Es wniuowwe ||y JUdWIBRI3ISOd
[zol] - %50°€ -W P2 0Z8L wu 08y %56 anig 4g129dsd 1910 S)[es wniuowiwe |&y|y B335
(wu
[sol] - %C W pd Lyl 1) wu €9¢ %9°18 anig £189dsD 1gvad S1[es WnIuoWWE K|y JUaWIER13-1S0d
(—w p2 00zL = %7) uiw 09 wu uaain S]|eS Wniuowwe
[831] (z-w p2 06 = °7) uiwi oz %TT %E°TL S0S WU 6/ %001 an|g £189dsD 1gvd| JgeN 101V 2pijey d1uediou] 1UBLIERI}1SO
(wu
lzot] ~WPp200L @ s 129 %5°0L -W P2 649 €1 8L) Wu6LS %€8 usain £189dsD 1gvdyl S)[es wniuowiwe |&|y JUBWIeRI3-1S0d
lLot] - %LLTL W P> ¥9v6 wu g1g %86 usain £199dsD Sd1d aveaa S)|es wniuowiwe |&|y UBWIEaI3-1SOd
lec1] 2w P2 000L @ S 0§ %€6l 2-W P2 0£0Z wu 1§ %LF06 usain £199dsD dvaa s)|es wniuowiwe |&|y UaWIEa1}-1S0d
[eal] W P2000Z @ ulw 09 %981 W P2Z10 ¥ wu gLg usa1n £199dsD gavaa S1|es Wniuowwe K|y UaWIER13-1S0d
(wu Ssj|es wnjuowwe [Ky|y
[votl =W P2 00L @ ulw o8l %E°LT 2-W P2 00§ £€) WU 6%9 %08 pay £(1/4g)qdsd Uy INVO S)[ES LWNIUOWWE |y jusWIEa.-ISOd
adA]
(WHMS) uonisodwod 3|ndajow swadeuey
IEN] awnayl| |euonesado 303 QduBUIWLINT ead 13 AO1d Joj0D) 91D|SA0Jd Suneaisseq adA| puedn ERlIPIN

"SONd-P12Nn43su0da4-ad.ins 110[dxa 1ey) SQ3T Me-23-jo-21e1S JO DUBLLIOLI *§ 9|qeL

2415648 (26 of 44) © 2025 Wiley-VCH GmbH

Adv. Mater. 2025, 2415648


http://www.advancedsciencenews.com
http://www.advmat.de

15214095, 0, Downloaded from https://advanced.onlinelibrary.wiley.com/doi/10.1002/adma.202415648 by Seoul Nationa University, Wiley Online Library on [20/02/2025]. See the Terms and Conditions (https://onlinelibrary wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

i s ;:
EA m o
cm 3 (wu 67) w
NE < l¢] ~W P2 0L® S 10T %T°9 -W P2 /8°TYL wu 79% %L¥6 an|g £199dsD dow 1S0H d1uediQ JUBWIBAI-ISOd S
AM W (wu 07) - spoduniy 5
WM ol W P00l D Y§ %19t ¢-W P2 806 0L wu Lgg 9001 waiy  (fgqd' %D 'gd1 de[noajopy paredniuo) 1UaUWIeaIISOg S
A (wu m
l6gL] 2w p200Z @ Y oL %€ L€) wu 0y9 %96 pay £19dsD >l apijeH d1uediou| 1U3LI1E311-150d
(wu
[zc2] ~wd/yw 90 @ ulw 9¢| %8791 2-W P2 0v6 92 8l) wu gLs %9L uaain £189dsD aguz apijeH dluediou] JUdWIBIIISOd
(wu17)
[e1] ~WpISIL @ YSe %¢€°0L 2-W P2090 ZL wu 69¢ %66 an|g £189dsD tguz api[eH diuediou| UaWIER13-150d
uoljesyipow
[Le2l - %C€L wpd ez L wu 849 %16 pay £(1/4g)qdsd tiged apijeH d1uediou| nys-uj
(wu
lost] =W P2 001 @ ulw 69 %8'1T -W p29/§ £€) wiu /89 %T 6L pay 15:¢1qdsD > apijeH dluediou] 1oheq
(wu
[LgL] 2-W P200€ @ Y Z9+°0 SyolL 2-W P2 786 8¢ 8L) wugLs %0L usain £199d(sov4) agn apijeH diuediou] 1afeq
(wu 07)
locL] 2-W P2 0001l @ ulwi 0¢ %L'3L 2-Wi p2000 LT wu 91§ %EFS8 usain £199dsD LOdS1 spuedi| 8uneuipiood 1oheq T
auolyien|3-| .M
lozzl -W P2 Lyl @ ulw ogl %¢£°0C -W P2 /79 wu 079 %0L pay £(1/1g)advin v.La3 spue3i| uneuipiood 1U3LWIEaI11S0d .m
(wu uolesyIpow o
l697] W P00l @Y LLL %817 W P2 06§ LT S€) wu 0g9 %56 pay £19dsD vSg4-y spuedi| Suneuipiood nys-uj m
(wu z-91) 1n
losz] Z-wd yw oy @ s 00§~ %8°1T 2-W P2 000 09 wu 9§ %96 usain £1g(qd/02)sd dg1-s spuedy| Buneuipiood JUBLUIE3IIISOd &
(wu
[g97] AE @ uiw 0g %LTL =W P2 /91 7€) wu 989 %18 pay £19dsD o3 spuedi| uneupiood 1U3LWIEaII-1S0d
uoljesyipow
[821] =W P2 0§51 @ ulw 00SZ %9°€T z-W P2 000L wu /%9 %08 pay £(1/4g)qdsd OVId-Yda spuedi| Suneuipiood nyis-uj
(wu z'gg) uoedyIpow
lze1] LW YW oE @ Y LLE %81 W pd28L9 WU 689 %68 pay £19dsD VINd spuedi| Buneuipiood nys-uj
(wu
[s1] 2-W p200L @ uiwi €9 %8°TT W P2 0L6 L £€) Wu G£9 %86 pay £(1/4g)qdsd ueydoidAip spuegi| Sunjeuipiood JUdWILaI}ISOd
£ [£o7] -Wp200L @ uiwi /8 %81 W p2052 Wwu €59 %66 pay £1(qd/umn)sd autaysh)y spuesi| Sunjeupiood 1U3LI1E311-150d
m. (wu
g l997] 2-W P2 007 @ ulw €¢ %L°L 2-W pd L6€L 6€) WU €9 %001 pay £19dsD Iy spuedi| Suneuipiood JUBWIERI3-1S0d
(< m (wu
mW m [s97] W p200L @ ulw gy %S°€T W P2 €487 9L) wu 06¥ %V8 an|g £(0/19)adsd V418D spue3|| Suneuipiood UaWIER13-150d m
c_._N._ ) adAL. 2
NE M (WHMA) uoipsodwod a|ndsjow juawadeuey Hy
AC m IEN| awinayl| [euonesado 303 SduBUIWINT 3ead 13 AO1d J0[0D 911SA0Jd Bunenisseq adA| puediy ERlINGIN m
>Z 3 5
D% g (panunuod) - 9|qeL N
o & 3


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A
Labile Ligands »

Dynamic acid-base
interaction

v Different functional moiety
v’ Surface bonding formation

www.advmat.de
Molecular ligand design :
Head group Tail group

v Electrical properties
v’ Colloidal stability

et e T TS

Ligand Detachment

¥
/ Defect generation

lonic vacancies

4 4
J?ﬁ
NH; &"oH
l\, Uncoordinated Pb2*

AS AT A NG AN
NA A AL 4 >I N A4

NN AN N e /| IN N
WS S S ercton qwenching )

'4; )E Hydrogenation
) AE=-170eV

§ Br vacancy filing
Absorpllon TETE debromination
AE=-1.89eV

Short
nonpolar

D Kl-exchanged

Short and conductive
ligands

Alkyl-chain ligands

v' Surface defect passivation
v" High colloidal stability

Ammonium

halides / {( ligands ‘

\ —Si—
/w\/l\/l\ ?’ AN
N A2 U AN AN
N NN

Conductive ligands
v" Highly ordered PNC films
v Thermal/electrical conductivity

Coordinating Inorganic

ligands

Halogenated
molecule

/'\/b«A\q
OVAIAL
2N\ NG\

AN

\,C Efficient Light emission)

(Heat dissmatlon}(Charge transpon)

With CMM

€ 3

b

A OACACAD

gpococeoo

e
xiooce |
SRR e W'“‘°“'°“ﬂ
5633% P00 00000 =5

BB DADDD 3»-\ & ff

AN = 2

=2

Solution Film Solution

©) oY (x) r
transfer { I ‘
Red shifted No peak
emission shift

Figure 12. A) Schematic illustration of surface reconstruction for efficient and stable electroluminescence of PNCs. Surface defects can be generated by
desorption of labile ligands, which induces exciton quenching. Both the head group and tail group of molecular ligands for surface reconstruction can
be designed. Surface reconstruction by alkyl-chain ligands can eliminate surface defects while maintaining colloidal stability. Conductive ligands are par-
ticularly effective at enhancing the thermal transport and electrical properties of PNCs. B) Mechanism of halide vacancy passivation in FAy gGA 1PbBr;
PNCs by a TBTB molecule. Reproduced with permission.[26] Copyright 2021, Springer Nature. C) Schematic illustration showing suppressed dynamic
motion of PNC lattice by CMMs. Reproduced with permission.[®] Copyright 2024, Springer Nature. D) Schematic illustration of surface reconstruction
with enhanced ordering by halogenated molecule, TMS-X. Reproduced with permission.l'87] Copyright 2023, AAAS. E) Infrared-thermal-imaging pic-
tures of PNC devices treated with and without an inorganic ligand (K1) at their highest temperature. Reproduced with permission.['3%! Copyright 2021,
WILEY-VCH F) Schematic illustrating QD-QD interaction related to emission spectrum shifts, in QD-only film (left) and QD-mCP solid solution (right).
Reproduced with permission.[3] Copyright 2024, WILEY-VCH.

(T, = 3.3 eV), significantly improved EQE.I'7"! However, for
green and red PNC-LEDs with lower bandgaps (E, ~2.3 and
2.0 eV), exciton quenching by the triplet energy of naphthalene
groups becomes negligible. Therefore, using 2-naphthalene sul-
fonic acid (NSA) as a ligand enhances charge transport capabil-
ity, achieving high EQEs of 19.2% for green and 26.04% for red
PNC-LEDs.[171:172]
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Engineering X-site species also stabilizes PNC surfaces. For in-
stance, post-treatment with di-dodecyl dimethyl ammonium flu-
oride (DDAF) passivates bromine vacancies by filling them with
fluoride ions, which form a type I junction at the surface, and
ultimately suppress carrier trapping and thermal quenching./'3]
Thiocyanate ions (SCN™) filled Cl~ vacancies and removed mid-
gap states without changing the emission spectrum.['74
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5.3.2. Incorporation of Strongly-Coordinating Ligands

Uncoordinated Pb?* ions, primarily generated by halide vacan-
cies, act as severe exciton quenching sites. Passivating them is
essential to realize high-efficiency PNCs. A common strategy is to
employ ligands that possess lone pair electrons in the head group,
which can neutralize the uncoordinated Pb?* ions. This approach
requires the appropriate design of the ligand’s functional moi-
ety because it directly influences the coordination strength with
Pb?* ions. For example, lone pair electrons in nucleophile moi-
eties such as P=O (from phosphine oxide), 0=S=O (from sul-
fone), C=0 (ketone), and deprotonated anionic moieties such
as CO,~ (from acetic acid), PO;%~ (from phosphonic acid), and
SO, (from sulfonic acid) strongly coordinate lead atoms and
thus suppress the formation of undercoordinated Pb**. While de-
protonated oleic acid also has a COO™ moiety with lone pair elec-
trons, its long alkyl chain and relatively weak carboxylate group
result in less-stable binding. Therefore, elaborate design of both
head and tail groups is essential.

Strongly-coordinating ligands not only passivate defects but
also etch the PNC surface by removing imperfect octahedra, en-
abling to achieve nearly perfect PNC surface. Tryptophan (TRP)
with amino acid moiety has been shown to not only coordinate
with Pb?* through its carboxylate group but also to form an addi-
tional strong cation-r interaction between the indole ring of TRP
and Pb**. Through these multidentate bindings, TRP showed a
high adsorption energy of 4.14 eV and the elimination of trap
states within the bandgap of CsPbl; PNCs. TRP also recon-
structed the PNC surface by removing imperfect PbX, octahedra
due to strong binding with Pb?*. The presence of aromatic ring
moiety improves electrical properties, resulting in pure-red PNC-
LEDs with an outstanding L, of 12 910 cd m~2 at 635 nm with
an EQE of 22.8%.[15] Diisooctylphosphinic acid (DSPA), which
has stronger adsorption energy on the PNC surface compared to
oleate species, suppressed the formation of uncoordinated Pb**
ions and iodine Frenkel defects.['”®! Sequential treatments, in-
cluding surface etching using hydroiodic acid, and the addition
of tributylmethylphosphonium iodide (TMPI), further increased
surface passivation. LEDs that used such surface-reconstructed
PNCs achieved a remarkable EQE of 28.5% and an operational
lifetime of 30.4 h. This result demonstrates the value of suppress-
ing vacancy formation, etching away imperfect octahedra, and
ensuring near-perfect surface treatment.[7%]

Polymeric ligands that integrate various functional moieties
in the polymer chain have also been used to improve lumi-
nescent properties of PNCs. Especially, the polymer matrix sig-
nificantly enhances the material- and operational-stability of
PNC films. Poly(maleic anhydride-alt-1-octadecene) (PMA), func-
tionalized with maleic anhydride rings, formed strong Pb—O
bonds, enabling to yield thermodynamically stable -CsPbl,
nanocrystals.'””] Additionally, the 1-octadecene moieties formed
a hydrophobic layer that protected against polar solvents dur-
ing purification. Benefiting from the stabilized phase and sur-
face passivation, PNC-LEDs with cross-linked PMA achieved a
remarkable Ts, of 317 h.['”7] Further design of the side chains in
polymeric ligands with incorporating a combination of dispers-
ing alkyl chains and aromatic functional groups significantly en-
hanced colloidal stability and facilitated charge transport. This
resulted in a high EQE, .. of 23.6% and a long operational life-
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time of ~#2500 min.'78] These results emphasize the importance
of designing ligands that have a head group that strongly coordi-
nates Pb?* ions and a tail group that effectively assembles PNCs
by controlling steric hindrance while maintaining excellent elec-
trical properties and colloidal stability.

5.3.3. Hetero-Interface Passivation

Hetero-interface passivation between the PNC active layer and
CTLs is an effective surface reconstruction strategy. This strategy
involves inserting interlayers that provide additional passivation
to both upper and underlying layers of PNCs, along with improv-
ing charge balance. Hetero-interface passivation can also influ-
ence PNC organization and packing when applied to underlying
layers.

Depositing a layer of 1,3,5-tris(bromomethyl)-2,4,6-
triethylbenzene (TBTB) on FA, ,GA, PbBr; PNC film facilitated
defect passivation by supplying Br~ anions that were released by
debromination of the TBTB molecules (Figure 12B).2%] In the
presence of acid ligands, the de-brominated TBTB undergoes
hydrogenation, which stabilizes the TBTB molecule. When
deposited between the PNC film and ETL, the insulating TBTB
layer slows down electron injection, improving charge balance.
PNC-LEDs with the TBTB interlayer achieved a current efficiency
of 108 cd/A and an EQE of 23.4%, which was the highest PeLED
efficiency in 2021.

Other interlayers containing moieties that have lone pair elec-
trons (e.g., P=0, S=0, and C=0) passivate uncoordinated Pb**
by coordination bonding, and thereby also boost luminescence
efficiency.['’°! Bilateral passivation using a diphenylphosphine
oxide-4-(triphenylsilyl)phenyl (TSPO1) interlayer improved EL ef-
ficiency (EQE,,,, = 18.7%) by a virtue of phosphine oxide moi-
eties what has high bond order to Pb?+.1'7]

Metal halide-based interlayers are also used for hetero-
interface passivation. Incorporating a potassium iodide (KI) layer
beneath CsPbI; PNC films reduced the contact angle of the PNCs
solution on the KI layer, owing to the strong interaction of K+ with
the I" in [PbI4]* octahedra.l’®)] This facilitated dense and uni-
form PNC organization accompanied by improving film rough-
ness. Furthermore, the KI interlayer has high thermal and electri-
cal conductivity, and thereby improves the thermal resistance of
PNC films and induced balanced charge injection; these changes
also suppress Joule heating and Auger recombination. Using a
KI interlayer, high-efficiency PNC-LEDs with deep-red emission
were demonstrated, with an EQE of 21.8%.118%] Similarly, various
alkali-metal bromides (e.g., LiBr, NaBr, KBr) also developed inter-
faces that improved the crystallinity of PNCs and promoted tight
packing of them.[181]

5.3.4. Perovskite Lattice-Strengthening

The ionic nature of halide perovskite materials induces large-
amplitude atomic displacement and anharmonic vibration
modes, resulting in dynamic disorder that screens excitons and
thus reduces radiative recombination.!'82-18] However, few stud-
ies have tried to control the lattice dynamics of perovskite mate-
rials to reduce non-radiative recombination.
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Recently, a novel approach was developed, which employs 7-
conjugated molecular multipods (CMMs) with multiple bind-
ing sites and relatively large molecular size, to suppress dy-
namic disorder at the perovskite surface. (Figure 12C).[Y) CMMs
have nucleophile functional groups, which form multiple hydro-
gen bonds with FA and GA cations with a favorable horizon-
tal orientation on the surface. This multi-site hydrogen bond-
ing between nanocrystalline perovskite surface, accompanied by
van der Waals interaction, stiffens the perovskite lattice (lattice-
strengthening) and thus increases the in-plane elastic modulus of
perovskite slab. A perovskite lattice with CMMs adsorbed showed
a blueshift in low-frequency vibrational modes, especially PbBr,
octahedral distortion, and rotation, which is clear evidence of
suppressed dynamic disorder. Additionally, the effects of lattice
strengthening predominantly occur at the surface, so they can be
particularly effective in nanocrystalline perovskites, which have a
high surface-to-volume ratio.

The trends of the improvement in PL/EL efficiency of the
nanocrystalline perovskite (PC perovskites and PNCs) matched
well with the increased elastic modulus; this result indicates that
surface reconstruction utilizing lattice-strengthening approach
is universally-applicable to all types of perovskite emitter. As a
result, FA,yGA,,;PbBr; PNCs that used a lattice-strengthening
TPBi CMM showed a near-unity PLQY and an EQE of 26.1%.
This perspective will provide a novel strategy to overcome the in-
herent limitation of nanocrystalline perovskite.

5.4. Interparticle Engineering Between PNCs

The organic alkyl chains of the ligands provide colloidal stabil-
ity and prevent damage by flocculation solvents and moisture.
However, in LED operation, these organic mediums can hinder
charge transport between PNCs; this necessitates higher voltages
to achieve the same brightness. Consequently, ion migration is fa-
cilitated, leading to accelerated degradation of LED. Additionally,
Joule heating can accelerate the detachment of dynamic ligands.
To improve EL efficiency and stability in PNC-LEDs, the charge
carrier mobility of PNCs must be increased, and efficient heat dis-
sipation within PNC films must be promoted. These goals can be
achieved using two approaches: 1) Enhanced ordering between
PNCs and 2) Minimized organic medium in PNC films.

5.4.1. Enhanced Ordering between PNCs

Size variations in PNCs lead to irregular arrangements, which
increase average interparticle spacing, and the charge-injection
barrier. In contrast, enhanced ordering of PNCs can reduce inter-
particle distance, and thereby significantly improve charge trans-
port through PNC films. This improvement can promote bal-
anced charge injection, and thus suppress Auger recombination
and consequently reduce efficiency roll-off. To achieve periodic
ordering of PNCs, they must be engineered to have uniform size.
Strong coupling ligands also decrease interparticle distance and
increase the ordering of PNCs.

Trimethylsilyl halides (TMS-X) were developed to en-
hance PNC ordering and passivate surface bromine defects
(Figure 12D).[22] TMS-X reacts with protic agents by a nucle-
ophilic reaction that generates HX, which dissolves PNCs that
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have poor ligand coverage and regulates the size of PNCs.
Narrowed size distribution by bromotrimethylsilane (TMSBr)
treatment induces long-range ordering in PNC films, thereby
reducing dot-to-dot distance and causing a redshift in PL emis-
sion due to strong coupling. The ordered PNC films had 3.6
times higher conductivity (4.5 x 107* S m™') than the control
film and had improved thermal stability. This enhancement in
ordering achieved an impressive operational lifetime, with a
Ty, of 780 h, which is the longest operational lifetime reported
for PNC-LEDs to date.[??] Similarly, iodotrimethylsilane (TMSI),
also provides iodine ions to passivate undercoordinated Pb**
ions.!'86] TMSI-treated PNC film achieved a PLQY > 90% and
had an order of magnitude increased conductivity due to en-
hanced compactness; this strategy yielded red-emitting (656 nm)
PNC-LEDs that had EQE ~23%.[18]

Liquid TMSBr is also compatible with underlying HTLs,
so it enables self-assembly of PNCs down to the monolayer
limit with increased ordering.'®”] TMSBr-treated monolayer
PNC-LEDs achieved a high EQE of 11.9% with deep-blue
emission at 463 nm, which approaches the Rec. 2020 blue
standard.'87]

5.4.2. Minimized Organic Medium in PNCs

Inorganic halides such as NaBr or ZnBr, offer superior electri-
cal and thermal conductivity while effectively passivating halide
vacancies and undercoordinated Pb** ions. Minimizing the or-
ganic medium by using inorganic halides significantly improves
the brightness and stability of PNC-LEDs. However, since they
lack alkyl chains, and therefore do not provide colloidal stability;
also, sometimes polar solvent is needed to disperse PNCs treated
with inorganic halides.['8]

Bipolar shell resurfacing of PNCs using NaBr demonstrated
higher PLQY than organic ligand-passivated PNCs, regardless of
PNC size.['®8] The addition of a polar solvent like DMF aided
the colloidal dispersion of PNCs. NaBr-terminated PNCs with
uniform size distribution assumed a close-packing configura-
tion. They showed superior carrier mobility (> 0.01 cm? V-1s71)
and increased thermal stability compared to the control samples.
Bipolar shell PNCs obtained using NaBr treatment demonstrated
an EQE of 22% in green PNC-LEDs and 12.3% in blue PNC-
LEDs.

Stable a-phase CsPbl; PNCs were achieved by solid-state lig-
and exchange with KL['®! KI strengthened interdot interactions
by favoring mechanical coupling, and induced strain at the
PNC surface; these changes significantly improved phase stabil-
ity. It also improved thermal transport properties, so the PNC
film effectively dissipated Joule heating during device operation
(Figure 12E), and thus improved operational stability.!'®]

The function of inorganic halides on PNC surfaces was further
elucidated using ZnBr,. The dielectric constant of ZnBr, closely
matches that of CsPbBr;, weakening the dielectric confinement
effectand decreasing the exciton binding energy in ZnBr,-treated
CsPbBr; PNCs. This reduction in exciton binding energy con-
tributes to the suppression of Auger recombination. Addition-
ally, ZnBr, relocates charges near the VBM from the PNC core to
the surface; this process reduces carrier accumulation within the
PNCs and further inhibits Auger recombination. The PNC-LEDs

© 2025 Wiley-VCH GmbH

95UB017 SUOLUWIOD 3A 111D 3[cedljdde auy Aq peusenol a1e sajole YO ‘9SN J0 Sa|nJ 10} Aeiq1T 8UlUO A8|IM U (SUORIPUOD-PUE-SWLBIAL0O" A IM ATl 1jou 1 U0//SdNy) SUOTIPUOD pue SWie 1 84} 88S *[5202/20/02] uo Akeiqiauliuo A8iIm ‘AlsieAlun euolieN [N0ss Aq 8r9STYZ0Z eWPe/Z00T OT/I0p/L0d" A8 | IM Afe.d 1 jBul JUO'peoUeARe// ANy wWouj pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

treated with ZnBr, had a peak emission wavelength of 469 nm,
with L, of 12 060 cd m~? and EQE,,_, of 10.3%.17

max

5.4.3. Decoupling of Perovskite for Deep-Blue Emission

The development of deep-blue PeLEDs remains challenging due
to difficulties in achieving the desired color purity. Engineering
interparticle interactions can help achieve deep-blue emission
with high efficiency. Two primary strategies to obtain deep-blue
emission are using mixed halide compositions of Br~ and CI-,
and inducing strong quantum confinement effects. However, in-
corporating chloride leads to high defect densities and severe
halide segregation.!0191] Additionally, strong quantum confine-
ment requires low- or medium-n phases (n = 2, 3)[! or ultra-
small crystal sizes < 4 nm,/® which result in increased surface
defects and reduced stability. Consequently, achieving deep-blue
PeLED emission < 463 nm, as required by the Rec. 2020 color
standard, is uncommon.

Emission at 462 nm has been realized using Cl-free perovskite
quantum dots while minimizing size reduction to prevent defec-
tive surfaces. This approach addresses the intrinsic redshift in the
perovskite emitting layer caused by electronic coupling and en-
ergy transfer (Figure 12F). A highly diluted perovskite quantum
dots in an organic solid solution prevented these particle interac-
tions and enabled a 7 nm blueshift and a high EQE, , of 6.2%
at 462 nm.®) In this system, the semiconducting organic mate-
rial N,N’-dicarbazolyl-3,5-benzene (mCP) was used to mitigate
insulating properties. These results suggest that electronic cou-
pling and energy transfer toward lower bandgaps impede deep-
blue emissions; such effects should be considered not only in
perovskite quantum dots but also in low-n Q2D and strongly con-
fined in situ PNCs.

6. Tandem PeLEDs

Tandem structures, which stack multiple light-emitting units
(LEUs), enable a multifold increase in EQE;7192193194] and are
widely utilized in commercial vacuum-deposited OLED technolo-
gies. Theoretically, if the charge generation efficiency (£;) and
charge balance factors of each LEU are both 1, the EQE of the
tandem LED can be derived by linearly adding the EQEs of the
stacked LEUs. The EQE of the tandem device can be calculated
using the following equation:

EQEndem = &ccr X {EQE py1 + EQE ;) 4)

where £ is a charge generation efficiency, defined as the num-
Dber of electrons or holes generated at the charge generation layer
(CGL) divided by the number of electrons or holes injected from
the electrode. Therefore, incorporating tandem structures into
PeLEDs enables the achievement of higher EQE than single-
stack devices, which are constrained by theoretical limits. Fur-
thermore, by enabling simultaneous light emission from multi-
ple LEUs, tandem structures reduce the current density required
to achieve a given brightness. This reduction in current density
significantly lowers electrical stress on individual PeLED units,
thereby mitigating degradation factors such as ion migration and
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redox reactions during operation. As a result, tandem PeLEDs
provide the dual advantages of extended operational lifetimes and
increased EQE.

While vacuum deposition allows for easy stacking of LEUs in
OLEDs, the EQE of vacuum-deposited PeLEDs remains relatively
lower than that of solution-processed PeLEDs, with the highest
reported EQE .. only at 16.4%.[14%] This limitation hinders the
achievement of high EQE, .. on tandem PeLEDs. Additionally, as
the solvents can damage or wash away the underlying layers, the
realization of all-solution-processed tandem PeLEDs is particu-
larly challenging.

To overcome these limitations, hybrid tandem structures com-
bining a solution-processed PeLED (bottom) and a vacuum-
deposited OLED (top) have been introduced.[**>"17] However, the
two LEUs use different types of emitters, so they have generally
dissimilar EL spectra shapes and J-V-L characteristics, possibly
leading to broadened FWHM and unstable EL spectrum during
the device operation.

Recently, a valley-centre tandem PeLED has been developed,
where both the microcavity effect and the charge balance of each
LEUs were optimized (Figure 13A).I'”] The microcavity effect en-
hances constructive interference of the light emission within the
tandem device when the thickness of each layer is precisely con-
trolled. Optical simulations show that the narrowest FWHM is
achieved at the valley point with an optimized layer thickness
(Figure 13B). If the thickness deviates from the optimized point,
anon-cavity structure results in a broadened FWHM. In contrast,
the valley-centre tandem PeLED exhibits an emission spectrum
with a narrow FWHM < 28 nm (Figure 13C).

Optimizing the charge balance of each LEU is challenging but
critical to maximizing the EQEs of the LEUs. To achieve a near-
perfect charge balance, a bi-electron transport layer of TPBi and
ZADN was employed because ZADN promotes electron injec-
tion due to high electron mobility. Based on this modification, an
ultra-high-efficiency tandem PeLED with an EQE of 37.0% was
obtained, whereas an imbalanced charge configuration with TPBi
resulted in an EQE of 26.8% (Figure 13D).

Time-resolved EL spectra during the rising time of EL intensity
showed stable emission spectra; this result indicates that both
perovskite and organic emitters contribute uniformly to stable
LED. In addition, fast on-off EL response and stable EL spectra
under different voltages solidify that the charge balance of the
two LEUs in valley-centre tandem PeLEDs is nearly perfect. Fur-
thermore, the tandem structure reduced electrical stress to ex-
hibit the same brightness, so the operational lifetime is much
longer in the valley-centre tandem PeLEDs than in single PeLEDs
(Figure 13E).

This approach, which simultaneously optimizes the microcav-
ity effect and charge balance, offers a promising method to use
hybrid tandem device structures (nanocrystalline PeLED stacked
with other LEUs), and to increase EQE while maintaining the ad-
vantage of the narrow FWHM of nanocrystalline perovskites.

Furthermore, white tandem LEDs can be fabricated by mod-
ulating the emission wavelength of each LEU. For example, the
combination of a sky-blue perovskite LEU and an orange organic
LEU produces white light with a color temperature of 3756 K
and a high EQE of 24.3%.1%] The incorporation of a red organic
emitter allows further shifts in the CIE coordinates, resulting in
white light with a color temperature of 2522 K and an EQE of

© 2025 Wiley-VCH GmbH

95UB017 SUOLUWIOD 3A 111D 3[cedljdde auy Aq peusenol a1e sajole YO ‘9SN J0 Sa|nJ 10} Aeiq1T 8UlUO A8|IM U (SUORIPUOD-PUE-SWLBIAL0O" A IM ATl 1jou 1 U0//SdNy) SUOTIPUOD pue SWie 1 84} 88S *[5202/20/02] uo Akeiqiauliuo A8iIm ‘AlsieAlun euolieN [N0ss Aq 8r9STYZ0Z eWPe/Z00T OT/I0p/L0d" A8 | IM Afe.d 1 jBul JUO'peoUeARe// ANy wWouj pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Organic emitter

www.advmat.de

U
| e
55 T
Electron injection layer: LiF 4 T FWHM

'r,o* OLED[ Perfect Valley-centre (nm)
At o4 unit ETL: ZADN/TPBi charge tandem i 55
I balance
2 - f
| organic EML: Ir(ppy),acac in CBP/TCTA e®, I+ Il s
| |
Efficient ! {
Hole transport layer: TAPC charge e o l’ ‘
generation / = 25
nm — I
CcGL [ p-type charge generation layer: MoO, é Y =
a0 550 600 650:0m ‘ n-type charge generation layer: BCP:Li @ A %
=4 40
PeLED
Perousiitaaniiiar unit Electron transport layer: ZADN/TPBi
Ly
¥ 35
r: FAGAPbB, @@T T

Perfect |
charge |
balance;

Hole transport layer: Buf-HIL

30

ITO anode

25

Glass substrate

(@
O

y Optimized
microcavity
structure

—+— Valley-centre tandem T 120 —ondem (L,= 1,000 cd m?, measured)
-~ Thick tandem 40: 1 MBS 110 - Tandem (L,= 100 cd m”, estimated / n=1.7)
2 1ot i —— PeLED (L,= 100 cd m?, measured)
s 100 =50
z ) ) 30} N
2 Microcavity effect 9 . 90k \ :
3 H R xX X
= . i | Narrow || Broad 8 20| = 80 i
o 05 = f—' FWHM FWHM w N i \
: § " [27.3nm ||50.5 nm ~3 3

£ i 70+
9 / \ 10 +
z / 3 ) Unbalanced tandem 1 60

) 4 A Y =4 Valley-centre tandem

0 T 0 { . | A A . 50 L Al . L L L
500 550 600 650 5 6 7 8 9 10 10" 10° 10" 10*> 10° 10* 10°

Wavelength (nm)

Voltage (V)

Time (h)

Figure 13. A) Device structure of valley-centre tandem PeLEDs. The EL spectra of single OLED and PeLED were shown. B) Optical simulation of FWHM
according to the thickness of charge transport layers of light-emitting units. C) EL spectra of optimized valley-centre tandem structure and non-cavity
structure. The FWHM is shown. D) EQE of balanced valley-centre tandem LED and unbalanced tandem LED. E) Operational lifetime of OLED, PeLED,
and valley-centre tandem PeLED. Reproduced with permission.['%7] Copyright 2024, Springer Nature.

23.9%. Another way to obtain white emission is by combining
the primary colors of light (red, green, and blue). Stacking three
R/G/B-emitting perovskite LEUs leads to a monolithic R/G/B
white PeLED, yielding pure white emission with a CIE coordinate
of (0.33, 0.33).] Due to the narrow FWHM of each perovskite
LEU, a prominent color gamut is achieved, covering 130% of the
National Television System Committee (NTSC) standard.

7. Summary of Trends in Nanocrystalline-PeLEDs

This section summarizes major trends and strategies to achieve
efficient PeLEDs using each of the three types of nanocrystalline
perovskite. (Figure 14).

7.1. Polycrystalline Perovskite

(Phase 0) The initial PC PeLEDs, which lacked grain modula-
tion, had sub-micrometer grains with highly defective surfaces
and grain boundaries. These large grains and defects caused lu-
minescence quenching due to thermal ionization of electron-hole

Adv. Mater. 2025, 2415648

2415648 (32 of 44)

pairs (or excitons) at room temperature and non-radiative recom-
bination in trap states.

(Phase 1) To overcome the material limitations of PC per-
ovskites, such as low exciton binding energy and long exciton
diffusion length, a strategy was developed to increase charge con-
finement by obtaining grains of size < 100 nm. Small and uni-
form grains were obtained by inducing instantaneous nucleation
during the crystallization process by TPBi-based nanocrystal pin-
ning. As a result, a high EQE of 8.53% was reported; this result
suggests the possibility of developing high-efficiency PeLEDs.[*"]

(Phase 2) During the development of PeLEDs, two critical
challenges arose: to overcome the short device lifetime and
to increase efficiency. However, ionic defects in perovskites
significantly hindered progress on these challenges. There-
fore, a strategy to effectively suppress grain boundary defects
was developed. A small amount of large ammonium cation
added to the precursor solution formed a 2D phase within the
grain; this structure effectively inhibited ion migration, which
would lead to device degradation. Additionally, this method
successfully suppressed the overshoot phenomenon caused
by the formation of an internal electric field under voltage
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Figure 14. Development of PC, Q2D, and PNC-PeLEDs is divided into four phases. (Polycrystalline) Phase 0: sub-micrometer grain with defective
surface, and its SEM image. Reproduced with permission.[1%1 Copyright 2015, AAAS. Phase 1: Small grain size < 100 nm obtained by additive-based
nanocrystal pinning and its SEM image. Reproduced with permission.l'%l Copyright 2015, AAAS. Phase 2: 3D/2D hybrid perovskite with benzylamine,
and its SEM image. Reproduced with permission.[’° Copyright 2020, Springer Nature. Phase 3: in situ core/shell perovskite with BPA, and its TEM
image. Reproduced with permission.[™] Copyright 2022, Springer Nature. (Quasi-2D) Phase 0: energy transfer from low-n phases to high-n phase in
the early stage of Q2D perovskite. Phase 1: facilitated charge transfer by randomly orientated Q2D perovskite. Phase 2: defect passivated, narrowed
n-distribution Q2D perovskite by with TPPO. Phase 3: removal of defective and insulating low-n phases (n = 1 and n = 2). (Nanocrystal) Phase 0: PNC
with excess long chain ligand with defective surface. Phase 1: ligand engineered PNC with DDAB. Phase 2: Comprehensive defect passivation using GA
and TBTB. Phase 3: lattice-strengthened PNC using z-Conjugated molecular multipods. Operational lifetime using accelerated Ts is calculated as of
LT, /LT, = (Ly/Ly)" with n = 1.65.

operation and thereby extended the device lifetime from ~38 min
to ~14 h.l””]

(Phase 3) The in situ core/shell PNC system maximizes de-
fect passivation by utilizing benzyl phosphonic acid to strongly
bind with uncoordinated Pb?*. This system passivates defects
at grain boundaries and within the crystal, splitting the large
grains into nanograins, and achieving an optimal grain size re-
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duced to 10 nm. It simultaneously enhances exciton binding
energy, reduces defect density, and maintains high charge mobil-
ity, even as the grain size decreases to #10 nm and more surfaces
and grain boundaries are generated. As a result, a high EQE of
28.9% and an extended device lifetime of 31 808 h (T, at L, =
100 cd m~?) were realized. These traits opened the possibility of
commercialization.!'*
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7.2. Quasi-2D Perovskite

(Phase 0) The first reported Q2D-PeLEDs using PEA as a spacer
cation laid the foundation for further developments in the
field."!l The methods focused primarily on the formation of per-
ovskites that had a multi-quantum-well structure and energy fun-
neling of excitons.['1#*] However, the low charge mobility caused
by the large amount of insulating spacer cations hinders charge
transport in PeLEDs, highlighting the need for strategies to over-
come the insulating nature of Q2D perovskites.

(Phase 1) To overcome the low charge mobility, the orientation
of the planar perovskite layers was modified. The adoption of the
nanocrystal pinning process significantly increased charge trans-
port by randomizing the orientation of perovskite layers. This
randomization formed a 3D network of charge transport paths
overcoming barriers of insulating spacer cations and thereby fa-
cilitated charge transport across the layers.[!*]

(Phase 2) Introduction of various additives and engineering of
the spacer cations passivated defects and increased the overall ef-
ficiency. For example, introducing TPPO to Q2D perovskite sig-
nificantly reduced defect density and narrowed the distribution of
n-phases. As a result, reduced non-radiative recombination and
fast and efficient energy funneling led to notable improvements
with EQE, . of 14% and L . of 45 000 cd m~2.[%]

(Phase 3) By concentrating the Q2D perovskite phases pri-
marily in high-n phases while effectively removing low-n phases
(n = 1 or 2), further advances were achieved. This removal of
defective and insulating low-n phases, which are key contrib-
utors to instability, resulted in highly efficient energy funnel-
ing and radiative recombination of excitons. Removing low-n
phases can be accomplished through the NCP process during
spin-coating!*®! or by adding additives that suppress the forma-
tion of PEA agglomerates.[1%] This more recently, selectively re-
moval of n = 1 and 2 phases using hexylamine led to EQE . of
29.5% and an extended operational lifetime of 50317 h.[?!]

max

7.3. Perovskite Nanocrystal

(Phase 0) Following the foundational patents on PNCs in
20141125126 the spatially confined structure of PNC attracted at-
tention due to high PL efficiency. However, the early development
of PNC-LEDs was limited by ligand detachment and the insulat-
ing nature of long alkyl ligands, caused by inadequate purifica-
tion and surface passivation.[']

(Phase 1) The purification process for PNCs using ethyl ac-
etate as a washing solvent was introduced to effectively reduce lig-
and density, thereby improving charge injection into PNCs. This
approach dramatically increased the EQE, ,, of PNC-LED from
0.12% to 6.27%.11%7 Additionally, a ligand exchange procedure
that replaced dynamically-binding ligands (e.g., oleylamine/oleic
acid) with a strongly-binding ligand (e.g., DDAB) further en-
hanced the PLQY from 49% to 71%!'>! These two strategies laid
the foundation for material modifications in PNCs, and are still
widely utilized to achieve high-efficiency PNC-LEDs.

(Phase 2) Due to the ionic nature of perovskite crystals and the
dynamic binding of ligands, defect formation within the core and
at the surface of PNCs is still inevitable, hindering EQE improve-
ments in PNC-LEDs. A comprehensive defect-passivation strat-
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egy that uses GA dopant in both the bulk and surface of PNCs
and a TBTB interlayer on spin-coated PNC films, was developed
to simultaneously stabilize core-crystal and mitigate surface de-
fects in PNCs as well as defects on the surface of the PNC film.
This approach significantly increased EQE to 23.4%.[2¢]

(Phase 3) The use of excess ligands in PNCs is essential to
maintain colloidal stability, but these ligands hinder charge trans-
port between PNCs and accelerate the degradation of PNC-LEDs
under device operation, resulting in a shorter operational life-
time than PC-PeLEDs. To overcome these limitations, efforts
have focused on improving particle ordering and minimizing the
amount of insulating ligands. These approaches have resulted in
enhanced thermal and electrical conductivity of PNC films, re-
sulting in an extended operational lifetime of Ty, 780 h.[?2] Nev-
ertheless, the ionic nature of perovskites induces dynamic disor-
der within the lattice, which interferes with the radiative recom-
bination of charge carriers. To address this issue, CMMs with
multiple moieties that bind to the A-site cations of perovskites
were designed. These CMMs enhance lattice stability and re-
duce dynamic disorder on the perovskite nanocrystal (PNC) sur-
face, significantly improving both the efficiency and stability of
PNC-LEDs, achieving an EQE of 26.1%. At the same time, this
approach provides a new perspective for the development of
nanocrystalline perovskites.(®!

8. Remaining Challenges

Despite significant advances in PeLEDs that use nanocrys-
talline perovskites, several challenges must be overcome to com-
pete with conventional OLEDs. Key challenges include achiev-
ing EQE,_ ., > 30%, preventing efficiency roll-off during high-
brightness operation, and significantly increasing operational
stability to Ts, ~#10° h at an initial luminance of 100 cd m™
(Figure 15).

8.1. Achieving EQE > 30%

Even with perfect passivation of perovskites and an electrically-
balanced device structure, optical losses within the LED (e.g., sub-
strate mode, waveguided mode, surface plasmon mode) typically
limit the EQE, ,, to < #30%. To achieve an ultra-high EQE > 30%
like OLEDs requires surpassing the theoretical efficiency limits
of PeLEDs by focusing on outcoupling efficiency.?®! Specifically,
photon recycling (i.e., re-emission of reabsorbed photons)2°!] in
polycrystalline PeLEDs with sufficient thickness (e.g., ~300 nm)
can increase outcoupling efficiency by up to 30%; this process ac-
counts for the recent high EQE, . values achieved without addi-
tional outcoupling enhancement structures. However, to further
increase outcoupling efficiency beyond this improvement, addi-
tional strategies are required.

Recent academic research on OLEDs has achieved an EQE
~40% in a single device aligning the emitting dipole orientation
parallel to the substrate because this arrangement increases the
outcoupling efficiency.l?? To achieve similarly high EQE,, ., sev-
eral strategies have been used in nanocrystalline PeLEDs to in-
crease the outcoupling efficiency. First, the perovskite can also
tune the emitting dipole orientation, typically by using parallel-
stacked nanoplatelet grains with a high aspect ratio.l?®] Other
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Figure 15. Problems and challenges for the nanocrystalline perovskite LEDs, requirements to overcome, and their potential solutions. The figure of in
situ core/shell PNCs is adapted with permission from ['4] Copyright 2022, Springer Nature. The figure of multiple binding CMM is adapted with per-
mission from [®] Copyright 2024, Springer Nature. The figure of the valley-centre tandem is adapted with permission from [ Copyright 2024, Springer

Nature.

light-management techniques can be implemented. For exam-
ple, nanostructures or microstructures that induce light scatter-
ing can be introduced into the substrate,[?**l or CTLs,12%! or by
using scattered sub micrometer-scale perovskite grains.[>+2%]

The recent report of a tandem PeLED that has high efficiency
(EQE ~37%) provides a new way to increase the EQE, ../l By
stacking different types of emitting units (i.e., OLED unit and
PeLED unit) and achieving a structure that is perfectly balanced
both optically and electrically, a high EQE,, even > 40% be-
comes possible. In the reported design, solution-processed thin
PNC-PeLED bottom units were engineered to maintain suffi-
cient transmittance of top unit emission, while the top unit
was vacuum-deposited OLED. However, other combinations of
emitting units, such as PC-PeLED, Q2D-PeLED, and vacuum-
deposited PeLEDs, can be used to fabricate highly efficient
nanocrystalline tandem PeLEDs, provided that the transmittance
of the top unit emission through the bottom unit is ensured.

8.2. Low Efficiency Roll-Off

Maintaining high EQE at higher current densities is essential, es-
pecially because AR/VR displays require luminance of 10°-10° cd
m~2.[% However, in nanocrystalline perovskites, as nanograins
or nanocrystals decrease down to ~10 nm, fast non-radiative
Auger recombination becomes dominant, leading to a significant
efficiency drop at high charge carrier density.*") The Auger re-
combination rate increases significantly as exciton binding en-
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ergy increases,[?”] achieving high radiative excitonic recombina-
tion while maintaining low Auger recombination rates remains
a significant challenge. Nevertheless, some strategic approaches
are available.

Excitons in nanocrystalline perovskites are confined by both
spatial and dielectric confinement.*"”! Surrounding organic ma-
terials (such as passivators in PCs, spacer cations in Q2Ds, and
ligands in PNCs) create a low-dielectric environment compared
to the high-dielectric perovskite crystal. This dielectric confine-
ment increases the exciton binding energy and the probability of
Auger recombination. By increasing the dielectric constants of
the surrounding materials, the dielectric-confinement effect can
be suppressed, thereby reducing exciton binding energy while
maintaining spatial confinement.!”:3%

Insulating organic molecules used in nanocrystalline per-
ovskites typically require thin emissive layers to compensate
for slow charge injection and transport. However, these thin
emissive layers result in increased local carrier concentration,
which facilitates Auger recombination.!?®] To address this issue,
thicker emissive layers and highly conductive nanocrystalline
perovskites are needed to enable efficient charge transport. In
PNC-LEDs, using short aromatic ligands, such as aniline hy-
droiodide combined with halide trimethylsilane, promotes dot-
to-dot coherence and long-range order.??! This ordered emissive
layer increases charge carrier mobility by more than an order of
magnitude, and maintains an EQE of 20% at 1000 cd m~ with
minimal efficiency roll-off.?2] Additionally, in situ, core/shell
PNC that use BPA demonstrates excellent charge carrier
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mobility, and thus allow for an emissive layer thickness of 270 nm
and achieves a very low efficiency roll-off (only ~5% dropped EQE
at 400 000 cd m~2).014]

8.3. Operational Stability

The operational lifetime of PeLEDs remains significantly shorter
than that of commercial OLEDs. For other practical mobile appli-
cations beyond widely-used televisions and mobile phones, a Tj,
ofatleast 10% h atan initial luminance of 100 cd m~2 is considered
necessary, reflecting the typical daily usage patterns and replace-
ment cycles of electronic devices. Additionally, there is increas-
ing demand for high stability under extremely high luminance
(10°-10° cd m~2) for AR/ VR applications.!2%21%] To enable com-
mercialization, further research must focus on improving oper-
ational stability and elucidating the degradation mechanisms of
PeLEDs. Addressing the intrinsic and extrinsic factors contribut-
ing to their instability is essential. Among these, ion migration
and Joule heating are key intrinsic factors that synergistically ac-
celerate degradation.

8.3.1. lon Migration

Ion migration occurs when charged defects or ions within the
perovskite lattice migrate under electric fields.?!!] The weak ionic
bonds in perovskite crystals facilitate the formation of point de-
fects (e.g., interstitial atoms, substitutional atoms, and vacan-
cies), which can migrate as ions (in the case of interstitial atoms,
and substitutional atoms) or serve as pathways for ion migration
(in the case of vacancies). This migration results in luminance
overshooting and a sudden increase in driving voltage.l’>?11] Ad-
ditionally, ion-penetrated CTLs degrade their charge transport
properties and interact with metallic electrodes, triggering elec-
trochemical reactions.[212:213]

Various strategies, including mixed-cation compositions,
molecular passivation of grain boundaries, and the formation
of 2D perovskite barriers, have shown promise in suppressing
light-induced ion migration in perovskite solar cells.!143-214215] A]-
though these approaches have also been applied to PeLEDs, they
are insufficient to achieve the operational lifetime required for
commercialization. This limitation arises from the stronger elec-
tric fields applied during PeLED operation and the smaller grain
sizes of perovskites (in the tens of nanometers), which result in
a high surface-to-volume ratio. This challenge is further ampli-
fied in PNC-LEDs, where the dominant surface area and weakly
bound ligands promote ion migration and device instability.

To address these issues, we propose new criteria for ligand
(or spacer cation/anion) design to mitigate ion migration in
nanocrystalline perovskites under strong electric fields. Tradi-
tional ligand research has focused on two key aspects: 1) surface
defect passivation to achieve high quantum yield and 2) main-
taining high conductivity of perovskites in a film state to facilitate
charge injection from CTLs. We suggest adding a third criterion:
the ability to suppress ion migration. Promising strategies in-
clude stabilizing the perovskite surface through strong coordina-
tive binding molecules, such as DSPA in colloidal PNCs,!7%) and
employing CMM like TPBi.[%] Moreover, aromatic short-chain lig-
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ands capable of forming covalent bonds, such as BPA,'l can fur-
ther enhance device stability, as covalent bonds provide stronger
and more stable bonding compared with coordinate or hydrogen
bonds. Additionally, crosslinking methods can further hinder ion
migration and enhance the operational lifetime of PeLEDs.[?1¢]

8.3.2. Joule Heating

Joule heating occurs when electrical energy is converted into ther-
mal energy due to resistance during current flow. This effect be-
comes more severe under high-luminance operation, which de-
mands high current density and driving voltage, particularly for
AR/VR display applications. The elevated temperature caused by
Joule heating accelerates PeLED degradation through thermal
quenching of excitons and promotes ion diffusion, severely de-
teriorating operational stability.

Thermal quenching in perovskites leads to significant effi-
ciency loss in PeLEDs at elevated temperatures. For instance,
CsPbBr; PNC-LEDs lose over 50% of their efficiency at 70 °C.[?7]
This quenching is attributed to defect-induced exciton-phonon
coupling or thermally activated exciton trapping at surface trap
states. Proper surface passivation is therefore critical. For exam-
ple, 2,7-dibromo-9,9-bis (3’-diethoxylphosphorylpropyl)-fluorene
has been used in Q2D-PeLEDs as an effective passivation agent,
maintaining 85% of the initial EQE at 85 °C by preventing ther-
mal quenching.?®! In PNC-LEDs, fluorinated surface formation
using didodecyl dimethylammonium fluoride creates a type-I-
like junction at the surface, suppressing thermally activated sur-
face trapping and preserving 80% of the EQE at 70 °C.['73]

To mitigate temperature rise caused by Joule heating, employ-
ing heat sinks or substrates with high thermal conductivity is an
effective approach. These solutions help suppress temperature
increases, maintain low operating temperatures, and extend op-
erational lifetime. For instance, using a sapphire substrate with a
graphite sheet can increase the maximum current density of 2.5
kA cm~2, and the increased operation lifetime from 0.52 to 5.42 h
at a high current density of 100 mA cm=2.121]

Additionally, utilizing sub-bandgap emission enables PeLEDs
to achieve electroluminescence at extremely low voltages (~70%
of their bandgap voltage), significantly improving operational
lifetime with negligible Joule heating. Achieving efficient sub-
bandgap operation requires suppressing exciton quenching at
the interface of the perovskite emitter with CTLs while ensur-
ing strong charge transport and high conductivity in CTLs.[220:221]
By employing 3D/0D perovskites and modifying HTLs and ETLs
to reduce device series resistance, voltages of 2.3 V and 2.7 V
were achieved at a luminance of 1000 and 10 000 cd m™2, re-
spectively. Furthermore, the device maintained room tempera-
ture during continuous operation for 5 min at a luminance of
10 000 cd m~2. This approach ultimately achieved a remarkable
lifetime of 7691 h.[221]

8.3.3. Environmental Factors
Moisture and oxygen are critical environmental factors that

contribute significantly to PeLED degradation. Moisture inter-
acts with hygroscopic materials like metal halides and organic
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cations, leading to the formation of monohydrate and dihy-
drate phases, which eventually degrade into non-emissive species
such as PbX,.[?22] This degradation also produces volatile com-
pounds like methylamine and HX.I?23] Furthermore, oxygen can
react with lead-halide-rich surfaces, forming thermodynamically
favored halate species (XO;~) and lead(Il) halate (Pb(XO;),)
through irreversible chemical reactions, further destabilizing
PeLED.[224]

To mitigate the detrimental effects of oxygen and moisture,
some studies have demonstrated the effectiveness of using all-
inorganic CTLs such as NiO, and ZnO. These materials can
prevent the penetration of oxygen and moisture into the per-
ovskite layer, allowing unencapsulated devices to retain 80% of
their EL intensity under ambient air conditions (28 °C, 30-50%
humidity), whereas devices with organic CTLs undergo rapid
degradation.[?':2%°] This suggests that employing all-inorganic
CTLs is a promising approach to enhance PeLED stability against
environmental factors.

Additionally, efforts to fabricate perovskite devices under am-
bient conditions have also been reported. Although humidity and
heating in ambient air can induce the formation of unwanted n-
phases in Q2D perovskites, interstitial doping with Sb** or Ga**
has been shown to enhance stability. These dopants help main-
tain the n = 3 phase in ambient conditions, improving both sta-
bility and efficiency. This approach enabled the fabrication of
ambient air-processed deep-blue Q2D-PeLEDs with an EQE of
2.05%.1226]

9. Conclusion

In this review, we examined the development of nanocrystalline
perovskites and PeLEDs, with a focus on material-design strate-
gies. The development perspectives for the three perovskite struc-
tures (PC, Q2D, and PNC) vary significantly. For PCs, grain-
size control and defect passivation are crucial; for Q2Ds, n-phase
modulation and energy funneling are key strategies; and for
PNCs, ligand or surface engineering and doping are essential.
These tailored approaches have led to highly efficient nanocrys-
talline PeLEDs, demonstrating their potential for use in next-
generation commercial displays.

Despite these advancements, challenges remain, particularly
in achieving long operational lifetimes and reducing efficiency
roll-off as the size of nanograins and nanocrystals decreases. Ad-
dressing these issues requires converging material-design strate-
gies across different nanocrystalline perovskites. A common di-
rection for material design is emerging, with the following key
criteria:

1) Optimal grain/crystal size (%10 nm or slightly higher): Main-
taining grain sizes within this range maximizes radiative ex-
citonic recombination by increasing exciton binding energy.
Grain sizes smaller than this tend to increase surface defects
and Auger recombination, whereas larger grains lose efficient
excitonic recombination at low carrier densities.

2) Strongly binding passivators: Using passivators with strong
coordinative bonding or multipods interactions effectively
passivates surface defects. Synergistic combinations of
molecules can further enhance the stability and efficiency of
the perovskite layer.
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3) Retained charge carrier mobility with thick emissive layers:
When designing surfaces with strongly binding molecules,
it is crucial to maintain high charge carrier mobility even
though the size of nanograins or nanocrystals decreases down
to ~#10 nm. This ensures efficient charge transport, even in
thick emissive layers, which in turn enhances device stability
and luminance.

By adhering to these development criteria, both the efficiency
and operational lifetimes of nanocrystalline PeLEDs can be im-
proved. Such progress would significantly advance PeLEDs to-
ward commercialization, meeting the needs of next-generation
display technologies. Continued collaborative efforts in material
design and device engineering are essential to overcome the re-
maining challenges and fully realize the potential of PeLEDs in
practical applications.
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