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ABSTRACT: Nanocrystalline metal halide perovskites are promising light emitters for Trade-Off in Perovskite LEDS
light-emitting diodes (PeLEDs) because they suppress the intrinsic problem of exciton Charge Transport
dissociation through charge confinement within nanocrystalline domains. Although these o Ertaresrarga R

Higher PLQY 4@ A0® A0\ High EQE & stability

nanostructures have enabled high-emission efficiencies, such confinement strategies typically
result in significantly reduced charge transport. This limitation is attributed to numerous
grain boundaries, which induce severe charge carrier scattering and trapping, alongside
insulating organic ligands typically introduced for defect passivation and size reduction. Poor
charge transport increases the required operating voltage and accelerates device degradation
pathways under an electrical bias, leading to limited operational lifetimes. This Review
examines material design strategies intended to mitigate the competition between charge
confinement and transport across various nanocrystalline perovskites. Specifically, we investigate fundamental crystal nucleation and
growth mechanisms and evaluate methods to optimize grain size, aiming to minimize the grain boundary to increase charge transport
while maintaining charge confinement. Passivation strategies for defect states are also evaluated, emphasizing the engineering of
organic ligands to enhance their electrical conductivity while maximizing the passivation efficacy. In addition, the integration of core/
shell architectures is discussed as a promising strategy. By controlling the shell composition, these structures promote efficient charge
transport while maintaining high radiative recombination rates. Together, these material design strategies aim to overcome the
confinement and transport trade-offs in PeLED:s.
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Figure 1. Overview of the charge confinement-transport trade-off in perovskite light-emitting diodes (PeLEDs). (a) Progress in reported external
quantum efficiency (EQE) for nanoscale-polycrystalline perovskite (Nano-PC), quasi-2D perovskite, and perovskite nanocrystal (PNC) PeLEDs over
the years. Data points are color-coded by emission wavelength, with red (620—700 nm), green (510—545 nm), and blue (below 485 nm) emitters
denoted accordingly. EQE values calculated under Lambertian assumptions or enhanced by outcoupling structures are excluded. (b) Distribution of
reported operational lifetime (T, at initial brightness of 100 nit) versus EQE, categorized by perovskite structure. (c) Schematic comparison of
representative nanocrystalline perovskite across the confinement-transport, illustrating the general trend from high mobility/low exciton binding
energy to stronger confinement/higher exciton binding energy. (d) Correlation map of exciton binding energy and carrier mobility for nanocrystalline
perovskites, visualizing the inverse tendency between confinement and transport.
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thermally dissociate into free-carriers and undergo nonradiative
recombination.

To address these fundamental material limitations, the use of
nanocrystalline perovskites was proposed to improve lumines-
cence efficiency, as documented in early patents filed in
November 2014.*>*" Building upon these structural concepts,
the first efficient PeLEDs exhibiting an EQE of 8.53% were
achieved through precise stoichiometric control and additive-
based nanocrystal pinning.’ These synthetic strategies yield
nanoscale polycrystalline perovskites (nano-PCs). The confined
nanoscale grains directly suppress the thermal ionization of
excitons and reduce the subsequent exciton quenching.’

Consequently, material designs incorporating nanocrystalline
perovskites have been widely adopted in PeLEDs.”* **
Subsequent research has focused on combining charge confine-
ment with defect passivation across three representative
nanocrystalline perovskites, including nano-PCs, quasi-2D
perovskites, and colloidal perovskite nanocrystals (PNCs),
ultimately achieving EQEs approaching the theoretical limit.**
Performance improved rapidly, and EQEs approaching 30%
have been reported,””*°™* indicating that perovskites can
function as efficient emitters (Figure 1a). Perovskite emitters are
therefore often compared with organic light emitters and
inorganic quantum dots, which serve as practical benchmarks for
display performance targets.””

However, achieving a high EQE does not guarantee a long
operational lifetime for the PeLEDs. The majority of reported
high-EQE devices exhibit operational lifetimes below 100 h
(Figure 1b), indicating that radiative recombination efficiency
alone does not determine device lifetime.”>** Multiple factors
collectively contribute to PeLED degradation during operation,
including ion migration, redox reactions, and the deterioration
of charge transport layers and electrodes. In terms of material
design for mitigating these degradation pathways, one
contributing factor is charge transport in the emissive layer
(EML), which deteriorates as charge confinement increases
because of additional barriers such as grain boundaries, organic
spacers, or insulating ligands. Poor charge transport can
accelerate the above degradation pathways by raising the
operating voltage, intensifying the local electric field, and
increasing Joule heating. Therefore, perovskite material design
must address a fundamental trade-off between charge confine-
ment and charge transport to achieve a high EQE and long
operational lifetime.

Comparison of exciton binding energies and carrier mobilities
across different perovskite structures illustrates this trade-off
(Figure lc, d). Single crystal perovskites typically exhibit
relatively low exciton binding energies of ~40 meV, alongside
high charge-carrier mobilities exceeding ~100 cm® V™' s71.%°
However, introducing structural confinement increases exciton
binding energy while decreasing mobility. Nano-PCs exhibit a
moderate level of confinement, resulting in an exciton binding
energy of 40 to 70 meV and mobilities ranging from 107> to 10~
cm? V™! 571, In contrast, quasi-2D perovskites and PNCs show
much higher exciton binding energies, ranging from 70 to 150
meV. However, their mobility is significantly limited, with quasi-
2D perovskites exhibiting mobilities between 10> and 107 cm*
V~'s7! and PNCs ranging from 105t0 10~ cm? V™! 57!, These
trends indicate that nano-PCs require enhanced charge
confinement to boost exciton binding energy while preserving
their charge transport ability, whereas quasi-2D perovskites and
PNCs must overcome transport limitations inherent to their
strongly confined structures.

This trade-off relationship can be directly observed in device
performance trends. Strongly confined quasi-2D perovskite and
PNC PeLEDs easily achieve EQEs exceeding 20%>*°"* and
occasionally approach ~30%.°° Yet, these highly confined
devices typically operate at elevated driving voltages and exhibit
pronounced efficiency roll-off, consistent with severe charge
transport limitations.”’ > Short operational lifetimes are also
commonly reported reflecting bias-induced degradation,’”*~**
although the underlying degradation mechanisms involve
additional factors beyond transport itself. In contrast, nano-PC
PeLEDs show moderate EQEs typically below 25%, but exhibit
lower operating voltages and reduced roll-off, consistent with
their higher charge transport ability, and tend to show
comparatively longer operational lifetimes extending over tens
of hours (Figure 1b).

To meet the commercial requirements for PeLEDs, achieving
both high EQE and long operational lifetime is a primary
requirement, and one of the key material design challenges in
achieving this is overcoming the trade-off between charge
confinement and charge transport. Recent studies have
demonstrated both high EQE and extended operational
stability, indicating that precise material design can address
the fundamental trade-off between charge confinement and
transport. While operational stability is influenced by a broader
set of degradation mechanisms, mitigating the confinement/
transport trade-off addresses the electrically driven contribu-
tions to these pathways and, therefore, constitutes one necessary
component of stable operation. The following sections explore
the physical principles governing charge transport within the
emissive layer and review material design strategies aimed at
overcoming the confinement-transport trade-off.

2. THEORETICAL BACKGROUND

This section summarizes the principal mechanisms of charge
confinement and transport in perovskite emitters and then
outlines how the grain size and defect density govern these
processes.

2.1. Charge Confinement

Grain size is a primary parameter that controls exciton formation
and recombination. In unconfined bulk perovskite crystals,
charge carriers are thermally ionized into free carriers, resulting
in dominant bimolecular recombination. In confined structures,
electron—hole pairs remain bound as excitons. This spatial
confinement enables monomolecular excitonic recombination.
Bimolecular recombination is relatively slow, leaving carriers
with longer lifetimes and a higher susceptibility to trapping at
defect sites. In contrast, excitonic recombination is faster and
increases the probability of the radiative recombination.
Consequently, reducing the crystal size is structurally beneficial
to light emission.”>"’

Under a charge confinement regime, the exciton binding
energy can be defined usinég the Brus-type effective-mass model
(particle-in-a-sphere).**~** In this model, the exciton binding
energy is mainly determined by the Coulombic interaction
between the electron and hole. Since these charge carriers are
confined to a small spatial region, their opposite charges give rise
to Coulombic attraction, which becomes stronger as the grain
size decreases. This electrostatic force dominates the exciton
binding energy, resulting in a strong dependence on the grain
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Figure 2. Grain-size-dependent trade-off between charge confinement and charge-carrier transport. (a) Schematic comparison of electron—hole
recombination mechanisms in bulk 3D and nanocrystalline perovskites. In bulk 3D perovskites, electron—hole pairs thermally dissociate into free-
carriers and subsequently undergo slow bimolecular recombination. In nanocrystalline perovskites, spatial confinement binds electron—hole pairs into
excitons, which enables fast monomolecular recombination. Effective defect passivation is required to suppress the nonradiative recombination rate
(k) so that the accelerated excitonic radiative recombination rate (k,) dominates the emission process for nanocrystalline perovskites. (b) Schematic
illustration of charge-carrier transport limitations induced by grain size reduction. Bulk 3D perovskites support efficient internal charge transport.
Conversely, nanocrystalline perovskites exhibit prominent grain boundary scattering, charge-carrier trapping at defect sites, and (c) trap-assisted

localized hopping transport.
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where R is the effective domain radius, e is the elementary
charge, &, is the vacuum permittivity, ¢, is the effective relative
dielectric constant experienced by the electron—hole pair.
Furthermore, a is a dimensionless prefactor, which is typically
assigned a value of 1.786 for ground-state 1S.—1S; exciton
envelopes within the standard Brus approximation. Because the
Coulomb interaction scales as 1/R, decreasing R strengthens
electron—hole attraction and increases E,, which favors
excitonic radiative recombination.*”**

Besides, practical radiative recombination can be described by
the photoluminescence quantum yield (PLQY), which is
determined by the competition between radiative and non-
radiative recombination under optical excitation:

k
PLQY = — %
Q k, + k,,

where k., and k, are the radiative and nonradiative
recombination rates, respectively. An increase in Ey can promote
bound electron—hole recombination and increase k,.*”** High
PLQY also requires suppression of k,,, which is strongly affected
by defect density. Grain size reduction increases the surface-to-
volume ratio and can raise the density of surface-related
defects.*”** These defects can accelerate trap-assisted Shock-
ley—Read—Hall (SRH) recombination, increasing k,. and

quenching emission. Therefore, defect passivation is required

to reduce nonradiative losses while retainin§ confinement-
. . . . . )

enhanced excitonic recombination (Figure 2a).

2.2. Trade-Off between Charge Confinement and Charge
Transport

Although smaller grains strengthen charge confinement, perov-
skite films typically exhibit reduced charge-carrier mobility as
the grain size decreases. This reduction arises mainly from the
increased density of grain boundaries and surfaces, which
introduces additional (i) momentum randomizing scattering
and (ii) trap-mediated carrier immobilization.”>* Both effects
become more pronounced as the domain size decreases and the
surface-to-volume ratio increases (Figure 2b).>?

2.2.1. Grain Boundary Scattering. The Drude transport
model is typically employed to describe the decrease in charge-
carrier mobility associated with reduced grain sizes. This model
treats charge carriers as quasi-free particles whose momentum is
randomized by scattering events.’”>*>°> Accordingly, the
mobility is expressed as

where e is the elementary charge, m* is the effective mass of the
carrier, and 7 is the momentum relaxation time, defined as the
average interval between momentum-randomizing scattering
events.”® Within the interior of a perovskite grain, charge carriers
transport efficiently through delocalized band-edge states, which

https://doi.org/10.1021/acs.chemrev.6c00202
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passivate surface defects, reducing the nonradiative recombination rate (k) to maintain high luminescence efficiency. (c and d) Interfacial charge
transport barriers and structural optimization strategies of ligands. (c) The ligand layer acts as a rectangular potential barrier with width d and height ®.
The carrier tunneling probability (T) is exponentially dependent on these barrier parameters. (d) Replacing long insulating alkyl chains with z-
conjugated structures enhances electronic coupling and orbital overlap, effectively reducing the barrier height ® and facilitating efficient interdomain
charge transport.

is consistent with the intrinsically rapid charge transport of the
bulk perovskite lattice.”” However, structural imperfections,
interfacial disorder, and chemical inhomogeneity near grain
boundaries introduce additional scattering channels.>®

Consequently, grain boundaries act as discrete scattering
centers that increase the overall scattering rate. This increased
scattering decreases 7 and correspondingly reduces the charge-
carrier mobility y. As the average grain size decreases, carriers
encounter these boundaries more frequently over a specific
transport distance. Thus, boundary-induced scattering increas-
ingly dominates and limits long-range charge transport. As a
result, perovskite films with smaller grains and higher grain
boundary densities typically exhibit lower effective mobilities
because boundary scattering significantly shortens 7. This
physical mechanism can suggest one reason for substantially
lower charge-carrier mobilities in nanocrystalline perovskite
films compared to the intrinsic mobility of perovskite single
crystals.*”%

2.2.2. Trap-Limited Charge Transport. In addition to
momentum scattering, reduced grain size decreases charge
carrier transport by increasing carrier trapping at surface and

grain-boundary defect states. As the surface-to-volume ratio
increases, undercoordinated sites and defect-rich regions
become more prevalent. These structural imperfections
introduce electronic states within the bandgap that act as carrier
traps.”">> Such traps slow the overall charge transport relative to
the intrinsic band mobility of delocalized carriers.

This behavior is typically described by the ‘multiple trapping
and release (MTR)’ model. In this model, carriers drift through
delocalized transport states but are intermittently captured by
localized traps with an activation depth E, (Figure 2¢).°" While
trapped, carriers are immobilized and do not contribute to long-
range drift. They eventually return to delocalized states through
thermally activated detrapping. Deeper traps with larger E,
increase the residence time in trapped states. This extended
residence time increases the average transit time and reduces the
effective mobility. The trapping-induced mobility reduction can
be expressed as

Mfree

Hgg = Ho
Mree + ntrap

https://doi.org/10.1021/acs.chemrev.6c00202
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where 1 is the intrinsic mobility of delocalized transport states,
N is the density of carriers in delocalized states, and ,,, is the
density of trapped carriers.”®> As the overall trap density
increases, ny,, increases relative to g, and effective mobility
Mg decreases even if intrinsic mobility y, remains unchanged.
Trap-limited transport therefore reduces mobility primarily by
increasing the fraction of time carriers spend immobilized in
localized states.

In perovskite thin films, traps are typically concentrated at
grain boundaries and interfaces, where energetic disorder is
higher.”> These regions can promote short-range hopping
through localized states and further suppress long-range
transport, particularly when trap densities are sufficient to
disrupt bandlike conduction.”"** Under electrical bias, trap-rich
boundary regions can also promote carrier accumulation and
injection imbalance by localizing injected carriers, which are
relevant to electrically driven devices.**

In nanograined perovskite emitter films, both scattering and
trapping mechanisms operate simultaneously. Grain boundaries
shorten the momentum relaxation time 7 through enhanced
scattering, which is characteristic of Drude-type behavior.
Concurrently, microstructural defects increase the trapped
carrier density n,, in accordance with the MTR model.
Together, these processes produce a substantial decrease in the
effective mobility across the emissive layer. Thus, although grain
size reduction enhances charge confinement, it introduces
microstructural features that restrict charge transport. This
relationship reinforces the fundamental confinement-transport
trade-off in perovskite light-emitting diodes.

3. PRACTICAL MATERIAL DESIGN FOR PELEDS

Charge-carrier scattering and trapping at grain boundaries, along
with the insulating organic ligands and additives employed to
increase charge confinement and passivate defects, inherently
impede charge transport in nanocrystalline perovskites. These
limitations promote local carrier accumulation and injection
imbalance, which subsequently activates nonradiative recombi-
nation pathways. Therefore, the PeLED design must con-
currently address radiative recombination and charge transport
within the EML. Accordingly, this chapter identifies the optimal
design principles for nanocrystalline perovskite emitters and
their coordinating organic ligands.

3.1. Crystal Size for Optimal Charge Confinement

Reducing the perovskite crystal size induces charge confine-
ment, but an optimal size range must be identified. Excessive size
reduction increases the surface-to-volume ratio, which raises the
defect density and decreases the structural stability.*”® Surface
defects can be partially compensated by increasing the
concentration of surface ligands or additives, but high ligand
coverage and numerous grain boundaries can hinder charge
transport. In addition, strong confinement and excessively high
exciton binding energy can promote Auger recombination at
high carrier densities.””*> Therefore, the optimal crystal size is
expected to lie in an intermediate range corresponding to a
weakly confined regime, which can balance the charge
confinement and charge transport.

On the basis of the assumption of a large dielectric mismatch
between the perovskite crystal and the surrounding medium,
lower and upper bounds of the optimal crystal size are proposed
for the dielectric confinement-enhanced regime. For the lower-
size bound, the crystal dimension is referenced to the exciton
Bohr diameter, Dg. For typical halide perovskites, this diameter

is generally known to be approximately 10 to 12 nm, although it
varies depending on the composition.”"® Crystals with
dimensions below Dy correspond to the quantum-size-
dominated regime. This regime exhibits excessively high
quantum and dielectric confinements alongside structural
instability, making these crystals highly susceptible to the
previously described limitations. Consequently, the lower-size
criterion should exceed Dg. For the upper-size bound, the
boundary is defined near the transition from free-carrier-
dominated bimolecular recombination to exciton-dominated
monomolecular recombination (Figure 3a).*® Although the
exact transition from bimolecular to excitonic recombination is
not sharply defined, grains measuring several tens of nanometers
can still function as efficient light emitters because excitonic and
bimolecular recombination pathways partially coexist within this
intermediate size ralnge.32’70 Therefore, further investigation and
discussion are required to precisely define the structural and
photophysical boundaries associated with this upper size range
(Figure 3a).

3.2. Ligand-Mediated Confinement and Transport

Organic ligands directly influence two coupled physical factors
that govern the PeLED performance. First, ligands passivate
undercoordinated surface sites, suppress trap-assisted non-
radiative recombination, and improve overall radiative effi-
ciency. Furthermore, ligands define the local dielectric environ-
ment. The dielectric mismatch between the inorganic perovskite
lattice and the surrounding organic layer induces a strong
dielectric confinement. This confinement increases the elec-
tron—hole interaction and the corresponding exciton binding
energy.”"”” In nanocrystalline perovskites, the combined effects
of dielectric confinement and surface defect passivation allow for
maintaining high radiative efficiencies despite their large surface-
to-volume ratio (Figure 3b).

Conversely, the ligand layer introduces an interfacial barrier
that impedes carrier transfer between neighboring perovskite
domains and hinders charge transport. If the ligand layer is
approximated as a rectangular potential barrier with a width d
and height @, the carrier tunneling probability T can be
estimated using a WKB (Wentzel—Kramers—Brillouin) ex-

. 73=7S
pression,

*
T = exp(—2«d), k = w
h

where m* is the carrier effective mass, E is the carrier energy, d is
the ligand-defined interdomain separation, and @ is the barrier
height. The exponential dependence indicates that modest
increases in ligand length (increasing d) or barrier height
(increasing @) strongly suppress interdomain coupling and
reduce charge transport (Figure 3c). Consequently, the
backbone length and the terminal-group structure are essential
design parameters for electrical operation. Longer alkyl chains
typically increase d and strengthen the insulating character of the
barrier. In contrast, electronically coupled structural motifs such
as 7-conjugated groups increase electronic coupling across the
ligand layer. These conjugated groups enhance orbital overlap
and effectively reduce the barrier height ® (Figure 3d).
Therefore, practical ligand design must rigorously balance
surface passivation and dielectric confinement against resistive
transport losses.

https://doi.org/10.1021/acs.chemrev.6c00202
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3.3. Impact of Transport Limitations on Device Architecture

The limited charge transport ability of perovskite accelerates
operational degradation in PeLEDs. Charge transport in the
EML is characterized by the carrier mobility (), which under an
applied electric field E sets the drift velocity v = yE and the
electronic conductivity 64 = Nqu for a carrier density N. More
generally, when both electrons and holes contribute to charge
transport, the electronic conductivity can be written as o, =
q(np. + ppy,), where n and p are the electron and hole densities.
The current density ] required for a target luminance is therefore
expressed as

J = Nqv = NquE = o E

so that perovskites with lower mobility operate at a higher
electric field, and correspondingly a higher operating voltage,
across the EML. Joule heating, whose power density scales as

P=]2/‘7e1

therefore intensifies as the electronic conductivity of the EML
decreases at a given current density.”**” Ion migration in the
EML is described by the ion drift velocity, and the ion mobility
follows the thermally activated Arrhenius law

I}ion = MionEJ
ﬂion = Moexp(_Ea/kBT)J

which together show that ion migration is accelerated both
directly by the elevated electric field and indirectly by the
temperature rise from Joule heating, with the latter exponentially
enhancing Hion ¢ Furthermore, transport limitations within the
EML can lead to local carrier accumulation under bias, which

increases the probability of Auger recombination, electro-
chemical redox reactions, and thermal hot-spotting.””””

To mitigate the issues arising from limited charge transport,
ultrathin or vertically monograin emissive layers are typically
employed. This architecture minimizes the necessary charge-
transport distance across the perovskite film and effectively
bypasses bulk transport limitations. However, this approach
positions the recombination zone closer to the charge transport
layers (CTLs), which could be vulnerable to energetic disorder,
chemical interactions, and interfacial traps.78 In addition,
achieving a specific target luminance in thin perovskite layers
can require a higher charge carrier density and a stronger electric
field compared with thicker EML structures. These operating
conditions increase the susceptibility of the device to non-
radiative losses and electrically driven degradation.””

When interdomain charge transport improves, the injected
carriers redistribute uniformly throughout the perovskite film.
This spatial redistribution decreases the local charge carrier
density and reduces the effective electric field applied across the
perovskite layer, which subsequently suppresses the electrically
driven degradation. Additionally, improved transport allows for
the use of thicker emissive layers. These thicker layers support
high-brightness operation®””” and enhance photon recycling to
improve the overall light extraction efficiency.”® Consequently,
securing efficient charge transport in the perovskite EML is
essential for sustaining high radiative efficiency under opera-
tional bias and additionally helps to mitigate electrically driven
degradation pathways.

To satisfy these requirements, distinct material design
strategies are necessary for different nanocrystalline perovskites,
including nano-PC perovskites, quasi-2D perovskites, and

G https://doi.org/10.1021/acs.chemrev.6c00202
Chem. Rev. XXXX, XXX, XXX—XXX

9202 1290100 01 U0 158NB Aq Jpd"Z0Z0009"ASIWBYO"SOB/E6.G0889/2020009" ASILIBLD"SOB/ L Z0L "0 L/10p/}pd-ajoiie/Aeaiyo/Biosoe'sand woly papeojumod



Chemical Reviews

pubs.acs.org/CR

REVIEY

a

-
o
=3

N ® ©
o © o

[ o)
:>s:o\/N‘<o Oﬂ\ E’; °(;<o

@
o
T

B
o
T

Donor number (Dy)

20

b

Solvation-removability
balance

Dielectric constant (g,)
Donor number Dy
Dielectroc constant g,

DMSO  DMF NMP GBL PC 2-ME 0 50 100
Co-solvent fraction (%)
Too weak coordination Moderate coordination Too strong coordination
(low Dy) (optimal Dy) (high Dy)
s S8R w & \
,@ % _g fo . » oVyg " g N . @ ;ﬁege -2 ™N ,g
o © » HE 2 KR » H : b P I
B2 5 B Feba Tl ﬁ‘sga: :
28 S ek 2 P, w3 LI
= TN Time 8? &

. Time

aaa'aa'a'a'a'as) [ .

Uncontrolled nucleation
Precipitation & rough morphology

Donor Number (Dy)

Well-dispersed
Smooth small-grain

Overly stable Pb-solvent adducts
Crystallization stalled

—

Figure 5. Solvent chemistry of perovskite crystallization. (a) Donor number (Dy) and dielectric constant (&,) of representative solvents used for
perovskite film fabrication. (b) Schematic plot showing donor number, dielectric constant, and an overall solvation/removability balance as a function
of cosolvent fraction. (c) Role of solvent-precursor coordination kinetics in determining morphology during crystallization.

PNCs. These material systems possess fundamental differences
in the lattice dimensionality, intrinsic charge confinement, and
charge transport. The subsequent sections detail how structural
dimensionality, chemical composition, and organic surface
chemistry are employed within each specific system to control
the nanostructure, minimize the defect density, regulate
interdomain coupling, and optimize charge transport.

4. NANOSCALE-POLYCRYSTALLINE PEROVSKITES

Among nanocrystalline perovskites, nano-PC systems exhibit
relatively favorable charge transport but weak confinement. The
central material design objective is therefore to strengthen
charge confinement through grain size reduction without
sacrificing the inherently favorable charge transport. Crystal-
lization control strategies discussed in this section are described
in relation to this requirement.

The crystallization of nano-PC perovskites is often discussed
within LaMer’s model, where the formation of a solid phase
proceeds through a nucleation stage followed by crystal growth
(Figure 4).°'* In the absence of deliberate kinetic control,
rapid supersaturation of perovskite precursors can generate
nuclei with a broad size distribution.*” Although nucleation can
generate a large population of small nuclei, only those that
exceed a critical size persist as stable crystallites, and the
remaining nuclei are dissolved or incorporated into larger
domains.”>™*” Once nuclei form, subsequent growth, coales-
cence, and competitive grain enlargement broaden the grain size
distribution and generate defective boundaries with under-

coordinated metal sites, which promote nonradiative recombi-
nation.**"

To mitigate these limitations, chemically guided crystalliza-
tion-control strategies have been developed to increase spatial
confinement in nanoscale polycrystalline perovskites by
reducing the grain size and weakening interdomain cou-
pling.*>” A widely adopted approach is to tune the strength
of precursor-solvent coordination, which alters the stability of
precursor complexes, thereby slowing the nucleation and growth
kinetics and suppressing excessive grain grow’ch.91 3 In parallel,
ligands and crystallization modulators can stabilize intermediate
phases and introduce steric barriers between domains,”*"*
therefore reducin7g interdomain connectivity and suppressing
grain growth.”®”” Combined with solvent/ligand precursor
engineering, which generates a high density of small nuclei by
maximizing supersaturation in the initial nucleation regime
(stage I), nanocrystal pinning (NCP) is beneficial for the
formation of small grain size with narrow distribution (stage
11).>*>® In the NCP process, an antisolvent is introduced to
abruptly reduce the solubility of the precursor, facilitating rapid
nucleation while simultaneously limiting further grain growth b
continued supply and redistribution of dissolved species.”” "'
As a result, coarsening pathways such as ripening and grain
merging are strongly suppressed, and the microstructure is
locked into a small-grain regime with a narrow size distribution.’

However, reducing the perovskite grain size inevitably
increases the surface-to-volume ratio, leading to increased
surface and grain boundary defects.'”””'** These defects
introduce trap states that localize carriers and activate

https://doi.org/10.1021/acs.chemrev.6c00202
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nonradiative pathways.'”>~'%” To address this issue, a variety of
post-treatment processes have been developed, including
surface passivation, ionic compensation, and interfacial
reconstruction (stage I11).'%*~ "> When combined with kinetic
control over nucleation and growth, these approaches enable
nanocrystalline perovskite thin films that retain strong confine-
ment1 ghﬂi suppressing trap-assisted nonradiative recombina-
tion.

4.1. Solvent Engineering

Controlling the crystallization pathway of precursor solutions
requires a detailed understanding of precursor-solvent coordi-
nation chemistry. The solvents for precursor solution act as
Lewis bases that coordinate to Pb** cations, stabilizing the
precursor not as fully dissociated ions but as a dynamic
equilibrium of lead-halide coordination complexes and colloidal
clusters.”"" "' Solvent-coordinated haloplumbate complexes
in precursor solutions can vary in size depending on solvent
coordinating strength, which can, in turn, alter the coordination
structure of PbX, and modulate its aggregation behav-
ior dl121-123

The strength of solvent coordination to Pb>" can be discussed
using the Gutmann donor number (DN), which reflects Lewis
basicity (Figure 5a,b).”"'** In low-DN solvents, the solvent
weakly coordinates to Pb*', leaving a larger fraction of
coordination sites available for halide complexation.''® As a
result, halide-rich Pb-X complexes form readily, which typically

accelerates nucleation and crystallization.”"”""®'** In contrast,
high-DN solvents form stronger coordination complexes with
Pb**, competitively suppressing halide coordination and thereby
retarding crystallization.”""'®'*® Stronger coordination also
improves the dispersion of precursor species and suppresses
aggregation, resulting in smaller and more uniform complex
populations in solution.”"""” Beyond DN, the solvent dielectric
constant (&) controls ionic dissociation and electrostatic
screening in the precursor,''”'** shifting the equilibrium
between ion-paired adducts, haloplumbate complexes, and
colloidal clusters and thereby altering nucleation kinetics
(Figure Sa,b).! 19125126 Because the size and distribution of
these precursor-solvent complexes strongly influence the
nucleation density and subsequent growth kinetics, solvent
coordination strength affects both precursor stability and the
resulting film morphology (Figure 5¢).”""''*°

However, excessively strong coordination with higher donor
numbers can overstabilize the solvated complexes and raise the
energy barrier for solvent removal during the crystallization
process."'® In that regime, supersaturation is reached more
slowly, and nucleation is suppressed, which can lead to
incomplete crystallization.”""'®"*” Trapped residual solvent
and remaining coordination-stabilized intermediate phases
reduce crystallinity.'**'** To overcome this trade-off, cosolvent
strategies are introduced."*”"*" Strongly coordinating solvents
such as dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone

https://doi.org/10.1021/acs.chemrev.6c00202
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(NMP), or dimethylformamide (DMF) are combined with
weaker-coordinating (or more readily removed) cosolvents such
as 2-methoxyethanol (2-ME) or propylene carbonate
(PC).""®"3* The mixed-solvent system stabilizes coordination-
bound precursor complexes while reducing competition for Pb**
coordination and enabling more facile solvent removal while still
maintaining sufficient solvation of ionic species.''”""*'** This
combination facilitates solvent exchange and detachment from
Pb** at the desired stage, enabling more controlled super-
saturation, and nucleation.””""®"*® This approach preserves
precursor stability while improving kinetic control over
nucleation and growth, providing a versatile method for tuning

the crystallization dynamics in PeLED-relevant perovskite
films, 120133134

4.2. Additive Engineering

Introducing additives into the precursor enables chemical
interactions with perovskite species that stabilize ligand-
precursor complex-induced intermediate phases, thereby

modulating the nucleation window and slowing subsequent
growth kinetics."*>'*® Furthermore, additives provide steric
hindrance at domain interfaces and grain surfaces, increasing the
effective separation between neighboring perovskite domains
and limiting coalescence-driven enlargement during the growth
stage (Figure 6a)."*”"** Accordingly, ligand incorporation is
correlated with a longer-lived intermediate state and introduces
a physical barrier to subsequent growth, which favors the
formation of smaller perovskite crystals that exhibit enhanced
spatial confinement (Figure 6b).1 35137

The effective binding strength of organic ligands in halide
perovskite systems is governed by molecular architecture and
binding functional groups, backbone chain length,los’140
concentration and surface coverage, and the number of
anchoring sites per molecule (Figure 6¢)."*'

For ligand functional group chemistry, in commonly used
phenylethylammonium bromide (PEABr), ammonium
(=NH?*) groups are commonly used as hydrogen-bond
donors'** that interact with halide species and intermediate

https://doi.org/10.1021/acs.chemrev.6c00202
Chem. Rev. XXXX, XXX, XXX—XXX

9202 1290100 01 U0 158NB Aq Jpd"Z0Z0009"ASIWBYO"SOB/E6.G0889/2020009" ASILIBLD"SOB/ L Z0L "0 L/10p/}pd-ajoiie/Aeaiyo/Biosoe'sand woly papeojumod



Chemical Reviews

pubs.acs.org/CR

REVIEY

complexes, providing a relatively weak interaction that can
broaden the nucleation window.'*”'** By contrast, oxygen-
containing Lewis base functional groups such as carbonyl
(C=0), sulfoxide (S=0), and phosphoryl (P=0)**'* can
coordinate to Pb-containing species, typically yielding stronger
ligand-bound intermediates.'*>"*® Functional groups capable of
even stronger anchoring, including acidic or protic groups such
as carboxylic acids (—COOH), phosphonic acids (—PO-
(OH),), and sulfonic acids (—SO,(OH)), can further increase
the effective binding strength through stronger interac-
tions, 22147150

Backbone chain length can modulate crystallization primarily
by changing the dynamics of precursor complexation, including
ligand exchange rates, aggregation behavior, and the formation
of kinetically persistent intermediate species that mediate the
liquid-to-solid transition."*""*" As the backbone length between
a headgroup and a tail increases, the precursor-ligand complex
becomes more stable and persists longer because reduced
conformational mobility and stronger intermolecular packing
favor sustained contact and cooperative stabilization in the
precursor environment, which in turn delays nucleation and
growth.l‘q’l'151 Shorter chain ligands, by contrast, tend to
exchange and reorient more rapidly, which can promote faster
precursor conversion and less pronounced growth retarda-
tion.">"">* Accordingly, these longer-lived precursor-bound
states can increase nucleation density and suppress coarsening,
enabling smaller grains and more uniform microstructures that
are often desirable for emissive perovskite films."*”">*

Multidentate ligands provide multiple simultaneous binding
interactions, making them harder to displace from precursor or
surface sites; this stabilizes ligand-bound intermediates and
more effectively retards crystallization.'>*'*> For example, in
bidentate hexane-1,6-diyl-bis(oxy-4-triphenylphosphine-oxide)
(2-TPPO) or tetradentate pentaerythrityl-tetrakis(oxy-4-triphe-
nylphosphine oxide) (4-TPPO), multiple P=O donors can
exhibit stronger effective coordination to Pb halide precursor
species than a TPPO with a single P=O group molecule.*>'*® By
further stabilizing precursor-ligand intermediates through
multiple coordination sites, multidentate TPPO increases the
relative intensity of the absorption peak assigned to PbBr,~
observed in UV—vis spectra, indicative of bromoplumbate
complexes before full crystallization.®"*' Besides, when multi-
dentate groups coexist in a single ligand,””"**'%!3715% the
binding mode can change qualitatively, and the net interaction
energy can differ substantially depending on whether binding
occurs through one group or through cooperative multipoint
attachment."””"*” For ligands including both ammonium and
carboxyl groups, precursor-ligand intermediates can adopt
multiple coordination modes."”” The ammonium group mainly
contributes hydrogen bonding, the carboxyl group provides the
coordination interaction, or both groups act together through
multipoint attachment.'*”'**'°" 'In a previously reported
density functional theory (DFT) analysis, the interaction
energies were on the order of 0.25 eV for an ammonium-
mediated binding and about 0.44 eV for a carboxyl-mediated
binding, increasing to close to 0.86 eV when both groups
engaged simultaneously, indicating a substantially stronger net
stabilization under multipoint attachment.">” Accordingly,
zwitterionic or multifunctional ligands allow the binding mode
and interaction strength to be tuned through the binding of
multifunctional groups, enabling stronger intermediate stabili-
zation and more effective growth suppression and thereby

promoting smaller, more uniform domain sizes under controlled
. o .. 149,157,159,162
ligand coverage and coordination conditions.

4.3. Nanocrystal Pinning

NCP can be rationalized within LaMer’s model as a
postnucleation kinetic freezing.”'®> The process works near
the end of Stage II (burst nucleation) and the onset of Stage
I, 541 effectively pinning the microstructure in a nanocrystal-
line regime and limiting grain growth,3 Ostwald ripening, and
coalescence pathways that would otherwise dominate Stage
II1.5513%194195 This kinetic pinning is commonly induced by
introducing an orthogonal antisolvent during film forma-
tion."°~'®” The antisolvent is selected to be a poor solvent
for the perovskite precursor species while remaining compatible
with the polar solvent, such that solvent exchange rapidly
increases supersaturation.””"'>*!%>!”% This abrupt change in
solvent environment lowers the effective solubility and
suppresses solute redistribution, driving dense nucleation
while restricting the mass transport required for sustained
growth 35120135166

The effectiveness of NCP depends strongly on the rate of
antisolvent-induced solvent exchange and polar solvent removal
(Figure 7a).*"*” Slow extraction keeps postnucleation reorgan-
ization and continued growth active, allowing ripening and
coalescence to partially resume and shifting the morphology
toward larger grains.””'”"'”> By contrast, excessively rapid
extraction produces an abrupt and spatially uneven rise in
supersaturation, which can trigger nonuniform nucleation and
poor grain fusion.®**>%¢ Effective pinning, therefore, requires an
extraction rate that is fast enough to generate dense nucleation
but not so fast that nucleation becomes spatially heteroge-
neous.®” Under this condition, solute redistribution is
minimized, further grain enlargement is suppressed, and a
more uniform nanocrystalline microstructure is ob-
tained.*”’"3%1%® With this perspective, chlorobenzene and
chloroform are often used to promote small grain sizes by
accelerating solvent exchange and rapidly reducing precursor
solubility (Figure 7b).>?*'%>!%® These antisolvents are generally
weakly coordinating toward precursor complexes, while their
volatility shortens the time window for solute redistribution,
thereby suppressing subsequent growth and ripening.' "7

Beyond conventional NCP, which relies primarily on
antisolvent orthogonality to reduce precursor solubility and
induce kinetic pinning, an extended approach often referred to
as additive-assisted nanocrystal pinning (A-NCP) has been
developed (Figure 7¢) YEIIIIBIONIO 1 this strategy, func-
tional additives are incorporated into the antisolvent to further
regulate crystallization.'*>'® Bulky additives can impose
additional steric hindrance at nascent grain surfaces and
interfaces, suppressing postnucleation grain growth beyond
that achievable by antisolvent pinning alone.””” In addition,
these additives can preferentially reside at grain boundaries,
where they passivate defect-rich regions and reduce nonradiative
recombination by forming core/shell mimicked nanograins.*””

As an alternative approach, a supersaturated solution with a
small amount of perovskite precursor species, such as CsBr, can
be used to further reduce grain size.'””'”> When this
supersaturated antisolvent contacts the wet perovskite films,
the local solubility decreases abruptly, promoting faster
precipitation and a higher nucleation density. This rapid kinetic
pinning further limits mass transport and favors smaller
nanocrystals, often below 40 nm."**"”®

https://doi.org/10.1021/acs.chemrev.6c00202
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resurfacing via controlled surface erosion, followed by additive infiltration.

In the A-NCP process, the antisolvent flow rate becomes
especially important because it governs the penetration depth of
the additive-containing solution into the precursor layer.””"””
Limited penetration at low flow rates concentrates the additive
near the surface, confining kinetic pinning and defect passivation
largely to the surface region.*””'“”!”® Greater penetration at
higher flow rates distributes the additive throughout the film
thickness and enables passivation at grain surfaces and grain
boundaries across the layer.””” This leads to a more uniform
vertical grain size profile and a more homogeneous distribution
of passivating species, forming core/shell-mimicked nano-
grains.8 b7

Temperature offers an additional way to tune solvent removal
by adjusting extraction and evaporation rates.””” At lower
temperatures, reduced evaporation and slower solvent—
antisolvent interdiffusion make precipitation less abrupt,
allowing nuclei and grains to rearrange and pack more
uniformly, thereby reducing void formation and improving
film continuity.*”'”*~"*" Thus, an orthogonal antisolvent can
still produce a rapid rise in supersaturation and a nucleation
burst, while the lower temperature helps yield a denser, more
continuous film."*”

However, when the antisolvent is dripped onto a wet film, the
initial droplet contact and the subsequent lateral spreading can
create position-dependent gradients in local solvent concen-
tration and composition.'**~'** These gradients lead to spatial
variations in the onset of su 2persaturation and nucleation density
across the coated area.'®” At the droplet center, not fully
crystallized perovskite film first encounters the antisolvent,
driving rapid solvent exchange and earlier supersaturation.'®”
This promotes fast, dense nucleation and earlier kinetic freezing
for the developing nanostructure.'®” In contrast, away from the
center, the antisolvent arrives later and in a more diluted form
because it is delivered mainly through spreading and diffusion.
As a result, supersaturation is reached more gradually, allowing
more time for solute redistribution, crystal growth, and local

structural reorganization before the film is fully crystallized.
These spatial differences can produce distinct microstructures
within the films.'®* Edge regions are therefore more likely to
show increased roughness, phase heterogeneity including the
formation of lower-dimensional components, and higher defect
182185186 Microdroplet-based antisolvent deposition is
a promising strategy to address spatial nonuniformity.

densities.

Delivering antisolvent as microdroplets generated by a
pressure-driven atomizer can minimize radial gradients during
the supersaturation stage and promote the onset of nucleation at
comparable times across the substrate area, thereby improving
lateral homogeneity.'*>'**'*”

To achieve more spatially uniform control over perovskite
crystallization, crystallization kinetics can be regulated using
vapor-phase treatments rather than liquid antisolvent dripping
(Figure 7c). Vapor-phase nanocrystal pinning avoids localized
liquid contact and instead enables gradual infiltration and
diffusion of vapor molecules into the wet film.'**'®¥ This
procedure allows for more balanced nucleation and growth,
resulting in suppression of localized nanocrystal agglomeration
and excessive surface roughening, thereby facilitating the
formation of high-coverage films with densely connected
crystalline domains,'*%'%%!%?

Vacuum-assisted solvent removal can further accelerate
residual solvent extraction and shorten the time available for
sustained growth and postnucleation coarsening (Figure
7¢)."*"! In the approach demonstrated for in situ formation
of a Type I band-aligned nanocrystalline perovskite film, a
nonstoichiometric, adduct-mediated precursor environment
inhibits excessive crystal growth, while subsequent solvent-
vacuum drying completes the solid-state transformation while
preserving this nanocrystalline regime, yielding a dense and
laterally uniform film microstructure.

https://doi.org/10.1021/acs.chemrev.6c00202
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Table 1. Perovskite Solvent Characteristics

Dielectric Boiling point ~ Vapor pressure @ 25 °C Donor Hansen parameter
Solvent constant (&) (°C (mmHg) Number (6D/6P/5H) Role
Propylene carbonate (PC) 64.9 242 0.045 15.1 20/18/4.1 Medium coordination
Dimethyl sulfoxide (DMSO) 46.7 189 0.60 29.8 19.0/16.6./7.4 Coordination solvent
(strong)
y-Butyrolactone (GBL) 41.8 204 0.45 18.0 18/7.4/9 Medium coordination
Acetonitrile (ACN) 37.5 82 90 14.1 15.3/18.0/6.1 Cosolvent
Dimethylformamide (DMF) 36.7 153 3.87 26.6 17.4/13.7/11.3 Coordination solvent
(strong)

N,N’-Dimethylpropyleneurea 36.1 246 15 33.0 18/14/7 Coordination solvent

(DMPU) (strong)
N-Methyl-2-pyrrolidone 322 202 0.345 27.3 18.0/12.3/7.2 Coordination solvent

(NMP) (strong)
Isopropyl alcohol (IPA) 17.9 82 45 21.1 15.8/6.1/16.4 Antisolvent
2-Methoxyethanol (2-ME) 16.9 125 9.5 - 16.2/9.2/16.4 Cosolvent
Dichloromethane (DCM) 8.93 40 430 1.0 18.2/6.3/6.1 Very volatile
Tetrahydrofuran (THF) 7.6 66 170 20 16.8/5.7/8.0 Dispersion solvent
Ethyl acetate 6.02 77 93 17.1 15.8/5.3/7.2 Antisolvent
Chlorobenzene (CB) 5.62 132 12 33 19.0/4.3/2.0 Antisolvent
Chloroform (CF) 4.81 61 200 - 17.8/3.1/5.7 Antisolvent
Diethyl ether 4.33 35 440 19.2 14.5/2.9/4.6 Strong antisolvent
Anisole 4.33 154 3 9 17.8/4.1/6.7 Antisolvent
Toluene 2.38 111 28 - 18.0/1.4/2.0 Antisolvent

4.4, Post-treatment

Post-treatment steps provide additional routes to improve
charge injection and transport and, in some cases, to impose
further structural confinement (Figure 8). In nanoscale
polycrystalline perovskite films, reduced grain size can increase
spatial confinement, but it can also increase the density of
surface-related trap states.””'*>'"> In addition, excess AX
species on the surface, which are electronically insulating and
do not participate in perovskite lattice formation, can reduce
effective electronic coupling and interfacial contact between the
perovskite and the adjacent transport layer.'”””'** Post-
treatments can therefore be used to passivate surface
defects,! 01957197 compensate ionic imbalance,"**"?*"”7 and
induce surface reconstruction,'”>'”*'”” leading to improved
electrical and optical characteristics.'” ">

Residual organic salts and surface-coordination defects are
representative targets of such post-treatments. For example,
residual excess formamidinium iodide (FAI) can be removed by
rinsing with isopropanol (IPA), which selectively dissolves
unreacted organic salts without compromising the perovskite
film (Figure 8a)."”?°! In addition, post-treatment with a
coordinating ligand such as 2,7-bis(diphenylphosphoryl)-9,9’-
spirobifluorene (SPPO13), which binds to undercoordinated
metal centers to passivate surface defects, can also improve the
electron-transport interface and provide additional benefits
(Figure 8b).?">*% These ligands can bind strongly to center
metal of perovskites, improving chemical stability while also
facilitating electron injection and improving charge bal-

ce, 08204205 Together, these effects can improve carrier
transport, reduce nonradiative losses, and enhance operational
stability.' %%

However, solution-based post-treatment steps can chemically
perturb the metastable perovskite film, and solvent exposure can
introduce additional degradation pathways.'””*"” Solvents that
strongly solvate the perovskite lattice can damage the film,
generate a high density of surface vacancies, and induce lattice
distortion, thereby increasing nonradiative recombina-
tion.' %% '8%2% Eor this reason, relatively nondestructive solvents

with lower polarity and boiling points, such as chloroform, ethyl
acetate, and 1,2-dichloroethane, are often chosen to modify the
surface while preserving the perovskite crystal structure.'*>%
In some cases, an additional pretreatment step is introduced
to mitigate solvent-induced damage during post-treatment
(Figure 8¢).>9#?197212 Eor example, when additives such as 4-
fluorophenethylammonium bromide (4-F-PEABr) are depos-
ited from solution onto blue nanoscale-polycrystalline perov-
skite films before thermal annealing, the processing solvent can
partially etch the surface and generate additional halide
vacancies, which can introduce new loss pathways.”***'* To
reduce such damage, vapor-phase pretreatments have been
employed before the solution post-treatment.'®**"* In a
representative approach, a vapor-assisted crystallization
(VAC) process is used to deliver additives such as
formamidinium acetate (FAAc), to the perovskite surface, via
exposure to an additive-containing solvent vapor (e.g,
DMEF)."””*'* This pretreatment can promote strong coordina-
tion between the additive and Pb*" sites before the subsequent
post-treatment step, thereby reducing solvent-induced film
damage while preserving the benefits of post-treatment.””*'
In contrast, strongly polar and highly volatile solvents (e.g,,
acetone) are sometimes used intentionally to induce controlled
surface erosion.'””?°*! In this case, the objective is not limited
to superficial defect passivation but rather to enable additive
infiltration and in-depth modification of the perovskite film. The
solvent promotes surface reconstruction and can open grain
boundary diffusion pathways that facilitate the penetration of an
additive such as 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) into the film (Figure 8d)."*”*°"*"” TPBi
preferentially accumulates along grain boundaries, where its
aromatic, phenyl-rich framework can form a relatively hydro-
phobic barrier that suppresses moisture and oxygen ingress,
thereby improving film stability, while also binding to the
perovskite surface, suppressing dynamic lattice vibrations, and
strengthening the perovskite lattice.*”'””?'® In addition,
interfacial TPBi can reduce the electron-injection barrier at
the transport-layer/perovskite contact, which can increase the
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electron-ingection efficiency and improve charge bal-
ance.'””*'?”* The characteristics of solvents for nano-PC
perovskite engineering and the performance of nano-PC
PeLEDs are summarized in Tables 1 and 2, respectively.

5. QUASI-2D PEROVSKITES

Quasi-2D perovskites provide strong charge confinement
through their inherent multiple quantum well architecture,”*!
but the same structural features that enable confinement also
hinder charge transport. The central material design objective
for this system is therefore to preserve confinement while
restoring transport. In quasi-2D perovskites, both confinement
and transport are governed by the distribution of n-phases,
where low-n phases provide strong confinement but contain a
high fraction of insulating organic spacers and often possess
deep traps that obstruct transport and high-n or 3D-like phases
enable better transport but weaken confinement. Phase-
distribution engineering is therefore discussed in this section
as the practical means of balancing these requirements.

Structurally, quasi-2D perovskites are commonly described by
the formula A’)A, B, X;,,, and consist of corner-sharing
[BX,]*" octahedral slabs separated by bulky organic spacer
cations (A’). This natural quantum confinement, combined with
the dielectric mismatch between the inorganic slab and the
organic spacer, raises the exciton binding energy from ~50 meV
to over 300 meV relative to bulk 3D perovskites.”> However, the
confinement structure arising from this self-assembly also
underlies a major drawback: phase distribution across multiple
n-values. Formation energy differences between adjacent n-
phases are often too small to thermodynamically select a single
targeted n-phase, and spin-coating introduces spatially and
temporally nonuniform solvent evaporation, intermediate
complexation, and precursor redistribution.””* As a result,
even with stoichiometries designed for a target n-phase, films
frequently solidify into polydisperse quantum-well ensembles
containing multiple n-phases (Figure 9a). When the slab
thickness approaches or falls below the exciton Bohr radius, a
sing%g-zlger change in #n can substantially shift the bandg-
ap,”"”"" so that a broad n-phase distribution can lead to spectral
broadening, reduced color purity, and nonradiative losses.
During quasi-2D perovskite crystallization, thermodynamically
stable 2D monolayer (n = 1) phases form first by preferentially
incorporating A’ cations, rendering the residual solution A’-
deficient (i.e., a composition shifted from the initial
stoichiometry) and thereby promoting subsequent formation
of 3D-like (n = c0) phases.”>***

For PeLED applications, both excessive low-n formation (n =
1-3) and 3D-like (n = o0) formation are detrimental: low-n
phases suffer trap-assisted and Auger losses and low con-
ductivity,”*>**° whereas 3D-like phases act as red-shifted
funneling sinks.¥**” Quasi-2D PeLED strategies therefore target
medium-n (n =4—S5) or high-n (n > 6) as the dominant emissive
species, while minimizing parasitic low-n and 3D-like phases,
thereby yielding a phase-narrowed ensemble.”>**”** In the
following, we first analyze the transport mechanism that
motivates this design objective, and the subsequent sections
analyze quasi-2D phase formation step by step to highlight the
mechanisms that enable n-distribution narrowing and stabiliza-
tion of the desired emissive phase.

5.1. Carrier Transport in Quasi-2D MQW Films

Unlike three-dimensionally connected ABX; perovskite, in
which carriers move through a continuous corner-sharing

octahedral network, the MQW architecture of quasi-2D
perovskites divides the inorganic framework into [BX4]*~ slabs
only a few octahedra thick, separated by insulating organic
spacer layers. This slab and spacer architecture gives rise to three
transport characteristics intrinsic to the MQW geometry: strong
anisotropy between in-plane and out-of-plane carrier motion,*”
a tunneling-limited interdomain pathway across the organic
spacer,””* and an ultrafast funneling cascade that redistributes
excitons and carriers across coexisting n-phases along the n-
graded energy landscape.””"

Transport within a quasi-2D domain is intrinsically
anisotropic, reflecting the structural and electronic difference
between the slab and the spacer. Carrier motion is more
favorable parallel to the metal-halide slabs, where the corner-
sharing [BX,]*™ network remains continuous. Experimentally,
photoconductivity analysis of highly oriented PEA,PbI, films
yields long-range sum mobilities of ~8 cm* V™' s7', indicating
appreciable in-plane charge transport along well-aligned
inorganic sheets.”*” Transport along the stacking direction is
structurally hindered, as carriers must tunnel across the organic
spacer that separates adjacent inorganic slabs. This spacer
functions as an interlayer tunneling barrier, with its thickness
controlling the barrier width and the energetic mismatch
between the metal-halide band-edge states and the electronic
states of the organic spacer determining the effective barrier
height. In a simple WKB approximation, the tunneling
probability scales as T = exp(—2«d), where d represents the
effective tunneling distance across the spacer. Thus, interlayer
electronic coupling decreases steeply as the spacer becomes
thicker, consistent with anisotropic transport measurements on
quasi-2D lead-halide single crystals showing substantially lower
out-of-plane mobility than in-plane mobility.”*” In practical
quasi-2D PeLED emitting layers, however, the extracted
mobilities are much lower, typically ranging from 107> to 1072
cm® V™' 57!, and depend strongly on the measurement method,
defect density, spacer content, n-phase distribution, and
crystallographic orientation. Therefore, charge transport in
quasi-2D perovskite is better understood in terms of the in-
plane/out-of-plane anisotropy than by any single mobility value.
This anisotropy also explains why quasi-2D PeLED performance
is sensitive to crystal orientation: in substrate-parallel slabs,
vertical current must pass through stacked organic spacers,
limiting macroscopic mobility, whereas vertically oriented slabs
provide more continuous metal-halide pathways along the
device current direction.”*® Orientation and the spatial
distribution of n-phases across the emitting layer therefore
become key factors governing charge transport, with strategies
that promote vertical slab alignment through buried-interface
engineering discussed below.

The third and most distinctive transport characteristic appears
in films with a distribution of n-values, which is typical for spin-
coated quasi-2D emitting layers. Because the bandgap of a quasi-
2D phase decreases monotonically with #n from the strongly
confined low-# limit toward the bulk value at high—n,233 a mixed-
n film acts as an energetic cascade, in which wide-bandgap low-n
domains serve as donors and narrow-bandgap high-n domains as
acceptors, driving excitations downhill toward the lowest-energy
domains. This process, commonly called ‘energy funneling’,
actually proceeds through two transfer channels differing in the
species being transported.””' In the first channel, a bound
electron—hole pair in a low-n well transfers its excitation to a
higher-n acceptor by Forster-type dipole—dipole coupling across
the organic spacer, so only the excitation energy moves, not the

https://doi.org/10.1021/acs.chemrev.6c00202
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Table 2. continued

Ref.

Molecular additive

Strategy

Operational lifetime
(T50)

Von/ VI,OOO nit/ VIO,OOO nit

Luminance (cd m™) EQE
/radiance (%)

EL peak
(nm)

Composition

142

Hesperetin

Molecular additive

11.6 h @ 20 mA cm™

4.72

1S Wsr™! m™2

948
“Turn-on voltage (V,,) and driving voltages at 1,000 and 10,000 cd m™> (V1,000 nit and V5,000 nit) Were extracted by digitization from the J—-V—L curves of the corresponding references. S-AVATFA (-

ammonium valeric acid trifluoroacetate); PPAI (phenylpropylammonium iodide); 2-TPPO (hexane-1,6-diyl-bis(oxy-4-triphenylphosphine oxide)); 4-TPPO (pentaerythrityl-tetrakis(oxy-4-

triphenylphosphine oxide)); PAA (poly(acrylic acid)); MBA" (a-methyl-benzyl-ammonium); Br-MBA" (Bromo-a-methyl-benzyl-ammonium); DMA" (a,a-dimethyl-benzyl-ammonium); Br-DMA*

CsSnl;

(bromo-,a-dimethyl-benzyl-ammonium); BPA (benzylphosphonic acid); PMA (phenylmethylamine); MS (methanesulfonate); PS (propanesulfonate); TMTA (trimethylolpropane triacrylate);
EDEADI (2,2’-(ethylenedioxy) diethylammonium diiodide); TFPPO (tris(4-fluorophenyl)phosphine oxide); SPPO13 (2,7-bis(diphenylphosphoryl)-9,9’-spirobifluorene); TPBi (2,2',2"-(1,3,5-

benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)); MSPE (2-[4-(methylsulfonyl)phenyl] ethylamine); CsTFA (cesium trifluoroacetate); ACl, (diaza-18-crown-6 dihydriodide); APS (3-amino-

propanesulfonic acid); PEO (poly(ethylene oxide)); NH,—PEG,-NH, (3,6,9,12-tetraoxatetradecane-1,14-diamine)

carriers themselves.”>"?** In the second channel, free electrons
and holes either generated by exciton dissociation or injected
directly under electrical bias migrate down the n-graded band
offsets and accumulate in the narrow-bandgap domains before
recombination.”**' These two channels, excitonic energy
funneling and free-carrier funneling, are different in mechanism
but are not separate phenomena. These two processes share the
same n-graded landscape and channel excitation downhill
toward emissive high-n domains, while operating on ultrafast
picosecond to subpicosecond time scales in mixed-n quasi-2D
films.**"*** They are also difficult to disentangle from ground-
state bleach (GSB) signal in transient absorption spectra, which
reflects their combined population. This experimental overlap
suggests that funneling in mixed-n quasi-2D films often reflects
coupled excitonic energy transfer and interphase carrier transfer,
rather than a single uniquely separable pathway. The relative
contribution of these channels depends strongly on the local
exciton binding energy. Low-n wells with binding energies of
several hundred meV are predominantly excitonic and described
by FRET,”*’ whereas high-n or 3D-like domains have lower
binding energies owing to stronger dielectric screening, which
increases the free-carrier contribution at room temperature. As
binding energy decreases gradually with #, the mechanism shifts
along the cascade but leads to the same outcome, fast downhill
redistribution of excitation toward emissive high-n domains.

This cascade is central to quasi-2D PeLED operation because
it redistributes excitons and charge carriers before radiative
recombination in the emissive high-n domains. Ultrafast
transient-absorption (TA) and time-resolved photolumines-
cence (TrPL) measurements on mixed-n lead-bromide quasi-
2D films have resolved excited-population transfer from low-n
donors to high-n acceptors on subpicosecond to picosecond
time scales,”>"***> and have further revealed carrier redistrib-
ution across quantum wells with different n values.”*® Because
these transfer times are far shorter than the typical 1—10 ns
radiative lifetime of the high-n acceptor, funneling can be largely
completed before recombination in suitably controlled mixed-n
films. These short transfer time scales arise from two structural
features of the MQW stack. In the excitonic channel, the
nanometer-scale separation between donor and acceptor
domains enables efficient Forster-type transfer when spectral
overlap and transition-dipole orientation are favorable.”***** In
the free-carrier channel, composition-dependent conduction
and valence band offsets between adjacent n-phases provide a
thermodynamic driving force for downhill redistribution,
although the actual rate also depends on interdomain contact,
disorder, and trap-mediated processes.”’’ Thus, the spacer-
defined MQW structure simultaneously limits macroscopic out-
of-plane transport and enables ultrafast local energy and carrier
funneling across n-dependent quantum wells, creating an
internal asymmetry between rapid interphase redistribution
and spacer-limited long-range charge transport.

This cascade plays a dual role in device operation. One
beneficial consequence is that this funneling acts as an internal
spectral filtering mechanism for the polydisperse n-phase
ensembles formed during quasi-2D crystallization. Even when
several n-phases coexist, excitations are redistributed into a
smaller subset of emissive high-n acceptors within picoseconds,
so the underlying phase distribution is often only weakly
reflected in the device spectrum rather than appearing as a set of
fully resolved emission peaks.””' The corresponding drawback is
that the same efficient funneling that masks phase polydispersity
can also amplify the impact of a poorly controlled phase

https://doi.org/10.1021/acs.chemrev.6c00202
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Figure 9. (a) Schematic of energy/carrier funneling in mixed quasi-2D perovskites, where photoexcited excitons transfer from wide-bandgap to
narrow-bandgap phases. 3D-like (n = 00) domains offer the lowest-gap recombination centers, but weaker confinement can increase trap-assisted
losses under electrical bias, whereas monolayer 2D (n = 1) phases show stronger Coulomb interactions and defect sensitivity that can promote Auger
and nonradiative recombination. (b) Additive-assisted precursor control for phase narrowing: suppressing precursor aggregation and homogenizing
colloidal species reduces size dispersity, leading to a narrower n-phase distribution after crystallization.

distribution. When low-n phases are overrepresented, their
larger spacer fraction, high density of organic—inorganic
interfaces, and often poorer crystallinity can increase defect
and trap densities, while stronger Coulomb interactions
promote exciton—exciton annihilation and other Auger losses.
These pathways compete with funneling and dissipate part of the
excited population.””*** The high spacer content of low-n-rich
films further lowers overall conductivity and aggravates the out-
of-plane transport bottleneck, a limitation that becomes
especially detrimental at the high current densities required
for PeLEDs.”*® When present, 3D-like (1 = 00) domains occupy
the bottom of the energy landscape and serve as weakly confined
low-energy recombination sites for excitons and carriers,
producing red-shifted emission that can degrade color purity,
radiative efficiency, and operational stability.”**” The cascade
therefore does not remove the need to control the n-distribution.
Instead, it makes such control more important because the same

mechanism that attenuates the spectral signature of phase
polydispersity also routes the excited population into whichever
domains lie lowest in energy.

Taken together, these three transport characteristics
determine how device-level transport limitations manifest in
quasi-2D PeLEDs. Limited out-of-plane transport raises the
operating voltage needed to sustain a given current density,
accelerating Joule heating and ion-migration-driven degrada-
tion.”’™*° The funneling cascade, meanwhile, concentrates
injected carriers into the small population of emissive high-n
domains, or into 3D-like domains in poorly controlled films,
promoting Auger recombination and electrochemical side
reactions that limit device operating lifetime at the high
luminance levels (typically 10> —10° ¢d m™2) required for
display operation.”””*” These coupled mechanisms point to
three requirements for quasi-2D perovskite emitter design: (i)
narrowing the n-distribution toward medium- or high-n domains

https://doi.org/10.1021/acs.chemrev.6c00202
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with sufficient confinement while limiting Auger losses and the
formation of 3D-like low-energy sinks, (ii) orienting the
inorganic slabs so that vertical current follows the in-plane
channel, and (jii) engineering the buried interface, which
influences both n-phase nucleation and slab orientation. The
crystallization-control, additive, antisolvent, interfacial-engi-
neering, and postprocessing strategies discussed below can
each be understood as a different route toward these objectives.

5.2. Suppressing Precursor Aggregation and Speciation
Heterogeneity

The n-phase distribution of quasi-2D perovskites is strongly
affected by the precursor-solution state, before spin coating
(Figure 9b).”*” During the crystallization of quasi-2D perov-
skites, multiple n-phases compete because their formation
energies are often similar, leaving only a shallow thermodynamic
driving force to select a single targeted n-value. The final n-phase
ensemble is therefore additionally governed by crystallization
kinetics, where solvent-Pb-X coordination/intermediate phases
and the rate of supersaturation during spin-coating can
kinetically bias early nuclei toward specific n-values.”>” The
local A’ spacer cation aggregates™*® and heterogeneous solution
speciation”” which can create nucleation hot spots that

preferentially stabilize certain n-phases, ultimately broaden the
n-phase ensemble.

A’-spacer cations can readily self-aggregate in the precursor
solution via 7-7 stacking,4 van der Waals interactions,”****! and
hydrogen-bond-assisted ion pairing,”** creating spacer-rich local
domains. During early crystallization, these local spacer-
enriched regions lower the local nucleation barrier for low-n
phases and induce nucleation toward strongly confined 2D
motifs with more negative formation energies. Therefore,
weakening spacer self-assembly by side-chain engineering
reduces the thermodynamic driving force for 2D stacking,
suppressing excessive low-n formation and helping narrow the n-
phase distribution. This self-assembly leads to the A’ spacer
cation-rich colloids, and these colloids create local A’-enriched
regions during spin-coating, which favor early nucleation of low-
n phases.”” Therefore, suppressing A’ spacer cation-rich
agglomerates is expected to mitigate excess low-n formation.

In addition to physically removing agglomerates via physical
filtration, additives can be employed to suppress aggregation and
thereby prevent in situ agglomerate formation. One practical
strategy is cospacer engineering using a nonaromatic bulky A’
site cation without a conjugated ring tail.”>*?*>*** For instance,
the conventional aromatic spacer PEA" shows strong

https://doi.org/10.1021/acs.chemrev.6c00202
Chem. Rev. XXXX, XXX, XXX—XXX

9202 1290100 01 U0 158NB Aq Jpd"Z0Z0009"ASIWBYO"SOB/E6.G0889/2020009" ASILIBLD"SOB/ L Z0L "0 L/10p/}pd-ajoiie/Aeaiyo/Biosoe'sand woly papeojumod



Chemical Reviews

pubs.acs.org/CR

REVIEY

interactions that can induce spacer cation aggregation, thereby
promoting low-n phase formation.”****’ Partial replacement of
PEA* with a short-chain spacer (e.g,, isopropylammonium) has
been shown to suppress aggregation and narrow the n-phase
distribution, consistent with an increased energetic penalty for
forming the n = 1 phase.”** Co-spacer designs using highly
sterically hindered spacers (e.g, triphenylmethaneammonium)
can further disrupt spacer stacking and suppress low-n
nucleation.”*” In another approach, phase narrowing can be
achieved without modifying the bulky A’ spacer cations by
introducing an additive that interferes spacer—spacer inter-
actions. For example, a cryptand that complexes with PEA*
converts a bimodal colloidal size distribution into a single
unimodal population, thereby homogenizing the precursor
colloids and suppressing low-n phase formation.”**

Pb-X-solvent coordination species can also form colloid-like
aggregates, amplifying concentration and compositional gra-
dients. Quasi-2D precursor solutions contain a diverse ensemble
of plumbate complexes, and such heterogeneous speciation can
translate into spatially varying nucleation conditions as solvent
evaporation drives the solution toward supersaturation.''”"*®
Such persistent heterogeneity increases the possibility that
multiple n-phases nucleate and become kinetically locked in,
resulting in undesirable low-n and 3D-like components.

Acids or zwitterionic additives can prevent the aggregation of
Pb-X solvent species. Acids strongly interacting with Pb** can
suppress aggregation by forming competitive Pb**-additive
complexes, thereby reducing the population and size of colloidal
aggregates.”*>**° Also, protonation by acid additives can change
the local ionic coordination environment, which can promote
partial dissolution or downsizing of the Pb-X framework.”*”***
This dual role of acidic additives can minimize precursor
aggregation while steering nucleation toward a phase-narrowed
crystallization pathway.”*” Even simple acids such as phenyl-
phosphonic acid (PPA), which interacts with PbL,, have been
reported to reshape nucleation pathways and narrow n-phase
distribution.”*° Zwitterions like 5-aminovaleric acid (5-AVA)
can simultaneously coordinate Pb** and provide electrostatic/
solvation stabilization, suppressing reagglomeration of Pb-X
clusters and promoting a more uniform speciation landscape.”"
This homogenization reduces spatial variations in nucleation
and growth during spin-coating, favoring phase narrowing.”>" A
systematic study varied the acidic moiety of a zwitterionic
additive (phosphonic acid, sulfonic acid, carboxylic acid, and
thiol) and compared the resulting crystallization and device
behavior.'®” The results indicate that excessively strong Pb**
binding can impede growth or deteriorate crystallinity and
morphology, necessitating an optimized binding strength
window that balances aggregation suppression against growth
inhibition.'*

5.3. Crystallization Control

5.3.1. Coordination/Inhibitor-Mediated Nucleation
Delay. Spin-coating dictates how the initial chemical distribu-
tions in the precursor are translated into an n-phase ensemble.
Once the precursor is dispensed and spinning begins, the wet
film rapidly thins under centrifugal force, while solvent
evaporation progressively drives the solution toward super-
saturation.””” When a critical supersaturation is exceeded,
nucleation is triggered in the quasi-2D perovskites. The first
nucleation event strongly constrains the formation of n-phase
distribution in the whole film, since the remaining precursor
species after the initial nucleation act as the reservoir for

subsequent growth and thereby bias the formation of the
remaining quasi-2D phases.”>* Thus, controlling the nucleation
timing, which can be achieved with crystallization delaying
additives, solvent-vapor atmosphere, and antisolvent dripping,
provides a practical route to narrow the n-phase distribution
(Figure 10a).

During spin-coating, solvent is primarily removed from the
top surface, inevitably generating vertical concentration
gradients across the wet film, with higher concentrations at
the surface and lower concentrations toward the substrate.”>**>>
These gradients lead to biased local stoichiometry (A/A’), and
Pb-X coordination/speciation. If nucleation begins before these
gradients relax, different n-phases could be generated under
locally biased conditions.”*>**° For example, A’ spacer cation-
rich regions can preferentially trigger low-n nucleation by
lowering the local nucleation barrier, whereas A’ spacer deficient
regions may favor the growth of 3D-like components. Such early
spatial nonuniformity can be imprinted into the solid film and
ultimately manifests as a reason for broadened n-phase
distribution.””” Accordingly, the main objective of precursor
engineering is to delay nucleation until the wet film reaches a
more uniform chemical state, enabling nucleation to proceed
more uniformly across the film.*>®

This nucleation delay can be implemented through three
routes. First, competitive inhibitor-type additives can coordinate
Pb>* and/or interact with A/A’ cations, thereby retardin§ the
conversion of solvated intermediates into the solid phase.'**>*
For instance, efficient Quasi-2D PeLEDs have been demon-
strated using a fluorinated spacer cation 3-(3,4,5-
trifluorophenyl)prop-2-yn-1-aminium bromide
(3FPPYABr),”*® as well as by incorporating tris(4-
fluorophenyl)phosphine oxide (TFPPO)."* Although these
molecules differ in structure and primary binding motifs, both
can extend to the prenucleation window by stabilizing
intermediate coordination states and reducing ion/cation
mobility; for fluorinated spacers, this retardation is often
attributed to F--NH;" interactions that slow spacer (eg,
PEA") diffusion/redistribution before nucleation.”® Likewise,
bifunctional spacer cation 2-bromoethylammonium bromide
(BEABr) can also delay the crystallization, forming stronger
coordination by hydrogen bonding and halogen—halogen
bonding with [PbBry]*~.>*" These strengthened interactions
suppress the diffusion of molecules/ions during nucleation,
which can efficiently slow the nucleation for the effective phase
narrowing.”” The resulting extended prenucleation window
gives additional time to equilibrate intermediate phases
throughout the film, reducing local spacer enrichment and
suppressing premature low-n phase seeds.”®” In this sense,
inhibitor additives not only slow down the crystallization, but
they also help homogenize the chemical species in the
prenucleation stage and make the favorable initial condition
for the narrow phase distribution.”**>¢’

5.3.2. Solvent-Removal and Solvation Engineering to
Moderate Supersaturation. The second strategy is to
engineer the solvent removal environment and solvent system
to moderate how quickly the wet film reaches critical
supersaturation. This approach aims to suppress rapid top-
surface evaporation, thereby reducing vertical concentration
gradients and locally biased stoichiometry/speciation that can
otherwise become fixed before intermediates equilibrate across
the wet film.”>* Regulating the solvent-vapor atmosphere during
spin-coating has been shown to switch between distinct in situ
crystallization modes by modulating solvent evaporation and

https://doi.org/10.1021/acs.chemrev.6c00202
Chem. Rev. XXXX, XXX, XXX—XXX

9202 1290100 01 U0 158NB Aq Jpd"Z0Z0009"ASIWBYO"SOB/E6.G0889/2020009" ASILIBLD"SOB/ L Z0L "0 L/10p/}pd-ajoiie/Aeaiyo/Biosoe'sand woly papeojumod



pubs.acs.org/CR

REVIEY

Chemical Reviews
Sieve
a solvent b
~—__HA
SRR EN
CB

C
Fastevaporation lon diffusion & structural
? ? T ? T ? rearrangement
alal s alal
Do, Dae $3d2s 32222
A o o ¥ O [
0 S &
v
v S

T Mo

HMTA induced . . —
o) 'Q:E"_ Direct pinning
o

intermediate complexes

s e “‘\'4 Y o
ales alal DL N -
% * - :.414 - 4.11 Lot 4.«1.".4_.1, 4(‘ 4‘4 -
2 P 0w.Y Ol ‘g LG TGLELY dipersed
O v A AL IO TN, AN P
b e "‘,“ ‘44-:."4‘ AN )
AR P )
» v ’ e aws!
Py 6»\,‘»"';-; ;Y:w', UL POVOUN
\ v +O\ e 20T NN, Y " DL 4" oy
v“' B b,'»" ’)i"' alalalel “‘, EOE dspersed
p A w 2 ~O0R P i O O O O PPN
Annealing
substrate

L

A Solvent Q A’ spacer bulky cation
) HMTA Q«Anchoringagent

Slow evaporation during annealing

Vapor-assisted Cold
annealing

Encapsulated

annealing annealing

A
+ Y . Y g 'Y
l | [
Slow evaporation

4 TS PRD

substrate

|

444k

4 ddeir

Figure 11. Postspin conditioning and annealing control for preserving a narrowed n-phase distribution in quasi-2D perovskite films. (a) Schematic of
solvent-sieve postwashing applied to as-spun films to selectively dissolve unstable/defect-rich low-n components. (b) Schematic of intermediate-
direct-pinning, where intermediate-rich films are briefly washed to remove excess intermediates/organics and residual solvents while an anchoring
interaction kinetically pins the emerging phase ensemble. (c) Schematic comparison of annealing outcomes as a function of residual-solvent removal
kinetics: fast evaporation can promote ion diffusion and structural rearrangement that broadens the phase ensemble, whereas slow-evaporation
annealing modes (e.g., encapsulated, vapor-assisted, or temperature-field-controlled annealing) help preserve or steer the final n-phase distribution.

retention, indicating that nucleation is highly sensitive to the
local solvent environment.”®> In addition, the n-phase
distribution in quasi-2D perovskites can be tuned solely by
regulating precursor supersaturation through solvent engineer-
ing (e.g., varying the DMSO/ethyl acetate ratio),”** highlighting
that phase selection depends not only on evaporation kinetics
but also on solvent coordination and the overall solvation
chemistry. Taken together, these results suggest that phase
narrowing is not dictated only by spacer chemistry but also by
how quickly the wet film approaches the nucleation threshold
and how uniformly the solvent/solute speciation is maintained
across the film before kinetic locking.

5.3.3. Antisolvent-Triggered Forced Supersaturation
for Synchronized Nucleation. In contrast, antisolvent
quenching promotes phase narrowing by synchronizing
nucleation rather than delaying it.”** By rapidly extracting the
host solvent from the wet film, the antisolvent drives the
precursor into a supersaturated state within a short time
window, inducing rapid and widespread nucleation across the
film.>%° Beyond acting as a purely kinetic quench, antisolvent
processing can also chemically bias early stage phase selection by
interacting with spacer cations and intermediate coordination
species. Polar antisolvents such as ethyl acetate can engage in
strong hydrogen-bonding interactions with spacer cations,
thereby modulating crystallization and tailoring the phase
distribution by suppressing excessive low-n components and

promoting high-n growth.”®> From a practical standpoint,
broadening the antisolvent processing window while preserving
film quality is important for robust phase control. A green-
solvent triethylene glycol (TEG) precursor system enables a
wide antisolvent treatment time window (e.g., 70—100 s) while
still yielding high-quality films and nearly identical device
efficiencies, indicating that antisolvent-based phase control
benefits from coupling forced supersaturation with a more
forgiving kinetic window.”*® In addition, antisolvent dripping
can serve as a timed delivery step for functional additives,
enabling their introduction precisely at the nucleation and
synchronization moment, and enabling concurrent phase
regulation during the quench.”*”*%

5.3.4. Substrate-Guided Nucleation and Phase Dis-
tribution Control. Nucleation in quasi-2D perovskites is often
heterogeneous across the film thickness and can be initiated
preferentially at the buried interface via heterogeneous,
interface-assisted nucleation. The buried interface can enrich
precursor species through adsorption and local concentration,
while interfacial wettability,mg’270 surface energy,271 surface
charge,”” acidity,”” and specific functional groups~”"*”**”* can
modulate interactions with Pb-X complexes and A-site cations
(Figure 10b). These interfacial interactions reorganize the
coordination environment of A/A’ cations and Pb-X species,
reduce the effective nucleation barrier, and stabilize interfacial
nuclei. Buried-interface nucleation therefore determines the

T https://doi.org/10.1021/acs.chemrev.6c00202
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spatial distribution of nuclei and early stage phase selection, and nents”**** or (ii) kinetically pins the precursor-derived

in some cases, can contribute to phase narrowing while
improving film continuity and coverage.””® In practice, CTL-
based buried-interface engineering can also influence charge
injection and transport, imposing constraints or enabl'n%
synergistic gains depending on the interlayer design.”’’~*’
Buried-interface nucleation is commonly promoted by incor-
porating monovalent metal cations (Li*,** Na*,*®' K*°
Cs™””) as functional additives in the hole-transport layer.
Additives bearing passivating groups can effectively reduce
defect densities at the buried interface while simultaneously
refining the phase distribution. These additives can reorganize
the local Pb-X coordination environment and suppress
interfacial compositional heterogeneity, thereby reducing
premature nucleation of low-n phases or 3D-like domains at
the interface. Suppression of these early pathways favors the
formation of a more continuous medium-n network and results
in a narrower phase distribution. Ionic salt additives formed via
ionic pairing between monovalent metal cations and functional
anions have been widely reported as a strategy enabling
simultaneous nucleation promotion and interfacial passiva-
tion. 26280

Beyond phase regulation, buried interface nucleation can also
modulate the crystal orientation, which constitutes a major
bottleneck for carrier transport in quasi-2D perovskites. The in-
plane orientation of layered perovskites impedes vertical carrier
transport, whereas interface-directed nucleation, promoting out-
of-plane growth, improves vertical transport pathways. The
introduction of amine-terminated carbon dots into the hole
transport layer has been reported to reduce phase inhomoge-
neity in quasi-2D blue PeLEDs while promoting out-of-plane
growth through specific interfacial interactions. The resulting
vertically aligned nanostructures, with a markedly reduced
effective grain boundary density, have been associated with
substantial improvements in carrier transport across the
emissive layer.”*”

Another powerful approach to phase narrowing is to decouple
the quasi-2D precursor from the buried interface, thereby
suppressing substrate-imposed biases in the nucleation and
phase selection. The insertion of an interfacial decoupling layer
weakens the adsorptive and specific interfacial interactions that
locally reorganize the Pb-X coordination and PEA* distribu-
tions. This, in turn, mitigates the tendency for preferential low n
enrichment or heterogeneous phase separation at the interface.
A perfluorinated ionomer (PFI) between the PEDOT:PSS and
the EML mitigates the adverse influence of the substrate on
phase distribution, yielding a more ordered n-phase landscape
and substantially improved radiative efficiency in blue quasi-2D
PeLEDs.””®

5.4. Postprocessing to Refine n-Phases and Prevent 3D-Like
Phase Growth

Although spin-coating can largely determine the nucleation
timing and thereby preconfigure the initial n-phase distribution,
as-spun quasi-2D perovskite films often remain in a semi-
equilibrated state that still contains residual solvents and labile
Pb-X coordination species. During this short postspin period,
remnants of locally trapped low-dimensional phases—or seeds
that later promote low-n formation during thermal annealing—
can persist. Therefore, post-treatments applied in the narrow
time window between the end of spin-coating and the onset of
annealing can be viewed as a preconditioning step that (i)
selectively dissolves unstable or defect-rich low-n compo-

distribution before thermally activated redistribution sets in.*’
A representative example (Figure 11a) is solvent sieve chemical
washing,283 in which a small fraction of hexylamine (HA) is
blended into chlorobenzene and applied to the as-spun film,
selectively removin% defect-rich low-n phases and narrowing the
n-phase dispersion.”” This approach has also been correlated
with markedly improved operational stability at high brightness;
notably, an extrapolated Ts, of ~5.7 years at 100 cd m™> has
been reported alongside high efficiency, suggesting that postspin
treagr;ezgi can provide benefits beyond simple phase narrow-
ing.””

Conceptually related, an alternative route is to intentionally
halt quasi-2D phase formation after spin-coating and then
trigger phase formation only after removing intermediates that
would otherwise bias the film toward low-n phases. In the
anchoring-assisted intermediate-direct-pinning (A-IDP) strat-
egy (Figure 11b),*° methylenediammonium dichloride
(MDACL,) in the precursor rapidly degrades into NH,* and
hexamethylenetetramine (HMTA), forming a metastable
intermediate complex with PEA* and retarding low-n crystal-
lization.”® The intermediate-rich film is then washed with a
semipolar, volatile solvent of tetrahydrofuran (THF) containing
a surface-anchoring ligand, 1,2-cis-cyclohexyl dicarboxylic acid
(CCA), which allows selective removal of excess intermediate/
organic species and residual solvents, while simultaneously
anchoring and pinning the emerging phase distribution to
suppress diffusion-driven broadening during annealing.*’

Even when the initial distribution is refined by such post-
treatments, thermal annealing remains essential for removing
residual solvents (e.g., DMF/DMSO) and stabilizing the crystal
lattice for LED fabrication. However, because different quasi-2D
n phases are often thermodynamically close in free energy,
annealing can promote ionic redistribution and structural
rearrangement, leading to additional phase redistribution.
Thus, the key objective of postspin processing is (i) to preserve
an already narrowed n-phase distribution during annealing and
(ii) to further steer the final distribution through rationally
designed annealing conditions.

One handle is to control the evaporation kinetics of residual
solvents during annealing (Figure 1lc). In encapsulation
annealing (or encapsulation growth), the wet film is physically
covered to retain coordinating solvent (e.g., DMSO) for longer,
which can redirect the subsequent crystallization pathway: the
contribution of low-dimensional domains decreases while the
fraction of higher-n/3D-like components increases, consistent
with a reshaped domain distribution reflected in near-band-edge
absorption features.”®® Another handle is the deliberate design
of the solvent atmosphere during annealing. Solvent vapor can
open partial dissolution-recrystallization pathways and strongly
affect the final phase distribution and defect formation. Notably,
quasi-2D perovskite films can respond very differently under
polar/nonpolar solvent atmospheres, implying that vapor
polarity and coordination strength can either accelerate phase
evolution/degradation or helﬁp preserve/improve phase purity,
depending on the system.”** Extending this concept, mixed-
vapor annealing that combines a coordinating component with a
nonpolar/weakly interacting component has been proposed to
buffer intermediate-to-crystal conversion while enabling reor-
ganization time. For instance, DMSO/CS, mixed vapor was
shown to promote more thermodynamically controlled
crystallization and a well-aligned cascade-like phase arrange-
ment. CS, adsorption was also associated with a reduced surface

https://doi.org/10.1021/acs.chemrev.6c00202
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Table 3. Summary of Quasi-2D Perovskite Light-Emitting Diodes

EL peak Luminance  EQE  V,./Vyo00 it/ Vioooo mit’ ~ Operational lifetime Molecular
Composition (nm) (cdm™2) (%) V) (Tso) Strategy additive Ref.
(FA/Cs) Pb (Br/Cl)-p- 458 3,521 5.82 4.1/-/- 13.4 min @ 19.17 Annealing - 87
FPEABr LiBr, GABr, NaBr cdm™ engineering
(Cs/EA)PbBr; + PEABr 489 1,000 225 2.3/3.0/- 25h@100cd m™  Molecular MDA 0
+MDABTr, additive
Post-treatment CCA
(Cs/MA)PbBr; + PEA/IPABr 490 2,480 LS 5.4/8.0/- 10 min @ 10 cd m™  Ligand IPABr 24
engineering
(Cs/GA)Pb(Br/Cl); + PEABr 490 2,686.45 10.16 3.4/5.5/- 240 s @ 100 cd m™>  Molecular Cryptand 2
additive
(Cs/EA)PbBr; + PEABr 490 2,150 15.6 3.0/4.3/- 55.3 min @ 60 cd m™> Molecular GABA 162
additive
(Cs/PA)PbBr; + PEA/ 490 1119 12.26 2.3/5.3/- 0.88 min @ 60 cd m™* Molecular 3FPPYABr 258
3FPPYABr additive
CsPbBr; + PEABr + BABr 490 3,194.7 8.77 3.2/5.0/- 5.58 min @ 37 cd m™*  Antisolvent Ethyl Acetate 265
engineering
CsPbBr; + PEA/BEABr 493 2,540 16.98 3.0/4.0/- 730 s @ 0.5 mA cm™  Ligand BEABr 299
engineering
CsPbBr, + PMABr 493 8,300 12.8 2.8/3.6/4.5 - Annealing Scotch Tape 285
engineering
(Cs/EA)PbBr, + PEABr 494 ~9,000 12.09 2.3/3.0/- 1.9h @100 cd m™>  Interface PFI 78
engineering
CsPbBr; + PBA/PEABr 515 - 14.6 2.8/4.9/- 700 s @ 200 cd m™  Solvent - 262
engineering
Cs, sMAg4Pb,Br,, + PEABr 517 52,000 25.6 2.8/3.0/3.4 115 min @ 7,200 Molecular TFPPO s
cdm™ additive
CsPbBr; + PEABr 520 5,000 24.27 2.5/4.9/5.9 - Vapor-assisted ~ Chlorobenzene %
annealing
FAPbBr, + PEABr + CF;SO;K 531 147,872.8 295 2.6/3.2/3.7 50,317 h @ 100 Post-treatment ~ Hexylamine 28
cdm™
FAPbBr; + PEABr + KBr 532 38,000 20.4 2.8/3.3/4.0 - Interface TEG 266
engineering
Solvent
engineering
CsPb(Br/1), + PEABr 656 3,024 32.14 5.8/6.4/- 47.7h,600h,437h  Vapor-assisted ~ DMSO 36
@ 5 mA cm™? annealing cs,

“Turn-on voltage (V,,) and driving voltages at 1,000 and 10,000 cd m™ (V490 o and Vigo00 nit) Were extracted by digitization from the J—-V—L
curves of the corresponding references. IPABr (isopropylammonium bromide); GABA (y-aminobutyric acid); 3FPPYABr (3-(3,4,5-
trifluorophenyl)prop-2-yn-1-aminium bromide); TFPPO (tris(4-fluorophenyl)phosphine oxide); BEABr (2-bromoethylamine hydrobromide);
TEG (triethylene glycol); PFI (perfluorinated ionomer); MDA (methylenediammonium); CCA (1,2-cis-cyclohexyl dicarboxylic acid)

defect density, leading to improved spectral stability and device
performance.’

Finally, the annealing temperature field itself can be
engineered to directly modulate the vertical phase distribution.
Thermal-gradient annealing, implemented by introducing a low-
temperature source during annealing, was reported to suppress
the formation and accumulation of high-n domains near the
upper interface and to realize a more favorable vertical
distribution for efficient emission.”®” The performance of
quasi-2D PeLEDs is summarized in Table 3.

6. COLLOIDAL PEROVSKITE NANOCRYSTALS

In colloidal PNCs, interparticle charge transport is intrinsically
limited by the insulating organic ligands required for surface
passivation and colloidal stability. Charge transport proceeds
primarily via thermally activated hopping across a structurally
and energetically heterogeneous network.”*® This inefficient
transport mechanism often results in nonuniform internal
electric fields, promoting local charge accumulation, which
accelerates device degradation. Therefore, the main material
design objective for this system is to maintain confinement and
surface passivation while improving the interparticle transport.

To mitigate these transport limitations, ligand exchange
strategies are utilized to replace native insulating ligands, such as

oleic acid (OA) and oleylamine (OAm),”*” with shorter or more
conductive structures.””® Although these approaches improve
carrier mobility, the structural disorder inherent in randomly
packed films persists as a primary limiting factor. Consequently,
long-range ordering of colloidal PNCs has been investigated to
manage this issue.””' Ordered assemblies minimize energetic
disorder and facilitate charge carrier transport while preserving
charge confinement and preventing leakage current.””*”>"° The
formation of such ordered structures is fundamentally depend-
ent on nanocrystal monodispersity and the interaction between
ligands.””* Therefore, precise control over the size distribution
and ligand engineering is essential for the assembly of coherent,
long-range ordered superlattices. In this context, this section
discusses synthesis approaches aimed at obtaining monodis-
perse colloidal PNCs, followed by an examination of purification
and ligand engineering strategies designed to balance
passivation and charge transport. Finally, the perspective of
long-range PNC ordering to form a superlattice is summarized.

Conventional synthesis methods for perovskite nanocrystals
(PNCs) include hot injection, room-temperature synthesis,
ligand-assisted reprecipitation (LARP), and emulsion techni-
ques. Hot-injection and room-temperature synthesis typically
involve the reaction of two precursor solutions, dissolved in
nonpolar solvents, with ligands. Typically, an A-site cation or

https://doi.org/10.1021/acs.chemrev.6c00202
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Figure 12. Development of fabrication methods for perovskite nanocrystals (PNCs). The left arrows indicate the overall trend that a slower effective
reaction rate leads to higher size uniformity. (a—c) Schematics of hot-injection methods. (a) The conventional binary system injects Cs-oleate into the
Pb-halide precursor, resulting in rapid reaction and growth with a short monomer supply window. (b) The ternary hot-injection system utilizes halide
precursor injection into Cs/Pb-oleate, which slows down the reaction rate. (c) In the diffusion-mediated hot-injection method, the limited solubility of
Pb(SCN), provides monomers continuously. This significantly slows down the reaction rate and forms monodisperse PNCs. (d, e) Schematics of
room-temperature (RT) synthesis. (d) PbX, is dissolved with the aid of organic additives such as tetraoctylammonium bromide (TOAB) or
trioctylphosphine oxide (TOPO). Nucleation and growth are initialized by the Cs-precursor injection. (e) In diisooctylphosphinic acid (DOPA)-
based RT synthesis, the absence of OA delays the dissociation of the PbX,-TOPO complex, thereby slowing down the growth and yielding
monodisperse PNCs. (f—h) Schematics of synthesis methods utilizing solubility differences. (f) The ligand-assisted reprecipitation method utilizes a
polar precursor solution (in DMF) where perovskite precursors and ligands are dissolved together, which is then injected into toluene acting as a
nonpolar antisolvent. (g) The emulsion method utilizes hexane with ligands as an antisolvent, and the immiscibility between hexane and the polar
precursor solution leads to an emulsion state. Nucleation and growth are initialized after a demulsifier is injected. (h) The pseudo-emulsion synthesis
(cold-injection method) utilizes a precursor solution in DMF (high A/Pb ratio) without ligands, and toluene with ligands as the antisolvent, while
maintaining a low solution temperature below 4 °C.

296,297 . . 303 .
96,29 and halide anion. Because the reaction between OA and

OAm is exothermic, the concentration of ionized ligand species

halide anion precursor is injected into a lead halide (PbX,)
precursor solution. In contrast, LARP*****? and emulsion

methods®” use perovskite precursors dissolved in polar
solvents, which are subsequently injected into an antisolvent.
These approaches rely on the precipitation of PNCs driven by
differences in the solubility. The strategies for controlling PNC
growth differ, depending on the specific mechanism governing
each synthetic route.

6.1. Nucleation and Growth Control in Colloidal PNCs

6.1.1. Hot-Injection Synthesis. The conventional hot-
injection method involves the rapid injection of a cesium oleate
(Cs-oleate) solution into a heated PbX, precursor containing
OA and OAm (Figure 12a).”* Cs-oleate is generally prepared
by reacting cesium carbonate or cesium acetate with OA under
vacuum at temperatures exceeding 100 °C. FA-based
compositions can be synthesized using a similar procedure by
substituting Cs-oleate with FA-oleate. 01,302

The nucleation and growth kinetics are primarily governed by
the interaction between OA/OAm ligands and PbX,,. Acid—base
interactions modulate the coordination environment of Pb**

(R-COO~ and R-NH;") increases at lower reaction temper-
atures.””* These ionized species bind strongly to the precursors
and reduce ionic mobility. This interaction limits the formation
of haloplumbates and suppresses both crystallization and
growth.”*® Conversely, increasing the reaction temperature for
the synthesis of PNCs decreases the concentration of ionized
ligand species. This reduction lowers PbX, solubility and
promotes the formation of haloplumbates.’®”> Upon the
injection of Cs-oleate, these plumbate species convert rapidly
into CsPbX; nanocrystals. These nucleation and growth
processes typically reach completion within seconds. This
rapid rate makes precise size control difficult and often results in
broad size distributions.’”®

Zinc halides (ZnX,) are frequently added to the precursor
solution to improve the size uniformity. Upon dissolution by
OA/OAm, ZnX, provides additional halide species, while the
Zn** ions act as spectator species that do not incorporate into
the perovskite lattice. Under halide-deficient conditions, such as
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a Pb:X ratio of approximately 1:2, incomplete halide
coordination promotes Pb-rich terminations in the plumbates.
This condition favors continued growth and broadens the size
distribution.”’**° In contrast, halide-rich conditions induce
high-order coordination in the Pb-X species. This effect reduces
the effective growth rate and suppresses the uncontrolled size
evolution. Consequently, halide-rich conditions typically yield
more confined nanocrystals with an improved size uniform-
ity.”'***> However, this strategy is limited in its ability to
regulate the rapid kinetics required for larger PNCs, specifically,
those exceeding 10 nm.

The reaction can be further decelerated by modifying the
system from a binary to a ternary precursor system (Figure 12b).
In this arrangement, Cs* and Pb** are provided as oleate salts,
and nucleation is initiated by injection of a halide
source.”*”??*3% The reaction rate decreases because the strong
bonds between Pb and the oleate ligands must be broken before
the formation of haloplumbates during the initial stage of the
halide precursor injection. For the halide source, oleylammo-
nium halides®”” were initially employed, and benzoyl halides
have more recently been utilized as alternative molecular
precursors.””® Benzoyl halides undergo a chemical reaction to
release halide ions gradually, enabling slower growth and
superior size uniformity.296

The ternary system was further extended through a diffusion-
mediated hot-injection strategy using lead thiocyanate (Pb-
(SCN),) (Figure 12c). Unlike PbX,, Pb(SCN), exhibits limited
solubility due to strong Pb-SCN interactions and functions as a
monomer reservoir.”° As soluble monomers are consumed
during nanocrystal growth, additional Pb(SCN), dissolves to
replenish the monomer pool, and this buffered monomer
concentration promotes size-focused growth.’”® Under these
diffusion-limited conditions, smaller nanocrystals grow more
rapidly than larger ones, which suppresses Ostwald ripening and
allows the reaction time to be extended over tens of minutes.
This approach results in narrow size distributions with standard
deviations of below 8%."

6.1.2. Room-Temperature Synthesis. Hot-injection syn-
thesis remains a widely used protocol for the preparation of
phase-pure colloidal nanocrystals. However, the requirement for
high reaction temperatures and inert or vacuum conditions
increases the processing complexity. These limitations have
prompted the development of room-temperature synthesis
methods that can be carried out under ambient conditions
(Figure 12d).

To enable the formation of perovskite at room temperature,
alternative ligand systems are required. Initial room-temperature
synthesis utilized tetraoctylammonium bromide (TOAB) to
facilitate the solvation of PbBr, in toluene.””® In this process,
TOAB provides Br™ to PbBr, to form highly coordinated
haloplumbates, while the large organic cation TOA" stabilizes
the species dispersed in toluene. Subsequent injection of Cs-
octanoate (Cs-OTAc) leads to the formation of colloidal PNCs.
Because TOA" acts as a weakly binding ligand, the system
maintains a high reaction rate by allowing Cs" to coordinate
directly to the plumbates. TOPO or tetraheptylammonium
iodide (THAI) along with oleylammonium iodide have been
utilized as alternative coordinating agents for PbX, in room-
temperature synthesis.””” >

To modulate the reaction rate, the choice of ligand directly
influences the interaction between the Cs precursor and PbX,.
In room-temperature synthesis utilizing the TOPO system,
replacing OA or OTAc with diisooctylphosphinic acid (DOPA)

is a critical factor. When the TOPO forms the TOPO-PbBr,
complex, conventional carboxylic acids exhibit high affinity for
TOPO. These acids protonate TOPO to form TOPO-H, which
immediately induces the formation of haloplumbates and
initiates rapid nucleation and growth. In contrast, DOPA has a
low affinity for TOPO, which prevents the abrupt formation of
haloplumbates. Instead, upon injection of Cs-DOPA, a Cs-
[PbBr;] complex is formed. This pathway facilitates the slow,
controlled growth of colloidal nanocrystals (Figure 12¢).*'

6.1.3. Antisolvent Precipitation and Emulsion Syn-
thesis. While conventional hot-injection or room-temperature
methods utilize separate precursor solutions in nonpolar
solvents, the LARP technique employs polar solvents such as
DMEF to dissolve perovskite precursors alongside amine and acid
ligands. In this approach, PNCs are synthesized by injecting the
polar precursor solution into a nonpolar antisolvent. The abrupt
reduction in solubility upon injection triggers the rapid
precipitation of precursors, resulting in the formation of the
perovskite phase (Figure 12f).””**"" A related strategy utilizes
precipitation within a precursor emulsion. For instance, hexane
is utilized as an antisolvent, and the immiscibility of DMF and
hexane leads to a milky emulsion state of the precursor solution.
To initiate precipitation, a demulsifier such as tert-butanol or
acetone is introduced to the system, facilitating the isolation of
the PNCs (Figure 12g).%

Control over nanocrystal dimensions and morphology is
primarily achieved through ligand management. It has been
observed that increasing the alkyl chain length of the amine
ligand from butylamine to octylamine in the presence of OA
reduces the size of spherical PNCs to below 10 nm.””° Similarly,
increasing the concentration of OA in the antisolvent has been
demonstrated to decrease the size of PNCs from 35 to 3 nm.”""
Beyond size regulation, the specific choice of ligand species can
be used to tune the nanocrystal shape. This enables the synthesis
of diverse morphologies including spherical quantum dots,
nanocubes, nanorods, and nanoplatelets."’lz_314 However, these
methods are also governed by sudden changes in solubility,
which often lead to limited control over nucleation and result in
nonuniform particle synthesis.

6.1.4. Cold-Injection and Pseudo-emulsion Synthesis.
While conventional precipitation and emulsion methods have
been limited by poorly understood nucleation kinetics, the
recently developed cold injection (Ci) method addresses these
limitations. By utilizing a pseudo-emulsion method,”" this
synthesis method produces (FA/GA)PbBr; PNCs featuring
near-unity PLQY and high structural uniformity.

The coordination environment of the precursor solution,
specifically the ABr/PbBr, ratio ranging from 1:1 to 2:1,
significantly influences the resulting nanocrystal properties. At
low ABr/PbBr, ratios, haloplumbates exhibit low coordination
numbers and tend to aggregate into large, polydisperse colloids
through interplumbate interactions. Conversely, increasing the
ABr/PbBr, ratio promotes higher Pb** coordination, where the
Pb centers are effectively shielded by the A-site cations. This
shielding results in smaller, more uniform plumbate species that
suppress rapid nucleation and uncontrolled growth upon
injection into the antisolvent, ultimately leading to enhanced
PLQY.*

The reaction temperature and ligand concentration within the
antisolvent also serve as critical parameters for growth control.
Because the acid—base exchange reaction between ligands is
exothermic, lower injection temperatures increase the effective
concentration of decylammonium and oleate species in the
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Figure 13. Surface engineering strategies for perovskite nanocrystals (PNCs). (a) Conventional surface ligand engineering trends. Replacing pristine
insulating ligands (OA, OAm) with halide-rich surfaces facilitates high external quantum efficiency (EQE), but leaves the structure vulnerable to ion
migration, resulting in limited operational lifetime. (b) Promising surface engineering strategies utilizing acidic ligands. Carboxylate, benzenesulfonate,
and phosphonate ligands are employed to strongly anchor to the PNC surface, substituting vulnerable halide anions to enhance structural durability
and charge transport. (c) Multifunctional additives. Implementing molecules capable of hydrogen bonding or multidentate coordination to provide
robust surface passivation and reinforce the structural stability of the ionic lattice.

antisolvent. Upon introduction of the precursor solution, these
high ligand concentrations, coupled with the reduced mobility of
emulsifier molecules, prevent immediate precipitation at a low
temperature. This stabilizes the pseudo-emulsion state for an
extended duration, thereby slowing the growth kinetics.”’ The
resulting PNCs exhibit uniform cuboid morphologies, in
contrast to the noncuboid shapes and wide size distributions
typically observed in room-temperature syntheses.

6.1.5. Purification. Postsynthetic purification and ligand
engineering are necessary to utilize as-synthesized colloidal
PNCs as an emissive layer. The purification process removes
reaction residues, including high-boiling-point solvents such as
l-octadecene (ODE), excess ligands (e.g., OA, OAm, TOAB,
and TOPO), nonperovskite phases, and unreacted clusters.
Failure to remove these impurities prevents the formation of
uniform, compact PNC films and results in highly insulating
electrical properties.

Standard purification protocols typically employ a reprecipi-
tation method using polar antisolvents such as ethyl acetate or

methyl acetate.”'**'® In early studies, various solvents, including

butanol and acetone, were investigated; however, their highly
polar or protic nature often resulted in the generation of surface
defects and the degradation of the perovskite lattice.’'®
Consequently, ethyl acetate and methyl acetate have been
established as the standard solvents for purification.

The purification procedure involved repeated cycles of
precipitation and redispersion. By optimization of the
antisolvent-to-crude solution ratio, colloidal PNCs can be
selectively extracted. During centrifugation, larger impurities are
discarded as precipitates, while the ODE, excess ligands, and
small clusters are removed in the supernatant. It was observed
that two washing cycles are generally sufficient to isolate the pure
colloidal PNCs. Excessive washing should be avoided as it
promotes the detachment of surface ligands, leading to a loss of
colloidal stability and the formation of nonradiative surface
traps.317

While the synthesis and purification protocols enable the
production of monodisperse PNCs without residue, the
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resulting nanocrystals remain capped with long-chain aliphatic
ligands. Their insulating nature presents a significant barrier to
charge carrier injection and transport in optoelectronic devices.
Consequently, postsynthetic surface modification becomes
necessary to provide effective defect passivation during
purification. The following section discusses ligand engineering
strategies designed to replace or modify these initial ligand
shells.

6.2. Surface Engineering

Ideal surface ligands for colloidal PNCs must satisfy three
primary criteria: 1) providing sufficient steric or electrostatic
repulsion to ensure colloidal stability and prevent agglomer-
ation; 2) exhibiting strong surface binding to effectively
passivate defects and resist detachment; and 3) ensuring high
conductivity to facilitate efficient charge injection and transport.

During the early stages of colloidal PNC development,
research was directed toward substituting native OA and OAm
ligands (Figure 13a). Because halide vacancies were identified as
the predominant surface defects, strategies primarily focused on
the supplementation of halide anions, typically paired with
alkylammonium countercations or metal halides.”'*~**" This
approach was effective. For instance, postsynthetic treatment
with oleylammonium halides was sufficient to achieve an EQE
exceeding 20%.>*! Furthermore, quaternary ammonium halides,
such as didodecyldimethylammonium bromide (DDAB), have
been widely adopted as exchange ligands. Compared to native
ligands, DDAB exhibits stronger binding energy and enhanced
chemical robustness against acid—base equilibria due to its
quaternary ammonium structure.”>***?

Despite these improvements in device efficiency, a limited
operational lifetime remains a significant challenge. Native
carboxylate ligands (OAs) bind to the PNC surface in neutral or
deprotonated forms but exhibit relatively low binding energies,
making them susceptible to desorption or displacement by
halide anions.”*” Consequently, ligand exchange often results in
a halide-rich surface terminated by ammonium cations and
halide anions. While this surface reconstruction facilitates high
EQEs, it does not suppress the deleterious halide ion migration.
This leads to short operational lifetimes of a few hours, even
compared to PNCs passivated with pristine oleic acid.”"”

Therefore, to simultaneously achieve high efficiency and long-
term stability, the perovskite surface must not be terminated
exclusively with halide anions. Instead, it is necessary to
implement comprehensive passivation strategies using cationic,
anionic, or neutral ligands that provide a robust surface binding.
High conductivity to facilitate efficient charge injection and
transport is also considered. Developing ligand systems that
balance these competing requirements is a critical objective for
the advancement of colloidal PNC-based optoelectronic
devices.

6.2.1. Acidic Counterpart Ligand Engineering. Rather
than simply replacing deprotonated OA with halide anions, a
more effective strategy involves the introduction of strongly
binding acidic ligands. Unlike halide-rich surfaces that remain
vulnerable to ion migration, these robust organic anchors firmly
passivate the surface and suppress the lattice instability. This
approach maintains high efficiency and extends the operational
lifetime by providing a durable surface structure. Structural
engineering of the side chains of these acidic ligands further
allows for improved charge transport properties (Figure 13b).

Replacing OA, which contains a long C18 alkyl chain, with
shorter aliphatic carboxylates allows for better surface access and

higher binding energy, which suppresses the ligand desorption.
The use of OTAc in room-temperature synthesis as a Cs
precursor effectively replaces OA and promotes efficient charge
transport.205 In parallel, the incorporation of trifluoroacetate
(TFA) utilizes the strong binding affinity of the —CF; group to
surface Pb atoms.”** This modification significantly enhances
both PLQY and carrier mobility through superior surface
passivation and shorter side-chain groups.

Beyond carboxylate engineering, benzenesulfonate deriva-
tives have been widely adopted because of their stronger affinity
for surface Pb atoms. For instance, dodecylbenzenesulfonic acid
(DBSA) exhibits a calculated binding energy of 1.64 eV, which
significantly surpasses the 1.47 eV of ammonium bromide.”*®
Although DBSA retains a long alkyl chain that limits mobility,
the superior passivation of surface halide vacancies can upshift
the band structure to improve charge matching.**>**° To
address the transport limitations of long alkyl chains, DBSA can
be substituted with shorter molecules such as 4-methylbenze-
nesulfonate.””” Moreover, replacing the benzene ring with a
naphthalene moiety, such as 2-naphthalenesulfonic acid,
increases the current density by 3 orders of magnitude.*”®
This strategy extends to bifunctional ligands, such as 1,5-
naphthalenedisulfonic acid. This ligand enhances mobility and
induces a parallel PNC orientation relative to the substrate,
which increases the horizontal transition dipole moment ratio
from 60% to 70%.**’

Phosphonate-type ligands provide binding energies superior
to those of carboxylates and amines.””**" For instance, PNCs
synthesized with single phosphonic acid ligands exhibit
exceptional PLQY stability even upon dilution, which confirms
the robust anchoring capability of the phosphonate group.**”
While shorter aromatic side chain structures such as phenyl-
phosphonic acid®*® or benzylphosphonic acid (BPA)™* are
utilized, they often require OA as a coligand to maintain
colloidal stability. In contrast, DOPA is a promising alternative
ligand that can fully replace OA without a loss of colloidal
stability. DOPA is characterized by two shorter branched alkyl
chains and a hi§h adsorption energy of 1.9 eV, compared with
1.5 eV for OA.*>*~* By utilizing the strong binding of DOPA,
surface reconstruction strategies were introduced for CsPbl,
PNCs. This approach increases the activation energy for defect
formation and allows for a rigorous surface etching. This process
reconstructs imperfect octahedra and supplies oleylammonium
iodide, whereas conventional OA-based PNCs would degrade
under such conditions.”*® To further optimize performance,
methyltributylphosphonium iodide is employed as a coligand.
This quaternary salt complements the anionic binding of DOPA
while improving the conductivity through reduced steric
hindrance. Consequently, this dual-ligand system enables the
realization of PeLEDs with both a high efficiency and enhanced
stability.>*

6.2.2. Multifunctional Additives. While the preceding
section focused on acidic ligands that substituted anionic
oleates, complementary surface passivation can be realized
through chemically interactive additives. Distinct from primary
ligands that rely on insulating long alkyl chains for colloidal
stability, these additives are designed to maximize the
passivation efficacy via compact molecular structures. This
approach facilitates the simultaneous enhancement of the
efficiency, stability, and charge transport. For this purpose,
functional strategies utilizing hydrogen bonding””*****” and
multidentate chelation®*°™>** have been employed. These
moieties coordinate to the surface through lone pair donation
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Table 4. Summary of Perovskite Nanocrystal Light-Emitting Diodes

Composition  EL peak (nm) Luminance (cd m™2)/radiance EQE (%)
CsPb(Br/Cl), 467 ~1,000 7.45
CsPb(Br/Cl), 490 2,843 235
CsPbBr; 508 44,452 8.95
CsPbBr; 510 ~10,000 22
CsPbBr; S11 2,030 19.30
CsPbBr; S1§ 330 3
(Cs/FA)PbBr, 515 55,800 11.60
CsPbBr; S18 45,012 18.60
FAPDbBr, 528 13,950 22.63
FAPDbBr, 531 29,280 12.9
FAPDbBr; 531 ~23,000 234
FAPDbBr, 531 ~20,000 29.6
FAPbBr, 532 671,115 19.2
CsPbl, 630 21,590 21.8
CsPb(Br/1), 632 3,840.5 24.5
CsPb(Br/1), 635 12,910 228
CsPbl; 644 4,140 28.5
CsPb(Br/1), 649 500 21.30
CsPbl, 686 43,691 mW s m™2 26
CsPbl, 689 2,002 21.2
CsPbl, 693 119,037 mW sr™! m™> 27

Ligand/

Vion/ V1,000 it/ Vioooo nic (V) Operational lifetime (T’s;) molecules Ref.
3.0/5.7/- 61 min @ 100 cd m™> CTTS 27
-/3.5/- 4341 min @ 100 cd m™  CsTFA 324
2.8/5.0/- DBSA, OTAc 326
2.5/3.7/6.0 60 min @ 1,200 cd m™ NaBr 318
2.7/4.7/- 50 s @ 1,000 cd m™ DDAF 320
4.0/-/- DDAB 322
2.7/3.3/43 DDAB, OTAc  **®
-/3.1/3.7 60 min @ 2,000 cd m™* DDAB, OTAc 319
2.7/4.5/7.6 38 min @ 100 cd m™> NDSA 329
3.6/4.9/6.2 BPA 334
2.7/3.6/4.7 132 min @ 100 c¢d m™2 GA 23
2.7/3.6/4.7 42h @ 100 cd m™ GA 3
3.8/5.0/5.8 20 min @ 100 cd m™> NSA 328
2.5/3.7/5.6 11.7h @ 100 cd m™2 4-FBSA 339
2.4/4.4/- PPA 333
221/3.1/4.8 63 min @ 100 cd m™> Tryptophan .
2.5/4.7/- 304h @ 100 cd m™ DOPA, TMPI 336
2.9/8.0/- 180 min @ 100 cd m™> OAMI 321

PZPY 340
2.8/5.0/- 25h @ S0 mA cm™ O-Tg 338

TMeOPPO-p 2

“Turn-on voltage (V,,) and driving voltages at 1,000 and 10,000 cd m™> (V; ggg ne and Vigggo nie) Were extracted by digitization from the J—V—L
curves of the corresponding references. CTTS (cetrimonium tosylate); CsTFA (cesium trifluoroacetate); DBSA (dodecylbenzenesulfonic acid);
OTAc (octanoic acid); NaBr (sodium bromide); DDAF (didodecyldimethylammonium fluoride); DDAB (didodecyldimethylammonium
bromide); NDSA (1,5-naphthalenedisulfonic acid); BPA (benzylphosphonic acid); GA (guanidine); NSA (2-naphthalenesulfonic acid); 4-FBSA
(4-fluorobenzenesulfonamide) ; PPA (phenylphosphonic acid); DOPA (diisooctylphosphinic acid); TMPI (methyltributylphosphonium iodide);
OAMI (oleylammonium iodide); PZPY (2-(1H-pyrazol-1-yl)pyridine); O-Tg (1-(o-tolyl)biguanide); TMeOPPO-p (tris(4-methoxyphenyl)-

phosphine oxide)

or chelation, effectively passivating surface defects and
strengthening the structural stability of ionic lattices (Figure
13c).

Guanidine represents a standard example of molecular
additives capable of enhancing the perovskite stability. By
adding 10% guanidine bromide into the precursor during
synthesis, these cations were partially incorporated into the
lattice to stabilize the crystal structure. The remaining molecules
are located at the surface, forming strong hydrogen bonds with
the PNC surface sites.””’' Building on this concept, o-
tolylbiguanide, which contains repeated guanidino moieties,
functions as a multidentate hydrogen-bonding agent.”" Its
structure facilitates robust interaction with surface halide anions,
resulting in significantly increased binding energy. The steric
hindrance arising from this multidentate binding suppresses the
formation of the Cs vacancy defects. This mechanism mitigates
ion migration and prolongs the operational lifetime of the
device.®® Furthermore, in 4-fluorobenzenesulfonamide, the
sulfonamide and fluoro groups prevent protonation of the amine
group and create an electron-deficient state. Consequently, the
electropositive amine group can form hydrogen bonds with
electronegative surface halide anions. Additionally, the Lewis
basic S=O group coordinates with surface Pb ions. This strong
binding motif improves both the efficiency and available current
density.”*’

The use of multidentate ligands containing two or more
binding sites is an effective strategy for surface passivation.
Tryptophan is a representative example, featuring an electron-
rich indole ring along with carboxyl and amino groups.’* Its
structure allows for strong coordination with PNCs, resulting in
a high adsorption energy of 4.14 eV compared to 1.22 eV for OA

AA

and 1.87 eV for OAm. The addition of tryptophan significantly
enhances the PLQY and increases the current density by 2
orders of magnitude compared to pristine PNCs.**’

However, for additives with multiple binding sites, the
structural match between the molecule and the perovskite
lattice is critical. A geometric mismatch typically induces lattice
strain or leads to an inefficient binding. To address these steric
issues, 2-(1H-pyrazol-1-yl)pyridine (PZPY) utilizes its molec-
ular flexibility.”** The molecule adopts a twisted conformation
to reduce steric hindrance, which allows for stable bidentate
binding between the nitrogen atoms and the surface Pb*" sites.
This interaction suppresses Ostwald ripening in solution and
improves both the efficiency and conductivity of the PNC
films.>* In addition, functional groups can be attached to
triphenylphosphine oxide to achieve multisite binding. In such
cases, matching the molecular length to the perovskite lattice
parameters is essential to avoiding lattice distortion. For
example, the use of tris(4-methoxyphenyl)phosphine oxide
(TMeOPPO-p) with a para-methoxy group provides a suitable
geometric fit with the lattice.’** This structural compatibility
results in superior efliciency and stability, as well as improved
carrier transport properties.

The aforementioned ligand engineering and additive
strategies primarily address surface defect passivation while
maintaining charge transport at the single-particle level.
However, even with optimized ligand compositions, the
performance of PeLEDs is frequently limited by the insulating
nature of the ligand shell and structural disorder of the film.
Consequently, achieving high-performance PNC-based PeLEDs
requires extending control from the molecular engineering of
individual nanocrystals to the mesoscopic assembly of the film.
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This approach necessitates a focus on the spatial arrangement of
nanocrystals to facilitate efficient charge transport, as discussed
below. The performance of the PNC PeLEDs is summarized in
Table 4.

6.3. Ordered Assemblies in Perovskite Nanocrystals

To overcome the charge-transport limitations of disordered
nanocrystal films, nanocrystal superlattices have emerged as
spatially correlated assemblies with long-range translational
order. In contrast to randomly packed films, where charge
transport proceeds through thermally activated hopping across a
structurally and energetically heterogeneous network (Figure
14a), superlattices impose a spatially correlated distribution of
interparticle separations. This mesoscale organization estab-
lishes structural coherence across the assembly while preserving
the quantum-confined electronic states of the individual
nanocrystal cores.”"* ™%

A central feature of PNC superlattices is the formation of an
intermediate electronic-coupling regime. Superlattices increase
interparticle electronic interactions without inducing nano-
crystal fusion or destroying quantum confinement, thereby
increasing carrier mobility and, in some cases, enabling bandlike
transport (Figure 14b). Ordered packing reduces energetic
disorder, suppresses interfacial trap formation, and alleviates
current crowding relative to that of disordered films.”” As a
result, superlattice emissive layers promote more uniform charge
redistribution and can sustain high luminance at a reduced
operating voltage, which decreases local Joule heating and bias-
driven degradation.”*****3%/

Perovskite nanocrystals are well-suited to superlattice
assembly, owing to their well-defined crystallographic symmetry
and faceted morphologies. They typically adopt cubic or
orthorhombic phases, enabling the sgrnthesis of shape-controlled
building blocks, such as nanocubes, 48,349 nanoplatelets,"’50 and
rhombic dodecahedra.”®' The presence of defined facets
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promotes dense and directional packing during self-assembly,
which enables ordered emissive layers with tunable electronic
couplings and collective optical responses.

6.3.1. Nanocube Superlattices. Perovskite nanocubes are
the most widely studied building blocks for superlattice
assemblies (Figure 14b).”>7*** Their near-isotropic shape
and well-defined crystallographic facets support dense packing
and facilitate the formation of both translational and orienta-
tional orders during self-assembly. Nanocube assemblies,
therefore, provide a reproducible platform for tuning the
interparticle spacing through ligand chemistry while maintaining
structural coherence across the emissive layer.

The optoelectronic advantages of nanocube superlattices
became evident in studies of monodisperse CsPbBr; nanocubes
that spontaneously assembled into electronically coupled
superlattices. Nanocubes that emitted at 510—515 nm
assembled into superlattices that showed a red-shifted yet
spectrally narrow green emission at approximately 530—535
nm.>>* The PLQY of the assembled films remained high at about
45%, which slightly exceeded that of films of isolated nanocubes
at about 40% and was far higher than that of bulk CsPbBr; films
below 0.1%. These results indicated that periodic ordering can
preserve excitonic confinement while maintaining an efficient
radiative recombination.”>*

Subsequent studies translated these concepts into electrically
driven PeLED architectures. In one example, mixed-halide red-
emitting CsPb(Br/I); nanocubes were processed using a dual-
ligand treatment using aniline hydroiodide and bromotrime-
thylsilane, which narrowed the size distribution, reduced the
density of electronically insulating surface ligands, and
promoted compact long-range ordering.””" Although these
films were not explicitly described as superlattices, they
displayed increased periodicity and a narrower distribution of
interparticle spacing consistent with partially ordered super-
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lattice architectures. The resulting ordered nanocube films
showed increased conductivity of about 4 X 107* S m™" and
enabled highly efficient and stable red PNC LEDs, with
operating voltages of about 2.8 V at 1,000 nit and external
quantum efficiencies above 24%.°”" The operational lifetime
increased by nearly 2 orders of magnitude relative to earlier high-
efficiency red PNC LEDs.””' These improvements were
obtained without extensive nanocrystal fusion or band-like
transport, which indicates that mesoscale order, rather than
maximal electronic coupling, can simultaneously improve
efficiency, luminance, and operational stability.

6.3.2. Anisotropic Nanoplatelet Superlattices. Nano-
cube-based superlattices primarily improve charge transport and
current redistribution characteristics in PNC LEDs. In contrast,
anisotropic building blocks, particularly nanoplatelets, further
enable superlattices to function as optically engineered emissive
media (Figure 14c).”>~*7 Shape anisotropy intrinsically
generates transition-dipole anisotropy at the single-particle
level. When nanoplatelets assemble into ordered films with
orientational alignment, this dipolar anisotropy can propagate
from individual nanoplatelets to the mesoscale assembly. The
resulting assemblies enable collective optical responses that are
inaccessible to isotropic nanocrystal solids.

One representative study used colloidal CsPbBr; nano-
platelets assembled into orientationally ordered superlattice
thin films.**® Directed self-assembly redistributed the orienta-
tions of horizontal and vertical transition dipoles and increased
the fraction of horizontally oriented emissive dipoles to about
0.75, compared with about 0.67 in isotropic PNC solids. Optical
modeling indicated that this redistribution could enhance the
light outcoupling by more than 30%. LEDs that employed these
emissive layers reached a peak external quantum efficiency of
24.96%.%° The enhanced efficiency was attributed to shape-
derived dipole anisotropy amplified by superlattice-scale
orientation ordering.

Anisotropic nanoplatelet superlattices can also support
polarized electroluminescence. In one study, CsPbl; nano-
platelet superlattices exhibited macroscopically polarized
electroluminescence under electrical excitation. The polar-
ization was attributed to coherent nanoplatelet stacking and
in-plane symmetry breaking within the ordered assembly.”’
The observation of polarization under electrical bias indicates
that superlattice-induced optical anisotropy remains preserved
during charge injection and radiative recombination.”’

These results indicate that anisotropic superlattices provide
optical control but their electronic advantages remain less
developed. Direction-dependent transport and sensitivity to
stacking-induced disorder can limit performance at a high
current density. Anisotropic superlattices therefore represent
functionally complementary architectures to nanocube-based
superlattices when optical regulation is the primary design
objective.

6.3.3. Rhombic Dodecahedral (RD) Superlattices. A
major limitation of superlattice-based PeLEDs is the mechanical
fragility of long-range ordering during processing and device
integration. During deposition, patterning, transfer, and multi-
layer stacking, nanocrystal lattices experience shear stresses and
stress gradients that can cause interlayer slip, loss of registry, and
fragmentation of ordered domains. Such responses have been
reported for nanocube and nanoplatelet superlattices.”>>*>*
Although ligand chemistry can tune lattice cohesion and
stiffness, the noninterlocking packing geometry of these
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assemblies still leaves them susceptible to shear-driven structural
reorganization.359’360

Rhombic dodecahedral (RD) nanocrystals introduce a
fundamentally different structural motif (Figure 14d). Their
polyhedral geometry can form mechanically interlocked
hexagonal close-packed (hcp) motifs, where multiple facet
contacts restrict translational and rotational motions.**" This
geometric constraint increases resistance to shear-induced loss
of registry under a mechanical perturbation. As such, RD
superlattices provide a structural platform for stabilizing
mesoscale order beyond that achievable in conventional
nanocube or nanoplatelet superlattices.

Recent advances have overcome the long-standing barrier to
integrating RD superlattices into electrically driven LEDs.**" In
pixelated PNC superlattice LEDs, ligand-fluoride costabilization
enables the formation of shape-defined RD nanocrystals with
enhanced surface binding energies (up to —3.59 eV) and
suppressed ligand desorption, allowing the assembly of micro-
meter-scale, long-range ordered superlattice thin films with
controlled thickness (~25 nm). These superlattices exhibited
markedly reduced energetic disorder and enhanced interparticle
electronic coupling, leading to transport behavior approaching a
band-like regime, as evidenced by temperature-dependent
mobility crossover characteristics. Importantly, the enhanced
structural coherence does not diminish radiative recombination
efficiency; instead, the PLQY increases from 68.8% in spin-
coated disordered controls to 82.3%. When integrated into
LEDs, these superlattice architectures deliver a peak EQE of
30.9%, maximum luminance exceeding 1.1 X 10°cdm™2, and a
reduced turn-on voltage (~2.2 V). Notably, these superlattice
LEDs showed an extrapolated operational lifetime (Ts,) of over
12,000 h at 100 cd m™? representing more than a 2-fold
improvement compared to LEDs based on spin-coated
disordered films.

These results demonstrate that superlattice ordering is not
intrinsically incompatible with high luminescence efficiency;
rather, it depends critically on achieving a balance between the
interparticle electronic coupling and exciton confinement. In
RD superlattices, this balance is enabled by the synergistic
combination of geometric interlocking, strong surface passiva-
tion, and reduced energetic disorder, which collectively
suppresses nonradiative recombination while facilitating efhi-
cient charge transport. This establishes RD superlattices as a
viable platform for simultaneously optimizing the carrier
transport, radiative efficiency, and operational stability in
PeLEDs.

6.4. Challenges toward Superlattice PeLEDs

PNC superlattices provide a structural approach to mitigate the
confinement-transport trade-off by introducing mesoscale order
and a narrow distribution of interparticle spacing while
preserving the nanocrystal integrity. However, realizing super-
lattice-enabled PeLEDs requires simultaneous control of
assembly kinetics, ligand dynamics, and interparticle electronic
coupling under device-relevant conditions. Implementation in
devices requires progress in two coupled areas. First, assembly
methods must produce laterally extended, long-range-ordered
thin films. Second, ligand chemistry must stabilize an
intermediate electronic coupling regime that improves transport
without inducing nanocrystal fusion or a loss of confinement.
These two challenges are intrinsically interconnected because
superlattice ordering emerges under nonequilibrium assembly
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conditions, in which ligand binding, interparticle spacing, and
electronic coupling continuously evolve during film formation.

6.4.1. Confined Assembly of Long-Range Ordered
Superlattice Thin Films. Most superlattice-inspired PNC
LED studies fabricate emissive layers by spin-coat-
ing.zg1’354’356’3’57 Strategies including ligand en()gineering,291
surface modification of charge transport layers,35 and tuning
of solvent evaporation kinetics**” have been explored to increase
local packing order in these rapidly deposited films. These
approaches can increase film compactness and improve short-
range ordering, but the spin-coating process typically completes
within seconds and limits the nanocrystal diffusion and
rotational rearrangement. The assembly becomes kinetically
trapped and does not approach thermodynamic equilibrium,
which restricts the development of a long-range periodicity. In
many spin-coated PNC films, direct evidence of micrometer-
scale order on the substrate remains limited. Electron
microscopy and grazing-incidence X-ray scattering often
indicate locally ordered domains within a largely disordered
matrix with lateral correlation lengths shorter than those
obtained by slow evaporation or bulk assembly.””"*** As a
result, collective optoelectronic effects that require coherent
coupling across multiple nanocrystals, including superfluor-
escence and transport approaching bandlike behavior, are
typically absent or strongly reduced. Local ordering can still
improve charge transport uniformity and device stability, but it
should be carefully distinguished from long-range ordered
superlattices formed under near-equilibrium conditions. Dem-
onstration of long-range order in confined superlattice thin films
also requires a rigorous characterization. On-substrate scanning
electron microscopy (SEM) and grazing-incidence small-angle
X-ray scattering (GISAXS) are needed to quantify the lateral
correlation length and lattice registry across the film. Optical and
electrical signatures, such as superfluorescence or transport
approaching bandlike behavior, can provide additional evidence
for collective coupling. Without such corroboration, reports of
superlattice formation in device-scale thin films should be
interpreted with caution.

Long-range-ordered superlattice thin films require assembly
methods that slow solvent removal and confine deposition to
provide time for translational and orientational ordering.
However, most long-range ordered PNC superlattices rely on
assembly routes that yield micrometer-thick or free-standing
assemblies rather than continuous substrate-supported
films.*3>35*35%3% Recent confined assembly strategies have
begun to address this limitation.*®" For example, capillary liquid-
bridge-mediated assembly enables micrometer-scale in-plane
ordering and ultrathin (10—50 nm) superlattice films (Figure
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15a), thereby bridging the long-standing gap between structural
coherence and device integration. Such approaches demonstrate
that superlattice ordering can be preserved during pixelation and
multilayer device fabrication.

However, challenges remain in extending these strategies to
large-area manufacturing, high-throughput processing, and full-
color-display integration. In particular, maintaining uniformity
and registry across wafer-scale substrates as well as ensuring
compatibility with industrial fabrication workflows are critical
for practical applications. These challenges become even more
severe in full-color superlattice displays, where mixed halide
compositions introduce phase segregation and increased
energetic disorder that can disrupt superlattice coherence and
accelerate operational degradation. As a result, achieving stable
long-range ordering in blue- or red-emitting superlattices
requires substantially stronger surface stabilization and more
robust interfacial control than those of monochromatic bromide
systems.

6.4.2. Interparticle Coupling Engineering via Ligand
Chemistry. Confined assembly of long-range ordered PNC
superlattice thin films places stringent constraints on ligand
chemistry (Figure 1Sb). Assembly typically occurs at high
nanocrystal concentrations, often tens of mg mL™!, while
continuous solvent removal progressively decreases interparticle
spacing during deposition. Under these conditions, stable ligand
binding and sustained surface passivation determine whether
ordered superlattice packing can emerge without structural
degradation. Conventional PNCs capped with dynamically
bound OA are gaﬁicularly vulnerable during concentration-
driven assembly.’*’ These ligands bind weakly and can desorb as
solvent is removed, which generates undercoordinated surface
sites that promote nanocrystal fusion, defect formation, and
chemical degradation and disrupt superlattice order.”®" Stronger
binding ligands, including headgroups with higher coordination
strength and multidentate motifs, can stabilize individual
nanocrystals and preserve long-range order by maintaining
passivation during confined assembly.”> Cross-linking strat-
egies can further stabilize interparticle spacing and suppress
ligand migration,*®® but they can introduce additional transport
barriers if the resulting network is electronically insulating or
spatially nonuniform. In many cases, stabilization is accom-
panied by thicker or more insulating ligand shells, which can
impede charge injection and interparticle charge redistribution
in LEDs.

For superlattice-based PeLEDs, the objective is not merely to
maximize interparticle electronic coupling but to stabilize an
intermediate coupling regime that balances charge redistrib-
ution with exciton confinement. In this regime, coupling
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facilitates charge redistribution, while robust binding and
effective passivation prevent nanocrystal fusion and nonradiative
losses. Defining and maintaining this optimal coupling window
under continuous electrical bias remain significant challenges, as
ligand rearrangement and ion migration can alter interparticle
barriers during operation. Ultimately, preserving both structural
order and electronic connectivity requires ligand engineering to
precisely regulate the coordination strength, ligand packing
density, and interparticle barrier thickness, thereby ensuring
persistent binding, superior surface passivation, and minimized
interparticle barrier thickness. Future superlattice PeLEDs will
therefore require the simultaneous coengineering of assembly
kinetics, ligand dynamics, and interparticle electronic coupling
under operational conditions.

7. CORE/SHELL PEROVSKITES FOR BALANCING
CHARGE CONFINEMENT AND TRANSPORT

Achieving high charge transport while maintaining carrier
confinement and effective defect passivation has been a central
objective in the development of PeLEDs. Core/shell architec-
tures have attracted attention because they can preserve charge
transport while strengthening confinement and passivation,
directly addressing the central trade-oft discussed in this
review.”> Recent studies on perovskite emitters have shown
that hierarchical core/shell nanocrystals can substantially
improve device performance metrics, with Ty, values of
approximately 12,000 h under 180 W m™ blue-light exposure
and 3,211 h under accelerated aging at 60 °C and 90% relative
humidity.”*” These improvements were attributed to the core/
shell structure-driven lattice stabilization and surface-chemistry
control, which suppressed ion migration and redox reactions.
Accordingly, core/shell perovskite architectures would repre-
sent a promising strategy for simultaneously achieving strong
confinement and efficient charge transport.’** However,
because hierarchical designs employ insulating shell materials,
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their direct use as emissive layers in PeLEDs can impose
transport limitations." Alternative core/shell architectures that
preserve charge transport are therefore of particular interest. In
the following section, three classes of core/shell perovskite
structures are discussed as candidates for simultaneously
achieving strong confinement, effective passivation, and efficient
charge transport.

7.1. In Situ Core/Shell Perovskite

One representative approach employed an in situ core/shell
structure in nanoscale-polycrystalline perovskite films through a
post-treatment (Figure 16a) using a weakly polar solvent, THF,
in the presence of BPA.”” Time-dependent TEM indicated a
progressive reduction in the characteristic crystallite size from
approximately 200 nm to about 10 nm, which was attributed to
repeated BPA adsorption and fragmentation of perovskite
domains.”> This morphological evolution coincided with an
increase in exciton binding energy from 90 to 220 meV, which is
consistent with stronger confinement after nanocrystal for-
mation.”> BPA was proposed to bind defective surface sites
through Pb—O—P covalent bonding and to form an organic
shell.” Despite the introduction of an organic shell, charge
transport was largely maintained, with a reported hole mobility
0f 2.99 X 1072 cm® V™' 57!, which is comparable to that of the
nanoscale-polycrystalline perovskite film (3.26 X 107> cm® V™!
s71).>> This example indicates that in situ core/shell formation
can strengthen confinement while limiting transport loss in
polycrystalline films, and reports an operational lifetime of
31,808 h.?

7.2. 3D/2D Perovskite Heterostructure

Perovskite/perovskite heterostructures provide an emitter
architecture in which recombination is confined to high-
radiative-efficiency perovskite domains, while a low-dimensional
(2D or quasi-2D) overlayer passivates surface defects without
interrupting carrier transport (Figure 16b).**> Because the 2D
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phase typically has a wider band gap, 3D/2D stacks often form
type-I band alignment®* that confines carriers and excitons
within the 3D region and shifts the recombination zone away
from defect-rich interfaces.”*” The 2D component further acts as
an energetic barrier that suppresses carrier leakage and
associated efficiency roll-off at high current density while
reducing interfacial quenching and ion-migration-related
degradation.

An early stage 3D/2D hybrid perovskite was obtained by
introducing benzylamine (BnA) into the precursor.’*® BnA was
protonated by methzrlammonium and promoted the formation
of n = 1, 2 phases.”® The 2D component was preferentially
distributed along grain boundaries and formed an effective
barrier between adjacent 3D grains.”*® This grain boundary 2D
barrier suppressed ion migration, reduced J—V hysteresis and
the initial luminance overshoot during operational lifetime
testing, and increased the LED operational lifetime (T,,) by
more than 21-fold.’*® These results indicate that 3D/2D
perovskite heterostructures can improve the device performance
under sustained electrical bias.

Related efforts also done by employing heteroepitaxy between
CsPbl; quantum dots and a quasi-2D perovskite matrix, and
controlled interfacial alignment/tilting at the QD matrix
boundary.”® A synthesis-on-substrate (SOS) process”* was
employed to synthesize, in a one-step solution route directly on
the substrate, PNCs encapsulated by a surrounding quasi-2D
phase.*®® A precursor containing both a,a-dimethyl-4-bromo-
benzylammonium (Br-DMA") and Br-PEA" was used, which
enabled the concurrent formation of PNCs and quasi-2D
perovskite on the substrate.”® After antisolvent dripping, the
PNCs and quasi-2D domains crystallized concurrently, and the
strong dipole—dipole interactions between the ligands pro-
moted an edge-on stacked configuration during crystalliza-
tion.>® The resulting edge-oriented ligands, together with the
reduced interphase spacing between heterophases, produced a
robust heteroepitaxial interphase and formed a de-epitaxy
composite architecture.”® This structural design improved the
phase stability of the QDs through octahedral tilting during
heteroepitaxial formation, while combining the enhanced
charge-transport characteristics of the quasi-2D component
(relative to a purely 2D phase) with the effective confinement of
the QDs.**” Consequently, the PeLEDs achieved a maximum
EQE of 24.6% and a T, of 6,300 min at 100 cd m™>
demonstrating that concurrent high efficiency and effective
charge transéport can be achieved in a heteroepitaxial
architecture.*®”

In a related approach, strongly coordinating additives were
used to create an intragrain heterophase barrier. A strongly
coordinating additive, p-toluenesulfonyl-L-arginine (PTLA),
was found to segregate within perovskite grains and promote
the formation of a lattice-expanded perovskite phase.”® The
resulting 3D/quasi-2D intragrain embedded structure intro-
duced an internal barrier phase that suppressed electron and
hole leakage.”® At the same time, the carboxyl and amine groups
of PTLA formed strong interactions with the Pb-X framework,
which maintained structural connectivity with the 3D phase.*®
In an alternative approach, the 2D phase was formed separately
after deposition of the 3D perovskite film by post-treating the
film with a functional organic ligand, 2-(5-(7-(3-ethylthiophen-
2-y1)-$,6-difluorobenzo[c][1,2,5]thiadiazol-4-yl)thiophen-2-
yl)ethan-1-aminium iodide (TeFBTT) dissolved in an IPA/
chlorobenzene mixture.”” Post-treatment of the preformed
FAPDI; film with the organic spacer TeFBTT induces
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spontaneous formation of a surface-capped 2D/3D hetero-
structure, in which a layered 2D perovskite phase conformally
envelopes the underlying 3D grains.” The terminal -NH;*
group anchors TeFBTT at the perovskite surface through
coordination/ionic interactions with the surface Pb—I frame-
work, thereby promoting the assembly of a layered heterophase
at the grain interface.”” Notably, TeFBTT was molecularly
engineered with band alignment in mind: fluorination of the
benzothiadiazole unit shifts the frontier orbital levels to deeper
energies, thereby improving energetic alignment with the
inorganic [Pbl,]*” sublattice and favoring a Type-I interfacial
alignment.”” This design reduces the effective interfacial barrier
and facilitates efficient funnelin§ of carriers and/or excitations
into the emissive 3D perovskite.”” In parallel, the spacer-assisted
interfacial reconstruction provides effective passivation of
shallow trag states, increasing the radiative recombination
probability.”® As a result of the combined improvements in
carrier transport and radiative recombination, the devices
achieved a high radiance of 929 W sr™! m™ and a maximum
EQE of 31.4%.””

7.3. Core/Shell Perovskite with Cs,PbBr, Phase

Cs,PbBry is a secondary phase in the Cs—Pb—Br system and
adopts a 0D structure with spatially isolated PbBry octahedra,
which is typically associated with poor charge transport. When
its fraction is controlled, Cs,PbBr, can be incorporated into 3D/
0D heterophase nanocrystals in which CsPbBr; forms the
emissive domain, and Cs,PbBrg forms a surrounding phase
(Figure 16c). Several reports suggest that CsPbBr; and
Cs,PbBrg can show favorable interfacial matching with an
endotaxial relationship,””® which can reduce mismatch strain
and decrease the density of interface-related defects. In addition,
Cs,PbBrs has been reported to suppress ion migration in
CsPbBr;-based materials by passivating vacancy-type defects
and by interrupting ion transport pathways at interfaces and
grain boundaries.’”" In one approach, m-F-PEA accelerated
crystallization and promoted early CsPbBr; formation, whereas
trimethylphenylammonium bromide (TMPA) introduced steric
constraints that hindered corner sharing of PbBr4 octahedra and,
together with Cs-rich local stoichiometry during growth,
promoted 0D Cs,PbBr formation around CsPbBr; domains.*”*
The resulting 3D/0D nanocrystals retained a hole mobility of
2.82 X 107 cm®* V7! 57!, A related route employed partial
substitution of the A-site cation with 20% FA*, where
preferential crystallization of FAPbBr; was proposed to generate
nuclei for FA,Cs, ,PbBr; growth and residual CsBr promoted
conversion of the PbBry network into isolated octahedra,
yielding Cs,PbBrg and a reported 3D/0D core/shell morphol-
ogy with a hole mobility of 7.69 X 1072 cm* V™' s71.>® CsPbBr,/
Cs,PbBry core/shell structures have also been prepared by
thermal evaporation by adjusting the CsBr to PbBr, ratio during
deposition.

8. THERMALLY EVAPORATED PEROVSKITES FOR
LEDS

Thermally evaporated perovskites have emerged as an attractive
platform for PeLEDs, particularly in the context of commercial
manufacturing. Unlike solution processing, vacuum deposition
is compatible with the established OLED production infra-
structure, including thermal evaporation systems, shadow mask
patterning, and multilayer device fabrication. This compatibility
makes thermally evaporated PeLEDs promising for reprodu-
cible, large-area, and high-resolution devices, where process
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enhanced exciton confinement and charge transport.

uniformity and integration with existing display technologies are
critical.”””

However, thermally evaporated PeLEDs should not be
regarded simply as vacuum-processed counterparts of sol-
ution-processed devices. The absence of solvent-mediated film
formation gives rise to distinct crystallization behavior, emissive
layer microstructures, and device integration strategies. These
differences are particularly important for balancing the exciton
confinement with efficient charge transport. Accordingly, the
following discussion focuses on how vapor-phase crystallization
governs confined emission and perovskite-internal charge
transport and how vacuum-compatible device architectures
can further support charge transport and operational stability.

8.1. Crystallization-Mediated Exciton Confinement and
Internal Charge Transport

Crystallization control in thermally evaporated perovskites is
fundamentally different from that in solution-processed films. In
solution processing, nucleation and growth are mediated by
solvent coordination, precursor solvation, antisolvent extraction,
and post-treatment. In contrast, thermally evaporated perov-
skites are formed through the arrival, surface diffusion, and
reaction of vapor-phase precursors on the substrate (Figure
17a).””* This vapor-phase growth mode provides direct control
over deposition rate, precursor flux, film thickness, and layer

AG

sequence, but it can also lead to kinetically driven crystallization,
precursor volatility mismatch, stoichiometric deviation, and
nonuniform phase formation.””>*’® Furthermore, kinetically
driven fast crystallization or incomplete precursor reaction
generates halide vacancies, undercoordinated Pb sites, or
defective grain boundaries, thereby promoting trap-assisted
nonradiative recombination.” These defects are also the primary
factors that limit charge transport inside thermally evaporated
perovskite emissive layers, because trapped carriers cannot move
through the perovskite network efficiently and may instead
undergo nonradiative recombination before reaching the
radiative recombination zone. Therefore, crystallization control
in thermally evaporated PeLEDs should be understood not only
as a morphology-control strategy but also as a prerequisite for
effective radiative recombination and efficient charge transport.

One direct strategy for controlling exciton confinement in
vapor-deposited perovskites is to regulate the deposition rate of
each precursor. By tuning the precursor flux and evaporation
rate, the nucleation density and grain growth kinetics can be
adjusted (Figure 17b).>”**’® For LED applications, a moder-
ately high evaporation rate at reduced substrate temperature can
kinetically favor dense nucleation and suppress excessive grain
growth, yielding smaller emissive domains suitable for exciton
confinement.'® However, an excessively high evaporation rate or
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an imbalanced precursor flux can lead to local supersaturation
and precursor aggregation, resulting in poor film morphology
with pinholes.‘?’7 Therefore, the deposition conditions must be
carefully balanced to maintain controlled supersaturation, which
promotes uniform film formation while increasing the
nucleation density and reducing grain size. Smaller grains or
nanodomains can spatially confine carriers and increase the
probability of radiative recombination. However, excessive grain
size reduction can also increase the total grain-boundary area,
which may introduce additional trap states if the boundaries are
not sufficiently passivated. When the defect density becomes too
high, the confined domains no longer function as efficient
radiative centers; instead, the increased number of defective
grain boundaries simultaneously weakens exciton confinement
and interrupts percolated charge transport pathways. Thus,
grain-size control must be optimized together with defect
suppression rather than simply maximizing the nucleation
density or minimizing grain size.

Compositionally controlled 0D/3D heterostructures offer an
effective route to preserve nanoscale confinement while
mitigating defect-related losses in small-grained emitters. In
vapor-deposited Cs—Pb—Br systems, excess AX content can
promote such heterostructures, where CsBr, the AX precursor,
not only supplies Cs and Br for CsPbBr; formation but can also
induce a Cs-rich Cs,PbBrs secondary phase when its flux is
sufficiently high relative to PbBr, (Figure 17b,¢).® Unlike
colloidal nanocrystal systems, where long-chain organic ligands
are typically required to stabilize nanocrystals in solution, vapor
deposition can generate confined perovskite domains through
inorganic secondary phases or compositionally controlled
heterostructures. For example, an emissive 3D perovskite
phase can be spatially embedded within or surrounded by a
wider band gap 0D secondary phase, producing a core/shell-like
confinement effect without relying on conventional long-chain
ligands.

However, this ligand-free confinement should also be
considered a trade-off. The 0D phase can spatially confine
carriers within emissive 3D domains, but it is generally much less
conductive than the 3D perovskite framework. If the 0D phase
becomes excessive or forms a continuous insulating matrix, it
can interrupt charge-transport pathways, increase injection
barriers, and limit carrier supply to the emissive 3D regions.””®
In this sense, 0D inorganic phases can play a role similar to that
of insulating ligands. They enhance confinement but may
impede charge transport when not carefully controlled.

Moreover, the 0D/3D heterostructure alone does not
necessarily provide sufficient control over crystallization kinetics
or defect formation. Although the wider-band gap 0D phase can
localize carriers, nonuniform nucleation, stoichiometric devia-
tion, undercoordinated sites, and defective grain boundaries can
remain after vapor-phase growth. Therefore, molecular ligand or
additive engineering is often required as a complementary
strategy because it can simultaneously regulate crystallization,
reduce grain size, passivate defects, and maintain confined
emissive domains. The key requirement is to introduce these
additives with an optimized ratio so that defect passivation and
confinement are improved without creating additional barriers
to the vertical charge injection and transport.

Ligand or additive engineering can also be used in thermally
evaporated perovskites, but their roles differ from those in
solution-processed colloidal nanocrystal films. In solution
processing, ligands often serve multiple functions including
colloidal stabilization, surface passivation, crystallization con-
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trol, and film formation. In vacuum deposition, the major role of
molecular additives is more focused on moderating the
crystallization kinetics and passivating undercoordinated sites.
Properly designed ligands or small-molecule additives such as
TPPO, bis[2-[(oxo)diphenylphosphino]phenyl] ether
(DPEPO), 5-AVA, and phenformin hydrochloride (PFCI) can
slow down perovskite crystallization, increase nucleation
density, reduce grain size, and promote the formation of
quasi-2D phases or nanocrystalline perovskite domains, thereb
enhancing spatial exciton confinement (Figure 17d).27873%!
This approach can improve the exciton confinement and
photoluminescence efficiency. Nevertheless, similar to an
insulating OD phase, excessive organic additives may disrupt
the perovskite network and impede the charge transport. Thus,
defect-passivation strategies based on ligands, additives, or 0D
secondary phases are intrinsically limited by the amount and
electronic properties of the passivating component because too
little passivator leaves traps without passivation, whereas too
much passivator creates insulating barriers. Therefore, the
central design principle is to use molecular additives to control
crystallization and passivate defects without forming thick
insulating barriers between emissive domains. In this regard,
short, conjugated, or charge-transporting ligands or additives are
particularly attractive because they can passivate defects while
preserving electronic coupling between neighboring perovskite
domains.

Alongside stoichiometric control, heterostructure design, and
ligand/additive engineering, nucleation-seeding interlayers
provide a complementary route to regulate vapor-phase
perovskite crystallization beyond conventional flux or rate
modulation. In this strategy, a functional seed layer formed at the
substrate interface can control precursor adsorption, local
supersaturation, and the initial nucleation pathway during
vapor phase growth.”® ™*® For example, inorganic salts,
ultrathin interfacial layers, or organic spacers with specific
binding sites can serve as heterogeneous nucleation templates
that guide the formation of low-dimensional or compositionally
selected perovskite phases.***~**° By stabilizing preferred nuclei
at the early growth stage, such seed layers can suppress random
nucleation, mixed-dimensional crystallization, and spatial phase
heterogeneity, leading to improved phase purity, dimensional
homogeneity, and structural continuity. Therefore, seed-layer-
assisted vapor growth offers a kinetically or thermodynamically
guided crystallization route to produce confined perovskite
emitters with controlled exciton confinement and reduced
defect-mediated losses.”®’

8.2. Device Architecture for Efficient Charge Transport and
Stable PeLEDs

Beyond crystallization control within the emissive layer,
thermally evaporated PeLEDs can provide process flexibility
for device architectures that are favorable for both the charge
transport and operational stability. Because each functional layer
can be deposited sequentially without solvent exposure, vacuum
processing avoids dissolution, swelling, or chemical damage to
the underlying layers. This solvent-free stacking process enables
cleaner and more reproducible interfaces between the perovskite
emissive layer and adjacent charge transport layers, which are
essential for efficient charge injection, balanced electron—hole
transport, and suppression of interfacial nonradiative recombi-
nation.

Ultrathin passivation layers, buffer layers, or interfacial dipole
layers can be inserted with controlled thicknesses and
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compositions to reduce injection barriers, suppress interfacial
traps, and improve energy level alignment.'”*® This is
particularly important for confined perovskite emitters, where

radiative recombination is enhanced by small grains, low-

Al

dimensional phases, or passivated nanodomains but charge
injection and vertical transport can be more easily limited. By
engineering the interfaces on both sides of the emissive layer,

carriers can be supplied more efficiently, while the recombina-
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tion zone is maintained inside the emissive layer rather than at
defective or quenching interfaces. This provides a device-level
route to mitigate the transport trade-off introduced by
confinement strategies, which are more difficult to implement
in solution-processed multilayers because of solvent-orthogon-
ality constraints and interlayer damage.

Vacuum processing also expands the range of candidate
charge-transport layers. Since multilayer stacks can be fabricated
without solvent orthogonality constraints, regular, inverted, and
more complex PeLED architectures can be explored by selecting
transport layers with suitable energy levels, carrier mobility, and
chemical compatibility.”””***** This flexibility allows the
electrical structure of the device to be matched to the transport
characteristics of the confined perovskite emitter. In particular,
once the perovskite surface is protected by an evaporated buffer
or passivation layer, integration with inorganic charge-transport
layers (CTLs) becomes more feasible. Compared with many
organic transport layers, inorganic CTLs can offer higher carrier
mobility, improved electrical conductivity, and better chemical
robustness, thereby facilitating charge injection, vertical charge
transport, and electron—hole balance in confined PeLED
architectures. Thus, vapor-deposited device stacks can provide
amore direct and efficient carrier supply pathway to the emissive
perovskite domains than many solution-processed architectures.

The ability to integrate inorganic or hybrid transport layers is
also relevant to the device lifetime.”® Inorganic CTLs can
provide improved resistance to thermal stress, chemical
reactions, and moisture or oxygen ingress compared with
many organic counterparts. When combined with evaporated
buffer layers or dense interfacial passivation layers, they can
suppress interfacial degradation, ion migration-induced reac-
tions, and electrode-induced instability. Moreover, because
vapor deposition minimizes exposure of the perovskite layer to
moisture and oxygen during fabrication, the initial density of
ambient-induced defects or degradation-prone sites can be
reduced. This processing environment is beneficial for
constructing more robust multilayer stacks that are compatible
with encapsulation and long-term operations.

All-vapor-deposited architectures are also advantageous for
optical- and display-oriented device design. Precise thickness
control enables tuning of optical microcavity effects, emission
directionality, and outcoupling efficiency, which are particularly
important for top-emitting and high-resolution display
structures. At the same time, compatibility with OLED-type
evaporation tools and shadow mask patterning provides a
practical pathway toward pixelated PeLED fabrication. There-
fore, the benefit of vacuum processing is not limited to film
formation but extends to the integrated design of charge
transport, optical management, and scalable device layout.

Nevertheless, an improved architecture alone does not
eliminate all stability issues. Ion migration, interfacial reactions,
metal diffusion, Joule-heating-induced structural changes, and
defect-assisted degradation can still limit the operational
lifetime. Future progress in thermally evaporated PeLEDs will
therefore require device designs that simultaneously optimize
charge injection, vertical transport, interfacial robustness, and
encapsulation-compatible multilayer structures. In this regard,
vapor deposition offers a particularly powerful platform because
it allows the emissive layer, transport layers, buffer layers, and
protective layers to be engineered within a single solvent-free
process flow.

AJ

9. CONCLUSION AND OUTLOOK

This Review examines material design strategies for overcoming
the confinement-transport trade-off in PeLEDs, with an
emphasis on the fundamental challenge of maintaining charge
confinement and effective defect passivation while preserving
charge transport in the perovskite EML (Figure 18). To date,
rapid improvements in the EQE have been achieved through
nanoscale confinement and surface defect control, while
operational lifetimes remain far below commercial targets. In
the following, we summarize how each material system
addresses the confinement-transport trade-off through material
design and how core/shell architectures provide a unified route
toward both high efliciency and improved operational lifetime.

For nano-PC perovskites, crystallization kinetics is the
primary determinant of film structure. Solvent coordination
strength, additive chemistry, and nanocrystal pinning methods
can regulate nucleation and growth, suppress grain coarsening,
and maintain nanocrystalline films with an enhanced confine-
ment. Because grain size reduction increases the density of
surface and grain boundary defects, post-treatment and
interfacial reconstruction are required to restore charge
transport and reduce trap-assisted nonradiative recombination.
Effective strategies must therefore combine the kinetic control of
nanocrystal formation with chemically stable passivation and
well-defined interfaces.

In quasi-2D perovskites, the central issue is the formation of a
narrowed phase distribution that emits efficiently under an
electrical bias. Broad n-phase distributions arise from precursor
aggregation, heterogeneous coordination species, and nonuni-
form nucleation during spin-coating. Effective quasi-2D
processing requires control at several stages, including precursor
homogenization to suppress spacer aggregation, nucleation
timing control via inhibitor chemistry or antisolvent quenching,
and postdeposition processing to prevent redistribution into
parasitic low-n or high-n phases. A major direction for quasi-2D
systems involves phase distribution control under practical
device processing conditions while simultaneously improving
vertical charge transport and suppressing interfacial quenching.

For colloidal PNCs, early progress was based on ligand
exchange and surface passivation to improve the PLQY and
reduce trap density. However, electrically insulating ligand shells
and disordered packing continue to limit the charge transport.
Additionally, halide-rich surface conditions often result in
unstable operational lifetimes due to ion migration. Con-
sequently, ligand engineering has shifted toward strongly
binding acidic ligands and compact multifunctional additives
without sacrificing charge mobility. Beyond single-particle
passivation, ordered PNC assemblies and superlattice-like
structures may reduce the trade-off between confinement and
transport by narrowing interparticle spacing distributions and
improving the charge redistribution. Two issues remain
unresolved for practical PNC superlattice LEDs. The first is
the reliable fabrication of laterally extended and long-range-
ordered thin films. The second is the development of ligand
chemistries that maintain intermediate interparticle coupling
under bias without particle fusion, ion migration, or transport
blocking.

A promising strategy for mitigating the confinement-transport
trade-off is the development of transport-preserving core—shell
perovskite structures. Hierarchical and heterophase core/shell
designs, including in situ core/shell structure, 3D/2D hetero-
structures, and 3D/0D composite structures such as CsPbBr;/
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Cs,PbBrg, share a fundamental design principle. These
architectures rely on the introduction of a chemically and
structurally stabilizing shell layer characterized by a controlled
thickness, suitable energy-band alignment, and low charge-
transport resistance. This structural configuration provides a
practical route to preserve efficient charge transport without
sacrificing the radiative recombination efficiency. Consequently,
transport-preserving core—shell structures enable the simulta-
neous realization of strong confinement and effective charge
transport, which are prerequisites for high-performance
PeLEDs. These materials, therefore, serve as highly viable
candidates for future development of commercial PeLEDs.

In addition to material design, practical commercialization
requires addressing operational stability and durability chal-
lenges. Specifically, augmented reality and microdisplay
applications demand high-brightness PeLED operation with a
minimal efficiency roll-off. These devices also require stable
emission under high current densities and robust resistance to
both thermal and electrically induced degradation. Achieving
these technological targets requires materials and device
architectures with broad tolerance to electrical, thermal, and
interfacial stress. Ultimately, the successful commercialization of
PeLEDs relies on integrated material and device strategies that
simultaneously optimize charge confinement, charge transport,
and operational stability under high-brightness, high-current-
density conditions.
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