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ABSTRACT: Perovskite light-emitting diodes exhibit great potential in the fields of display
and lighting, yet their performance is still limited by interfacial nonradiative recombination and
charge imbalance. Although alkali metal compounds (AMCs) have been extensively studied as oY -
perovskite lattice components or bulk dopants, the strategy of using AMCs as functional
interlayers or interfacial modifiers has received far less attention than it deserves. Despite the
fact that this strategy has been proven effective, there is still a lack of systematic sorting and
review of its multidimensional action mechanisms. We aim to fill this gap and explore the
multiple interfacial roles of AMCs. This review not only provides a perspective for
understanding the interfacial physicochemical processes related to AMCs, but also offers S,
theoretical insights for the design and fabrication of high-performance and stable device.
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1. INTRODUCTION

Metal halide perovskite materials have triggered a revolu-
tionary transformation in the field of optoelectronics. The
external quantum efficiency (EQE) of perovskite light-emitting
diodes (PeLEDs) has surged from less than 1% to over 30%,"”
demonstrating immense application potential. However, the
stability of PeLEDs with “sandwich-like” multilayer structures
still lags behind the theoretically predicted values, with
interfacial nonradiative recombination and charge imbalance
significantly undermining device durability.* ™

The performance of PeLEDs depends not only on the
quality of the emissive layer (EML) itself but also, to a greater
extent, on the interfaces between functional layers,7_9 which
serve as hubs for charge injection, transport, and recombina-
tion, while simultaneously being active regions for defect
accumulation, ion migration, and nonradiative recombina-
tion.'"”"" Therefore, interface engineering is regarded as the
key to addressing the performance bottlenecks of PeLEDs.
Among various interface modification materials, alkali metal
compounds (e.g., CsF, K,SO,, LiF, CsCl) have emerged as a
simple, efficient, and multifunctional research focus. Initially,
AMCs were widely used as electron injection layers (EIL) in
organic light-emitting diodes (OLED).'>'® Drawing on this
experience, researchers introduced them into PeLEDs and
soon found that their roles extend far beyond improving
electron injection. AMCs play multiple synergistic roles at
interfaces of PeLEDs, with their influences spanning the entire
chain from film preparation to device physics.
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AMC:s can serve as effective lattice components or dopants
for perovskite materials (AX, where A represents Li, Na, K, Rb,
Cs, and X represents F, Cl, Br, I), which has been extensively
studied and discussed.'"> Therefore, this review aims to
provide a unique and comprehensive review and summary of
the interface regulation effects of AMCs in PeLEDs. We will
mainly conduct discussions around two core roles including
regulation of charge dynamic behaviors and crystallization
processe. By integrating these multidimensional action
mechanisms, this review will clarify how AMCs act as a
“versatile agent” to synergistically enhance the overall perform-
ance of PeLEDs from both physical and chemical perspectives.
Finally, based on current understanding, we will point out the
key scientific issues and technical challenges, and propose
prospects for future research directions.

2. REGULATION OF CHARGE DYNAMIC BEHAVIORS

AMC s EIL: In perovskite optoelectronic devices, the role of
alkali metal compounds extends far beyond serving as A-site
components of the perovskite lattice or bulk dopants for
optimizing intrinsic optoelectronic properties.lé_21 In fact,

Received: October 30, 2025
Revised:  January 28, 2026
Accepted: January 28, 2026
Published: February 6, 2026

https://doi.org/10.1021/acsaelm.5c02309
ACS Appl. Electron. Mater. 2026, 8, 1456—1465

9202 JoquianoN L0 U0 Jasn AINN ONOLOVIF LSIMHLNOS Ad Jpd 60£209G19/L7295 L €9/9G¥ | /v/8/4pd-loie/dquiaee/Bio soe sqnd woy papeojumoq


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongjian+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiankan+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weiqing+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.5c02309&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c02309?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c02309?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c02309?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c02309?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaembp/8/4?ref=pdf
https://pubs.acs.org/toc/aaembp/8/4?ref=pdf
https://pubs.acs.org/toc/aaembp/8/4?ref=pdf
https://pubs.acs.org/toc/aaembp/8/4?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.5c02309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf

ACS Applied Electronic Materials

REVIEY

pubs.acs.org/acsaelm

building on successful experiences in organic electronics, alkali
metal compounds (e.g., LiF,”>™** CsE,”*® Cs,CO,”") have
long been widely employed as efficient electron injection layers
deposited between the electron transport layer and metal
electrodes (garticularly low-work-function metals such as Al
and Ag).””™*" Their primary purpose is to significantly reduce
electron injection barriers, optimize charge balance, and
thereby enhance device current efficiency and reduce the
operating voltage. However, despite repeated experimental
validation and widespread application, the fundamental
physicochemical mechanisms underlying this enhanced elec-
tron injection remain debated, with no consensus yet
established. This mechanistic ambiguity has somewhat con-
strained our ability to rationally design and optimize such
interfacial layers. Here, we systematically summarize and
discuss this critical issue.

Quintero-Torres et al. discussed the enhancement mecha-
nisms of LiF EIL in PeLEDs,*® summarizing the widely
recognized mechanisms as illustrated in Figure 1. (i) Dipole
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Figure 1. Possible mechanisms for enhanced cathode charge injection
with LiF as EIL.*® From i to iv are dipole moment effect, electron
tunneling, N-type doping of the ETL, and low work function doping
of cathode, respectively. Reproduced from ref 28. Copyright 2020,
American Chemical Society.

Moment Effect: The significant electronegativity difference
between F~ and Li" in LiF creates a strong intrinsic dipole
moment, which induces misalignment between the cathode
and the electron transport layer (ETL). An electrostatic
potential drop beyond a fixed dipole moment has been
observed across diverse material systems.”””>" (ii) Electron
tunneling: With a large band gap width (~14.0 eV*?), LiF can
act as a high-resistance buffer layer. As a result, it exhibits a
larger voltage drop than the adjacent layers (cathode and
ETL), which can improve the energy level alignment between
the cathode and ETL, and enable electron tunneling. (iii) N-
type doping of the ETL: F~ ions from LiF may dissociate and
migrate into the adjacent ETL, increasing the electron
concentration within ETL.*® (iv) Low work function doping
of the cathode: Li" ions can dissociate and migrate into the
cathode, thereby reducing the effective work function of the
cathode.”® Ultimately, they proposed that the enhanced
injection in LiF-based systems stems from the migration and
doping of F~ ions into the ETL and Li* ions into the Al
cathode, collectively reducing both the width and height of the
energy barrier and increasing the probability of electron
tunneling.”®
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Additionally, numerous studies have described the mecha-
nisms of the LiF EIL. For instance, LiF and other alkali metal
halides in general are highly susceptible to radiation damage.
Irradiation with quanta exceeding the band gap energy leads to
efficient defect formation.*® Therefore, Meskers et al. proposed
that applying a moderate bias voltage with a potential
difference smaller than the band gap causes the accumulation
of trapped positive charges in the LiF layer, which further
induces the efficient transport of electrons.’® This is a defect-
assisted charge transport mechanism, and this theory may help
explain the unusual changes in carrier behavior within LEDs
when an AMC interfacial layer is introduced outside the
electron injection layer.37

While these findings are derived from studies on LiF, they
can reasonably explain the enhancement mechanisms observed
with other EIL materials such as CsF, Cs,CO;, and 8-
hydroxyquinolinolatolithium (Liq). We emphasize that differ-
ent AMCs EIL materials may align with specific theoretical
models or result from the combined effects of multiple
mechanisms. For example, unlike wide-bandgap, ionic EILs
such as LiF, CsF, and Cs,CO;, metal—organic complex Liq
EIL exhibits a bandgap of #3.0 eV and a LUMO level of 2.5
eV, making the charge tunneling concept insufficient to explain
its charge injection improvement. Furthermore, although GeO,
has a large bandgap like LiF, CsF, and Cs,CO; EILs, but
contains no alkali metal elements, the aforementioned
framework (enhanced charge injection via tunneling effects)
cannot account for the detrimental effects observed when using
GeO, as EIL."” Furthermore, our analysis indicates that
balanced injection cannot be achieved solely by tuning the
thickness of a single EIL layer,”” underscoring the complexity
of the underlying multimechanistic interactions. However,
quantifying the relative contribution of each potential
mechanism remains challenging and falls beyond the scope
of this review.

In addition, using AMCs as dopants can regulate charge
injection by altering the work function of the transport layers.
You et al. explored in depth the effect of CsCl doping on
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS).”® As shown in Figure 2a and b, after CsCl doping,
the PEDOT:PSS film transformed from a smooth, uniform
amorphous state to a uniform and tightly packed crystalline
state, which can promote charge transfer between conjugated
polymers,””*" as illustrated in Figure 2c. XPS spectra (Figure
2d) indicated that the change in the chemical environment of S
atoms in PEDOT:PSS is related to the phase segregation of
PEDOT and PSS chains,*’ and the insulating PSS chains (the
dominant species in the upper part of the film) are dragged
away by the doped species, while PEDOT remains as the main
conductive chain and adjusts its interactions and morphology.
In Raman spectra (Figure 2e), the change in C,=C;g stretching
vibration on the PEDOT five-membered ring indicates that the
resonance structure of PEDOT chains transforms from a
benzoid structure to a quinoid-like structure, which may lead
to the self-assembly of PEDOT into aggregates.*” This results
in enhanced conductivity and a change in work function due to
the stacking and interaction of PEDOT chains,* as shown in
Figure 2f. Therefore, the incorporation of the alkali metal salt
CsCl can improve the efficiency of charge injection and
transport in quasi-2D blue PeLEDs. Combined with the
regulation of the perovskite film formation process by CsCl,
the operational time Ts, (the time required for the radiance to
decrease to 50% of its initial value, 100 cd m™2) of the targeted
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Figure 2. Effect of CsCl on properties of PEDOT:PSS films.>* AFM images of PEDOT:PSS (a) without and (b) with CsCl. (c) Schematic diagram
of the structural evolution of PEDOT:PSS after doping CsCl. (d) XPS spectra of pristine and CsCl-modified PEDOT:PSS films on ITO substrates.
(e) Raman spectra of PEDOT:PSS films with and without CsCl. (f) Band alignment when using PEDOT:PSS with and without CsCl as the HIL
for PeLEDs.”® Reproduced with permission from ref 38. Copyright 2023 Springer Nature.

devices without encapsulation was estimated to be 5 min under
continuous constant current density.38 The improvement in
stability can be attributed to fewer defects and optimized phase
distribution induced by CsCl as well as better hole injection of
CsCl-modified PEDOT:PSS.**

Furthermore, Huang et al. stated that after doping
PEDOT:PSS with NaCl, its surface work function decreases,
which is beneficial for hole injection and charge balance.
Wang et al. demonstrated the changes in interfacial energy
band structure of PEDOT:PSS modified by different water-
compatible alkali cations (Li, Na, K, Rb, Cs), with HOMO
values of —5.42, —5.28, —5.34, —5.20, and —S5.14 eV,
respectively (the HOMO of undoped PEDOT:PSS is —5.01
eV).” Obviously, the energy level changes of PEDOT:PSS
after doping with different AMCs stem from the phase
separation and structural transformation of PEDOT:PSS itself.
Notably, this enhanced hole injection through doping-induced
changes in material structure and energy levels differs from the
previously mentioned mechanism of AMCs thin films,
facilitating electron injection. Furthermore, although a deeper
HOMO level implies a higher hole injection efficiency, this
does not mean that device performance will necessarily
improve after doping. This is not only because both the
doped PEDOT:PSS (as the concentration of doped NaCl
gradually increased from 0 to 5 mg/mL, 10 and 15 mg/mL, the
root-mean-square of the PEDOT:PSS surface gradually
increased from 1.9 to 30 nm, 47 and 50 nm)*® and perovskite
films (after Na®, K', and Cs' cations were doped into
PEDOT:PSS, the RMS of the upper perovskite film increased
from the initial 0.99 to 1.31 nm, 1.63 and 6.11 nm,
respectively)*” exhibit increased roughness to varying degrees,
but also because additional ion migration pathways and more
complex interactions are introduced.*®

Inserting AMCs as functional layers can also regulate the
charge dynamic behaviors. For example, Zeng et al. inserted a
LiCl inorganic interfacial dipole layer between PEDOT:PSS
and the CsCu,I; EML, which can modulate the interfacial
energy band structure, widen the hole injection barrier, and
achieve delayed hole injection.”’ Yang et al. stated that
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introducing a 2 nm insulating LiF layer between the quasi-2D
perovskite EML and the TPBi ETL is expected to block excess
electrons, thereby improving charge balance.*® In contrast,
Chen et al. introduced a 1 nm LiF layer between FAPbBr;
nanocrystals and the 4,6-bis(3,5-di-3-pyridinylphenyl)-2-meth-
ylpyrimidine (B3PymPm) ETL. We indicated that the
Coulomb interaction between the defect-positive charge
centers in the LiF layer and electrons enhanced electron
injection,”” which is similar to the defect-assisted charge
transport mechanism mentioned before.*® It can be found that
even with the same AMC functional layer the resulting effects
are completely opposite. We speculate that this difference
arises from the varying properties of perovskites and transport
layers, specifically due to the different chemical environments
in which the AMC film is situated. Nevertheless, we believe
that ion doping in AMCs under an electric field cannot be
ignored in any system.

3. OPTIMIZATION OF CRYSTALLIZATION PROCESS

The performance of PeLEDs is fundamentally dependent on
the morphology and quality of active layers. An ideal
perovskite film should possess high coverage, uniform grain
size, low defect density, and excellent crystalline orientation,
which directly determine the nonradiative recombination
losses and charge transport efficiency.” > However, the
crystallization process of perovskite films is complex and
difficult to control, especially the nucleation and growth on
nonideal substrates can easily generate pinholes and uneven
grains, which become a bottleneck for performance improve-
ment.

Among numerous strategies for regulating crystallization, the
introduction of AMCs has demonstrated unique and powerful
effects.Their action pathways can be mainly summarized into
two core routes: First, serving as a direct interfacial
modification layer, it is predeposited on the substrate to
provide a physical or chemical template for perovskite
crystallization. Second, acting as a functional additive, it is
doped into the charge transport layer (e.g., PEDOT:PSS), and
indirectly affects the nucleation and growth kinetics of
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XRD patterns and (c) time-resolved photoluminescence spectra of perovskite films deposited on different substrates. (d) Normalized PLQEs of
perovskite films formed on a range of thermally evaporated interfacial materials with different polarities.”® Reproduced with permission from ref 53.
Copyright 2020 Springer Nature.
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perovskites on it by altering the surface properties of the
substrates. Although these two strategies act at different sites,
they ultimately converge to the same goal, guiding perovskites
to form high-quality crystalline films. Herein, we sort out and
compare the principles, phenomena, and effects of these two
mechanisms.

AMCs Interfacial Modification Layers

Zhao et al.>® discovered that inserting an ultrathin (~1 nm)
LiF interlayer enables the formation of perovskite films with
excellent luminescent properties on incompatible hydrophobic
charge transport materials (e.g., TFB). As shown in Figure 3a,
perovskite films formed on the TFB/LIiF interface exhibited
larger and more distinct grains with a reduced pinhole density.
Concurrently, the LiF layer enhanced the perovskite
crystallinity (Figure 3b) and optical performance (Figure
3c). The variation in the photoluminescence quantum
efficiency (PLQE) of perovskite films on different interfaces
(Figure 3d) suggests that highly polar interfaces may provide
effective templates for forming perovskite films with superior
luminescence properties. Notably, while such correlations are
observed, the possibility of chemical reactions between the
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perovskite layer and these materials cannot be ruled out.
Similarly, introducing a LiF layer between PVK and the
perovskite EML has proven beneficial for fabricating high-
performance mini/micro-PeLEDs.”* Researchers hypothesize
that this improvement relates to fluorine forming hydrogen
bonds with perovskite at the HTL/perovskite interface.”*
Beyond facilitating the wettability of perovskite solutions,
there are additional pathways through which AMCs’ interfacial
layers regulate the crystallization process. Zou et al.>> found
that the perovskite films already exhibited high photo-
luminescence (PL) intensity before annealing, and the PL
stabilized after annealing, which indicate that the perovskite
had crystallized prior to annealing (Figure 4b). However, after
introduction of a Li,CO; layer via spin-coating between
PEDOT:PSS and the perovskite, the diffusion of Li* inhibited
the binding between [Pb(Br/Cl)¢]*” and PEA during
nucleation; in contrast, CO5*~ replaced [Pb(Br/Cl)¢]*"
octahedra to bind with PEA. These interactions were disrupted
during annealing, and the unbound PEA continued to anchor
in the perovskite film, manipulating the n-phase distribution
(here n represents the number of lead-centered octahedra
along the thickness direction in a single quantum well).

https://doi.org/10.1021/acsaelm.5c02309
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Consequently, after annealing the perovskite film, PL emerged
and gradually increased (Figure 4e). Meanwhile, since the n-
phase distribution is regulated durin§ the nucleation stage
rather than the crystal growth stage ¢ (Figure 4a, b), the
Li,CO; layer can effectively regulate crystallization kinetics,
suppress polydispersity in quantum well thickness, promote
more uniform phase composition, thereby reducing non-
radiative recombination losses in the perovskite film (Figure
4c, f). Therefore, the T, of devices incorporating a Li,CO,
layer is extended by 2.56-fold compared to that of the control
devices.

In contrast, for perovskite quantum dots (PQDs) EML, the
nucleation of PQDs does not occur on the substrate, leading to
fundamentally distinct mechanisms of the AMCs interlayer
action. Li et al.”’ introduced functional layers of LiF and ABr
(where A represents Li, Na, and K) between the HTL and
PQDs via evaporation and found that the LiF layer did not
improve the optical properties of the PQDs film, while the ABr
film led to an increase in the Br/Pb ratio in the PQDs (Figure
Se). This indicates that the additional Br from ABr
compensates for Br vacancies in the PQDs film. Consequently,
the PL, PLQY, and TRPL spectra of the PQDs film improved
to varying degrees after introduction of the ABr layers (Figure
Sa—c). Moreover, due to the different sizes of the alkali metals,
the extent of optical performance enhancement varied.
Specifically, LiBr has the smallest molecular particle size and
the highest density of Br per unit area, enabling more effective
passivation of vacancy defects and resulting in the greatest
improvement. Notably, as shown in Figure 5f, the diffraction
peak positions of PQDs films with and without the ABr layer
remained unchanged, indicating that the presence of ABr does
not affect the crystal structure of the PQDs; that is, Li, Na, and
K are not incorporated into the PQDs lattice. The authors
supposed that the adsorption of alkali metal ions at the A-site
on the PQD surface, combined with the filling of Br vacancies,
leads to a chemical shift of Pb in the PQDs (Figure Sd). The
enhancement in diffraction peak intensity arises from the
exchange of long-chain ligands on the PQDs with short ABr
molecules, which significantly reduces the distance between
PQDs and promotes further crystal growth. High-resolution
transmission electron microscopy (TEM) tests also showed
that the inserted LiBr layer enhances the crystallinity of
adjacent PQDs (Figure Sg, h). The discrete PQDs can be
driven by the ABr substrate to grow into more compact, less
defective, and higher-crystallinity PQD film (Figure 5i), which
ultimately leads to a 2-fold improvement in the operational
lifetime of devices incorporating a LiBr layer.”’

In summary, we emphasize that alkali metal compound
interfacial modification layers exhibit multifaceted and multi-
level mechanisms in regulating perovskite film crystallization
and quality that extend beyond merely improving wettability.
Their specific functions are strongly dependent on the
properties of the perovskite active layer (composition and
morphology) and the chemical microenvironment at the
interface.

AMCs Interfacial Dopants

Incorporating AMCs into charge transport layers, particularly
in PEDOT:PSS solutions, not only enhances hole injection by
adjusting the transport layer material structure and energy level
as mentioned before, but also enables alkali metal cations to
function as interfacial nucleation sites.”® These sites actively
induce perovskite nucleation and crystal growth, ultimately
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leading to the formation of high-quality films. As illustrated in
Figure 6a, after doping PEDOT:PSS with K,SO,, K' ions

a
&
PEDOT:PSS e PEDOT:PSS
substrate substrate
b

58 oot s 88

PEDOT:PSS

S
PEDOT:PSS ,3

Pb-Br/Cl o i S
.Cs n Octahedron ."‘4"'\{)“- F-PEA @ K @ hole

Figure 6. Schematic illustration of the K*-guided grain growth and
hole transport of perovskite films.*® (a) Spin-coating of control and
K*-modified PEDOT:PSS films. (b) Crystal growth of perovskite
grains on different substrates. (c) Hole transport characteristics from
PEDOT:PSS to the perovskite. Reproduced with permission from ref
58. Copyright 2020 Wiley-VCH.

preferentially form K—Cl/Br bonds with halide ions on the
PEDOT:PSS surface. This process not only passivates
interfacial halide defects but also bridges PbX, octahedra (X
= Br/Cl) with the underlying PEDOT:PSS substrate.”® The
PbX, octahedra anchor uniformly onto distributed K sites,
further acting as nucleation seeds to guide the perovskite grain
growth (Figure 6b). This interaction ultimately yields well-
aligned perovskite assemblies with small-sized grains and
controlled crystal orientation, alongside optimized charge
transport pathways (Figure 6c), which leads to ~4-fold
improvement of Ty, of K-modified devices.”® Therefore,
doping AMCs such as vr-aspartic acid potassium (PLAK),””
K,80,% and potassium sulfamate®’ into PEDOT:PSS of
different systems can increase nucleation sites at the interface
and improve the morphology and crystallinity of perovskite
films.

Cs-based salts (e.g, CsBr,”” Cs-TFSL> CsCI*®) similarly
enhance perovskite film quality. You et al.”® demonstrated that
precipitated CsCl particles induce the formation of large-n
phases in perovskite, triggering rearrangement of low-n phases
in quasi-2D perovskites. Notably, adding CsCl directly to the
perovskite precursor failed to achieve phase redistribution,
indicating that the chemically active CsCl particles precipitated
on PEDOT:PSS are responsible for directing the perovskite
growth and phase modulation. In contrast, rubidium chloride
(RbCl) under identical conditions could not induce phase
modulation in quasi-2D perovskite, attributable to its inertness
toward precursor.”®
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Recently, Cao et al incorporated lithium salicylate (SAL)
as a reactive initiator into the perovskite precursor. A proton
exchange reaction between PEDOT:PSS and SAL formed a
multifunctional PSS-Li interlayer, regulating the perovskite
nucleation and growth. However, systematic studies on the
impact of other AMCs doped into PEDOT:PSS on perovskite
crystallization remain scarce. Interestingly, we found that
although the types of AMCs dopants are different, they are all
believed to inhibit the formation of the small n-phase,*°"°!
the underlying mechanism remains unclear unfortunately. We
also note that K-based AMCs dopants appear more prevalent
for modulating perovskite nucleation, potentially due to the
intrinsic properties of alkali metal ions (e.g, ionic radius,
chemical reactivity, and migration capability).

4. OTHER ROLES OF AMCS INTERFACES

The passivation effects of AMCs on perovskite interfaces
primarily stem from their functional anions,>%¢163765 operat-
ing through mechanisms such as halide vacancy filling or
coordination with undercoordinated Pb>*. In contrast, the
influence of alkali metal cations on defects is more reflected in
the modulation of n-phase distribution, as phase engineering
plays a critical role in controlling trap states.”*~" Additionally,
LiF interlayer can prevent direct contact between perovskite
and ETL, thereby suppressing interfacial quenching.*®”’
Ultrathin LiF layer inserted on PEDOT:PSS reduce film
pinholes and inhibit exciton quenching.”' Thus, the defect
passivation by AMCs is a multipath synergistic process.
Despite numerous research achievements, significant ambiguity
and gaps remain in the mechanistic study, which will be
discussed later.

Furthermore, AMCs interlayers enable novel device
architectures. For instance, Wu et al. designed an innovative
“insulator-perovskite-insulator” (IPI) structure for Pe-
LEDs.””"* In this structure, the traditional hole injection
layer (PEDOT:PSS) or its combination with PVK (PE-
DOT:PSS/PVK) is replaced with an ultrathin insulating LiF
film, which is sandwiched on the perovskite film. This
configuration not only blocks leakage current and confines
charge recombination within the perovskite but also suppresses
exciton quenching at the perovskite/charge transport layer
interfaces, enhancing radiative recombination efficiency.”””"*
In addition, using a LiF/Al/Ag/LiF semitransparent electrode
(where LiF/Al reduces the work function, and the LiF above
the Ag acts as a blocking layer to suppress PL quenching at the
interface), a high-performance white PeLED with significantly
enhanced light extraction efficiency can be constructed.”®

5. SUMMARY AND OUTLOOK

This review has systematically discussed the multidimensional
interfacial regulation effects of AMCs in PeLEDs. Many
investigations indicate that AMCs have evolved from their
early role as a single electron injection layer to an integrated
multifunctional interface engineering material that combines
the regulation of charge dynamic behavior, crystallization
control, defect passivation, and even light field manipulation.
Their key roles can be summarized as the following two core
aspects: (i) Acting as a “regulator” of charge behaviors:
Through pathways such as the dipole moment effect, electron
tunneling effect, n-type doping of the ETL, and low-work-
function metal doping of the cathode, AMCs can function as
independent charge injection layers/functional interfacial

layers to optimize the balance of charge injection. Meanwhile,
doping transport layers with AMCs can adjust interfacial
energy levels to achieve improved injection and transport. (ii)
Acting as a “guide” of the crystallization process: Whether used
as a direct interfacial layer or a transport layer dopant, AMCs
can effectively guide the formation of high-quality perovskite
films with more complete coverage and better phase
distribution by altering the substrate surface energy, participat-
ing in the formation of intermediate phases, or regulating
nucleation kinetics. In addition, we analyzed the mechanisms
of AMCs for perovskite defect passivation and discussed novel
device structures constructed by using AMCs (especially LiF).

Despite the remarkable progress achieved in related
research, a review of the current development of this field
reveals that several key scientific issues and technical challenges
still require in-depth exploration. First, numerous gaps remain
in our understanding of the mechanisms of AMCs. For
instance, when devices operate long-term under electric field,
light irradiation, and thermal stress conditions, the ion
migration behavior, pathways, and consequent effects of
AMCs in the interfacial layer remain unclear, yet this is of
great significance for PeLEDs. Therefore, future research may
need to leverage in situ and real-time characterization
techniques and first-principles calculations to directly capture
the evolution of interfacial structures, ion migration pathways,
and real-time processes of passivation reactions during
dynamic processes. Second, current research is excessively
focused on a limited number of materials (e.g., K* salts and
LiF). In the future, the library of AMCs should be
systematically expanded, covering combinations of different
cations with a wider range of anions. Furthermore, greater
attention should be paid to the intrinsic properties of the
AMCs materials. For example, insufficient surface coverage
often leads to increased leakage current, further resultin% in the
formation of short-circuit paths and device failure.”® For
subnanometer-scale AMCs films (typically 1—2 nm thick),
they often exhibit an incompletely covered island-like
structure.”””® Additionally, AMCs like LiF generate optically
and electrically active defects, color centers, and hardening
sites under radiation or heating.”*~*" Although these intrinsic
properties are crucial for precisely controlling charge dynamics
by AMC:s, they are often easily overlooked.
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