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HIGHLIGHTS

•	 Establishes a carrier-behavior-driven framework linking high-injection recombination, interfacial carrier crowding, and efficiency 
roll-off in perovskite light-emitting diodes (PeLEDs).

•	 Reveals how interfacial molecules, with self-assembled monolayers as a representative class, regulate charge balance, interfacial 
recombination, local electronic structure, and bottom-interface crystallization.

•	 Distills practical molecular design principles for high-performance PeLEDs, with emphasis on electronic regulation under bias, 
persistent passivation, and structural compatibility.

ABSTRACT  Molecular interface engineering has become increas-
ingly important for improving the efficiency and stability of perovskite 
light-emitting diodes (PeLEDs). Although highly emissive perovskite 
materials have advanced rapidly, their translation into high-performance 
devices remains limited by interfacial losses, unbalanced charge injec-
tion, and instability under electrical operation. In this review, we first 
discuss charge-carrier behavior in perovskite materials and devices, with 
emphasis on radiative and non-radiative recombination, carrier accumu-
lation under injection, and the device-level consequences of interfacial 
constraints. We then examine the development of interfacial molecular strategies in PeLEDs, including self-assembled monolayers and related 
interfacial molecules, and summarize how such molecular layers influence charge injection, interfacial recombination, local electronic structure, 
and film formation at both charge-injection interfaces. On this basis, we further consider the implications of these interfacial effects for molecular 
regulation in light-emitting devices, with particular attention to electronic regulation under bias, chemically persistent passivation, and structural 
compatibility with emissive-layer formation. By connecting carrier physics, interfacial function, and molecular regulation, this review aims to 
provide a clearer framework for understanding and developing molecular interfacial strategies for high-performance PeLEDs. 
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1  Introduction

Metal halide perovskites have emerged as a versatile class 
of semiconductors for light‐emitting diodes, owing to their 
high photoluminescence quantum yields (PLQYs), defect 
tolerance, and solution processability [1–8]. Over the past 
decade, perovskite light‐emitting diodes (PeLEDs) have 
experienced remarkable progress, with reported external 
quantum efficiencies (EQEs) surpassing 30% in red devices, 
42% in green devices, and 25% in blue devices [9–17]. These 
features also make PeLEDs attractive for a range of applica-
tions, particularly in high-color-purity displays and advanced 
lighting. In addition, their solution processability, spectral 
tunability, and compatibility with thin-film device platforms 
have stimulated growing interest in emerging applications 
such as optical communication and integrated optoelectronic 
devices [4, 18, 19]. Even so, further progress in efficiency, 
operational stability, and spectral purity remains strongly 
limited by interfacial losses.

This issue is closely related to the carrier environment 
under which PeLEDs operate. Under electrical injection, 
carrier densities in PeLEDs can reach 1017−1018 cm−3, far 
exceeding those typically encountered in perovskite solar 
cells (PSCs) under 1-sun illumination (below 1016 cm−3) 
[20–25]. Under such conditions, radiative recombination 
competes directly with trap-assisted loss, carrier accumu-
lation, and high-density non-radiative processes [26–29]. 
As a result, device performance is governed not only by 
the intrinsic emissive quality of the perovskite layer, but 
also by how effectively the full device structure controls 
carrier injection, transport, and recombination under bias. 
Increasing evidence suggests that interfaces between the 
perovskite emissive layer and charge-transport layers play a 
decisive role in efficiency roll-off and long-term instability 
in PeLEDs [27, 30–34].

A range of strategies has been developed to mitigate 
these interfacial losses, including bulk additives, surface 
passivation molecules, polymeric interlayers, and compo-
sitional engineering of transport layers [19, 35–40]. While 
these approaches have delivered incremental improve-
ments, they often suffer from intrinsic limitations, such 
as molecular migration, uncontrolled thickness, energetic 
disorder, and parasitic optical absorption. These draw-
backs are particularly detrimental for PeLEDs, where 
exciton quenching and charge imbalance at interfaces can 

rapidly suppress radiative recombination [41, 42]. Among 
the molecular strategies developed for this purpose, self-
assembled monolayers (SAMs) have attracted increasing 
attention. Owing to their molecularly defined thickness, 
ordered packing, and tunable terminal functionality, 
SAMs offer a distinctive means of regulating interfacial 
properties with minimal geometric and optical penalty 
[43–46]. These characteristics are particularly attractive 
in light-emitting devices, where the interfacial layer ide-
ally remains ultrathin while still exerting a measurable 
electronic effect. At the same time, SAMs represent only 
one part of a broader class of interfacial molecules that 
can influence PeLED operation. More generally, molecular 
layers at charge-injection interfaces can modify interfacial 
energetics, alter local electronic structure, affect carrier-
selective injection, and reshape the conditions under which 
radiative recombination occurs in the adjacent perovskite 
region.

These coupled relationships are summarized schemati-
cally in Fig. 1. Figure 1a outlines the overall device pic-
ture, in which unbalanced injection, local carrier accumula-
tion, and interface-related non-radiative loss emerge at the 
charge-injection interfaces under electrical operation, while 
interfacial molecules can regulate these processes through 
electronic, chemical, and structural effects. Figure 1b high-
lights the energetic origin of interfacial loss, including trap-
assisted recombination, carrier trapping, and Fermi-level 
pinning at the contact region. Figure 1c further makes the 
device mechanism under electrical bias more explicit. In an 
operating PeLED, electrons are injected from the cathode 
side and transported through the electron-transport layer, 
while holes are injected from the anode side and transported 
through the hole-transport layer. Under bias, the injected 
carriers establish a recombination zone in the emissive layer, 
where electron–hole recombination leads to photon emis-
sion. On this basis, Fig. 1c illustrates three representative 
recombination scenarios. Poorly regulated interfaces can 
lead to interfacial/defect-mediated non-radiative recombi-
nation, whereas strong local carrier crowding under unbal-
anced injection can drive Auger-dominated recombination. 
By contrast, when interfacial regulation improves charge 
balance and suppresses interfacial loss, the device is shifted 
toward charge-balanced radiative recombination. In this 
sense, the role of interfacial molecules in PeLEDs should 
not be viewed only through static energy-level alignment, 
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Fig. 1   a Schematic illustration of interface-limited device operation and molecular interfacial regulation in PeLEDs. Under electrical operation, 
charge accumulation, interfacial quenching, and unbalanced injection can develop at charge-injection interfaces. Interfacial molecules, including 
self-assembled monolayers and related ultrathin molecular layers, can regulate interfacial energetics, passivate defects, and influence crystalliza-
tion near the contact, thereby promoting balanced injection, optimized recombination, and stable emission. b Energy-band diagram illustrating 
interfacial recombination and trapping mechanisms in PeLEDs. Interfacial trap states induce Fermi-level pinning, carrier trapping, and trap-
assisted non-radiative recombination, accompanied by carrier accumulation near the injection interface. c Schematic illustration of recombina-
tion outcomes at buried interfaces in PeLEDs under electrical injection. Poorly regulated interfaces lead to interfacial/defect-mediated non-radi-
ative recombination, excessive carrier buildup under high injection promotes Auger-dominated recombination, whereas balanced electron and 
hole injection favors efficient radiative recombination
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but through their consequences for carrier behavior and 
recombination under bias.

Despite the rapid growth of this area, current discussions 
remain somewhat fragmented. Many studies are still organ-
ized around individual molecular systems or isolated device 
improvements, while broader summaries often emphasize 
general interfacial functions without fully connecting them 
to the operating requirements of light-emitting devices. In 
particular, the links between carrier behavior in emissive 
perovskites, interface-limited device operation, and the 
molecular regulation of charge-injection interfaces remain 
insufficiently integrated. This gap becomes more significant 
as PeLEDs move toward higher brightness, narrower spec-
tral targets, and more demanding stability requirements.

In this review, we summarize recent progress in molecu-
lar interface engineering in PeLEDs from this broader per-
spective, with self-assembled monolayers as an important 
representative class. We begin with charge-carrier behavior 
in perovskite materials and devices, focusing on recombi-
nation processes, carrier accumulation under injection, and 
the device-level consequences of interfacial loss, as shown 
in Fig. 1. We then examine the development of interfacial 
molecular strategies in PeLEDs and summarize how such 
molecular layers influence charge injection, interfacial 
recombination, local electronic characteristics, and film 
formation at relevant interfaces. On this basis, we further 
consider the implications of these effects for molecular 
regulation in light-emitting devices, with attention to prac-
tically relevant factors such as electronic regulation under 
bias, persistent passivation, and structural compatibility with 
emissive-layer formation. Through this progression, the 
manuscript aims to provide a clearer framework for under-
standing how interfacial molecules shape PeLED operation 
and how such effects may be used to guide future device 
development.

2 � Carrier Behavior in Perovskite Materials 
and Devices

Understanding charge accumulation under high injection 
in PeLEDs first requires a discussion of recombination in 
the emissive layer itself. In perovskite light-emitting sys-
tems, direct evaluation of electroluminescence quantum 
yield under operating conditions is often non-trivial, and 
the radiative mechanism is therefore commonly discussed 

from the perspective of PLQY. In this sense, PLQY is not 
merely an optical metric, but a practical measure of how 
efficiently radiative recombination competes against trap-
assisted and many-body non-radiative decay over different 
excitation-density regimes. A key point here is that perovs-
kite emitters cannot be classified simply as 3D versus 2D, 
because practical PeLED systems span a broader range of 
confinement regimes. In bulk-like or weakly confined per-
ovskites, where free carriers are the dominant photoexcited 
species, radiative recombination is commonly treated as 
a second-order process competing with first-order trap-
assisted recombination and third-order Auger recombination 
[47–49]. By contrast, in strongly confined low-dimensional 
systems, including excitonic quasi-2D phases, nanocrystals, 
and related emitters, radiative decay is more appropriately 
described as excitonic recombination in competition with 
trap-assisted exciton loss and exciton–exciton annihilation 
[21, 50, 51]. This distinction is essential, because it means 
that the density dependence of luminescence must be inter-
preted differently for free-carrier-dominated and exciton-
dominated systems. On this basis, this section first outlines 
the major recombination pathways and their carrier-density 
dependence, and then discusses how carrier density shapes 
the luminescence behavior of perovskite films, and finally 
examines how these density-dependent processes manifest 
in operating devices under high injection.

2.1 � Carrier Density, Recombination, and Luminescence 
in Perovskites

As illustrated in Fig. 2a, the luminescence of perovskite 
emitters is governed not by a single decay pathway, but by 
a competition among several recombination channels that 
become active over different carrier-density regimes. Fol-
lowing photoexcitation or electrical injection, electrons and 
holes can recombine radiatively, be lost through trap-assisted 
non-radiative processes, or, once the carrier population 
becomes sufficiently high, undergo many-body non-radiative 
decay [52, 53]. This competition is commonly described by 
three kinetic terms: first-order recombination (k1), second-
order recombination (k2), and third-order recombination 
(k3). Here, k1 denotes the first-order monomolecular loss 
coefficient, which is typically dominated by trap-assisted 
non-radiative recombination and may also include other 
defect- or interface-mediated monomolecular losses; k2 is 
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the bimolecular radiative recombination coefficient for elec-
tron–hole pairs; and k3 is the third-order Auger coefficient, 
describing non-radiative energy transfer from a recombin-
ing electron–hole pair to a third carrier. For free-carrier-
dominated systems, this competition is commonly described 
by k1, k2, k3, respectively, so that the carrier dynamics can 
be written as [23]:

and the corresponding PLQY as:

where n is the free-carrier density. In this expression, the 
denominator represents the total carrier-decay rate, whereas 
the numerator corresponds to the radiative part. The relative 
magnitudes of these terms therefore determine whether the 
system is trap-limited, radiatively efficient, or already enter-
ing the high-density roll-off regime. In exciton-dominated 
low-dimensional systems, an analogous description can be 
written as:

with

where N is the exciton density, and ktrap, kex, and kex-ex denote 
trap-assisted exciton loss, radiative exciton recombination, 
and exciton-exciton annihilation, respectively. More specifi-
cally, ktrap describes first-order non-radiative decay of exci-
tons into traps or dark states, kex is the radiative decay rate 
of excitons, and kex-ex quantifies the bimolecular annihilation 
of two excitons at elevated excitation density. In this regime, 
the low-density competition is mainly between ktrap and kex, 
whereas high-density quenching is introduced by the kex-exN2 
term. Framed in this way, PLQY is not a fixed material con-
stant, but the outcome of competition among radiative and 
non-radiative channels over different density regimes. The 
central question is therefore not simply whether a perovskite 
film is emissive, but which recombination channel dominates 
at a given carrier density and how wide the density window 
remains in which radiative recombination can prevail.

Figure 2b further highlights why this framework is central 
to PeLEDs. The three channels do not scale equally with 
carrier density: At low density, first-order loss dominates 
because trap-assisted recombination competes effectively 

(1)−
dn

dt
= k1n + k2n

2 + k3n
3

(2)PLQY =
k2n

k1 + k2n + k3n
2

(3)−
dN

dt
= (ktrap + kex)N + kex - exN

2

(4)PLQY =
kex

(ktrap + kex) + kex - exN

with light emission; as the carrier density increases, radia-
tive recombination becomes more competitive and the 
emissive layer enters a regime favorable for high lumines-
cence; once the density rises further, however, the third-
order Auger term increases rapidly and eventually overtakes 
the radiative channel, leading to luminescence quenching. 
The significance of the k1- k2- k3 model therefore lies in the 
fact that each term points to a different material or inter-
facial limitation. A large k1 usually indicates insufficient 
defect suppression, and a favorable k2 reflects efficient elec-
tron–hole overlap and radiative recombination, whereas a 
rapidly increasing k3 signals that the material will become 
vulnerable to efficiency roll-off under high injection.

This carrier-density dependence becomes particularly 
consequential when different perovskite dimensionalities 
are compared. As summarized in Fig. 2c, the carrier-den-
sity window over which luminescence remains optimal is 
not universal, but shifts with the degree of confinement. 
In quasi-2D perovskites, PLQY rises rapidly at low carrier 
density because exciton confinement and energy funneling 
can make radiative recombination highly efficient once 
shallow defects are saturated. However, the same features 
also compress the usable density window: The local carrier 
population at the emissive phase builds up more quickly, 
so the onset of PLQY roll-off occurs at comparatively 
lower carrier density and the high-density regime becomes 
Auger-dominated earlier. For example, Jiang and co-workers 
provided a representative example of how reducing k3 can 
widen the useful operating range of quasi-2D perovskites, 
as shown in Fig. 2d [47]. By lowering the exciton binding 
energy, they suppressed Auger recombination by more than 
one order of magnitude and increased the PLQY roll-off 
threshold by about fivefold. The same trend was reflected 
in device performance, with J90 increasing from 15.9 to 
82.6 mA cm−2, together with a peak EQE of 20.36% and a 
maximum luminance of 82,480 cd m−2. Sun and co-workers 
showed that n=3 films can reach a peak PLQY of 91% at 
an excitation density of about 6.0×1015 cm−3, with little 
decline below 1016 cm−3, but that all compositions eventu-
ally exhibit PLQY roll-off as excitation density increases 
[55]. Importantly, the roll-off threshold increased with 
increasing n, indicating that less strongly confined systems 
can better tolerate high carrier densities even if their peak 
PLQY is not the highest. Yu and co-workers further showed 
that the radiatively favorable density window in quasi-2D 
perovskites is highly sensitive to phase evolution itself rather 
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Fig. 2   a Schematic illustration of carrier relaxation pathways in perovskites following excitation. The total recombination rate is governed 
by three competing channels: trap-assisted monomolecular recombination (rate constant k1) via trap states (Nt, trap density nt(t)), bimolecular 
radiative recombination (k2), and three-body Auger recombination (k3). The balance among these processes determines the evolution of carrier 
populations n(t) and p(t). b Decay rates of different recombination channels as a function of charge-carrier density [23]. At low carrier densi-
ties, monomolecular trap-assisted recombination dominates; at intermediate densities, bimolecular radiative recombination becomes the primary 
pathway; and at high densities, Auger recombination increases sharply, ultimately limiting radiative efficiency. Copyright 2024, IOP Publishing. 
c Comparison of normalized PLQY trends for quasi-2D and 3D perovskites. d Calculated PLQY map illustrating the coupled influence of trap-
assisted and many-body non-radiative loss terms on the high-PLQY regime [47]. Copyright 2021, Nature Publishing Group. e Experimental 
PLQY as a function of excitation power density for strongly space-confined, control, and weakly space-confined perovskite emitters. f Simulated 
normalized PLQY as a function of carrier density for different k3 values. g Corresponding relationship between peak EQE and the current den-
sity at which peak EQE is reached [54]. Copyright 2025, Nature Publishing Group. h Current-dependent extracted photoluminescence decay in 
an operating PeLED. i Current dependence of the extracted recombination coefficients [48]. Copyright 2024, American Physical Society
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than to nominal confinement alone [56]. In their pure-red 
system, phase-transition engineering suppressed the n = 1 
phase while rendering the n = 2 and n = 3 phases more 
pronounced, indicating a redistribution from low-n phases 
toward a more favorable emissive landscape. The optimized 
devices reached a peak EQE of 25.3%, further showing 
that control over phase dimensionality and phase purity is 
directly relevant to sustaining efficient recombination under 
device-relevant carrier densities. Zheng and co-workers 
provided a complementary device-side example from the 
perspective of band alignment engineering in quasi-2D 
LEDs [57]. By tailoring the energetic relationship among 
confined domains, they showed that carrier dynamics can be 
reshaped not only through intrinsic confinement itself, but 
also through the local band structure established across the 
quasi-2D landscape. The resulting devices reached 1000 cd 
m−2 at a low driving voltage of 2.8 V and exhibited a record 
T50 of 318.8 min at 1000 cd m−2, consistent with the view 
that once phase distribution and band alignment are simul-
taneously improved, high-density recombination loss and 
operational instability can both be alleviated.

By contrast, 3D perovskites generally tolerate a broader 
carrier-density range before severe luminescence quenching 
sets in, even though their PLQY increase at low density may 
be less abrupt. Peng and co-workers further showed that 
weakly space-confined all-inorganic perovskites can simul-
taneously retain high carrier mobility and reduced Auger 
loss [54]. This trend is reflected in Fig. 2e, where the weakly 
space-confined emitter maintains a broader excitation-
density range favorable for efficient emission and reaches 
a markedly higher PLQY than the strongly space-confined 
and control samples at high excitation power density. Li and 
co-workers showed that electron-withdrawing trifluoroac-
etate anions in 3D perovskite emitters can retard Auger 
recombination [58]. As a result, the devices maintained an 
external quantum efficiency above 20% even at current den-
sities as high as 2270 mA cm−2. This result indicates that 
delaying high-density Auger loss can substantially widen the 
radiatively favorable carrier-density window. Chen and co-
workers provided a complementary example from the low-
density side of the recombination landscape [59]. By using 
an interfacial amination reaction, they prepared FAPbBr3 
films with an ultralow trap density of 1.2×1010 cm−3, thereby 
improving the low-density luminescence regime by sup-
pressing first-order loss.

In this context, Fig. 2f emphasizes the role of k3 within 
the carrier-density range relevant to device operation. The 
key issue is not simply that Auger recombination will even-
tually dominate at sufficiently high density, but whether it 
begins to impose a significant penalty already within the 
working regime of a PeLED. A smaller k3 shifts the onset 
of PLQY decay to higher carrier density and broadens the 
density interval over which efficient emission can be sus-
tained during device operation, whereas a larger k3 causes 
the emissive layer to enter the roll-off regime prematurely. 
In this sense, k3 determines how much practical operating 
margin exists before high-injection loss becomes severe. As 
a result, density-dependent film luminescence is not just a 
photophysical characterization exercise; it is a practical pre-
dictor of whether a given emitter will remain efficient when 
translated into a working device.

2.2 � Charge Injection and Accumulation

Under electrical bias, injection barriers, transport asym-
metry, and interfacial defect states can drive electrons and 
holes to accumulate within a spatially confined recombina-
tion zone, so that locally high carrier densities may develop 
even when the average carrier population in the emissive 
layer is not yet extreme. In this regime, device performance 
is governed not only by the intrinsic radiative efficiency of 
the perovskite film, but also by how effectively the operating 
structure distributes carriers and mitigates interfacial loss 
channels.

In operating PeLEDs, such local carrier crowding is fre-
quently manifested as pronounced EQE roll-off at elevated 
current densities. This point is also reflected in Fig. 2g, 
where the current density at peak EQE differs markedly 
among emitters with different confinement characteristics. 
In particular, the weakly space-confined system reported by 
Peng et al. reaches its peak efficiency at substantially higher 
current density than the strongly space-confined and control 
systems, while also maintaining a much higher peak EQE 
[54]. Zou et al. reported that efficiency loss at high current 
density in layered perovskite LEDs was closely associated 
with luminescence quenching, likely arising from non-radi-
ative Auger recombination [60]. By tuning the quantum-
well width, they achieved a peak EQE of 12.7% and retained 
~10% EQE at 500 mA cm−2. Jiang et al. likewise addressed 
high-density recombination from the perspective of exciton 
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binding energy, showing that reducing the impact of Auger 
recombination in quasi-2D perovskites enabled a peak EQE 
of 20.36% together with a luminance of 82,480 cd m⁻2, 
indicative of substantially suppressed roll-off at high drive 
levels [47]. Fakharuddin et al. approached the same problem 
from the device side and showed that balancing electron 
and hole injection in mixed 2D/3D PeLEDs led to a nearly 
flat EQE over a wide current range, together with a marked 
improvement in operational lifetime [61].

The dynamical origin of this roll-off can also be fol-
lowed directly under operation. As shown in Fig. 2h, the 
extracted luminescence decay becomes progressively faster 
as the driving current density increases, indicating that the 
recombination dynamics shift systematically once the device 
enters the high-injection regime. Consistent with this trend, 
Fig. 2i shows that the first-order loss coefficient increases 
with current density, whereas the radiative coefficient 
remains comparatively less sensitive [48]. This behavior 
suggests that current-dependent efficiency loss is associated 
not simply with a higher carrier population, but with the 
growing importance of non-radiative channels under electri-
cal loading. These measurements therefore provide a direct 
link between EQE roll-off and the evolution of recombina-
tion kinetics in operating devices. The current-dependent 
extracted photoluminescence decay and recombination 
coefficients shown in Fig. 2h, i were reported by Zhang and 
co-workers using in situ ultrafast spectroscopy on working 
PeLEDs.

As the drive level increases further, the same electri-
cal conditions that compress the recombination zone also 
aggravate Joule heating, particularly when injection bar-
riers, resistive transport layers, or limited thermal dissipa-
tion raise the local device temperature. Zou and co-workers 
directly visualized the temperature distribution of operat-
ing PeLEDs on different substrates [62]. Fig. 3a shows that 
devices on glass underwent a much stronger temperature 
rise than corresponding devices on sapphire under the same 
bias, highlighting the role of thermal dissipation in limiting 
high-current operation. By combining improved charge-
injection balance, reduced Auger loss, sapphire substrates, 
and current focusing, the authors extended the usable cur-
rent-density range and suppressed thermally amplified roll-
off (Fig. 3b), enabling green PeLEDs to operate at current 
densities approaching ~ 1 kA cm−2 and achieved a record 
luminance of 7.6 × 106 cd m−2. Zhao et al. further showed 
that thermal accumulation strongly affects EQE roll-off 

under high-current operation [63]. A 4 × 2.5 mm2 glass 
device reached ~ 140 °C at ~ 300 mA cm−2, whereas a 1 
× 2.5 mm2 device with graphite remained near 50 °C even 
at ~ 1000 mA cm−2, as shown in Fig. 3c. Correspondingly, 
the 1 × 2.5 mm2 sapphire device with graphite maintained 
EQE above 10% up to ~ 2000 mA cm−2, together with a peak 
EQE of 17% and an approximately one-order-of-magnitude 
improvement in lifetime at 100 mA cm−2 (Fig. 3d). These 
results show that suppressing thermal accumulation can 
substantially widen the high-current operating window of 
PeLEDs. In a related thermal study, Zou et al. showed that 
Joule heating can directly drive interfacial degradation dur-
ing PeLED operation [64]. Under stepwise increasing bias, 
the device temperature increased from ~ 30 to ~ 70 °C and 
dropped rapidly after the bias was removed, indicating clear 
thermal accumulation under electrical driving (Fig. 3e). The 
authors attributed the resulting performance decay to Joule-
heating-induced morphological evolution of TPBi, which 
promoted elemental interdiffusion at the contact and caused 
photoluminescence quenching. More recently, Zheng et al. 
showed that PeLED stability can be markedly improved by 
suppressing Joule heating through ultralow-voltage opera-
tion [65]. Their optimized green PeLED with the structure 
ITO/poly-TPD/Me-4PACz:PVP/core-shell perovskite NCs/
PO-T2T/LiF/Al (Device I) achieved an ultralow turn-on 
voltage of 1.7 V, a peak EQE of 27.8%, and a maximum 
brightness of 90,295 cd m−2. As reflected in Fig. 3f, Device 
I exhibited only a negligible temperature rise from 25.3 to 
25.6 °C as the brightness increased from 0 to 10,000 cd m−2, 
whereas the control device (Device II) showed a much larger 
increase from 25.0 to 83.7 °C over the same brightness 
range. Correspondingly, the lifetime-brightness relation-
ship in Fig. 3g showed a dramatic stability advantage, with 
Device I reaching a T50 of 7691.1 h, compared with only 
0.9 h for Device II. These results indicate that reducing inter-
facial recombination and lowering the operating voltage can 
effectively suppress heat accumulation, thereby substantially 
improving both high-brightness operation and long-term sta-
bility in PeLEDs.

Under sustained operation, carrier crowding and tempera-
ture rise can in turn facilitate ion redistribution and inter-
facial chemical evolution, making high-injection loss and 
degradation difficult to separate in practice. Cheng et al. 
linked high-injection degradation in quasi-2D PeLEDs to 
ligand–cation migration through domain boundaries [66]. 
They proposed a two-stage process: an initial stage in which 
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Fig. 3   a Infrared thermal images of PeLEDs fabricated on glass and sapphire substrates under increasing bias. b Coupled origins of efficiency 
roll-off in PeLEDs and the corresponding EQE-current density characteristics under different thermal-management conditions [62]. Copyright 
2020, American Chemical Society. c Device temperature as a function of constant current density for different device sizes and thermal-manage-
ment configurations. d Normalized EQE decay at a constant current density of 100 mA cm−2 for devices with and without graphite heat spread-
ing [63]. e Transient temperature evolution under stepwise increasing bias and after bias removal [64]. Copyright 2020, Wiley-VCH. f Infrared 
thermal images of Device I and Device II recorded at different initial brightness values. g Lifetime-brightness relationship of Device I and 
Device II. Copyright 2024, AAAS. h Schematic illustration of the proposed two-stage degradation process in quasi-2D PeLEDs [66]. Copyright 
2020, American Chemical Society. i Operando measurement configuration combining GIWAXS with simultaneous electrical and spectroscopic 
monitoring for tracking structural evolution in working deep-blue PeLEDs under bias. j Operando GIWAXS profiles collected before bias, after 
bias, and after rest. k Time-dependent electroluminescence spectra during device operation [67]. Copyright 2025, American Chemical Society
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cation redistribution weakens defect passivation and causes 
reversible EQE decay, followed by a second stage in which 
continued migration brings mobile species into contact with 
adjacent transport layers, resulting in stronger interfacial 
non-radiative loss and irreversible degradation (Fig. 3h). 
Operando measurements by Mirabelli et al. further showed 
that failure in deep-blue PeLEDs is closely associated with 
chemical evolution at the electron-injecting interface rather 
than with immediate bulk structural collapse [67]. As shown 
in Fig. 3i, the authors combined operando GIWAXS with 
electroluminescence measurements to track structural and 
spectral evolution under bias. The diffraction features of the 
perovskite layer changed only modestly after bias and par-
tially recovered after rest (Fig. 3j), whereas the EL spectrum 
showed a pronounced red shift and intensity loss within 180 
s of operation (Fig. 3k). These results indicate that device 
degradation was dominated by interfacial chemical changes 
under bias, even though the bulk perovskite framework 
remained comparatively intact.

These material-level photophysical characteristics provide 
the necessary basis for understanding PeLED operation, but 
they do not by themselves determine device performance. 
Parameters derived from PLQY, TRPL, and carrier-den-
sity-dependent luminescence measurements indicate how 
efficiently radiative recombination competes with trap-
assisted and high-density non-radiative loss in the emissive 
material. Once the material is incorporated into a working 
device, however, the carrier population is no longer gov-
erned only by intrinsic recombination kinetics, but also by 
how charges are injected, accumulated, and redistributed 
at the two charge-injection interfaces under bias. In this 
sense, the translation from film-level emissive properties 
to device-level efficiency and stability is mediated by the 
interface. This is precisely why interfacial molecular regula-
tion becomes essential in PeLEDs: It determines whether the 
favorable carrier-recombination characteristics identified at 
the material level can be maintained under actual electrical 
operation.

3 � Development and Emerging Roles 
of Interface Molecules in PeLEDs

In PeLEDs, high emissive quality of the perovskite layer 
alone is not sufficient to ensure efficient and stable device 
operation. Once electrical injection is involved, the 

charge-injection interfaces become key regions where car-
rier distribution, recombination behavior, and operational 
degradation are shaped. This has made interfacial molec-
ular regulation an increasingly important part of PeLED 
research. At these interfaces, molecular layers can influence 
charge injection, reduce interfacial non-radiative loss, and 
modify the local structural and electronic environment adja-
cent to the perovskite emitter [68–70]. Accordingly, the role 
of interface molecules in PeLEDs has gradually expanded 
from simple interfacial modification to a more integral part 
of device design.

SAMs emerged in this setting as a particularly useful 
class of interfacial molecules because they can form molec-
ularly thin, ordered, and strongly anchored layers on oxide 
or semiconductor surfaces. Their early use in PeLEDs was 
largely driven by several practical advantages, including 
well-defined thickness, tunable surface energetics, negligible 
parasitic absorption, and chemically addressable terminal 
groups [43, 44, 71–74]. These features made SAMs attrac-
tive alternatives to less well-defined interlayers, especially in 
light-emitting devices where interfacial regulation must be 
achieved without introducing an additional transport barrier 
or excessive optical loss. At the same time, these advantages 
do not make SAMs universally ideal interfacial layers. In 
practical PeLED architectures, their effectiveness may still 
be limited by incomplete surface coverage, strong depend-
ence on substrate chemistry, poor wettability for subsequent 
perovskite deposition in some systems, molecular disorder, 
and limited compatibility with non-oxide or chemically 
less reactive interfaces. In addition, the stability of SAM-
modified contacts under prolonged electrical bias or ther-
mal stress remains an important concern, because interfacial 
dipoles, anchoring integrity, and local packing order may 
evolve during operation.

With the accumulation of studies, the role of SAMs in 
PeLEDs has been understood in a broader way. In addition 
to modifying wettability or facilitating charge injection, they 
have been used to influence crystallization near the contact, 
adjust local defect chemistry, regulate interfacial charge 
accumulation, and improve device stability under opera-
tion. More generally, this development reflects a shift in 
how interface molecules are viewed in PeLEDs: not simply 
as auxiliary layers inserted between functional components, 
but as molecular elements that can shape the structural and 
electronic environment in regions that are critical to device 
performance. To provide a more concise overview of this 
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development, Table 1 summarizes representative molecu-
lar interfacial layers used in PeLEDs, together with their 
functional groups, interfacial roles, device structures, and 
key performance metrics. At the same time, the comparison 
in Table 1 also shows that the effect of a given SAM can-
not be regarded as molecule-intrinsic or transferred directly 
from one PeLED architecture to another. Even for the 
same molecular family, the reported device consequences 
vary substantially with emitter composition, confinement 
regime, buried-contact configuration, deposition route, and 
the specific performance metric being evaluated. This point 
is evident in several frequently used phosphonic-acid car-
bazole systems. For example, 2PACz has been reported in 
green, blue, and near-infrared devices, as well as in NiOx/
PVK-based hole contacts, with its role described variously 
as molecular packing regulation, defect passivation, inter-
facial adhesion enhancement, or charge-injection improve-
ment. Br-2PACz likewise shows different consequences in 
3D FAPbBr3 and quasi-2D bromide systems, where the same 
molecular motif operates in contact with different emissive 
phases, transport layers, and carrier-confinement condi-
tions. A similar contrast appears for Me-4PACz: In weakly 
space-confined all-inorganic green devices, it is associated 
with efficient high-brightness operation and long projected 
lifetime, whereas in blue structures its reported gains are 
much more limited. These differences should not be read 
simply as contradictory outcomes. Rather, they indicate that 
the function of an interfacial molecule is expressed through 
a specific material–interface–device context. Depending on 
the system, the dominant consequence of the same SAM 
may lie in work-function tuning, buried-contact reconstruc-
tion, wetting and nucleation control, defect suppression, or 
recombination-zone redistribution.

Direct comparison of absolute EQE or lifetime values 
across reports therefore requires caution, because device 
architecture, substrate chemistry, adjacent transport layers, 
perovskite dimensionality, deposition route, and even the 
testing protocol can all influence the apparent effective-
ness of a molecular layer. The more meaningful question is 
not whether one SAM universally “outperforms” another, 
but which interfacial bottleneck it primarily addresses in a 
given PeLED stack, and under what structural and opera-
tional conditions that role becomes decisive. Viewed in this 
way, Table 1 serves less as a simple ranking of molecules 
than as a comparative map of molecular functions across 
different device contexts. This also provides the basis for 

the discussion below: Before specific molecular effects can 
be understood, it is first necessary to clarify why PeLED 
performance becomes so sensitive to the condition of the 
charge-injection interfaces.

3.1 � From Interface Sensitivity to Interface Molecular 
Adoption in PeLEDs

A characteristic feature of PeLEDs is that radiative recombi-
nation is not distributed uniformly across the emissive layer, 
but is strongly influenced by the condition of the charge-
injection interfaces. Under practical operating currents, 
electrons and holes can accumulate near these contacts, so 
relatively small interfacial defects or energetic mismatches 
may have a disproportionate effect on current efficiency, roll-
off, and spectral stability. This helps explain why improve-
ments in bulk emissive quality alone have not been sufficient 
to remove device-level losses.

During the early development of PeLEDs, much atten-
tion was directed toward the perovskite emitter itself, 
including crystallinity, defect density, phase purity, and 
intrinsic luminescence efficiency. As progress in these 
areas continued, the factors limiting device performance 
became increasingly interfacial. The interfaces between 
the perovskite layer and the adjacent charge-transport lay-
ers came to be understood not simply as internal bounda-
ries, but as regions that directly affect charge balance, 
interfacial recombination, and efficiency loss under 
electrical operation. This shift was supported by studies 
showing that suppression of interface-related non-radia-
tive loss or improvement of injection balance can reduce 
efficiency roll-off and improve operational stability. For 
example, Xu and co-workers showed that passivation at 
both top and bottom interfaces was necessary to effec-
tively suppress non-radiative loss [91], whereas Ngai and 
co-workers linked interfacial injection imbalance to car-
rier crowding and Auger-related roll-off [92]. Together, 
these results indicated that the performance limits of 
PeLEDs are closely associated with interface quality, 
rather than with bulk emission alone.

SAMs began to attract attention as a practical strat-
egy for regulating charge-injection interfaces in PeLEDs. 
Although their earliest and most established use was at 
oxide-based contacts, related molecular regulation has 
also been explored at other interfaces, including those 
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involving organic charge-transport layers (Fig. 4a, b) [43, 
77]. Compared with conventional interlayers, SAMs offer 
molecularly defined thickness, ordered packing, and, in 
suitable systems, strong interfacial anchoring, while 
avoiding the additional transport distance, optical loss, 
and structural uncertainty often introduced by thicker 
layers. Among the SAM systems studied so far, carba-
zole phosphonic-acid derivatives have been used most 
extensively, largely because they can form robust mon-
olayers on oxide-containing surfaces and allow interfacial 
energetics to be adjusted through molecular structure. As 
a result, molecules such as 4PACz, MeO-4PACz, MeO-
4PADCB, and related derivatives became widely used 
in the construction of hole-injecting contacts (Fig. 4c) 
[43]. Subsequent studies showed that such SAM-modified 
interfaces can influence not only peak EQE, but also turn-
on behavior, high-brightness efficiency retention, and 
operational stability.

Their significance in PeLEDs, however, is not limited 
to energetic regulation alone. Once introduced at a bur-
ied contact, these molecular layers also become part of 
the local environment in which the overlying transport 
and emissive layers are deposited. The same interfacial 
modification that alters work function, charge selectivity, 
or interfacial recombination can therefore also influence 
wetting, adhesion, local packing, and the conditions under 
which the perovskite layer first nucleates and develops. 
From this point onward, the discussion needs to move from 
the electronic consequences of interface modification to its 
structural consequences during buried-interface formation.

3.2 � Bottom‑Interface Crystallization and Film 
Formation

Beyond their influence on interfacial energetics and charge 
injection, interface molecules also shape how the buried con-
tact is physically established and how the overlying layers 
subsequently develop. The interface is not only where charge 
injection will later occur, but also where the overlying trans-
port and emissive layers first develop. As a result, interface 
molecules can affect how this contact is formed, including 
interfacial adhesion, wetting, local packing, and structural 
order at the bottom interface. In PeLEDs, this effect is espe-
cially relevant because the emissive layer is often only tens 
of nanometers thick, so non-uniformity introduced during 
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bottom-interface formation can readily carry through into 
carrier confinement, recombination behavior, and overall 
device performance.

A first effect of interface molecules appears before the 
perovskite emitter is deposited, namely in the formation of 
the buried hole-contact itself. When a molecular layer is 

inserted at this stage, it can modify adhesion, wettability, 
and the structural continuity of the overlying transport layer, 
which in turn changes the initial conditions for subsequent 
perovskite growth. Li and co-workers showed more directly 
how a molecular layer can reshape the buried hole-contact 
before perovskite deposition [77]. As illustrated in Fig. 4d, 

Fig. 4   a Schematic illustration of a NiOx/SAM-modified hole-contact interface in a PeLED [43]. Copyright 2023, AAAS. b Schematic repre-
sentation of 2PACz assembled on a NiOx surface, where the phosphonic acid group anchors to NiOx, while the upper aromatic moieties provide 
interfacial contact with the PVK layer through van der Waals/π-π interactions [77]. Copyright 2023, Nature Publishing Group. c Molecular 
structures, side views, and dipole moments of MeO-2PACz and MeO-4PADCB [43]. Copyright 2023, AAAS. d Schematic illustration of the 
interaction between PVK and the 2PACz-modified NiOx surface. The phosphonic-acid group anchors to NiOx through dehydration condensation, 
while Lewis acid–base interactions contribute to interfacial coupling. e Calculated charge density difference (Δρ), amount of charge transfer 
(ΔQ) and electrostatic potential step (ΔΦ) at the NiO/SAM interface. f PLQY of perovskite films deposited on different substrates [77]. Copy-
right 2023, Nature Publishing Group. g Pull-off force curves for PVK films deposited on bare ITO and SAM-modified ITO. h Corresponding 
adhesive energy extracted from force–distance measurements. i Contact potential difference (CPD) measured by Kelvin probe for ITO/4PACz 
and ITO/Me-4PACz surfaces [93]. Copyright 2024, American Chemical Society
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2PACz was introduced between NiOx and PVK, where the 
phosphonic-acid group anchors to the oxide surface and 
promotes a better-defined organic/inorganic interface. The 
interfacial electronic response also changed markedly: The 
transient charge signal and the corresponding electrostatic 
potential profile indicated a distinct interfacial dipole after 
2PACz insertion (Fig. 4e). More importantly, this interfa-
cial reconstruction was reflected in the emissive quality of 
the overlying layer. Whereas PVK on bare NiOx showed a 
PLQY of only 13.9%, the NiOx/2PACz/PVK stack reached 
85.0%, approaching the 91.0% measured on quartz and far 
exceeding bare NiOx (6.5%) (Fig. 4f). These results indicate 
that introducing 2PACz does not simply modify the final 
contact energetics, but markedly improves the local interfa-
cial environment beneath the hole-transport layer and sup-
presses interfacial quenching of the overlying perovskite 
emission. Yu and co-workers further showed that the effect 
of phosphonic-acid-based carbazole SAMs can already be 
seen at the level of buried-contact integrity [93]. Compared 
with PVK directly deposited on ITO, the introduction of 
4PACz and Me-4PACz increased the mechanical robustness 
of the overlying PVK layer, as reflected in the larger pull-
off force and higher adhesive energy, with Me-4PACz/PVK 
giving the strongest interfacial adhesion (Figs. 4g, h). Kelvin 
probe measurements further showed a clear difference in 
contact potential between ITO/4PACz and ITO/Me-4PACz 
(Fig. 4i), indicating that the more compactly packed mon-
olayer also altered the local surface electronic environment. 
Taken together, these results suggest that improved SAM 
packing does not simply strengthen monolayer formation 
itself, but helps define a more intact and better-organized 
buried contact for the layers deposited above it.

Once the interfacial layer defines a more intact and better-
organized bottom contact, it also changes the environment in 
which the overlying perovskite layer forms. In other words, 
the molecular layer can affect not only interfacial energet-
ics, but also nucleation, crystal growth, and the structural 
quality of the emissive film deposited above it. In pure-blue 
quasi-2D devices, Shin and co-workers showed that replac-
ing 2PACz with (2-(3,6-dichloro-9H-carbazol-9-yl)ethyl) 
phosphonic acid (36ClCzEPA) changed not only the inter-
facial energetics, but also the local structural environment of 
the adjacent perovskite[89]. The calculated charge-density 
distribution indicated stronger interfacial electronic cou-
pling in the 36ClCzEPA/2D-perovskite configuration than 
in the 2PACz-based counterpart (Fig. 5a). This difference 

was accompanied by a blue shift of the electroluminescence 
peak from 480 to 473 nm (Fig. 5b), consistent with a change 
in phase organization and local emissive environment near 
the bottom interface. Relatedly, Yu and co-workers showed 
that the bottom microstructure-induced capillary flow can 
also reshape the local crystallization environment, produc-
ing highly oriented ultrathin monolayer quasi-2D perovs-
kites with suppressed trapping and ion migration [94]. This 
structural advantage is reflected in the improved spectral 
and device characteristics, enabling pure-blue electrolumi-
nescence at 466 nm with CIE coordinates of (0.132, 0.065), 
together with a peak EQE of 15.0% and stable EL spectra 
during operation. Li and co-workers showed that introduc-
ing Me-4PACz at the hole-contact side not only adjusted 
interfacial energetics, but also modified the local growth 
environment of the perovskite [79]. As illustrated in Fig. 5c, 
the SAM-assisted interface promotes more uniform carrier 
distribution and suppresses defect-related pathways near the 
contact. This change is reflected in the spatially resolved 
trap-density profile, where the Me-4PACz-modified device 
exhibits a consistently lower trap density across the film 
compared with the control (Fig. 5d). These results suggest 
that the buried molecular layer influences how the perovskite 
layer forms and stabilizes near the interface, rather than act-
ing only on the completed device.

In blade-coated large-area CsPbBr3 PeLEDs, Chen and 
co-workers showed that introducing 2PACz at the buried 
interface changed the nucleation and crystallization path-
way during film formation [10]. Without 2PACz, the grow-
ing film developed discontinuous crystal domains and was 
more prone to cracking during solvent removal; with 2PACz, 
nucleation became more uniform and the resulting crystal 
domains were better connected, yielding a more continuous 
emissive layer (Fig. 5e). This difference was reflected at the 
device scale: The blade-coated films showed uniform large-
area photoluminescence, and the corresponding 5 cm × 7 cm 
devices exhibited spatially continuous electroluminescence 
(Fig. 5f). This coupling between interfacial chemistry and 
film growth is further highlighted by a recent “molecular 
suturing” strategy reported by Cao and co-workers [88]. 
Although methyl bis(2,2,2-trifluoroethyl) phosphonoacetate 
(MBTPA) is not presented as a canonical SAM, it functions 
in a closely related way as an ultrathin buried interfacial 
molecule. As shown in Fig. 5g, MBTPA simultaneously 
strengthens the HIL/perovskite contact and affects crystal 
growth at the bottom interface. In this design, the C=O and 
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Fig. 5   a Charge-density distribution at the buried interface for 2PACz/2D-perovskite and 36ClCzEPA/2D-perovskite configurations. b Normalized electrolumines-
cence spectra of devices with PEDOT:PSS and 36ClCzEPA [89]. Copyright 2022, Wiley-VCH. c Schematic illustration of Me-4PACz-modified hole-contact inter-
face. d Spatially resolved trap-density profiles for devices with and without Me-4PACz [79]. Copyright 2024, Wiley-VCH. e Schematic illustration of blade-coated 
perovskite film formation with and without 2PACz. f Large-area photoluminescence and electroluminescence images of blade-coated devices [10]. Copyright 2025, 
Elsevier. g Schematic illustration of the molecular-suturing strategy using MBTPA at the buried interface. h Statistical EQE distributions of blue (485 nm) and 
green (513 nm) devices with and without MBTPA [88]. Copyright 2026, Wiley-VCH
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P=O groups interact with undercoordinated Pb2+ and hal-
ide-vacancy-related defects, whereas the -CF3 group forms 
hydrogen-bonding interactions with the hole-injection layer, 
thereby coupling interfacial adhesion, defect passivation, 
and bottom-interface crystallization. The corresponding 
devices reached peak EQEs of 23.14% for blue emission 
and 27.05% for green emission (Fig. 5h), further show-
ing that ultrathin interfacial molecules can shape both the 
contact itself and the way the emissive film develops above 
it. In co-evaporated perovskite systems, Feeney and co-
workers found that phosphonic-acid groups exposed at the 
substrate can coordinate with halide species during deposi-
tion, thereby modifying precursor adsorption and increasing 
nucleation density at the interface [95]. This leads to a more 
uniform initial growth front and suppresses the formation of 
interfacial defects. Castro-Méndez et al. demonstrated that 
phosphonic acids can tune interfacial energetics and sta-
bilize the cubic α-FAPbI3 phase during room-temperature 
evaporation, inhibiting phase segregation [96]. In this sense, 
interfacial molecular chemistry affects not only energy-level 
alignment, but also the selection of crystal phase and the 
defect landscape established during film growth.

The picture that emerges is therefore more specific than 
the generic statement that “SAMs improve interfaces.” In 
PeLEDs, SAMs can act as molecularly defined bottom-inter-
face templates that first determine how the buried contact 
is assembled, then influence how the emissive layer nucle-
ates or organizes above it, and finally manifest as changes 
in radiative efficiency and device operation. This coupled 
structural–electronic role is likely to be most consequential 
in quasi-2D, nanocrystalline, and blue-emitting systems, 
where small variations in bottom-interface organization 
readily translate into large differences in phase distribution, 
carrier confinement, and non-radiative loss.

3.3 � Local Electronic‑Type Modulation of Perovskites

Beyond their effects on bottom-interface formation and per-
ovskite crystallization, interfacial molecules can also mod-
ify the local electronic character of the adjacent perovskite 
region. In halide perovskites, this near-interface electronic 
state is sensitive to charge transfer, molecular dipoles, and 
defect redistribution. Molecular layers can therefore shift the 
local Fermi-level position, alter carrier polarity, and reshape 
the carrier population near the contact, in some cases 

producing p- or n-enriched regions or local band bending. 
Such effects are directly relevant to PeLEDs because they 
influence injection selectivity, recombination-zone location, 
and interfacial quenching.

The local electronic effect of interfacial molecules has 
also been observed directly. Xiong and co-workers showed 
that capsaicin treatment changed the near-surface electronic 
character of MAPbI3 [97]. The work function shifted from 
4.95 to 4.48 eV while the ionization potential remained 
almost unchanged, consistent with a substantial movement 
of the near-surface Fermi level (Fig.6a). Hall measurements 
then showed a transition from p-type to n-type behavior 
(Fig. 6b), and the resulting p-n homojunction was located 
about 100 nm below the surface. This result indicates that 
molecular treatment can modify not only defect density, but 
also the local polarity of the perovskite close to the interface. 
A related situation was reported by Noel et al., where molec-
ular treatment induces p-type character through interfacial 
charge transfer [98]. The Mo(dt)3 dopant extracts electrons 
from the perovskite surface, shifting the Fermi level toward 
the valence band and generating a hole-enriched region with 
upward band bending near the interface (Fig. 6c). Jiang et al. 
showed that remote molecular treatment can create an n-type 
low-dimensional surface layer on a wide-bandgap 3D per-
ovskite [99]. This treatment produced a surface heterojunc-
tion with the underlying film. The modified region showed 
n-type behavior, carrier densities on the order of 1016 cm−3, 
and a Fermi level shifted toward the conduction band. Zhai 
and co-workers reported a related effect for self-assembled 
molecules on perovskite top surfaces, where large molecular 
dipoles were used to tune interfacial energetics and reduce 
energetic offsets without requiring a uniform change in 
the bulk conductivity type [100]. They showed that large 
molecular dipoles can tune interfacial energetics and reduce 
energetic offsets. These studies matter because they suggest 
that many molecule-induced “electronic-type” effects in per-
ovskites first appear as local carrier enrichment, Fermi-level 
displacement, or dipole-driven band bending, rather than as 
a uniform bulk polarity conversion.

In 2024, Xiong and co-workers reported an emissive per-
ovskite in which the electronic polarity could be tuned in 
a controlled manner [9]. Using a phosphonic-acid molec-
ular (4PACz) dopant with strong electron-withdrawing 
ability, they tuned a wide-bandgap emissive perovskite 
between n-type and p-type behavior. As shown in Fig. 6d, 
the Hall coefficient changed systematically with dopant 
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concentration, crossing from − 0.5 to 0.6 m3 C−1. The major-
ity-carrier density also shifted from electron- to hole-domi-
nated regimes and remained above 1013 cm−3 (Fig. 6e). The 
proposed mechanism is illustrated in Fig. 6f: The molecular 
dopant acts as an electron acceptor and modifies the local 
electronic balance of the perovskite through charge trans-
fer. Importantly, this polarity control was achieved while 
retaining high PLQYs of 70%–85%. The resulting HTL-free 
PeLEDs delivered more than 1.1 × 106 cd m−2 brightness 
and an EQE of 28.4%. This study demonstrated that elec-
tronic-type control in perovskites is compatible with high 
emissive quality. Qin et al. reported that additive engineering 
can enhance the hole concentration at the perovskite surface 
[101]. They linked this local hole enrichment to improved 
luminescence yield and more efficient electroluminescence 
at low current density.

Local electronic-type modulation is therefore better 
understood as part of a continuum of interfacial regula-
tion rather than as an isolated phenomenon. Depending 

on the molecular system and the perovskite composition, 
the observable outcome may appear as Fermi-level dis-
placement, local carrier enrichment, dipole-induced band 
bending, or, in some cases, a more explicit change in near-
interface carrier polarity. For PeLEDs, these effects are 
relevant not because they represent a separate category of 
interface engineering, but because they can alter charge 
selectivity at the contact, reshape the local recombination 
environment, and change how strongly interfacial quench-
ing develops under bias. In this respect, the discussion by 
Zou and co-workers is instructive: Lewis basic molecules 
in PeLEDs were considered not only in terms of defect 
passivation, but also in terms of their coupled influence on 
crystallization, defect chemistry, and interfacial electronic 
processes [102]. Molecular regulation of the near-interface 
electronic state is closely intertwined with the structural 
and chemical roles of the same interfacial layer, and is 
most meaningfully considered together with them in ana-
lyzing PeLED operation.

Fig. 6   a Ultraviolet photoelectron spectroscopy (UPS) spectra showing the shift in work function (WF) of MAPbI3 after capsaicin treatment. 
b Hall effect measurement of perovskite films. The insert shows Hall effect measurement setup [97]. Copyright 2021, Elsevier. c Illustration of 
proposed band bending at the surface of the perovskite crystal due to the charge-transfer reaction with Mo(tfd-CO2Me)3 [98]. Copyright 2019, 
Royal Society of Chemistry. d Evolution of the Hall coefficient as a function of the Pb2+ molar ratio of the 4PACz dopant. e Majority carrier 
concentration as a function of 4PACz doping level. f Schematic illustration of p-doping in perovskites induced by 4PACz, together with energy-
level diagrams comparing the doped systems [9]. Copyright 2024, Nature Publishing Group
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3.4 � Top‑Interface Contacts and Interfacial Loss

The discussion above shows that buried-interface molecules 
regulate not only initial contact energetics, but also the 
nucleation, adhesion, and structural stabilization of the emis-
sive layer near the substrate. Under electrical driving, the 
perovskite/electron-transport-layer (ETL) junction becomes 
another critical region, because electron injection, exciton 
confinement, interfacial quenching, and halide redistribution 
converge at the cathode side. The top interface in PeLEDs 
should therefore be considered not simply as an electron-
injection boundary, but as a contact where excited-state 
loss, interfacial compatibility, and bias-dependent stability 
are closely coupled.

A recurring issue at the upper interface is exciton loss, 
especially when commonly used organic ETLs directly con-
tact the perovskite surface. As illustrated in Fig. 7a, direct 
contact of the sky-blue perovskite with TPBi or bathophen-
anthroline (Bphen) creates an unfavorable upper-interface 
energy-transfer pathway, because the T1 levels of TPBi 
(2.6 eV) and Bphen (2.5 eV) lie below that of the perovs-
kite and can therefore accept interfacial excitations, leading 
to non-radiative loss [103]. By contrast, inserting DPEPO 
with a higher T1 level (3.0 eV) blocks this undesirable trans-
fer channel while preserving the electron-transport function 
of the cathode-side contact. Under this configuration, Zhu 
and co-workers suppressed interfacial excited-state loss 
at the perovskite/ETL junction and achieved a maximum 
luminance of 55,000 cd m−2. This comparison shows more 
directly that the perovskite/ETL contact controls not only 
electron injection, but also whether excitations formed near 
the upper interface are quenched or retained for radiative 
recombination. A related conclusion was reached by Yu and 
co-workers in quasi-2D perovskites [104]. As reflected in 
Fig. 7b, the normalized transient-absorption dynamics at 
479 and 454 nm differ markedly after introducing differ-
ent cathode-side contacts, indicating that the upper inter-
face strongly affects excited-state evolution in the quasi-2D 
emissive layer. The corresponding energy-level analysis in 
Fig. 7c further shows that the T₁ levels of PO-T2T (3.0 eV), 
TPBi (2.7 eV), and Bphen (2.5 eV) lie within the range rel-
evant to interfacial triplet management, while the ultrathin 
orange phosphorescent layer bis(4-phenylth-ieno[3,2-c]
pyridine) (acetylacetonate) iridium(III) (PO-01) (2.2 eV) 
provides an energetically accessible acceptor for triplet–tri-
plet Dexter-like transfer. Under this design, triplet excitons 

generated in the quasi-2D perovskite are no longer lost pre-
dominantly at the upper interface, but can be transferred and 
harvested through the cathode-side organic layer. The result-
ing white devices reached a maximum forward-viewing EQE 
of 8.6% and a luminance above 15,000 cd m−2, compared 
with 4.6% for the corresponding sky-blue perovskite device, 
showing that the perovskite/ETL contact can be tuned from 
an interfacial loss channel into a functional excited-state 
management interface.

A more process-oriented example was reported by Jiang 
and co-workers in all-solution-processed sky-blue devices 
[105]. Through an integrated supramolecular host-guest 
post-treatment strategy, they reconstructed upper-contact 
compatibility and achieved an EQE of 14.75%, a maximum 
luminance of 8740 cd  m−2, and stable sky-blue electro-
luminescence centered at 495 nm with a narrow 15.8 nm 
linewidth. In the transient-absorption traces (Fig. 7d), the 
CB-treated (CBT) sample exhibits the fastest decay, whereas 
the host-guest complex-treated (HGCT) sample decays more 
slowly and maintains a much stronger long-lived signal, 
indicating suppressed interfacial loss after upper-contact 
reconstruction. The extracted rate constants further show 
that CBT is dominated by enhanced non-radiative decay, 
with knon-rad markedly increased and krad reduced, while 
HGCT lowers knon-rad to the smallest value among the three 
cases and restores krad to a level comparable to or slightly 
higher than the pristine film (Fig. 7e). These results show 
that the cathode-side interface affects not only contact for-
mation under solution processing, but also the radiative ver-
sus non-radiative balance of the emissive layer after ETL 
formation. Beyond exciton loss, the upper contact can also 
directly regulate charge behavior through interfacial bond-
ing and contact formation. Zhao and co-workers showed 
that replacing the conventional TPBi contact with PO-T2T 
rebuilt the EML/ETL junction into a chemically bonded 
interface and enabled a maximum EQE of 22.06% together 
with a maximum luminance of 103,286 cd m−2 [106]. As 
illustrated in Fig. 7f, the difference is not only energetic but 
also morphological: TPBi mainly forms a surface-covered 
contact, whereas PO-T2T covers the perovskite surface 
while also filling grain boundaries, thereby creating a more 
continuous cathode-side junction. Under this configuration, 
the upper interface is no longer a simple extraction bound-
ary, but a contact that reshapes local charge distribution 
near the perovskite/ETL region and suppresses interfacial 
loss during device operation. These results therefore place 
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Fig. 7   a Schematic illustration of undesirable interfacial energy transfer from sky-blue perovskites to TPBi or Bphen, and its suppression by inserting DPEPO with 
a higher triplet energy level at the perovskite/ETL interface. Copyright 2021, American Chemical Society. b Normalized transient-absorption dynamics of quasi-
2D perovskite films and perovskite/organic-contact bilayers. c Energy-level diagram for triplet-exciton management at the top interface, illustrating triplet–triplet 
Dexter-like transfer from quasi-2D perovskites to an ultrathin PO-01 layer through different ETL spacers (PO-T2T, TPBi, and Bphen). Copyright 2022, American 
Chemical Society. d Transient-absorption decay kinetics of pristine, CBT, and HGCT samples in all-solution-processed sky-blue systems. e Extracted radiative 
(krad) and non-radiative (knon-rad) rate constants. Copyright 2026, American Chemical Society. f Schematic comparison of TPBi- and PO-T2T-modified cathode-side 
contacts. Copyright 2023, American Chemical Society. g, h Temperature-dependent compositional evolution at the perovskite/TPBi and perovskite/PO-T2T inter-
faces, respectively. Copyright 2026, Wiley-VCH. i Wavelength-dependent photodetection EQEPD and normalized EL spectra of bifunctional perovskite diodes using 
TPBi or PO-T2T. Copyright 2026, Wiley-VCH
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the perovskite/ETL junction directly in the performance-
determining pathway, where contact chemistry, interfacial 
coverage, and regulated charge behavior act together.

The same interface also becomes critical once thermal stress 
is introduced. Li and co-workers recently showed that thermal 
degradation in mixed-halide blue PeLEDs is strongly ETL-
dependent [107]. Devices using TPBi exhibited rapid failure 
because of weak physical interfacial contact, thermal detach-
ment, and severe morphological change, whereas PO-T2T-
based devices retained about 90% of their initial efficiency at 
80 °C owing to stronger chemical bonding and higher thermal 
stability at the interface. As shown in Figs. 7g, h, this differ-
ence is directly reflected in the interfacial compositional evolu-
tion. In TPBi-based devices, the Cl/Pb ratio decreases sharply 
from about 1 at 20–40 °C to nearly 0 at 80 °C, accompanied 
by a pronounced drop in the N/Pb ratio to about 0.35, indicat-
ing severe halide loss and ETL detachment at the cathode-
side contact. By contrast, PO-T2T-based devices retain much 
higher interfacial compositional integrity, with Br/Pb remain-
ing close to unity and both Cl/Pb and O/Pb still around 0.7–0.8 
at 80 °C. In situ photoelectron spectroscopy further showed 
migration of halides from the perovskite into both ETLs, link-
ing EL spectral shift under heating to top-contact evolution 
and interfacial chemical instability.

This top-interface logic can also be seen in recent bifunc-
tional perovskite diodes. Zhang and co-workers realized stable 
dual-mode operation by combining improved emissive-phase 
control with a dissociative type-II perovskite/ETL heterojunc-
tion at the cathode side [108]. As shown in Fig. 7i, changing 
the ETL from TPBi to PO-T2T leaves the EL peak essentially 
unchanged near 500 nm, but strongly reshapes the photo-
detection response: The EQEPD increases from only 0.46% 
for the TPBi-based device to 16.62% for the PO-T2T-based 
device, that is, by about 36 times. This contrast indicates that 
the upper heterojunction can be designed to preserve efficient 
electroluminescence while simultaneously promoting exciton 
dissociation and carrier separation under reverse bias. In this 
sense, the perovskite/ETL contact is not a passive boundary, 
but a tunable cathode-side junction whose electronic charac-
ter determines whether the interface favors exciton-preserving 
emission or carrier-separating operation.

These studies define a more specific role for the top inter-
face in PeLEDs. The buried side largely determines how the 
emissive layer forms and how the adjacent perovskite region 
is electronically conditioned, the upper contact determines 

how that layer behaves once the ETL is introduced and the 
device is driven. Its influence is expressed through interfacial 
excited-state loss, charge redistribution, contact compatibility, 
halide retention, and thermal stability. A balanced discussion 
of molecular interface engineering in PeLEDs therefore needs 
to treat the perovskite/ETL junction as a major operating inter-
face, rather than as a secondary electron-injection boundary 
considered only after buried-interface optimization.

3.5 � Device‑Level Manifestations of Molecular Modified 
Interfaces

Once molecules were introduced into PeLEDs as practical 
interfacial layers, their effects began to be reflected directly 
in device operation. What changes first is not the device 
metric itself, but the interfacial processes that determine how 
carriers are injected, accumulated, and recombined under 
bias. Accordingly, variations in turn-on voltage, transient 
response, EQE, efficiency roll-off, and operational stabil-
ity can be read as device-level manifestations of changes 
in injection barriers, interfacial trapping, charge balance, 
and the persistence of local electric fields at working inter-
faces. This perspective is useful because it links molecular 
modification at the interface to experimentally observable 
device behavior without treating each metric as an isolated 
outcome.

Turn-on voltage (Von) is one of the earliest device-level 
manifestations of interfacial regulation, because it depends 
on how readily electrons and holes can be injected from 
the two contacts and brought into spatial overlap under 
bias. Lian and co-workers showed that perovskite LEDs 
can emit at voltages well below the corresponding photon 
energy, with electroluminescence observed at 1.55 V for 
an iodide near-infrared device and 2.40 V for a bromide 
green device, as shown in Figs. 8a, b [109]. This behavior 
indicates that turn-on is not determined solely by a nomi-
nal bandgap-derived threshold, but also by how efficiently 
carriers are injected and accumulated at the working inter-
faces. The simulated carrier distributions show that as the 
bias increases, electron and hole populations build up near 
the opposite interfaces and progressively overlap within the 
perovskite layer, allowing radiative recombination to be 
established before the applied voltage reaches the nominal 
photon-energy limit (Fig. 8c). A related point was made by 
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Zhang and co-workers, who used a 2PACz hole-injection 
monolayer on ITO and showed that the monolayer affected 
work-function tuning, hole injection, and radiative recombi-
nation at the bottom interface [110]. The electron-transport 
side also has a clear influence on turn-on behavior. Qin 
and co-workers showed that changing the ETL from TPBi 
to ZADN and then to PO-T2T progressively reduced Von 
from 2.6 to 2.2 and 2.0 V, respectively (Fig. 8d) [101]. As 
summarized in Fig. 8e, this trend is consistent with more 
efficient electron injection. These results indicate that Von 
is shaped by the injection conditions at both contacts, and 
that improved interfacial quality on either side can lower the 
voltage required to establish efficient electroluminescence.

The same interface dependence is reflected in transient 
response. If carrier injection and recombination can be 
established with lower loss and less interfacial charging, the 
kinetic penalty associated with switching is also reduced. 
Lian and co-workers showed that a PeLED operated at 1.0 V 
delivered an optical output pulse width of ~ 15 ns for an 
input trigger pulse of ~ 18 ns (Fig. 8f), indicating that fast 
electroluminescent switching can be maintained when car-
rier injection and recombination remain efficient at the work-
ing interfaces [109]. Using a NiOx/2PACz/PVK hole-contact 
architecture, Li and co-workers showed that SAM introduc-
tion reduced the total response time from 540 to 373 μs 
and increased the cutoff frequency from 1322 to 2940 Hz 
(Fig. 8g) [77]. The electrochemical impedance spectroscopy 
analysis in Fig. 8h further showed that SAM introduction 
reduced both the interfacial resistance and capacitance, 
consistent with more efficient charge transport across the 
hole-contact interface. A similar trend was reported by 
Ren and co-workers in CsPbBr3 perovskite quantum-dot 
LEDs, where optimization of the electron-transport inter-
face improved both charge injection and carrier extraction 
[111]. The optimized device showed a total response time 
of 564 ns at an active area of 0.01 mm2, more than 50 times 
faster than the 29 μs response of the control device. This 
difference is also reflected in the eye diagrams in Fig. 8i: 
The ETL-optimized device maintained a clear open signal 
at 20 Kbps, whereas the TPBi-based control already showed 
pronounced distortion at 2 Kbps. These results indicate that 
transient response is highly sensitive to interfacial charging 
and discharge processes, and that improving interface quality 

can shift PeLED operation from the microsecond regime 
toward the nanosecond regime.

Under sustained operation, the same interface condi-
tions continue to influence steady-state device behav-
ior. When non-radiative loss near the contact is reduced 
and charge balance is improved, the first consequence is 
usually an increase in peak EQE. As the current density 
rises, the same interfaces determine whether carriers 
remain balanced or begin to accumulate locally, which 
is then reflected in the extent of roll-off. During longer 
operation, these differences further shape how quickly 
degradation develops under sustained bias. Over longer 
operation times, these same interfacial conditions fur-
ther control whether the device can maintain a stable 
recombination zone, suppress interfacial quenching, and 
resist thermally or electrically induced chemical evolu-
tion. Luo and co-workers showed that a 2PACz-modified 
hole-contact reduced energetic disorder in the overlying 
PVK layer (Fig. 9a) [76]. As a result, the device reached 
a peak EQE of 30.4% (Fig. 9b) and exhibited a ninefold 
increase in operational lifetime. In blue devices, the 
same strategy increased the EQE from 15.5% to 25.3%. 
In a related study based on 2PACz, Chen and co-workers 
showed that improving the local film-formation environ-
ment at the hole-contact interface could also be reflected 
directly in device performance [75]. In their 2PACz-based 
architecture, the target device reached a peak EQE of 
33.79%, higher than that of the control, while maintain-
ing improved reproducibility, as shown by the EQE-cur-
rent density characteristics in Fig. 9c. Yu and co-workers 
showed that improving the molecular packing of phospho-
nic-acid-based carbazole SAMs enabled the formation of 
more intact monolayers, which in turn reduced interfacial 
defect-assisted non-radiative recombination and produced 
an approximately 30% enhancement in PeLED efficiency 
[93]. A further example highlights how interfacial organ-
ization can translate into device efficiency. In a recent 
study, molecular packing at the hole-contact interface was 
strengthened through π-π stacking (Fig. 9d), leading to 
a more ordered interfacial structure. The corresponding 
device showed a peak EQE increase from 20.9% to 42.9% 
(Fig. 9e), indicating that improved interfacial ordering can 
substantially enhance radiative recombination efficiency 
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[16]. Peng et al. further showed that weakly space-con-
fined green PeLEDs can retain high efficiency under much 
more demanding operating conditions [54]. In the device 
structure shown in Fig. 9f, the EQE remained above 20% 
at current densities near 1000 mA cm⁻2. The same devices 
also combined high efficiency with high brightness, reach-
ing a region that extends beyond the performance range 
of more strongly space-confined systems (Fig.  9g). In 

addition, the extrapolated half-lifetime reached 185,600 h 
at 100 cd m−2, as summarized in Fig. 9h.

The stability trends collected in Table 1 further show 
that molecular interface design can influence device life-
time over a very broad range, from only several minutes to 
hundreds or even more than ten thousand hours, depending 
on the molecule, device architecture, and testing condition. 
For example, representative 2PACz-based devices show T50 

Fig. 8   a Radiance-voltage characteristics of an FAPbI3 (FPI) PeLED with the corresponding device structure shown in the inset. b Luminance-
voltage characteristics of a PEA2Csn-1PbnBr3n+1 (PCPB) PeLED with the corresponding device structure shown in the inset. c Simulated electron 
and hole density distributions across the device under different applied voltages [109]. Copyright 2022, Nature Publishing Group. d Luminance-
voltage characteristics of devices using different electron-transport layers (PO-T2T, ZADN, and TPBi), with the corresponding turn-on voltages 
marked. e Comparison of turn-on voltages reported for devices with different electron-transport layers, arranged according to increasing electron 
injection [101]. Copyright 2025, Nature Publishing Group. f Electrical trigger pulse and electroluminescence output pulse recorded at 1.0 V, 
showing the input and output pulse widths [109]. Copyright 2022, Nature Publishing Group. g Frequency-dependent relative light intensity for 
devices with and without SAM modification, with the corresponding cutoff frequencies indicated. h Equivalent-circuit model used for imped-
ance analysis, together with the fitted resistance and capacitance values for devices with and without SAM modification [77]. Copyright 2023, 
Nature Publishing Group. i Eye diagrams recorded for devices with different electron-transport interfaces, showing signal transmission at the 
indicated data rates [111]. Copyright 2026, Wiley-VCH
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values ranging from 75 h at 100 cd m−2 to 148.4 min and 
16 min at 100 cd m−2 in different structures, indicating that 
the same molecular motif can lead to very different stabil-
ity outcomes depending on the surrounding transport layers 
and emissive system. More pronounced lifetime improve-
ments are observed in some optimized systems, such as 

I-2PACz with 11,852 h at 100 cd m−2, Br-2PACz with 350 h 
at 1000 cd m−2, MeO-2PACz with 14.5 h at 1000 cd m−2, 
2BrCzPA with 360 h at 1000 cd m−2, and Me-4PACz with 
an extrapolated half-lifetime of 185,600 h at 100 cd m−2. 
These comparisons suggest that interfacial molecules do not 
improve stability through a single mechanism; rather, their 

Fig. 9   a Schematic illustration of energetic disorder at the hole-contact interface and its reduction by 2PACz modification, leading to a more 
favorable hole-injection landscape in the PVK layer. b Current density-dependent EQE of green PeLEDs comparing 2PACz-modified and 
PEDOT:PSS-based hole contacts [76]. Copyright 2025, American Chemical Society. c EQE-current density characteristics of a 2PACz-based 
device and control, with the optimized device reaching a peak EQE of 33.79% [75]. Copyright 2026, Wiley-VCH. d Schematic of enhanced 
molecular packing at the hole-contact interface via π-π stacking and interfacial coordination, leading to a more ordered interfacial structure. e 
Corresponding EQE characteristics showing an increase in peak EQE from 20.9% to 42.9% [16]. Copyright 2026, Nature Publishing Group. f 
Device architecture of all-inorganic PeLED using Me-4PACz at the hole-contact interface. g Comparison of EQE-luminance performance for 
different confinement regimes. h Half-lifetime versus brightness from accelerated lifetime tests of weakly space-confined PeLEDs [54]. Copy-
right 2025, Nature Publishing Group
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effects depend on how well they simultaneously support 
charge balance, defect passivation, crystallization control, 
interfacial adhesion, and chemical robustness under bias 
(Fig. 10).

These studies show that the effects of interfacial molecular 
regulation in PeLEDs are reflected across a connected set of 
operating characteristics rather than in a single device metric. 
Once the interfaces are altered, the consequences appear first 
in carrier injection and overlap, then in switching and high-cur-
rent operation, and finally in long-term stability. This progres-
sion also makes clear why the question of molecular selection 
in PeLEDs cannot be separated from device operation itself.

4 � Rational Selection and Design of Interfacial 
Molecules for PeLEDs

The preceding sections suggest that molecular selection in 
PeLEDs is better considered from the operating conditions 
of the device than from any single interfacial parameter. 
In a working PeLED, the emissive layer is thin, the carrier 
population changes over a wide range with current density, 
and both charge-injection interfaces can influence charge 
accumulation, non-radiative loss, and recombination-zone 
stability [23, 32, 89]. Under such conditions, the ques-
tion is not simply whether a molecule lowers a nominal 
barrier, but whether the interface it creates remains com-
patible with electroluminescent operation over time. This 
is also consistent with recent discussions of Lewis basic 
molecules in PeLEDs, where the relevant functions are not 
limited to passivation or energy-level adjustment alone, 
but extend to precursor chemistry, crystallization, defect 
distribution, and interfacial electronic processes.

Electronic regulation under electrical bias For light-emit-
ting devices, interfacial regulation needs to be judged under 
bias rather than only from static energy-level diagrams. A 
molecule that produces a large work-function shift may 
appear favorable in isolation, yet still become problematic 
if it drives charge accumulation near one contact or destabi-
lizes the recombination zone at higher current density [77, 
109]. In this sense, the more useful electronic effect is often 
moderate and spatially uniform. Dipole magnitude matters, 
but so do dipole orientation, packing, and the extent to which 
the interfacial field is distributed across the contact. The 
examples discussed in Sect. 2 indicate that changes in turn-
on behavior, transient response, roll-off, and stability are 

often linked not to nominal barrier lowering alone, but to 
how effectively the interface regulates carrier density and 
charge balance during operation. This consideration also 
helps explain why molecular strategies that perform well 
in PSCs are not always directly transferrable to PeLEDs, 
where the relevant limitation is frequently recombination 
under injection rather than carrier extraction.

Chemical persistence and structural compatibility 
Electronic regulation cannot be separated from how the 
interface is formed and how it evolves under electrical 
stress. In PeLEDs, the molecular layer is already present 
before deposition of the overlying transport or emissive 
film, so it becomes part of the local environment that gov-
erns adhesion, wetting, nucleation, and defect formation 
[10, 88, 112]. The same layer must then remain intact 
during operation, when the interface is exposed to local 
heating, charge accumulation, and, in some systems, ion 
redistribution. This places combined demands on anchor-
ing chemistry, monolayer integrity, chemical compatibility 
with adjacent layers, and resistance to solvent or thermal 
disturbance [79]. Because SAM performance depends 
strongly on substrate-specific chemisorption and packing, 
a molecule that forms a compact and well-oriented layer 
on one oxide surface may show incomplete coverage or 
less uniform organization on another substrate. Similarly, 
although ultrathin monolayers are attractive for minimiz-
ing optical and transport penalties, insufficient coverage 
can weaken carrier selectivity and electron-blocking capa-
bility, while unfavorable surface energy may complicate 
the deposition of subsequent transport or perovskite layers. 
These issues become more critical when moving beyond 
well-behaved oxide contacts to non-oxide, organic, or 
chemically complex interfaces. A molecule that improves 
bottom-interface ordering may also influence crystalli-
zation, and the resulting structural differences may later 
appear in recombination behavior and device stability. For 
PeLEDs, this coupled structural–electronic role is particu-
larly important in quasi-2D, mixed-halide, nanocrystalline, 
and blue-emitting systems, where local disorder near the 
buried interface is readily reflected in phase distribution, 
confinement, and non-radiative loss.

Molecular libraries, screening logic, and data-driven 
selection Within this context, molecular selection is more 
informative when approached as a multidimensional 
screening problem than as the optimization of a single 
descriptor. The anchoring group affects chemisorption 
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strength and processing tolerance. The linker influences 
molecular order and conformational freedom. The termi-
nal functionality can alter dipolar regulation, precursor 
interaction, wettability, passivation strength, and, in some 
cases, exciton quenching [102]. These features are best 

evaluated together with device-relevant readouts, includ-
ing turn-on behavior, transient electroluminescence, cur-
rent-dependent EQE roll-off, high-brightness operation, 
and the reproducibility of the resulting film. A useful 
next step may therefore lie in building more systematic 

Fig. 10   Conceptual framework linking molecular composition to interfacial functions and design considerations in PeLEDs
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molecular libraries in which structural descriptors, inter-
facial measurements, and device outputs are recorded in a 
comparable way [113–115]. On that basis, machine learn-
ing and other data-driven approaches may become useful 
not simply for ranking molecules, but for identifying non-
obvious combinations of anchoring, dipolar, and structural 
features that are compatible with PeLED operation. In the 
present context, such approaches would be most meaning-
ful when they remain tied to experimentally accessible 
interfacial observables rather than abstract fitting variables 
alone.

5 � Conclusion and Outlook

This review has considered interfacial molecular regula-
tion in PeLEDs from the perspective of carrier behavior, 
interface-limited device operation, and molecular design. 
In PeLEDs, interfaces are not simply internal boundaries 
between functional layers. They participate directly in 
charge injection, local carrier accumulation, non-radiative 
loss, recombination-zone formation, and the structural 
evolution of the emissive layer above the contact. For this 
reason, the role of interfacial molecules cannot be under-
stood only through static energy-level alignment or defect 
passivation. Their influence often extends from bottom-
interface formation and perovskite crystallization to local 
electronic regulation and, ultimately, to device operation 
under bias. Seen from this progression, interfacial mol-
ecules in PeLEDs are better viewed as coupled regula-
tors of structure, chemistry, and electronics. The same 
molecular layer may affect precursor coordination, wet-
ting, nucleation, defect distribution, charge selectivity, and 
interfacial stability at the same time. This also explains 
why similar molecular motifs can lead to different out-
comes once incorporated into different emitters, transport 
layers, or processing routes. The question is therefore not 
simply whether a molecule “works,” but how its structural, 
chemical, and electronic functions are expressed within a 
specific PeLED architecture.

Expanding and matching the materials space On the 
interfacial side, a broader range of molecular systems 
remains worth exploring, including new anchoring groups, 
linker geometries, multidentate motifs, and terminal 
functionalities with more controllable dipolar, coordina-
tive, and wetting properties. On the perovskite side, the 

compatibility between interface molecules and different 
emissive materials still requires closer attention, especially 
in quasi-2D, mixed-halide, nanocrystalline, and deep-blue 
systems, where small changes near the interface can read-
ily alter phase distribution, carrier confinement, and non-
radiative loss. In this sense, future progress is likely to 
depend not only on developing better interfacial molecules 
or better perovskites separately, but also on understanding 
how the two are matched.

Revisiting device architectures and optical management 
As material and interface quality improve, device design 
itself becomes more consequential. Simpler stacks, fewer 
functional layers, and more efficient optical outcoupling 
structures may all become increasingly attractive, provided 
that charge balance and interfacial robustness can still be 
maintained. In parallel, the relation between interfacial 
molecular regulation and device architecture deserves 
more attention, since the same molecule may behave 
differently in conventional multilayer devices, reduced-
layer structures, or architectures designed for improved 
light extraction. For PeLEDs, interface design and struc-
tural design are therefore unlikely to remain independent 
problems.

Stability under electrical operation and coupled degra-
dation processes This issue still extends beyond the chemi-
cal durability of the interfacial molecule alone. In operat-
ing devices, degradation often involves coupled processes, 
including local heating, charge accumulation, ion redistri-
bution, interfacial reaction, and spectral instability. More 
stable PeLEDs will likely require materials and interfaces 
that remain compatible not only at rest, but under sustained 
electrical operation and high brightness. For SAM-based 
strategies in particular, future progress will also depend 
on overcoming limitations related to substrate-dependent 
assembly, incomplete or non-uniform coverage, interfacial 
wetting mismatch, and the long-term robustness of molec-
ular packing and anchoring under electrical and thermal 
stress. This points to the need for better bias-stable interfa-
cial molecules, more intrinsically robust emissive materi-
als, and device structures that reduce electrical and thermal 
stress at the working interfaces.

Operando and in situ characterization under electri-
cal bias A further priority is to develop characterization 
strategies that directly probe working PeLEDs under real-
istic electrical operation. Although PLQY, TRPL, and 
density-dependent PL measurements are indispensable for 
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evaluating the intrinsic photophysical properties of emis-
sive materials, they cannot fully reproduce the spatially 
asymmetric injection, interfacial carrier accumulation, 
electric-field effects, Joule heating, and coupled degrada-
tion processes present in operating devices. Future pro-
gress will therefore benefit from broader use of operando 
and in situ techniques, including transient electrolumines-
cence, operando ultrafast spectroscopy, thermal imaging 
under bias, operando GIWAXS, and related interface-
sensitive probes. Such methods can help establish more 
direct links between molecular interface design, recom-
bination-zone evolution, interfacial chemical change, and 
long-term device failure. In this sense, deeper integration 
of operando characterization with materials and interface 
design will be essential for developing a more mechanistic 
understanding of efficient and stable PeLEDs.

Beyond further refinement of individual SAM systems, 
future progress may also depend on interfacial strategies that 
are not limited to conventional monolayer design. Multi-
functional molecular layers, polymeric charge-injection or 
interfacial layers, and hybrid molecular architectures may 
offer advantages in coverage, interfacial tolerance, and oper-
ational robustness that are difficult to achieve with SAMs 
alone. A further limitation is that molecular selection is 
still dominated largely by empirical screening. Data-driven 
approaches may therefore become increasingly impor-
tant, particularly if high-throughput experiments and more 
standardized interfacial descriptors can be established. In 
principle, such methods could help reveal less obvious cor-
relations between molecular structure, interfacial energet-
ics, film formation, and device response, thereby improving 
the efficiency of molecular discovery. Their practical value, 
however, will depend on the accumulation of sufficiently 
large and internally comparable experimental datasets.

Overall, the future development of PeLEDs may depend 
less on optimizing any single material parameter than on 
how molecular design, perovskite composition, and device 
structure are integrated. Interfacial molecules will remain 
important in this process, but their role is likely to be most 
meaningful when considered together with the emissive 
material above them and the device architecture around 
them. From that perspective, interfacial molecular regula-
tion is not only a route to incremental performance improve-
ment, but also part of a broader framework for constructing 
more efficient, more stable, and more structurally adaptable 
PeLEDs.

Acknowledgements  The authors acknowledge financial 
support from the National Natural Science Foundation of 
China (62505234), Natural Science Foundation of Wuhan 
(2026040301020076), the Guangdong Basic and Applied Basic 
Research Foundation (2023A1515110636), and from the State Key 
Laboratory of New Textile Materials and Advanced Processing, 
Wuhan Textile University, No. FZ2025005.

Author Contributions  Xiaojuan Cao contributed to the writing 
of the manuscript. Yao Chen and Yongkang Tang were responsible 
for data collection and organization. Hong Tao and Songzhan Li 
contributed to data verification and the preparation and arrange-
ment of figures and tables. Akhtam Amonov, Guojia Fang, and 
Fang Yao contributed to proofreading and revising the final manu-
script, addressing reviewers’ comments, and supervising the overall 
project. All authors have read and approved the final manuscript.

Declarations 

Conflict of interests  The authors declare that they have no conflict of 
interest. They have no known competing financial interest or personal 
relationships that could have appeared to influence the work reported 
in this paper.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Z. Xiao, R.A. Kerner, L. Zhao, N.L. Tran, K.M. Lee et al., 
Efficient perovskite light-emitting diodes featuring nanome-
tre-sized crystallites. Nat. Photonics 11(2), 108–115 (2017). 
https://​doi.​org/​10.​1038/​nphot​on.​2016.​269

	 2.	 A. Fakharuddin, M.K. Gangishetty, M. Abdi-Jalebi, S.-H. 
Chin, A.R. bin Mohd Yusoff et al., Perovskite light-emitting 
diodes. Nat. Electron. 5(4), 203–216 (2022). https://​doi.​org/​
10.​1038/​s41928-​022-​00745-7

	 3.	 Y. Sun, L. Ge, L. Dai, C. Cho, J. Ferrer Orri et al., Bright and 
stable perovskite light-emitting diodes in the near-infrared 
range. Nature 615(7954), 830–835 (2023). https://​doi.​org/​10.​
1038/​s41586-​023-​05792-4

	 4.	 L. Kong, Y. Sun, B. Zhao, K. Ji, J. Feng et al., Fabrication of 
red-emitting perovskite LEDs by stabilizing their octahedral 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nphoton.2016.269
https://doi.org/10.1038/s41928-022-00745-7
https://doi.org/10.1038/s41928-022-00745-7
https://doi.org/10.1038/s41586-023-05792-4
https://doi.org/10.1038/s41586-023-05792-4


Nano-Micro Lett.           (2027) 19:52 	 Page 29 of 33     52 

structure. Nature 631(8019), 73–79 (2024). https://​doi.​org/​
10.​1038/​s41586-​024-​07531-9

	 5.	 M. Li, Y. Yang, Z. Kuang, C. Hao, S. Wang et al., Accelera-
tion of radiative recombination for efficient perovskite LEDs. 
Nature 630(8017), 631–635 (2024). https://​doi.​org/​10.​1038/​
s41586-​024-​07460-7

	 6.	 B. Zhao, M. Vasilopoulou, A. Fakharuddin, F. Gao, A.R. bin 
Mohd Yusoff et al., Light management for perovskite light-
emitting diodes. Nat. Nanotechnol. 18(9), 981–992 (2023). 
https://​doi.​org/​10.​1038/​s41565-​023-​01482-4

	 7.	 F. Yao, Y. Liu, Y. Xu, J. Peng, P. Gui et al., Room-tempera-
ture diffusion-induced extraction for perovskite nanocrystals 
with high luminescence and stability. Small Methods 5(6), 
e2001292 (2021). https://​doi.​org/​10.​1002/​smtd.​20200​1292

	 8.	 F. Yao, J. Peng, R. Li, W. Li, P. Gui et al., Room-temper-
ature liquid diffused separation induced crystallization for 
high-quality perovskite single crystals. Nat. Commun. 11, 
1194 (2020). https://​doi.​org/​10.​1038/​s41467-​020-​15037-x

	 9.	 W. Xiong, W. Tang, G. Zhang, Y. Yang, Y. Fan et  al., 
Controllable p- and n-type behaviours in emissive perovs-
kite semiconductors. Nature 633(8029), 344–350 (2024). 
https://​doi.​org/​10.​1038/​s41586-​024-​07792-4

	 10.	 G. Chen, S. Wang, Z. Yu, C. Dong, P. Jia et al., Regulation 
of nucleation and crystallization for blade-coating large-
area CsPbBr3 perovskite light-emitting diodes. Sci. Bull. 
70(2), 212–222 (2025). https://​doi.​org/​10.​1016/j.​scib.​2024.​
10.​022

	 11.	 W. Bai, T. Xuan, H. Zhao, H. Dong, X. Cheng et al., Perovs-
kite light-emitting diodes with an external quantum efficiency 
exceeding 30%. Adv. Mater. 35(39), 2302283 (2023). https://​
doi.​org/​10.​1002/​adma.​20230​2283

	 12.	 Z. Xing, G. Jin, Q. Du, P. Pang, T. Liu et al., Ions-induced 
assembly of perovskite nanocomposites for highly efficient 
light-emitting diodes with EQE exceeding 30. Adv. Mater. 
36(46), e2406706 (2024). https://​doi.​org/​10.​1002/​adma.​
20240​6706

	 13.	 Q. Wan, W. Zheng, C. Zou, F. Carulli, C. Zhang et  al., 
Ultrathin light-emitting diodes with external efficiency over 
26% based on resurfaced perovskite nanocrystals. ACS 
Energy Lett. 8(2), 927–934 (2023). https://​doi.​org/​10.​1021/​
acsen​ergyl​ett.​2c028​02

	 14.	 J.S. Kim, J.-M. Heo, G.-S. Park, S.-J. Woo, C. Cho et al., 
Ultra-bright, efficient and stable perovskite light-emitting 
diodes. Nature 611(7937), 688–694 (2022). https://​doi.​org/​
10.​1038/​s41586-​022-​05304-w

	 15.	 Z.-B. Wang, X.-D. Zhu, H.-R. Jia, Z.-A. Tan, Blue perovskite 
light-emitting diodes: from material preparation to device 
optimization. Chin. J. Lumin. 41(8), 879–898 (2020). https://​
doi.​org/​10.​37188/​fgxb2​02041​08.​0879

	 16.	 J. Peng, X. Xue, S. Liu, Y. Yang, T. Yang et al., Maximizing 
perovskite electroluminescence with ordered 3D/2D hetero-
junction. Nature 651(8104), 76–82 (2026). https://​doi.​org/​10.​
1038/​s41586-​026-​10134-1

	 17.	 Z. Yao, C. Liang, C. Bi, W. Zhou, K. Ren et al., Exceeding 
30% efficiency of red perovskite quantum dot light-emitting 
diodes via interparticle energy dissipation suppression. 

Nano-Micro Lett. 18(1), 294 (2026). https://​doi.​org/​10.​1007/​
s40820-​026-​02156-1

	 18.	 S. Liu, H. Jiang, J. Wang, L. Liu, Z. Zhou et al., Scalable 
manufacturing and precise patterning of perovskites for light-
emitting diodes. Nano-Micro Lett. 18(1), 183 (2026). https://​
doi.​org/​10.​1007/​s40820-​025-​02012-8

	 19.	 H. Yang, Z. Yu, K. Dong, X. Wang, X. Cao et al., Hydrogen-
bond-mediated crystallization kinetics engineering for effi-
cient blue perovskite light-emitting diodes. ACS Photonics 
12(9), 5189–5197 (2025). https://​doi.​org/​10.​1021/​acsph​otoni​
cs.​5c013​24

	 20.	 Z. Iqbal, F. Zu, A. Musiienko, E. Gutierrez-Partida, H. Köbler 
et al., Interface modification for energy level alignment and 
charge extraction in CsPbI3 perovskite solar cells. ACS 
Energy Lett. 8(10), 4304–4314 (2023). https://​doi.​org/​10.​
1021/​acsen​ergyl​ett.​3c015​22

	 21.	 S.-D. Baek, S.J. Yang, H. Yang, W. Shao, Y.-T. Yang et al., 
Exciton dynamics in layered halide perovskite light-emitting 
diodes. Adv. Mater. 37(25), 2411998 (2025). https://​doi.​org/​
10.​1002/​adma.​20241​1998

	 22.	 S. Wang, C. Ma, K. Wen, L. Yuan, W. Huang et al., Transient 
electroluminescence in perovskite light-emitting diodes. Adv. 
Photon. 8(1), 014006 (2026). https://​doi.​org/​10.​1117/1.​ap.8.​
1.​014006

	 23.	 Z. Chen, R.L.Z. Hoye, H.-L. Yip, N. Fiuza-Maneiro, I. 
López-Fernández et al., Roadmap on perovskite light-emit-
ting diodes. J. Phys. Photonics 6(3), 032501 (2024). https://​
doi.​org/​10.​1088/​2515-​7647/​ad46a6

	 24.	 L. Krückemeier, Z. Liu, T. Kirchartz, U. Rau, Quantifying 
charge extraction and recombination using the rise and decay 
of the transient photovoltage of perovskite solar cells. Adv. 
Mater. 35(35), 2300872 (2023). https://​doi.​org/​10.​1002/​
adma.​20230​0872

	 25.	 R. Li, X. Liu, J. Chen, Opportunities and challenges of hole 
transport materials for high-performance inverted hybrid-
perovskite solar cells. Exploration 3(3), 20220027 (2023). 
https://​doi.​org/​10.​1002/​EXP.​20220​027

	 26.	 F. Yao, K. Dong, W. Ke, G. Fang, Micro/nano perovskite 
materials for advanced X-ray detection and imaging. ACS 
Nano 18(8), 6095–6110 (2024). https://​doi.​org/​10.​1021/​acsna​
no.​3c101​16

	 27.	 Q. Wang, Y. Chen, C. Yan, X. Zeng, X. Fu et al., Molecu-
larly designing a passivation ETL to suppress EQE roll-off of 
PeLEDs. ACS Energy Lett. 8(9), 3710–3719 (2023). https://​
doi.​org/​10.​1021/​acsen​ergyl​ett.​3c013​79

	 28.	 F. Yao, Z. Jia, J. Dong, R. Li, Y. Yang et al., Boosting the 
charge transport and stability of metal halide perovskite with 
boron nitride nanosheets for X-ray detection and imaging. 
Chem. Eng. J. 480, 147945 (2024). https://​doi.​org/​10.​1016/j.​
cej.​2023.​147945

	 29.	 F. Yao, P. Gui, C. Chen, B. Li, R. Li et al., High-rubidium–
formamidinium-ratio perovskites for high-performance pho-
todetection with enhanced stability. ACS Appl. Mater. Inter-
faces. 11(43), 39875–39881 (2019). https://​doi.​org/​10.​1021/​
acsami.​9b127​99

https://doi.org/10.1038/s41586-024-07531-9
https://doi.org/10.1038/s41586-024-07531-9
https://doi.org/10.1038/s41586-024-07460-7
https://doi.org/10.1038/s41586-024-07460-7
https://doi.org/10.1038/s41565-023-01482-4
https://doi.org/10.1002/smtd.202001292
https://doi.org/10.1038/s41467-020-15037-x
https://doi.org/10.1038/s41586-024-07792-4
https://doi.org/10.1016/j.scib.2024.10.022
https://doi.org/10.1016/j.scib.2024.10.022
https://doi.org/10.1002/adma.202302283
https://doi.org/10.1002/adma.202302283
https://doi.org/10.1002/adma.202406706
https://doi.org/10.1002/adma.202406706
https://doi.org/10.1021/acsenergylett.2c02802
https://doi.org/10.1021/acsenergylett.2c02802
https://doi.org/10.1038/s41586-022-05304-w
https://doi.org/10.1038/s41586-022-05304-w
https://doi.org/10.37188/fgxb20204108.0879
https://doi.org/10.37188/fgxb20204108.0879
https://doi.org/10.1038/s41586-026-10134-1
https://doi.org/10.1038/s41586-026-10134-1
https://doi.org/10.1007/s40820-026-02156-1
https://doi.org/10.1007/s40820-026-02156-1
https://doi.org/10.1007/s40820-025-02012-8
https://doi.org/10.1007/s40820-025-02012-8
https://doi.org/10.1021/acsphotonics.5c01324
https://doi.org/10.1021/acsphotonics.5c01324
https://doi.org/10.1021/acsenergylett.3c01522
https://doi.org/10.1021/acsenergylett.3c01522
https://doi.org/10.1002/adma.202411998
https://doi.org/10.1002/adma.202411998
https://doi.org/10.1117/1.ap.8.1.014006
https://doi.org/10.1117/1.ap.8.1.014006
https://doi.org/10.1088/2515-7647/ad46a6
https://doi.org/10.1088/2515-7647/ad46a6
https://doi.org/10.1002/adma.202300872
https://doi.org/10.1002/adma.202300872
https://doi.org/10.1002/EXP.20220027
https://doi.org/10.1021/acsnano.3c10116
https://doi.org/10.1021/acsnano.3c10116
https://doi.org/10.1021/acsenergylett.3c01379
https://doi.org/10.1021/acsenergylett.3c01379
https://doi.org/10.1016/j.cej.2023.147945
https://doi.org/10.1016/j.cej.2023.147945
https://doi.org/10.1021/acsami.9b12799
https://doi.org/10.1021/acsami.9b12799


	 Nano-Micro Lett.           (2027) 19:52    52   Page 30 of 33

https://doi.org/10.1007/s40820-026-02348-9© The authors

	 30.	 B. Zhao, B. Guo, S. Xing, Z. Liu, Y. Yuan et al., Highly sta-
ble perovskite light-emitting diodes. Matter 7(3), 772–793 
(2024). https://​doi.​org/​10.​1016/j.​matt.​2023.​11.​022

	 31.	 L. Zhao, D.D. Astridge, W.B. Gunnarsson, Z. Xu, J. Hong 
et al., Thermal properties of polymer hole-transport layers 
influence the efficiency roll-off and stability of perovskite 
light-emitting diodes. Nano Lett. 23(11), 4785–4792 (2023). 
https://​doi.​org/​10.​1021/​acs.​nanol​ett.​3c001​48

	 32.	 W. Xiong, C. Zou, W. Tang, S. Xing, Z. Wang et al., Efficient 
and bright blue perovskite LEDs enabled by a carbazole-
phosphonic acid interface. ACS Energy Lett. 8(7), 2897–
2903 (2023). https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​3c005​89

	 33.	 L. Yuan, Q. Xue, F. Wang, N. Li, G.I.N. Waterhouse et al., 
Perovskite solar cells and light emitting diodes: materi-
als chemistry, device physics and relationship. Chem. Rev. 
125(11), 5057–5162 (2025). https://​doi.​org/​10.​1021/​acs.​
chemr​ev.​4c006​63

	 34.	 S. He, L. Qin, Z. Liu, J.-W. Kang, J. Luo et al., Efficient 
thermally evaporated near-infrared perovskite light-emitting 
diodes via phase regulation. Nano-Micro Lett. 17(1), 270 
(2025). https://​doi.​org/​10.​1007/​s40820-​025-​01776-3

	 35.	 Y. Liu, C. Tao, Y. Cao, L. Chen, S. Wang et al., Synergis-
tic passivation and stepped-dimensional perovskite analogs 
enable high-efficiency near-infrared light-emitting diodes. 
Nat. Commun. 13(1), 7425 (2022). https://​doi.​org/​10.​1038/​
s41467-​022-​35218-0

	 36.	 Y. Li, X. Guan, Y. Zhao, Q. Zhang, X. Chen et al., Modula-
tion of charge transport layer for perovskite light-emitting 
diodes. Adv. Mater. 37(25), e2410535 (2025). https://​doi.​org/​
10.​1002/​adma.​20241​0535

	 37.	 J.K. Park, J.H. Heo, H.S. Jeon, S.Y. Hong, L. Feng et al., 
Molecularly tailored dual-interface passivation via solvent-
free rub-on transfer for efficient and stable perovskite LEDs. 
Sci. Adv. 11(43), eady4671 (2025). https://​doi.​org/​10.​1126/​
sciadv.​ady46​71

	 38.	 C. Liu, D. Zhang, J. Sun, D. Li, Q. Xiong et al., Constructing 
multi-functional polymeric-termination surface enables high-
performance flexible perovskite LEDs. Adv. Funct. Mater. 
34(45), 2404791 (2024). https://​doi.​org/​10.​1002/​adfm.​20240​
4791

	 39.	 M. Li, Y. Zhao, J. Guo, X. Qin, Q. Zhang et al., Phase regula-
tion and defect passivation enabled by phosphoryl chloride 
molecules for efficient quasi-2D perovskite light-emitting 
diodes. Nano-Micro Lett. 15(1), 119 (2023). https://​doi.​org/​
10.​1007/​s40820-​023-​01089-3

	 40.	 R. Chen, H. Chen, Y. Yu, C. Luo, C. Xu et al., Sufficient hole 
injection for high-performance blue perovskite light-emitting 
diodes. ACS Photonics 11(12), 5380–5387 (2024). https://​
doi.​org/​10.​1021/​acsph​otoni​cs.​4c017​67

	 41.	 Y.-H. Kim, J.S. Kim, T.-W. Lee, Strategies to improve lumi-
nescence efficiency of metal-halide perovskites and light-
emitting diodes. Adv. Mater. 31(47), 1804595 (2019). https://​
doi.​org/​10.​1002/​adma.​20180​4595

	 42.	 J.-E. Jeong, J.H. Park, C.H. Jang, M.H. Song, H.Y. Woo, 
Multifunctional charge transporting materials for perovskite 

light-emitting diodes. Adv. Mater. 32(51), e2002176 (2020). 
https://​doi.​org/​10.​1002/​adma.​20200​2176

	 43.	 Z. Li, X. Sun, X. Zheng, B. Li, D. Gao et al., Stabilized hole-
selective layer for high-performance inverted p-i-n perovskite 
solar cells. Science 382(6668), 284–289 (2023). https://​doi.​
org/​10.​1126/​scien​ce.​ade96​37

	 44.	 H. Tang, Z. Shen, Y. Shen, G. Yan, Y. Wang et al., Rein-
forcing self-assembly of hole transport molecules for stable 
inverted perovskite solar cells. Science 383(6688), 1236–
1240 (2024). https://​doi.​org/​10.​1126/​scien​ce.​adj96​02

	 45.	 Y. Yao, C. Cheng, C. Zhang, H. Hu, K. Wang et al., Organic 
hole-transport layers for efficient, stable, and scalable 
inverted perovskite solar cells. Adv. Mater. 34(44), 2203794 
(2022). https://​doi.​org/​10.​1002/​adma.​20220​3794

	 46.	 L. Jia, S. Xia, J. Li, Y. Qin, B. Pei et al., Efficient perovs-
kite/silicon tandem with asymmetric self-assembly mol-
ecule. Nature 644(8078), 912–919 (2025). https://​doi.​org/​
10.​1038/​s41586-​025-​09333-z

	 47.	 Y. Jiang, M. Cui, S. Li, C. Sun, Y. Huang et al., Reducing 
the impact of Auger recombination in quasi-2D perovs-
kite light-emitting diodes. Nat. Commun. 12, 336 (2021). 
https://​doi.​org/​10.​1038/​s41467-​020-​20555-9

	 48.	 Y. Zhang, J. Qin, L. Gao, T. Zhou, Y. Zhang et al., Carrier 
recombination dynamics in external-quantum-efficiency 
roll-off of perovskite light-emitting diodes studied byin 
situ ultrafast spectroscopy. Phys. Rev. Appl. 22(5), 054072 
(2024). https://​doi.​org/​10.​1103/​physr​evapp​lied.​22.​054072

	 49.	 C. Dong, G. Chen, F. Yao, Z. yu, K. Dong et al., Inhibit-
ing cation segregation to enable highly efficient perovskite 
light-emitting diodes. Adv. Opt. Mater. 13(1), 2401955 
(2025). https://​doi.​org/​10.​1002/​adom.​20240​1955

	 50.	 T. He, S. Li, Y. Jiang, C. Qin, M. Cui et al., Reduced-
dimensional perovskite photovoltaics with homogeneous 
energy landscape. Nat. Commun. 11(1), 1672 (2020). 
https://​doi.​org/​10.​1038/​s41467-​020-​15451-1

	 51.	 X. Qin, M. Li, Y. Zhao, Z. Li, H. Zhang et al., Exploring 
coupling-derived A’-site cations for crystallization delay 
and defect passivation in quasi-2D perovskite light-emitting 
diodes. Angew. Chem. Int. Ed. 64(38), e202513755 (2025). 
https://​doi.​org/​10.​1002/​anie.​20251​3755

	 52.	 F. Yao, Q. Lin, Charge carrier dynamics of organic cation-
treated perovskites probed with time-resolved microwave 
conductivity. ACS Photonics 9(9), 3165–3171 (2022). 
https://​doi.​org/​10.​1021/​acsph​otoni​cs.​2c011​32

	 53.	 Y. Huo, T. He, S. Yang, Y. Jiang, C. Sun, Halide perovs-
kite heterostructures for high-performance light-emitting 
diodes. Nano-Micro Lett. 18(1), 185 (2026). https://​doi.​
org/​10.​1007/​s40820-​025-​02038-y

	 54.	 C. Peng, H. Yao, O. Ali, W. Chen, Y. Yang et al., Weakly 
space-confined all-inorganic perovskites for light-emitting 
diodes. Nature 643(8070), 96–103 (2025). https://​doi.​org/​
10.​1038/​s41586-​025-​09137-1

	 55.	 C. Sun, Y. Jiang, M. Cui, L. Qiao, J. Wei et al., High-per-
formance large-area quasi-2D perovskite light-emitting 
diodes. Nat. Commun. 12, 2207 (2021). https://​doi.​org/​10.​
1038/​s41467-​021-​22529-x

https://doi.org/10.1016/j.matt.2023.11.022
https://doi.org/10.1021/acs.nanolett.3c00148
https://doi.org/10.1021/acsenergylett.3c00589
https://doi.org/10.1021/acs.chemrev.4c00663
https://doi.org/10.1021/acs.chemrev.4c00663
https://doi.org/10.1007/s40820-025-01776-3
https://doi.org/10.1038/s41467-022-35218-0
https://doi.org/10.1038/s41467-022-35218-0
https://doi.org/10.1002/adma.202410535
https://doi.org/10.1002/adma.202410535
https://doi.org/10.1126/sciadv.ady4671
https://doi.org/10.1126/sciadv.ady4671
https://doi.org/10.1002/adfm.202404791
https://doi.org/10.1002/adfm.202404791
https://doi.org/10.1007/s40820-023-01089-3
https://doi.org/10.1007/s40820-023-01089-3
https://doi.org/10.1021/acsphotonics.4c01767
https://doi.org/10.1021/acsphotonics.4c01767
https://doi.org/10.1002/adma.201804595
https://doi.org/10.1002/adma.201804595
https://doi.org/10.1002/adma.202002176
https://doi.org/10.1126/science.ade9637
https://doi.org/10.1126/science.ade9637
https://doi.org/10.1126/science.adj9602
https://doi.org/10.1002/adma.202203794
https://doi.org/10.1038/s41586-025-09333-z
https://doi.org/10.1038/s41586-025-09333-z
https://doi.org/10.1038/s41467-020-20555-9
https://doi.org/10.1103/physrevapplied.22.054072
https://doi.org/10.1002/adom.202401955
https://doi.org/10.1038/s41467-020-15451-1
https://doi.org/10.1002/anie.202513755
https://doi.org/10.1021/acsphotonics.2c01132
https://doi.org/10.1007/s40820-025-02038-y
https://doi.org/10.1007/s40820-025-02038-y
https://doi.org/10.1038/s41586-025-09137-1
https://doi.org/10.1038/s41586-025-09137-1
https://doi.org/10.1038/s41467-021-22529-x
https://doi.org/10.1038/s41467-021-22529-x


Nano-Micro Lett.           (2027) 19:52 	 Page 31 of 33     52 

	 56.	 A. Yu, J. Wang, Y. Huo, S. Wang, X. Zhang et al., Pro-
moting phase transition in quasi-2D perovskites for high-
performance pure-red LEDs. Adv. Mater. 37(28), e2503704 
(2025). https://​doi.​org/​10.​1002/​adma.​20250​3704

	 57.	 S. Zheng, Q. Huang, W. Niu, R. Chen, T. Pang et al., Tai-
loring carrier dynamics by band alignment engineering in 
quasi-2D perovskite LED. Nano Lett. 25(44), 15927–15936 
(2025). https://​doi.​org/​10.​1021/​acs.​nanol​ett.​5c043​09

	 58.	 Z. Li, Q. Wei, Y. Wang, C. Tao, Y. Zou et al., Highly bright 
perovskite light-emitting diodes enabled by retarded Auger 
recombination. Nat. Commun. 16(1), 927 (2025). https://​
doi.​org/​10.​1038/​s41467-​025-​56001-x

	 59.	 D. Chen, A.A. Sergeev, N. Zhang, L. Ke, Y. Wu et al., 
Ultralow trap density FAPbBr3 perovskite films for efficient 
light-emitting diodes and amplified spontaneous emission. 
Nat. Commun. 16, 2367 (2025). https://​doi.​org/​10.​1038/​
s41467-​025-​56557-8

	 60.	 W. Zou, R. Li, S. Zhang, Y. Liu, N. Wang et al., Minimis-
ing efficiency roll-off in high-brightness perovskite light-
emitting diodes. Nat. Commun. 9(1), 608 (2018). https://​
doi.​org/​10.​1038/​s41467-​018-​03049-7

	 61.	 A. Fakharuddin, W. Qiu, G. Croes, A. Devižis, R. 
Gegevičius et al., Reduced efficiency roll-off and improved 
stability of mixed 2D/3D perovskite light emitting diodes 
by balancing charge injection. Adv. Funct. Mater. 29(37), 
1904101 (2019). https://​doi.​org/​10.​1002/​adfm.​20190​4101

	 62.	 C. Zou, Y. Liu, D.S. Ginger, L.Y. Lin, Suppressing effi-
ciency roll-off at high current densities for ultra-bright 
green perovskite light-emitting diodes. ACS Nano 14(5), 
6076–6086 (2020). https://​doi.​org/​10.​1021/​acsna​no.​0c018​
17

	 63.	 L. Zhao, K. Roh, S. Kacmoli, K. Al Kurdi, S. Jhulki et al., 
Thermal management enables bright and stable perovskite 
light-emitting diodes. Adv. Mater. 32(25), e2000752 (2020). 
https://​doi.​org/​10.​1002/​adma.​20200​0752

	 64.	 Y. Zou, T. Wu, F. Fu, S. Bai, L. Cai et al., Thermal-induced 
interface degradation in perovskite light-emitting diodes. J. 
Mater. Chem. C 8(43), 15079–15085 (2020). https://​doi.​org/​
10.​1039/​d0tc0​3816d

	 65.	 S. Zheng, Z. Wang, N. Jiang, H. Huang, X. Wu et  al., 
Ultralow voltage-driven efficient and stable perovskite light-
emitting diodes. Sci. Adv. 10(36), eadp8473 (2024). https://​
doi.​org/​10.​1126/​sciadv.​adp84​73

	 66.	 T. Cheng, G. Tumen-Ulzii, D. Klotz, S. Watanabe, T. Mat-
sushima et al., Ion migration-induced degradation and effi-
ciency roll-off in quasi-2D perovskite light-emitting diodes. 
ACS Appl. Mater. Interfaces 12(29), 33004–33013 (2020). 
https://​doi.​org/​10.​1021/​acsami.​0c067​37

	 67.	 A.J. Mirabelli, B. Kammlander, Y. Lu, R.M. Varma, Q. Gu 
et al., Interfacial chemistry limits the stability of deep blue 
perovskite LEDs revealed by operando characterization. ACS 
Energy Lett. 10(7), 3533–3543 (2025). https://​doi.​org/​10.​
1021/​acsen​ergyl​ett.​5c009​89

	 68.	 T.-H. Han, S. Tan, J. Xue, L. Meng, J.-W. Lee et al., Inter-
face and defect engineering for metal halide perovskite 

optoelectronic devices. Adv. Mater. 31(47), e1803515 (2019). 
https://​doi.​org/​10.​1002/​adma.​20180​3515

	 69.	 R. Khan, G. Shi, W. Chen, Z. Xiao, L. Ding, Interface engi-
neering yields efficient perovskite light-emitting diodes. J. 
Semicond. 44(12), 120501 (2023). https://​doi.​org/​10.​1088/​
1674-​4926/​44/​12/​120501

	 70.	 B. Dong, M. Wei, Y. Li, Y. Yang, W. Ma et al., Self-assem-
bled bilayer for perovskite solar cells with improved tolerance 
against thermal stresses. Nat. Energy 10(3), 342–353 (2025). 
https://​doi.​org/​10.​1038/​s41560-​024-​01689-2

	 71.	 J. Yang, G. Qu, Y. Qiao, S. Cai, J. Hu et al., Flexibility meets 
rigidity: a self-assembled monolayer materials strategy for 
perovskite solar cells. Nat. Commun. 16(1), 6968 (2025). 
https://​doi.​org/​10.​1038/​s41467-​025-​62388-4

	 72.	 S.M. Park, M. Wei, N. Lempesis, W. Yu, T. Hossain et al., 
Low-loss contacts on textured substrates for inverted perovs-
kite solar cells. Nature 624(7991), 289–294 (2023). https://​
doi.​org/​10.​1038/​s41586-​023-​06745-7

	 73.	 M.A. Truong, T. Funasaki, L. Ueberricke, W. Nojo, R. Mur-
dey et al., Tripodal triazatruxene derivative as a face-on 
oriented hole-collecting monolayer for efficient and stable 
inverted perovskite solar cells. J. Am. Chem. Soc. 145(13), 
7528–7539 (2023). https://​doi.​org/​10.​1021/​jacs.​3c008​05

	 74.	 S. Qu, F. Yang, H. Huang, Y. Li, C. Sun et al., Redox medi-
ator-modified self-assembled monolayer stabilizes a buried 
interface in efficient inverted perovskite solar cells. Energy 
Environ. Sci. 18(7), 3186–3195 (2025). https://​doi.​org/​10.​
1039/​d4ee0​5319b

	 75.	 G. Chen, Z. Yu, C. Dong, S. Wang, F. Yao et al., Localized 
micro-solvent field engineering for efficient and reproduc-
ible quasi-quantum-dot perovskite light-emitting diodes. Adv. 
Mater. 38(25), e22323 (2026). https://​doi.​org/​10.​1002/​adma.​
20252​2323

	 76.	 Z. Luo, W. Zheng, Y. Hua, J. Wang, S. Li et al., Energetic 
disorder mitigation of hole-transport layers via molecular 
assembly boosts charge transport to unlock efficient and 
stable perovskite light-emitting devices. Nano Lett. 25(49), 
17112–17121 (2025). https://​doi.​org/​10.​1021/​acs.​nanol​ett.​
5c045​53

	 77.	 Z. Li, Z. Chen, Z. Shi, G. Zou, L. Chu et al., Charge injec-
tion engineering at organic/inorganic heterointerfaces for 
high-efficiency and fast-response perovskite light-emitting 
diodes. Nat. Commun. 14, 6441 (2023). https://​doi.​org/​10.​
1038/​s41467-​023-​41929-9

	 78.	 F. Zhang, Y. Yang, Y. Gao, D. Wang, W. Dong et al., High-
performance blue perovskite light-emitting diodes enabled by 
synergistic effect of additives. Nano Lett. 24(4), 1268–1276 
(2024). https://​doi.​org/​10.​1021/​acs.​nanol​ett.​3c042​67

	 79.	 N. Li, Y. Xia, Y.-H. Lou, Y.-H. Li, R.-J. Jin et al., Dual-func-
tional self-assembled molecule enabling high-performance 
deep-blue perovskite light-emitting diodes. Adv. Funct. 
Mater. 34(52), 2411227 (2024). https://​doi.​org/​10.​1002/​adfm.​
20241​1227

	 80.	 T.H. Kim, B.W. Kim, S.H. Im, A self-assembling molecule 
for improving the mobility in PEDOT: PSS hole transport 
layer for efficient perovskite light-emitting diodes. Adv. 

https://doi.org/10.1002/adma.202503704
https://doi.org/10.1021/acs.nanolett.5c04309
https://doi.org/10.1038/s41467-025-56001-x
https://doi.org/10.1038/s41467-025-56001-x
https://doi.org/10.1038/s41467-025-56557-8
https://doi.org/10.1038/s41467-025-56557-8
https://doi.org/10.1038/s41467-018-03049-7
https://doi.org/10.1038/s41467-018-03049-7
https://doi.org/10.1002/adfm.201904101
https://doi.org/10.1021/acsnano.0c01817
https://doi.org/10.1021/acsnano.0c01817
https://doi.org/10.1002/adma.202000752
https://doi.org/10.1039/d0tc03816d
https://doi.org/10.1039/d0tc03816d
https://doi.org/10.1126/sciadv.adp8473
https://doi.org/10.1126/sciadv.adp8473
https://doi.org/10.1021/acsami.0c06737
https://doi.org/10.1021/acsenergylett.5c00989
https://doi.org/10.1021/acsenergylett.5c00989
https://doi.org/10.1002/adma.201803515
https://doi.org/10.1088/1674-4926/44/12/120501
https://doi.org/10.1088/1674-4926/44/12/120501
https://doi.org/10.1038/s41560-024-01689-2
https://doi.org/10.1038/s41467-025-62388-4
https://doi.org/10.1038/s41586-023-06745-7
https://doi.org/10.1038/s41586-023-06745-7
https://doi.org/10.1021/jacs.3c00805
https://doi.org/10.1039/d4ee05319b
https://doi.org/10.1039/d4ee05319b
https://doi.org/10.1002/adma.202522323
https://doi.org/10.1002/adma.202522323
https://doi.org/10.1021/acs.nanolett.5c04553
https://doi.org/10.1021/acs.nanolett.5c04553
https://doi.org/10.1038/s41467-023-41929-9
https://doi.org/10.1038/s41467-023-41929-9
https://doi.org/10.1021/acs.nanolett.3c04267
https://doi.org/10.1002/adfm.202411227
https://doi.org/10.1002/adfm.202411227


	 Nano-Micro Lett.           (2027) 19:52    52   Page 32 of 33

https://doi.org/10.1007/s40820-026-02348-9© The authors

Electron. Mater. 11(6), 2400626 (2025). https://​doi.​org/​10.​
1002/​aelm.​20240​0626

	 81.	 H.-J. Lim, H.M. Park, T.H.T. Dang, N. Lee, V.-K. Vo et al., 
Engineering interface polarity via halide-functionalized 
self-assembled monolayers for NiO-based QLEDs with high 
external quantum efficiency. Small 22(18), e12080 (2026). 
https://​doi.​org/​10.​1002/​smll.​20251​2080

	 82.	 M. Gedda, D. Gkeka, M.I. Nugraha, A.D. Scaccabarozzi, E. 
Yengel et al., High-efficiency perovskite–organic blend light-
emitting diodes featuring self-assembled monolayers as hole-
injecting interlayers. Adv. Energy Mater. 13(33), 2201396 
(2023). https://​doi.​org/​10.​1002/​aenm.​20220​1396

	 83.	 S. Zheng, Z. Wang, G. Zheng, H. Huang, N. Jiang et al., Sta-
ble sky-blue perovskite LEDs achieved by efficient sub-band-
gap emission with 24.5% PCE. Adv. Funct. Mater. 36(17), 
e21079 (2026). https://​doi.​org/​10.​1002/​adfm.​20252​1079

	 84.	 W. Li, T. Li, Y. Tong, Y. Li, H. Wang et al., Reducing nonra-
diative losses of air-processed perovskite films via interface 
modification for bright and efficient light emitting diodes. 
Adv. Funct. Mater. 34(7), 2311133 (2024). https://​doi.​org/​
10.​1002/​adfm.​20231​1133

	 85.	 B. Chen, C. Peng, R. Guo, Z. He, L. Sun et al., Dual-function 
self-assembled molecules as hole-transport layers for ther-
mally evaporated high-efficiency blue perovskite light-emit-
ting diodes. Adv. Mater. 37(3), e2411451 (2025). https://​doi.​
org/​10.​1002/​adma.​20241​1451

	 86.	 P. Gao, J. Jiang, Y.-M. Song, M.-W. Wang, T. Ding et al., 
Efficient hole injection from indium tin oxide in quantum-dot 
light-emitting diodes. Adv. Funct. Mater. 35(35), 2503467 
(2025). https://​doi.​org/​10.​1002/​adfm.​20250​3467

	 87.	 S. Guo, X. Yang, Q. Zhang, X. Jin, D. Zhang et al., Fused 
carbazole-based self-assembled monolayers enable efficient 
perovskite solar cells and perovskite light-emitting diodes. 
Adv. Opt. Mater. 12(33), 2401617 (2024). https://​doi.​org/​10.​
1002/​adom.​20240​1617

	 88.	 X. Cao, X. Wang, G. Chen, H. Yang, Y. Tang et al., Multi-
dentate molecular suturing at dual interfaces enables highly 
efficient perovskite light-emitting diodes. Angew. Chem. 
Int. Ed. 65(16), e21031 (2026). https://​doi.​org/​10.​1002/​anie.​
20252​1031

	 89.	 Y.S. Shin, S. Ameen, E. Oleiki, J. Yeop, Y. Lee et al., A 
multifunctional self-assembled monolayer for highly lumi-
nescent pure-blue quasi-2D perovskite light-emitting diodes. 
Adv. Opt. Mater. 10(20), 2201313 (2022). https://​doi.​org/​10.​
1002/​adom.​20220​1313

	 90.	 Y. Zhao, M. Li, C. Liu, G. Hu, Z. Wei, Modulating buried 
interface with 3-guanidinopropionic acid toward efficient 
NiOx-based perovskite light-emitting diodes. Nano Res. 
19(3), 94908141 (2026). https://​doi.​org/​10.​26599/​nr.​2025.​
94908​141

	 91.	 L. Xu, J. Li, B. Cai, J. Song, F. Zhang et al., A bilateral 
interfacial passivation strategy promoting efficiency and 
stability of perovskite quantum dot light-emitting diodes. 
Nat. Commun. 11, 3902 (2020). https://​doi.​org/​10.​1038/​
s41467-​020-​17633-3

	 92.	 K.H. Ngai, X. Sun, X. Zou, K. Fan, Q. Wei et al., Charge 
injection and auger recombination modulation for efficient 
and stable quasi-2D perovskite light-emitting diodes. Adv. 
Sci. 11(18), 2309500 (2024). https://​doi.​org/​10.​1002/​advs.​
20230​9500

	 93.	 H. Yu, Z. Liu, Z. Ren, Y. Yang, Y. Fan et al., Improved molec-
ular packing of self-assembled monolayer charge injectors for 
perovskite light-emitting diodes. J. Phys. Chem. Lett. 15(26), 
6705–6711 (2024). https://​doi.​org/​10.​1021/​acs.​jpcle​tt.​4c012​
64

	 94.	 Z. Yu, G. Chen, S. Wang, F. Yao, S. Zhou et al., Ultrathin 
monolayer perovskites via microstructure-induced capillary 
flow for efficient pure-blue light-emitting diodes. Adv. Funct. 
Mater. 36(44), e75108 (2026). https://​doi.​org/​10.​1002/​adfm.​
75108

	 95.	 T. Feeney, J. Petry, A. Torche, D. Hauschild, B. Hacene et al., 
Understanding and exploiting interfacial interactions between 
phosphonic acid functional groups and co-evaporated per-
ovskites. Matter 7(6), 2066–2090 (2024). https://​doi.​org/​10.​
1016/j.​matt.​2024.​02.​004

	 96.	 A.-F. Castro-Méndez, F. Jahanbakhshi, D.K. LaFollette, B.J. 
Lawrie, R. Li et al., Tailoring interface energies via phos-
phonic acids to grow and stabilize cubic FAPbI3 deposited 
by thermal evaporation. J. Am. Chem. Soc. 146(27), 18459–
18469 (2024). https://​doi.​org/​10.​1021/​jacs.​4c039​11

	 97.	 S. Xiong, Z. Hou, S. Zou, X. Lu, J. Yang et al., Direct obser-
vation on p- to n-type transformation of perovskite surface 
region during defect passivation driving high photovoltaic 
efficiency. Joule 5(2), 467–480 (2021). https://​doi.​org/​10.​
1016/j.​joule.​2020.​12.​009

	 98.	 N.K. Noel, S.N. Habisreutinger, A. Pellaroque, F. Pulvirenti, 
B. Wenger et al., Interfacial charge-transfer doping of metal 
halide perovskites for high performance photovoltaics. 
Energy Environ. Sci. 12(10), 3063–3073 (2019). https://​doi.​
org/​10.​1039/​c9ee0​1773a

	 99.	 X. Jiang, Q. Zhou, Y. Lu, H. Liang, W. Li et al., Surface 
heterojunction based on n-type low-dimensional perovskite 
film for highly efficient perovskite tandem solar cells. Natl. 
Sci. Rev. 11(5), nwae055 (2024). https://​doi.​org/​10.​1093/​nsr/​
nwae0​55

	100.	 M. Zhai, T. Wu, K. Du, C. Chen, N. Shibayama et al., Interfa-
cial dipole engineering by self-assembled molecules in n-i-p 
and p-i-n perovskite solar cells. Nat. Commun. 17(1), 2374 
(2026). https://​doi.​org/​10.​1038/​s41467-​026-​69198-2

	101.	 J. Qin, J. Zhang, X. Liu, Y. Wang, H. Wang et al., Surfactant-
induced hole concentration enhancement for highly efficient 
perovskite light-emitting diodes. Nat. Mater. 24(5), 778–784 
(2025). https://​doi.​org/​10.​1038/​s41563-​025-​02123-y

	102.	 Y. Zou, Y. Xu, F. Gao, W. Xu, Brightening halide per-
ovskite emitters with Lewis basic molecules. Nat. Rev. 
Mater. 11(6), 487–503 (2026). https://​doi.​org/​10.​1038/​
s41578-​026-​00909-3

	103.	 C. Zhu, F. Yuan, X. Liu, J. Li, H. Dong et al., High triplet 
energy level molecule enables highly efficient sky-blue per-
ovskite light-emitting diodes. J. Phys. Chem. Lett. 12(48), 

https://doi.org/10.1002/aelm.202400626
https://doi.org/10.1002/aelm.202400626
https://doi.org/10.1002/smll.202512080
https://doi.org/10.1002/aenm.202201396
https://doi.org/10.1002/adfm.202521079
https://doi.org/10.1002/adfm.202311133
https://doi.org/10.1002/adfm.202311133
https://doi.org/10.1002/adma.202411451
https://doi.org/10.1002/adma.202411451
https://doi.org/10.1002/adfm.202503467
https://doi.org/10.1002/adom.202401617
https://doi.org/10.1002/adom.202401617
https://doi.org/10.1002/anie.202521031
https://doi.org/10.1002/anie.202521031
https://doi.org/10.1002/adom.202201313
https://doi.org/10.1002/adom.202201313
https://doi.org/10.26599/nr.2025.94908141
https://doi.org/10.26599/nr.2025.94908141
https://doi.org/10.1038/s41467-020-17633-3
https://doi.org/10.1038/s41467-020-17633-3
https://doi.org/10.1002/advs.202309500
https://doi.org/10.1002/advs.202309500
https://doi.org/10.1021/acs.jpclett.4c01264
https://doi.org/10.1021/acs.jpclett.4c01264
https://doi.org/10.1002/adfm.75108
https://doi.org/10.1002/adfm.75108
https://doi.org/10.1016/j.matt.2024.02.004
https://doi.org/10.1016/j.matt.2024.02.004
https://doi.org/10.1021/jacs.4c03911
https://doi.org/10.1016/j.joule.2020.12.009
https://doi.org/10.1016/j.joule.2020.12.009
https://doi.org/10.1039/c9ee01773a
https://doi.org/10.1039/c9ee01773a
https://doi.org/10.1093/nsr/nwae055
https://doi.org/10.1093/nsr/nwae055
https://doi.org/10.1038/s41467-026-69198-2
https://doi.org/10.1038/s41563-025-02123-y
https://doi.org/10.1038/s41578-026-00909-3
https://doi.org/10.1038/s41578-026-00909-3


Nano-Micro Lett.           (2027) 19:52 	 Page 33 of 33     52 

11723–11729 (2021). https://​doi.​org/​10.​1021/​acs.​jpcle​tt.​
1c035​18

	104.	 Y. Yu, C. Zhao, L. Ma, L. Yan, B. Jiao et al., Harvesting the 
triplet excitons of quasi-two-dimensional perovskite toward 
highly efficient white light-emitting diodes. J. Phys. Chem. 
Lett. 13(16), 3674–3681 (2022). https://​doi.​org/​10.​1021/​acs.​
jpcle​tt.​2c009​96

	105.	 N. Jiang, Z. Wang, S. Zheng, Z. Zhou, R. Zhang et al., All-
solution-processed sky-blue perovskite electroluminescence 
device via integrated supramolecular host-guest post-treat-
ment. Nano Lett. 26(7), 2735–2743 (2026). https://​doi.​org/​
10.​1021/​acs.​nanol​ett.​5c063​13

	106.	 Y. Zhao, W. Feng, M. Li, J. Lu, X. Qin et al., Efficient per-
ovskite light-emitting diodes with chemically bonded contact 
and regulated charge behavior. Nano Lett. 23(18), 8560–8567 
(2023). https://​doi.​org/​10.​1021/​acs.​nanol​ett.​3c023​35

	107.	 Y.-Y. Li, Y.-Q. Teng, Y. Shen, L.-X. Cao, S.-C. Feng et al., 
Interface contact-dominated thermal degradation of mixed-
halide blue perovskite LEDs. Adv. Funct. Mater. 36(41), 
e26462 (2026). https://​doi.​org/​10.​1002/​adfm.​20252​6462

	108.	 L. Zhang, B. Liu, X. Lv, G. Zhang, C. Li et al., Photovoltage-
driven two-transistor-one-diode perovskite pixels for in-cell 
optical sensing displays. Adv. Mater. 38(17), e22776 (2026). 
https://​doi.​org/​10.​1002/​adma.​20252​2776

	109.	 Y. Lian, D. Lan, S. Xing, B. Guo, Z. Ren et al., Ultralow-
voltage operation of light-emitting diodes. Nat. Commun. 13, 
3845 (2022). https://​doi.​org/​10.​1038/​s41467-​022-​31478-y

	110.	 C. Zhang, S. Mariotti, L.K. Ono, C. Ding, K. Mitrofanov 
et  al., A hole injection monolayer enables cost-effective 
perovskite light-emitting diodes. J. Mater. Chem. C 11(8), 
2851–2862 (2023). https://​doi.​org/​10.​1039/​d2tc0​5491d

	111.	 H. Ren, S. Wang, Y. Nong, Y. Sun, J. Wang et al., 22.8%-EQE 
and ns-level response CsPbBr3 perovskite quantum dot-based 
light-emitting diodes. Adv. Funct. Mater. 36(40), e29207 
(2026). https://​doi.​org/​10.​1002/​adfm.​20252​9207

	112.	 G.H. Lee, K. Kim, Y. Kim, J. Yang, M.K. Choi, Recent 
advances in patterning strategies for full-color perovskite 
light-emitting diodes. Nano-Micro Lett. 16(1), 45 (2023). 
https://​doi.​org/​10.​1007/​s40820-​023-​01254-8

	113.	 F. Lu, Y. Liang, N. Wang, L. Zhu, J. Wang, Machine learning 
for perovskite optoelectronics: a review. Adv. Photon. 6(5), 
054001 (2024). https://​doi.​org/​10.​1117/1.​ap.6.​5.​054001

	114.	 Q. Tao, P. Xu, M. Li, W. Lu, Machine learning for perovskite 
materials design and discovery. npj Comput. Mater. 7, 23 
(2021). https://​doi.​org/​10.​1038/​s41524-​021-​00495-8

	115.	 C. Zhang, Y. Jia, B. Zhang, Q. Zhao, R. Xu et al., Machine 
learning-driven interface material design for high-perfor-
mance perovskite solar cells with scalability and band-gap 
universality. Joule 10(2), 102264 (2026). https://​doi.​org/​10.​
1016/j.​joule.​2025.​102264

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1021/acs.jpclett.1c03518
https://doi.org/10.1021/acs.jpclett.1c03518
https://doi.org/10.1021/acs.jpclett.2c00996
https://doi.org/10.1021/acs.jpclett.2c00996
https://doi.org/10.1021/acs.nanolett.5c06313
https://doi.org/10.1021/acs.nanolett.5c06313
https://doi.org/10.1021/acs.nanolett.3c02335
https://doi.org/10.1002/adfm.202526462
https://doi.org/10.1002/adma.202522776
https://doi.org/10.1038/s41467-022-31478-y
https://doi.org/10.1039/d2tc05491d
https://doi.org/10.1002/adfm.202529207
https://doi.org/10.1007/s40820-023-01254-8
https://doi.org/10.1117/1.ap.6.5.054001
https://doi.org/10.1038/s41524-021-00495-8
https://doi.org/10.1016/j.joule.2025.102264
https://doi.org/10.1016/j.joule.2025.102264

	Charge-Carrier Behavior and Molecular Interface Engineering in Perovskite Light-Emitting Diodes
	Highlights
	Abstract 
	1 Introduction
	2 Carrier Behavior in Perovskite Materials and Devices
	2.1 Carrier Density, Recombination, and Luminescence in Perovskites
	2.2 Charge Injection and Accumulation

	3 Development and Emerging Roles of Interface Molecules in PeLEDs
	3.1 From Interface Sensitivity to Interface Molecular Adoption in PeLEDs
	3.2 Bottom-Interface Crystallization and Film Formation
	3.3 Local Electronic-Type Modulation of Perovskites
	3.4 Top-Interface Contacts and Interfacial Loss
	3.5 Device-Level Manifestations of Molecular Modified Interfaces

	4 Rational Selection and Design of Interfacial Molecules for PeLEDs
	5 Conclusion and Outlook
	Acknowledgements 
	References


