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Abstract: Perovskite quantum dot light-emitting diodes (Pe-QLEDs) have shown immense application potential in
display and lighting fields due to their narrow full-width at half maximum (FWHM) and high photoluminescence
quantum yield (PLQY ). Despite significant advancements in their performance, challenges such as defects and ion
migration still hinder their long-term stability and operational efficiency. To address these issues, various
optimization strategies, including ligand engineering, interface passivation, and self-assembly strategy, are being
actively researched. This review focuses on the synthesis methods, challenges and optimization of perovskite
quantum dots, which are critical for the commercialization and large-scale production of high-performance and stable

Pe-QLEDs.
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1 Introduction

The 2023 Nobel Prize in Chemistry was award-
ed to quantum dots"? (QDs) pioneers Moungi Bawen-
di, Louis Brus, and Alexei Ekimov for their ground-

breaking work on the discovery and synthesis of

QDs. The discovery of QDs dates back to the
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1980s. Alexei Ekimov™ first demonstrated size-de-
pendent quantum effects in colored glass. Around
the same time, Louis Brus” provided evidence of
these effects in particles suspended in fluid. In
1993, Moungi Bawendi" revolutionized the synthesis

of QDs by developing a method to produce monodis-
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perse nanocrystals with precise size control. Since
then, semiconductor QDs research has entered a new
era, and the number of studies has increased expo-
nentially.

When electrons are confined to a region compa-
rable to their de Broglie wavelength, quantum con-
finement” occurs, which imparts many unique prop-
erties to QDs. High-quality QD samples exhibit nar-
row emission linewidths (20-80 meV), with the full
width at half maximum” (FWHM) being measured,
and near-unity photoluminescence quantum yield"
(PLQY), making QDs one of the most promising ma-
terials for commercial televisions and displays. Of
particular note, quantum dot light-emitting diodes"
(QLEDs) have shown exceptional performance in
wide-color-gamut displays, which places them as a
frontrunner for advanced display technologies of the
future.

Various types of (QDs have been extensively
studied, including 1I-VI QDs, III-V QDs, and lead
halide perovskite QDs (PQDs)*'"". The first and most
mature QDs are II-VI QDs, particularly CdE (E = S,
Se, Te), which are renowned for their near-perfect
PLQY and excellent stability. However, due to envi-
ronmental and health concerns, Cd has been restrict-
ed in many consumer electronics. In contrast, PQDs
are distinguished among Cd-free QDs due to their ex-
ceptional optical properties across red, green, and
blue emissions.

In addition, since the pioneering work of Friend
et al. in 2014, which demonstrated perovskite light-
emitting diodes"""* (Pe-LEDs) emitting light at room
temperature through optimized design of the lumines-
cent layer, improvements in carrier injection and ex-
citon recombination in the luminescent layer have
led to significant
QLEDs (Pe-QLEDs) devices.
years, through optimizations of QDs materials and

device structures, Pe-QLEDs have achieved EQE ex-

advancements in perovskite

Within just a few

ceeding 20% for both red and green devices, while
blue QLEDs have reached an EQE of 18%. This
rapid progress highlights the competitive advantage
of PQDs in the display and lighting industries, sig-

naling a strong momentum for future developments.

2 Optical Properties of PQDs

The typical structure of PQDs follows the ABX;
configuration, where A typically refers to Cs"
CH;NH;" (MA™), or CH(NH,)," (FA™); B represents
the divalent lead cation (Pb™); and X denotes a halo-
gen ion (CI', Br', or I'). This flexible structure sup-
ports the distinctive optical and electronic properties
of PQDs.

PQDs possess extremely low formation energy

As alternatives to conventional QDs,
" and
defect tolerance, as shown in Fig. 1(f). These charac-
teristics give PQDs outstanding optical qualities, in-
cluding nearly uniform high PLQY, narrow emission
bandwidths, adjustable wavelengths across the visi-
ble spectrum, and adaptability to flexible and
stretchable electronic devices. Most importantly, the
phase characteristics of PQDs, specifically their mor-
phology and shape, are effectively preserved even af-
ter the anion exchange reaction, as shown in Fig. 1

(a) and (e).

range'” by adjusting the halide composition and

These PQDs exhibit a tunable spectral

quantum confinement effects, as shown in Fig. 1(b)
and (d), bringing Pe-QLEDs devices closer to com-
mercialization. Additionally, they can also achieve a
broader color gamut than the NTSC standard"’, as
shown in Fig. 1(c). Notably, extensive research has
demonstrated that QLEDs devices perform excep-
tionally well in wide color gamut displays, making
them strong candidates for next-generation dis-

[15]

plays", as shown in Fig. 1(g) and (h).

3 Challenges

During the synthesis of PQDs, unfavorable reac-
tion conditions (such as temperature, time, and reac-
tant concentration) may lead to incomplete reactions
of the reactants, resulting in unreacted materials or
intermediate products, which introduce defects”.
To intentionally introduce varying defect densities,
Jun-Zhi Ye et al. employed a low-polarity antisol-
vent, methyl acetate, during the purification process
of synthesized CsPbBr; CsPbBrl;_,, and CsPbl;
QDs"" as shown in Fig. 2(a). As shown in Figure 2c,

deep-level defects are nearly nonexistent in lead ha-

lide perovskite (LHP) QDs due to their high forma-
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Fig.1

tra and corresponding images of CsPbX; QDs under UV light, illustrating anion tuning'"*".

(a) Schematic diagram of anion exchange in the cubic perovskite crystal structure of CsPbX; ', (b) Fluorescence spec-

". (¢) Comparison of the emis-

sion from metal halide perovskite (MHP) QDs (black dots) with the standard gamut for typical LCD TVs (dotted trian-

gle) and the standard for LCD TVs (solid triangle). Reproduced with permission.”'* Copyright 2015, American Chemical
Society. (d) Optical absorption (solid line) and PL spectra (dashed line) of CsPbBry QDs"'*. (e) Powder X-ray diffrac-
tion (XRD) patterns of original CsPhBr; QDs and anion-exchanged samples (with PbCl, and Pbl, as halide sources). Re-

produced with permission."® Copyright 2015, American Chemical Society. (f) Band structure of PQDs. Reproduced with

permission. '™ Copyright 2022, Springer Nature. (g) Development trend of maximum EQE for red, green, and blue
QLEDs devices. Reproduced with permission.””’ Copyright 2024, Wiley-VCH. (h) Major advancements in PQDs and Pe-

LEDs.

tion energy, while shallow-level defects are most
commonly observed in LHP QDs. These defects are
typically harmless to the PL of CsPbl; but present
greater challenges for CsPbCl;, as shown in Fig. 2
(d).

free charge carriers; once captured, these carriers

Shallow-level defects slow down the mobility of

can be thermally re-excited back into the band struc-
ture. Conversely, deep-level defects result in non-ra-

diative recombination, significantly reducing carrier

lifetimes and thus severely diminishing the radiative
efficiency of LEDs", as illustrated in Fig. 2(b). Ad-
ditionally, surface defects may also serve as path-
ways for halide ion migration, reducing the activa-
tion energy for ionic migration, which, in turn,
causes the device’ s EQE to roll off, as shown in
Fig. 2(e).

The instability of the buried interface between

the charge transport layer and the perovskite emis-



4 -

1l

sion layer is a key limitation in Pe-LEDs, hindering
carrier transport and recombination. To tackle this
issue, a strategy has been proposed to introduce gua-
nidine hydrochloride (GACI) as a bottom passivation

layer™.

The GACI not only passivates point defects
at the buried interface but also releases chloride an-
ions that help inhibit ion migration and prevent the
formation of halide vacancies. In addition to passiv-

ation, GACI improves the phase purity of the 2D lay-

ered perovskite structure, boosting crystallinity and
optoelectronic performance. This has resulted in an
excellent EQE of 6. 61% as shown in Fig. 2(f) and
has significantly impacted the device’ s operational
lifetime as shown in Fig. 2(g).

Therefore, the defects in PQDs are crucial to
their optoelectronic performance and device, and ad-
dressing these defects is one of the key challenges

we currently face.
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Fig.2

(a) Variation of normalized PLQY for CsPbl; (red), CsPbBrl5 (orange), and CsPbBry (blue) QDs after continuous pu-

rification steps. Reproduced with permission."™ Copyright 2024, Springer Nature. (b) Scheme illustrating deep and shal-

low-level traps. Reproduced with permission.'” Copyright 2023, Springer Nature. (¢) Typical point defects in LHPs, in-

cluding vacancies, interstitial atoms, and anti-site atoms, ordered by increasing formation energy and their depths within

the bandgap'®’. (d) Transition energy levels of halide vacancies within the bandgap of these materials'®’. (e) Defect-in-

duced ion migration leading to EQE roll-off. Reproduced with permission.”’ Copyright 2023, RSC. (f) EQE curves with

corresponding applied biases™

". (g) Relative brightness decay curves of Pe-LEDs with different underlying GACI concen-

trations (showing PeLEDs under 6 V). Reproduced with permission.™’ Copyright 2024, Wiley-VCH.

4 Optimization Strategies

4.1 Ligand Engineering
In the study of PQDs, ligand engineering has

been proven to be a crucial strategy for enhancing
device performance and stability. By selecting ap-
propriate ligands to modify the material surface, it is

possible to effectively reduce defect density, sup-
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press ion migration, improve carrier mobility, and en-
hance emission efficiency.

Yasser Hassan et al. synthesized MAPh(I,Br,,)
3 QDs (with MA standing for methylammonium)
through an improved ligand-assisted re-precipitation
technique and elucidated how the functionality of
MHP is highly sensitive to the properties of QD sur-

22
faces™.

Following purification, the nanocrystals
were treated with ethylenediaminetetraacetic acid
(EDTA) and reduced glutathione (GSH), as shown in
Fig. 3(a). These molecules exhibit a strong binding
affinity for lead in biological systems, helping to re-
move uncoordinated lead from the surface of QDs, as
illustrated in Fig. 3(b). This ligand treatment creates
a “clean” surface, reducing defects, while also being
highly effective in suppressing halide segregation
and improving bandgap stability™.

Additionally, as ligands can influence the hole
and electron mobility of PQDs™! as shown in Fig. 3
(c), we can attribute the instability of PQDs to three
main factors. First, the acid-base reaction between
oleic acid (OA) and oleylamine (OAm) can cause
their reversible detachment from the PQD surface,
leaving under-coordinated sites. Second, the reac-
tion between OAm and OA forms oleylamide, which
induces surface defects and aggregation in PQDs,
while also producing H,0, which can degrade the
perovskite. Third, OAm can easily detach from the
surface as an oil-based halide ammonium by coordi-
nating with neighboring surface X ions.

Ligand-exchanged PQDs exhibited high mobili-
ty and high PLQY, making them suitable for both PL
and EL applications. However, due to the decompo-
sition of high-ionic perovskites by polar solvents
used for ligand exchange in PQDs, Yi-Tong Dong et
al. proposed a method of surface replacement for
PQDs, developing a bipolar shell with an inner an-
ionic layer and an outer layer of cationic and polar

25
solvent molecules™".

Compared to previously report-
ed low-dimensional perovskites, this method pro-
duced strongly constrained PQDs solids, increasing
carrier mobility (=0.01 em®-V'-s"), reducing trap
density, and allowing for successful exchange and re-

dispersion, as shown in Fig. 3(d). Additionally, the

ligand design strategy by Kang Wang et al. demon-
strated that increasing the -conjugation length and
increasing the cross-sectional area of the ligands sig-
nificantly suppresses ionic transport”, narrows
phase distribution, reduces defect density, and en-
hances radiative recombination efficiency, as shown
in Fig. S2(f).

Moreover, in existing studies, the introduction
of inorganic ligands is a common approach, but these
methods typically depend on highly polar solvents
(such as DMF) for inorganic salts, which compromise
the structural stability of perovskites and affect the
operational performance of LEDs. To better passiv-
ate surfaces, our team proposed a strategy to intro-
duce inorganic ligands into the anti-solvent used for

|, as shown in Fig. 3(e). This

reverse purification”
strategy employs an in situ inorganic ligand ap-
proach to achieve consistent PL emission spectra, as
shown in Fig. 3(f) and maintaines luminescence in-
tensity without extra peaks or emission broadening,
effectively improving the optical properties of MHP
QDs.
4.2 Self-Assembly Strategy

Self-assembly and regeneration technologies of-
fer a straightforward and efficient “bottom-up” ap-
proach that enables MHP nanostructures to rear-
range their overall appearance. However, the self-as-
sembly of QDs is typically initiated by solvent evapo-
ration or by changing the polarity of reaction system,
which destabilizes the terminating ligands of the

QDs.

As shown in Fig. 4(a), nanostructures are as-
sembled through colloidal solvent evaporation.
During the solvent evaporation process, the distance
between particles decreases, allowing QDs to assem-
ble in an ordered fashion, thereby optimizing the sys-
tem’ s entropy. In the QD solution, repulsive forces
dominate, favoring monodispersion of the QDs (as
shown in Fig. 4(b)™, dark green trace). However,
during self-assembly, effective inter-particle interac-
tions transition from repulsive to attractive (as shown
in Fig. 4(b), light green trace). As the solvent is fully
removed, the QDs pack tightly and start to form su-

perlattices, at which point the elastic repulsive forc-
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QDs via an improved ligand-assisted reprecipitation method; and applying post-synthesis ligand treatment'*. (b) Molec-

ular interactions between glutathione, EDTA, and Pb2* atoms on the surface. Reproduced with permission.” Copyright

2021, Springer Nature. (¢) PLQY and carrier mobility o

f PQDs with varying ligand compositions. (Solid squares repre-

sent hole mobility, while hollow squares represent electron mobility, with each point’s color corresponding to the emis-

sion color of the respective PQDs. Shaded areas highlight

ligands that can replace traditional OA and OAm). Reproduced

with permission.” Copyright 2022, Springer Nature. (d) Bipolar surface-modified PQDs of different sizes, shapes, and

compositions suspended in a DMF/toluene mixture. Rep

(e) Process and advantages of using an in situ inorganic

roduced with permission.'®’ Copyright 2020, Springer Nature.

ligand strategy with weakly polar anti-solvents™™’. (f) Bandgap

stability of treated MHP films under 100 W+ cm? light irradiation. Reproduced with permission.”””” Copyright 2022, Wiley-

VCH.

es of the ligands balance with van der Waals (vdW)
forces.

Moreover, when the active layer thickness ap-
proaches approximately 5 nm, it leads to tunneling
and direct electrical interactions between the hole
transport layer (HTL) and the electron transport
layer (ETL), resulting in unwanted exciton com-
plex emissions in the LED, as shown in Fig. 4(d).
Our team identified a bifunctional terminating li-
gand to modify the polarity of the CsPbBr; ¢-QD

30
surface”.

This strategy not only passivates QD
surface defects but also establishes the necessary
polarity difference between the HTL and the
perovskite. Applied to uniformly sized c¢-QDs,
self-assembly can be achieved while avoiding the

dissolution of the HTL substrate, as shown in

Fig. 4(c). We demonstrated that clearly defined,
ordered, and compact monolayers can suppress
HTL/ETL interactions, achieving a current density
that is twice as high as that seen in the control, as
shown in Fig. 4(e), along with nearly Rec. 2100
primary blue light emission.

The long-range order in PQDs films is typically
poor due to variations in dot size, surface ligand den-
sity, and inconsistent stacking, all of which hinder
carrier injection and lead to poor operational stabili-
ty. To enhance the long-range order, our team also
reported a synergistic dual-ligand strategy””. The
liquid trimethylsilyl bromide (ETM Br) works well
with non-polar solvents and reacts with protonating
reagents to produce HBr, which in situ dissolve

smaller QDs and connect uniformly sized dots to



LI Mengjiao, et al. : Efficient Perovskite Quantum Dots Light-Emitting Diodes: Challenges and Optimization

achieve coherence from dot to dot. This process also
effectively removes low-conductivity ligands, creat-

ing dense, uniform, and defect-free films as shown in

Fig. 4(f). These films exhibit high electrical conduc-
tivity, which enhances the operational stability of

LED devices, as shown in Fig. 4(g).
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Fig.4 (a) Schematic illustration of capillary forces associated with solvent evaporation. Reproduced with permission.”™ Copy-
right 2022, American Chemical Society. (b) Changes in the effective pair interaction potential, U, at different stages of
self-assembly. Reproduced with permission.”’ Copyright 2016, American Chemical Society. (¢) Schematic of the HTL-
compatible ligand strategy™”. (d) EL of monolayer LEDs at various current densities (10 to 40 mA+cm™). They exhibit a
combination of exciton complex and blue light emission. (Inset indicates a reduction in injection barrier for monolayer
LEDs)"™. (e) Monolayer LEDs demonstrate Rec. 2100 color-accurate blue light emission. (Inset shows doubled current
density and reduced injection barriers). Reproduced with permission.”™ Copyright 2023, AAAS. (f) Long-range order
control strategy”". (g) Operating stability of control and treated LEDs. Reproduced with permission.”’ Copyright 2024,
Springer Nature.

5 Conclusion and Outlook tive solutions.

To address the instability of PQDs, isolating

Achieving efficient and stable emission in ) o
them from the external environment can significantly

PQDs devices has faced several challenges, such as enhance the stability of Pe-QLEDs. In this context,

interface defects, charge carrier injection imbalance, adopting a core/shell structure is a promising strate-

and poor long-range ordering of QD films. Through gy

. When designing an appropriate shell for blue
ligand engineering, interface passivation, and self-as- PQDs, several critical characteristics must be con-

sembly strategies, researchers have developed effec- sidered. The ideal shell material should provide
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good lattice matching, excellent surface passivation,
superior optoelectronic properties (such as a wide
bandgap), and strong chemical and environmental
stability. Moreover, most PQDs, particularly blue
PQDs, exhibit a deep valence band maximum
(VBM), resulting in significant hole-injection barri-
ers between QDs and HTLs, which in turn leads to
carrier imbalance in Pe-QLEDs and decreases the ef-
ficiency and stability. Developing new HTLs which
have a better energy alignment with the emitting lay-
er or modulating the energy level of the HTL through
doping are promising ways to balance electron and

34-35 . . .
B thereby enhancing radiative re-

hole injection
combination efficiency.

Pe-LEDs have tremendous potential in future
display technologies, which not only raises perfor-
mance requirements for visible light sources but also
for other wavelengths, such as near infrared and mid
infrared. Because of the native bandgap limit, there

are only FAPbI; QDs and Sn-based QDs can realize
the band-edge NIR emission. limited by band gap,
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