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Overcoming challenges in InP-based quantum dots: from nucleation
mechanisms to high-performance quantum dot light-emitting diodes

Yangyang Bian?, Qian Li!, Fei Chen?*, Chunhe Yang!*, Huaibin Shen? and Aiwei Tang®*

Abstract: Indium phosphide-based quantum dots (InP-based QDs) have emerged as promising candidates for next-
generation display and optoelectronic technologies, offering exceptional photoluminescent (PL) properties including
high efficiency, narrow emission spectra, and precisely tunable wavelengths. Nevertheless, their widespread
commercialization encounters substantial obstacles, primarily stemming from persistent challenges in synthetic
control and material processing. Critical performance parameters—including photoluminescence quantum vyield (PL
QY, currently<90% for most systems), emission linewidth (typically>35 nm) as well as external quantum efficiency
(EQE) and operational stability of device—continue to show only incremental improvements, highlighting the urgent
need for fundamental breakthroughs in QDs synthesis, surface engineering and device optimization. This review
systematically examines the nucleation mechanisms governing InP core formation and outlines key strategies for
optimizing InP-based core/shell QDs. Furthermore, we present a comprehensive analysis of recent breakthroughs in
red, green, and blue-emitting InP-based QD light-emitting diodes (QLEDs) development, focusing on modulation of
charge transport engineering and suppression of charge leakage. Finally, we critically evaluate the remaining
commercialization challenges and future prospects for InP-based QLEDs in next-generation display and optoelec-
tronic technologies, outlining potential pathways for overcoming current limitations.
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1 Introduction

In recognition of the seminal contributions to the "discov-
ery and synthesis of quantum dots (QDs)," Bawendi, Brus,
and Ekimov were jointly awarded the 2023 Nobel Prize in
Chemistry. QDs, also known as semiconductor nanocrystals,
exhibit unique quantum confinement effects and size-
tunable optical/electronic properties that distinguish them
from both traditional molecules and bulk materials'->. At
present, significant progress has been made in fundamental
QD research, focusing on facile and economical synthesis
approaches. Their exceptional solution processability allows
seamless integration with various matrices while preserving
high charge carrier mobility, making them ideal for

next-generation optoelectronic applications® . Following
Samsung's landmark development of a low-power, high-
luminance QD display prototype in 2012, industry leaders
like Samsung have now successfully developed "quantum
dot light-emitting diodes (QLEDs)" television. In these
displays, QDs serve as highly efficient emitters for the green
and red subpixels, delivering enhanced color vibrancy at
competitive price points.

Currently, II-VI and IV-VI semiconductor QDs, along
with metal halide perovskites (CsPbX3, where X is a halide:
Cl, Br, or I), exhibit outstanding photoluminescent (PL)
properties, especially in terms of their full-width half maxi-
mum (FWHM) and photoluminescence quantum yield
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(PL QY)!!-'¢. Significant progress has also been made in red,
green, and blue-emitting Cd-based QLEDs, with external
quantum efficiencies (EQEs) exceeding 20%' . These
devices exhibit impressive operational stability, particularly
for red and green-emitting devices, which demonstrate Tos
(time for the luminance decreasing by 95%) @1,000 cd-m~2 >
72,900 h and 29,100 h, respectively'”'®. These performance
parameters approach or even meet the stringent require-
ments for commercial display technologies. However, the
widespread adoption of these QDs faces substantial chal-
lenges due to the presence of heavy metals such as Cd and
Pb, which pose significant risks to human health and the
environment. The European Union's restriction of the
Hazardous Substances (RoHS) directive has further limited
their commercial application. Therefore, the development of
high-performance, environmentally friendly QDs is crucial
for next-generation energy, environmental, and biomedical
technologies.

Currently, numerous non-toxic QD materials have been
developed, including lead-free perovskites'*®, copper
indium sulfide (CulnS,)-based QDs??2, zinc selenide
(ZnSe)-based QDs**, and indium phosphide (InP)-based
QDs*2. However, each material system presents distinct
challenges: lead-free perovskites suffer from poor environ-
mental stability, leading to rapid efficiency degradation®;
CulnS,-based QDs exhibit broad emission spectra due to the
defects states arising from cation disorder?'; and ZnSe-based
QDs, while exhibiting excellent performance in the blue-to-
violet emission range, are constrained by their wide bandgap
for broader display and lighting applications®*. Among these
environmentally friendly alternatives, InP-based QDs stand
out with exceptional structural and optical advantages. InP
possesses a small effective electron mass (0.08 myp) and a
large dielectric constant (12.9), facilitating strong delocaliza-
tion of electrons and yielding a large exciton Bohr radius of
approximately 10 nm?'-**. Meanwhile, with a bulk bandgap
of 1.35 eV, InP-based QDs can be tuned to emit across a
wide spectral range, from near-infrared (~750 nm) to blue
(~480 nm), by precisely controlling their core size®. The
high covalency of the In-P bonds also provides superior
optical stability compared to II-VI QDs that primarily
feature ionic bonding®~, ensuring robust resistance to
degradation under sustained excitation.

Since the first synthesis of InP-based QDs and systematic
investigation of their optical properties by Micic et al. in
1994%, followed by the groundbreaking demonstration of
InP-based QLEDs by Li et al. in 2011**—which ingeniously
adapted the structural design of Cd-based QLEDs—InP has
gradually emerged as a promising material for next-genera-
tion optoelectronic applications. Over the past three
decades, significant efforts have been devoted to developing
various precursors and synthetic strategies for high-quality
InP cores, alongside extensive research into lattice-matched
shell materials for effective surface passivation and enhanced
optical properties® 253742, These concerted efforts have

yielded extraordinary achievements: red and green-emitting
InP-based QDs now exhibit near-unity PL QY, outstanding
narrow emission linewidths (FWHM <36 nm), and excep-
tional photostability>>?°. Capitalizing on these material
breakthroughs and concurrent advancements in device
architecture engineering, state-of-the-art red and green-
emitting InP-based QLEDs have achieved remarkable
performance, including EQE exceeding 20%, operational
lifetimes (To5@1,000 cd-m~2) surpassing 1,000 h, and peak
luminance values reaching 120,000 c¢d-m=22¢2%, While their
overall performance remains slightly inferior to Cd-based
counterparts, particularly in the blue-emitting QLEDs*, the
rapid progress in InP-based technologies underscores their

tremendous potential as environmentally sustainable
alternatives for future display and solid-state lighting
applications.

In this review, we systematically discuss the key strategies
employed in high-performance InP-based QDs and their
application in QLEDs. We first explore the nucleation mech-
anisms of InP cores, covering classical nucleation theory,
emerging non-classical nucleation pathways, and strategies
for decoupling the nucleation and growth stages. Subse-
quently, we focus on optimization methodologies for
enhancing the quality of the InP cores, emphasizing the crit-
ical roles of physical size sorting, zinc salts, and core surface
treatment in enhancing crystallinity and monodispersity.
Furthermore, we provide a detailed discussion of the key
elements of core/shell engineering. This includes the selec-
tion and optimization of shell structure to balance lattice
mismatch, precise shell thickness regulation for optimal
exciton confinement and photoluminescence, and kinetic
regulation of shell growth to realize defect-free surface passi-
vation. Additionally, the critical impact of ligand engineer-
ing in modulating QD dispersibility, stability, and charge
transport properties within devices is highlighted and
analyzed. Finally, we comprehensively review the recent
advances in InP-based QLEDs, outlining the direction for
the future development of high-performance, stable InP-
based QLEDs. We firmly believe that with sustained efforts,
the application of efficient and stable heavy-metal-free
QLEDs in displays will soon transition from laboratory
breakthroughs to large-scale commercial implementation.

2 Development challenges of InP-based
core/shell QDs

InP-based QDs are considered ideal candidates for display
and lighting technologies due to their eco-friendly composi-
tion and outstanding optoelectronic properties®**. However,
their development has faced substantial challenges, includ-
ing inconsistent core quality, interfacial strain in core/shell
structures, and inefficient surface passivation?”?**. Through
sustained research efforts, significant progress has been
made in refining InP core synthesis, optimizing shell
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architectures, and advancing ligand engineering’*-*>. These
breakthroughs have dramatically improved the perfor-
mance of InP-based QDs, accelerating their commercializa-
tion in high-end applications such as QLED displays. In the
following sections, we systematically analyze the key chal-
lenges in InP-based QD development and present the most
effective strategies to address them.

2.1 Nucleation mechanism for InP cores

2.1.1 Classical nucleation theory

The quality of InP core has long been recognized as a crucial
factor affecting the performance of InP-based core/shell
QDs and their corresponding QLEDs. Among the key chal-
lenges in synthesizing high-quality InP-based QDs, achiev-
ing cores with uniform particle size distribution is of utmost
importance*?**, To design a rational and feasible synthe-
sis strategy, it is essential to understand the nucleation kinet-
ics and the underlying chemical reactions involved in the
process. According to LaMer's nucleation theory (Fig. 1(a)),
burst nucleation and diffusion-controlled growth are the
primary factors governing particle size distribution®. In
homogeneous nucleation, precursor conversion generally

occurs before nanocrystal nucleation and growth. As a
result, burst nucleation occurs once the monomer concen-
tration reaches a critical level. However, nucleation and
growth often proceed simultaneously. A high supersatura-
tion level promotes both uniform nucleation and crystal
growth. Consequently, the initially formed cores grow faster
and larger compared to those formed later, resulting in a
broad size distribution®. To obtain monodisperse colloidal
QDs, it is crucial to minimize the duration of the nucleation
phase, ensuring that all cores undergo nearly identical
growth trajectories during crystallization. Over time, this
approach leads to a narrowing of the size distribution, a
phenomenon known as size focusing®. Under diffusion-
controlled growth conditions, the system's behavior is highly
dependent on monomer concentration relative to particle
solubility. When monomer concentration substantially
exceeds solubility, the solute rapidly diffuses to the
nanocrystal surface and precipitates. Conversely, sub-solu-
bility monomer concentrations induce mass transfer rever-
sal and subsequent crystal dissolution. According to the
Gibbs-Thomson relationship, smaller particles possess
higher chemical potential. At lower monomer concentra-
tions, the dissolution rate of smaller cores surpass their
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precipitation rate, while larger cores exhibit greater stability
and continue growing by absorbing monomers from
dissolving smaller cores. This process, known as Ostwald
ripening, reduces the total number of core and monomer
concentration while increasing the average particle size’. By
carefully controlling these thermodynamic and kinetic
factors, a more uniform size distribution of InP cores can be
achieved, ultimately enhancing the performance of InP-
based core/shell QDs.

2.1.2 The strategy to separate the nucleation and growth
stages
2.1.2.1 Selection of synthesis methods
From the discussion above, it is evident that separating the
nucleation and growth stages is critical for obtaining
monodisperse InP cores. Significant efforts have been
devoted to achieving this goal, and various synthetic strate-
gies for preparing highly uniform nanocrystals have been
developed?®3*448, One representative approach is the hot-
injection method, which typically involves rapidly injecting
precursor [B] into a hot reaction solution containing precur-
sor [A] (Method I), or simultaneously injecting both precur-
sors [A] and [B] into a hot solvent (Method II)* (Fig. 1(b)).
This approach operates on the principle of inducing instan-
taneous monomer supersaturation through rapid precursor
injection, which triggers burst nucleation®. The subsequent
rapid depletion of monomers reduces the supersaturation
level, creating conditions favorable for size-focusing growth.
Since the thermodynamic energy barrier for homogeneous
nucleation is significantly higher than that for subsequent
growth, nanocrystals begin to grow under size-focusing
conditions. However, when the monomer concentration
decreases below a critical threshold, Ostwald ripening
becomes dominant, resulting in broadening of the size
distribution. Overall, the sudden induction of high initial
supersaturation provides the necessary kinetic driving force
for burst nucleation and subsequent size focusing in hot-
injection synthesis®. Pioneering work by the research
groups of Peng and Prasad demonstrated the application of
Method I for InP-based QDs synthesis. In their approach,
tris(trimethylsilyl)phosphine (P(SiMes)3) was injected into
an octadecene (ODE) solution containing indium acetate
and fatty acids. Through systematic experimentation, they
identified palmitic acid and myristic acid as optimal ligands
for both nucleation and growth®%>. While Method I has seen
substantial progress, the development of Method II has been
relatively slow, possibly due to the poor room-temperature
solubility of In precursors in nonpolar solvents. Recently,
Peng Xiaogang’s group addressed this challenge by demon-
strating that adding an equimolar amount of trioctylphos-
phine (TOP) to an ODE solution of indium stearate (In(St)3)
dramatically enhances its solubility. When the resulting
In(TOP)(St); complex was employed in hot-injection
synthesis, QDs with well-defined absorption peaks and a
narrow size distribution were successfully obtained*.

The heating-up method is another approach for synthe-
sizing highly uniform nanocrystals. In this method, the reac-
tion mixture is first prepared at room temperature and then
gradually heated to the required reaction temperature for
nanocrystal formation® (Fig. 1(c)). During the initial nucle-
ation stage, the monomer concentration increases without
nucleation due to the presence of a nucleation energy
barrier®. Once a critical temperature and monomer concen-
tration are reached, nucleation occurs. As monomers are
consumed, nucleation ceases, leaving only the growth phase
to proceed. This growth regime enables size focusing, lead-
ing to rapid narrowing of the size distribution. Once the
monomers are nearly depleted, Ostwald ripening dominates
the remaining reaction time*. Due to the involved complex
reaction processes during heating, key experimental vari-
ables, such as precursor composition, reaction temperature,
and heating rate, must be carefully optimized to effectively
separate the nucleation and growth stages™. To decouple
these two stages, Taylor et al. proposed a staged heating
protocol: the reaction solution is slowly heated from room
temperature to 130 °C to prioritize nucleation, followed by a
temperature ramp to 300 °C to control nanocrystal growth.
This innovative approach significantly suppresses Ostwald
ripening. Combined with optimizing the In/P molar ratio
(1.5) to regulate reaction kinetics, the method achieves an
effective separation of nucleation and growth, thereby effec-
tively suppressing Ostwald ripening. Ultimately, this strat-
egy vields a highly monodisperse InP cores with an excep-
tionally narrow size distribution. Currently, both the heat-
ing-up and hot-injection methods can produce monodis-
perse nanocrystals with a relative standard deviation (o;) of
less than 10%2%°2%, where size focusing is driven by the
controlled nucleation and growth conditions.

The seed-mediated growth method offers a promising
alternative for the preparation of monodisperse InP
cores??810%8 Unlike homogeneous nucleation in the hot-
injection and heating-up methods, this approach employs
heterogeneous nucleation by depositing the target material
(monomers or ions) onto pre-synthesized small nanoparti-
cle seeds*®***". This mechanism circumvents the nucleation
energy barrier, thereby enabling highly controllable
nanocrystal growth and effective size focusing®. However,
secondary nucleation and Ostwald ripening during growth
can still introduce size heterogeneity if not properly
suppressed. To mitigate these effects and improve diffusion
kinetics, precise optimization of reaction parameters, such as
reaction volume, precursor concentration, and precursor
injection rate, must be carefully optimized®>**. Conventional
synthesis methods often face challenges in producing large
InP cores with narrow size distributions, particularly due to
the high reactivity of P precursors®®2. These limitations
typically result in red-emitting InP-based QDs with FWHM
values exceeding 60 nm°*2. The seed-mediated growth
method not only ensures a narrow FWHM but also over-
comes the size limitations (<5 nm) often encountered in
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conventional solution-phase nanocrystal growth due to
limited monomer reactivity®®. A notable example of this
approach is the two-step seed-mediated growth strategy
developed by Ramasamy et al.*’ (Fig. 1(d)). In their method,
Zn(In)-P complexes were injected into pre-synthesized InP-
based QDs with a narrow size distribution (initial absorp-
tion peak at 490 nm). Through this approach, they success-
fully shifted the absorption peak from 490 nm to 650 nm,
corresponding to an increase in particle size from 1.9 nm to
45 nm. Subsequent coating of these InP cores with
ZnSe/ZnS shells yielded emission spectra with an FWHM
below 40 nm across all wavelengths. Therefore, by slowly
injecting precursors onto highly dispersed small InP seeds,
seed-mediated growth provides precise control over InP
core growth and size focusing, making it a highly effective
strategy for synthesizing large InP cores with superior opti-
cal properties.
2.1.2.2 Choice of phosphorus source
Currently, InP-based QDs face several key performance
challenges, particularly in color purity, where they signifi-
cantly lag behind CdSe-based QDs!!-13202543 However, Cui
et al. employed solution-based photon-correlation Fourier
spectroscopy to reveal that the intrinsic emission linewidth
(the linewidth of an individual QD) of InP-based QDs is
comparable to that of CdSe-based QDs®. This indicates that
InP-based QDs inherently possess the capability to achieve a
similarly narrow emission linewidth. Nevertheless, the
ensemble emission linewidth of InP-based QDs remains
substantially broader than that of CdSe-based QDs in prac-
tice. This discrepancy primarily stems from deviations in the
nucleation and growth mechanisms of InP-based QDs from
classical pathways, resulting in heterogeneous size distribu-
tions®>*!. The underlying mechanisms can be systematically
explained through two critical aspects. Firstly, the chemical
bonds of III-V semiconductors exhibit high covalency (e.g.,
the covalent component of In-P bonds exceeds 70%), signifi-
cantly greater than those in II-VI semiconductors like
CdSe’’. This strong covalent character elevates the activa-
tion energy required for the commonly used precursor
dissociation into monomers. For instance, In precursors
require prolonged reaction times at high temperatures (>280
°C) to initiate nucleation, whereas CdSe precursors can
rapidly dissociate at ~240 °C°'%¢, Such thermodynamic
constraints prevent the strict temporal separation between
nucleation and growth phases essential for achieving LaMer-
type growth in the synthesis of InP-based QDs. Second, the
consumption rate of precursor molecules becomes exces-
sively rapid at elevated temperatures® 2. As demonstrated
by Allen et al., P(SiMe3)s—the most commonly used P
precursor —rapidly depletes at high temperatures, leaving
insufficient residual precursor available during the critical
growth phase®. In this scenario, growth can only proceed
via Ostwald ripening, leading to extremely poor size
monodispersity of the QDs.

In current high-yield synthetic approaches, P(SiMes);

paired with indium carboxylates has emerged as the
predominant precursor combination*-%, Despite the vari-
ous challenges mentioned above, Taylor et al. made signifi-
cant progress by employing zinc acetate (Zn(Ac);) to
precisely control nucleation and growth kinetics®. Addition-
ally, by employing strain-minimized homogeneous shells to
enhance monodispersity and optimizing ligand exchange
protocols for improved surface passivation, they ultimately
achieved exceptional size uniformity. Through further rigor-
ous size-selection techniques, they achieved InP-based QDs
with a remarkably narrow FWHM of ~33 nm, representing
the best monochromaticity achieved for InP-based QDs to
date (Fig.2(a)). Their systematic investigation further
revealed that the concentration of P precursors also plays a
critical role in size distribution, with In:P ratios of 0.5 or 1
being widely used in the literature. Interestingly, the addi-
tion of TOP as a co-precursor with P(SiMes3); was found to
further enhance size uniformity. This is because TOP, as a
strong coordinating ligand, can not only modulate reaction
kinetics by slowing nucleation rates, but also provide
improved surface stabilization during growth?”*°3¢7. These
findings establish important design principles for achieving
narrow size distributions in the synthesis of InP-based QDs.

Before the research of Allen and Bawendi®, several alter-
native P precursors to P(SiMes)s; had been investigated to
reduce synthesis costs, including sodium phosphide
(Na3P)¢, phosphorus trichloride (PCl3)®, phosphine (PH3)™
and white phosphorus (P4)’*72. Although InP-based QDs
synthesized using NasP precursor exhibited distinct optical
absorption spectra, their particle size and bandgap remained
challenging to control®®. The low-temperature synthesis
employing PCl; and indium acetate mixed solution with
LiBHEt; as a reducing agent could produce size-tunable
InP-based QDs, but their size distribution still failed to
match the exceptional monodispersity achieved with
P(SiMe3)s®. Alternative studies demonstrated that in situ
generation of PH3 gas through the reaction of M3P, (M=Ca
or Zn) with mineral acids (sulfuric acid (H,SO4) or
hydrochloric acid (HCI)) could provide a more economical
P source. By bubbling generated PH3 into an indium acetate
and myristic acid-containing ODE solution, InP-based QDs
with emission peaks ranging from 570 to 720 nm were
obtained”. However, this approach faced limitations,
including the high toxicity of PHj, operational complexity,
and potential constraints on QD performance. In another
strategy, when using P4 as the simplest phosphorus source,
syntheses were typically performed under hydrothermal or
solvothermal conditions”7>. However, it typically yielded
polydisperse, aggregated InP-based QDs of poor quality.

The reactivity of P precursor plays a pivotal role in the
synthesis of high-quality InP-based QDs, driving significant
research efforts toward developing less reactive P precursors.
Notably, the thermal and air stability of Group IVA
elements exhibits a marked increase along the series from
silicon to germanium to tin”. In a seminal study, Bawendi
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American Chemical Society.

and colleagues demonstrated an effective strategy to miti-
gate precursor reactivity by utilizing P precursors devoid of
unstable Si-P bonds®. Their experimental results revealed
that P(GeMes;); exhibited a fourfold slower reaction rate
compared to P(SiMes)s;, while simultaneously yielding
nanoparticles with an superior size distribution. Neverthe-
less, achieving optimal size focusing necessitated reaction
temperatures that exceeded the boiling points of conven-
tional solvents, presenting an additional synthetic challenge.
To achieve more precise control over precursor reactivity,
Joung et al. developed an alternative strategy involving the
replacement of the methyl groups in P(SiMes); with steri-
cally hindered tert-butyl groups to moderate the reaction
kinetics’. Additionally, Gary et al. employed a mixed-
precursor strategy where P(SiPhs3); acted as a monomer
reservoir, while P(SiMes)s facilitated rapid nucleation in a
single injection” (Fig. 2(b)). This innovative method created
a synergistic system that allowed independent tuning of
nucleation and growth through precise stoichiometric
control. Surprisingly, despite these sophisticated modifica-

tions, the final QD size distribution showed no substantial
improvement over conventional P(SiMe3)3-based synthesis.
In recent years, aminophosphines have gradually become
an ideal alternative to P(SiMe3); due to their low cost and
high stability®”7¢-%. The synthesis of InP-based QDs using
tris(dimethylamino)phosphine (P(NMe;);) has attracted
growing research interest!"*"7678-80 A sjgnificant advance-
ment was made in 2004 by Maenosono and co-workers, who
developed a novel synthetic route involving the thermal
decomposition of indium trichloride and P(NMe;); in a
mixture of TOP and trioctylphosphine oxide (TOPO)%!. This
method offers notable advantages over previous synthesis
protocols, including enhanced safety and cost-effectiveness.
Unlike conventional strategies that rely on controlling
precursor concentration, ligand concentration, or chain
length to regulate the size of QDs**!*2, this innovative route
enables effective size tuning through simple variation of the
halide precursor (InX3 or ZnX,, where X = Cl, Br, or )7,
Additionally, the use of halides with higher atomic numbers
tends to yield smaller QDs. This phenomenon may be
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attributed to the decreased adsorption capacity of larger
halide ions on the QD surface, which consequently reduces
the surface reaction rate during particle growth®.

Notably, reactions almost entirely fail when indium
acetate serves as the precursor or when ODE is employed as
the solvent. Extensive studies have shown that InP can only
be successfully synthesized when the solvent is a primary
amine®7783-%5 Tessier et al. proposed a transamination reac-
tion, further supporting that primary amines not only act as
solvents or ligands but also play a crucial role in the precur-
sor chemistry®. Furthermore, it was found that when the
molar ratio of amido-phosphine to InXj3 is 3.6 or higher, the
chemical yield can reach 100%°%%°. Excess aminophos-
phine plays a dual role in the reaction, serving as both the P
precursor and the reducing agent for P(V) phosphine salts®.
The specific reaction mechanism is as follows (Fig. 2(c)): 1)
One molecule of P(NHR)3 reacts with InCl; to form a
complex; 2) The positively charged complex undergoes a
nucleophilic substitution with another molecule of
P(NHR)3, forming an InP intermediate; 3) Two P(NHR)3
molecules reduce the P in the intermediate, yielding InP.
The steric hindrance of bulky amines hinders complex
formation and subsequent nucleophilic substitution, so the
solvent must be a primary amine. Compared to other P
precursors, the optical properties of InP-based QDs synthe-
sized from P(NMe;); are closest to those made with high-
quality P(SiMes);**l. As a representative case, Avermaet et
al. demonstrated aminophosphine-derived InP-based QDs
exhibiting tunable emission across 480-630 nm while main-
taining near-unity PL QY (>90%)”” (Fig. 2(d)). Despite these
advances, key performance metrics —particularly emission
linewidth —require further enhancement®®. This may be
attributed to the need for further optimization in nucleation
quality control (e.g., particle size distribution) with
P(NMe;)s*. Nevertheless, through material design and
process innovation, the performance gap between P(NMe;,)3
and P(SiMe3)s routes is gradually narrowing, demonstrating
greater potential for future applications.

2.1.3 Emerging nucleation mechanism

Despite significant advancements in precursor reactivity that
have improved the quality of InP-based QDs, achieving
monodispersity remains challenging®®¢747>, This is because
many synthesis modifications still deviate from the classical
LaMer model. A breakthrough occurred in 2009 when Xie et
al. first synthesized InP magic-sized clusters (MSCs)
through the reaction of indium carboxylate, corresponding
carboxylic acid, and P(SiMes);*%. These clusters were
found to maintain their morphology over a specific temper-
ature range, indicating that the nanocrystal growth mecha-
nisms are not solely governed by thermodynamic favorabil-
ity during nucleation®*®-%°. Instead, under conditions of
high reactivity and solute concentration, MSCs can form
directly without overcoming a significant thermodynamic
barrier®®’!. The existence of these InP intermediate clusters

was later confirmed by Gary et al. through X-ray crystallog-
raphy. They identified a cluster with the stoichiometry
In37P20(0O,CR)s1, in which a [Iny;Pyg]3* core is passivated by
16 In’* jons and 51 carboxylate ligands, resulting in an over-
all neutral structure®*. These clusters, typically smaller than
2 nm, exhibit a short-wavelength lowest-energy electronic
transition (LEET) at 386 nm®**. Given that the final prod-
uct of a complete reaction is the InP nanocrystal, these
MSCs can act as excellent single-source precursors for the
generation of highly monodisperse InP cores'¢>. The nucle-
ation mechanism of InP-based QDs involves two distinct
pathways: either through the dissolution of MSCs back into
monomers for secondary nucleation, or via the direct aggre-
gation of MSCs into QDs. However, in either case, the
earlier efforts to maintain a low-activity P precursor for
preserving the InP monomer reservoir are undermined.
Cossairt et al. developed a two-step nucleation and growth
model for InP core synthesis via MSCs (Fig. 3(a)), demon-
strating that the direct growth of QDs from MSCs occurs
through a second nucleation event, where MSCs undergo
destabilization and decomposition into monomers®. These
InP cores then precipitate from the supersaturated
monomer solution. Importantly, this process cannot be
controlled merely by modulating the P precursor reactivity
to maintain the monomer supply for continued growth. The
two-step model highlights the critical role of MSCs' thermal
stability in governing nucleation and growth of QDs.
Further studies have revealed that ligand type and concen-
tration significantly influence MSC stability and dissolution
kinetics, thereby affecting the balance between nucleation
and growth rates®**>. For instance, Hu et al. found that
both insufficient and excessive amounts of TOP lead to
poorly controlled size distributions in InP cores” (Fig. 3(b)).
This is because InP MSC intermediates undergo a decompo-
sition process. Therefore, only in the presence of an optimal
amount of TOP can the decomposition, nucleation, and
growth of InP MSCs reach a dynamic equilibrium. Under
these conditions, InP cores with superior size uniformity can
be obtained.

2.2 The strategy for improving the quality of the InP
cores

2.2.1 Screening of core size by physical means

To achieve precise control over the QD size distribution,
physical methods for stepwise size selection of QD cores
offer an effective solution by exploiting the size-dependent
solubility of QDs in different solvents. This approach
involves the gradual introduction of an antisolvent, which
selectively induces the precipitation of larger-sized cores,
thereby enabling efficient size fractionation. Through multi-
ple cycles of antisolvent addition and precipitation, InP
cores with significantly enhanced size uniformity can be
obtained. A notable demonstration by Heesun Yang's group
showed that after four rounds of size sorting with incremental
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Fig. 3 | (a) Schematic illustration of the two-step nucleation mechanism for the growth of InP-based QDs from precursors, illustrating the MSC as a separa-
ble intermediate specie. (b) Schematic depicting the regulation of the conversion process from MSCs to InP cores and the uniformity of core size by vary-
ing the TOP addition amount. Figure reproduced with permission from: (a) ref.®, (b) ref.?”, American Chemical Society.

ethanol addition to an InP core solution, about 70% of the
original QDs remained. Subsequent shell coating of these
size-selected cores yielded an emission spectrum with a
remarkably narrow FWHM of 37 nm —a remarkable
improvement over InP-based QDs synthesized using
aminophosphines”. Importantly, this achieved FWHM
approaches that of P(SiMes);-derived QDs, highlighting the
exceptional effectiveness of the size-sorting method in
enhancing the monodispersity of InP-based nanocrystals.

2.2.2 Modulation of InP cores by Zinc carboxylates

The size uniformity of the InP cores plays a dominant role in
determining the color purity of QDs, while the crystallinity
of the cores fundamentally governs their stability and effi-
ciency. Poor crystallinity of the cores leads to lattice defects,
making QDs susceptible to oxidation and photodegrada-
tion”*-1%°. For instance, P vacancies on the InP surface create
deep-level traps, which act as non-radiative recombination
centers and significantly reduce the PL QY. In contrast,
QDs with high crystallinity exhibit longer exciton lifetimes
and faster carrier migration rates, both of which are crucial
for electroluminescent devices'®’. Numerous factors influ-
ence the crystallinity of InP cores, including the optimiza-
tion of precursors and the selection of synthesis methods
mentioned above. Recent studies demonstrate that incorpo-

rating Zn sources during InP nanocrystal synthesis yields
significant improvements, as In(Zn)P QDs demonstrate
superior size uniformity and emission color purity
compared to bare InP counterparts®*4#98100.101 For instance,
Thuy et al. reported bare InP-based QDs with an FWHM of
90 nm, while In(Zn)P QDs achieved a narrower FWHM of
50 nm, along with an enhanced PL QY caused by improved
crystallinity®®. However, the beneficial effects of Zn primar-
ily stem from two distinct, though potentially co-existing,
mechanisms.

(1) Surface passivation and reaction kinetics modulation.
Some studies suggest that Zn primarily passivates surface
traps to enhance band-edge emission®>**!9!. Stein et al., for
example, observed PL enhancement upon post-synthetic
treatment of pure InP-based QDs with zinc salts, supporting
the surface passivation hypothesis'®. Crucially, Zn plays a
key role in moderating precursor reactivity and controlling
growth kinetics'®>!%, Koh et al. investigated the role of the
Zn source during the precursor conversion stage, revealing
that Zn-P complexes form preferentially due to their higher
thermodynamic stability compared to In-P complexes'®.
Density functional theory (DFT) and electrostatic potential
charge analyses also confirmed the lower reactivity of Zn-P
complexes compared to that of In-P complexes. As a result,
the more stable Zn-P complex gradually releases P
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monomers for controlled growth at high temperatures,
which moderates the high reactivity of P(SiMes)s, leading to
improved monodispersity'”® (Fig. 4(a)).

(2) Alloying. The incorporation of Zn ions into the InP
crystal lattice can lead to the formation of an In(Zn)P
alloy?398.102106105 Kirkwood et al.'s synchrotron X-ray absorp-
tion spectroscopy revealed that while most Zn exists as
surface-bound zinc carboxylates, even trace amounts of Zn
doping can induce lattice contraction'® (Fig. 4(b)). The
degree of alloying and its subsequent effects are strongly
influenced by both the reactivity of Zn precursor and its
concentration. For instance, highly active precursors (such
as Zn(Ac),) achieve efficient doping of Zn into InP cores
through low steric hindrance, reducing core/shell lattice
mismatch!?!%, Excessive Zn incorporation (Zn/In >1) leads
to significant blue-shifted and broadened absorption spec-
tra, along with X-ray diffraction (XRD) peak shifts, confirm-
ing alloy formation. Such uncontrolled alloying adversely
impacts optical performance!’’. However, a notable example
is the work by Yuan et al., who achieved controllable Zn
doping and alloying by using the small-molecule precursor
(Zn(Ac)z). The study demonstrated that the low steric
hindrance and moderate coordination strength of Zn(Ac),
facilitated the effective incorporation of Zn ions into the InP
lattice, enabling better lattice matching with the ZnSeS/ZnS
shell. This controlled alloying approach enhanced the PL QY

of QDs to nearly 100% while maintaining a narrow emis-
sion spectrum!%.

2.2.3 Passivation on the surface of InP cores
Compared to bulk materials, QDs possess a significantly
larger specific surface area, where surface atoms often
exhibit incomplete coordination with ligands!®*”. These
uncoordinated atoms can generate trap states within the
QD's band gap, leading to the capture of charge (electrons or
holes), and possibly even quenching the PL of QDs!%110,
The exposed P atoms are especially problematic due to their
high oxidation susceptibility, forming an InPO, layer on the
InP core surface'!'~!'“. This oxide layer not only deteriorates
the optical properties of InP cores but also introduces elec-
tron traps and impedes the epitaxial growth of shell materi-
als'’®. To date, water has been identified as the primary
source of oxidation!!*!1%!7_ Intriguingly, even under rigor-
ously controlled inert conditions, where oxygen and mois-
ture are meticulously excluded, an oxide layer persists on the
surface of InP-based QDs!'”!!8. This observation strongly
suggests that, in the absence of external oxidants, the oxida-
tion likely originates from internally sourced water within
the reaction system.

The most well-established method for synthesizing InP-
based QDs involves the high-temperature reaction between
excess indium carboxylate and P(SiMejs)s;*25%°. However,
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this approach presents a significant challenge as fatty acids
tend to undergo ketonization reactions at elevated tempera-
tures, generating dialkyl ketones and water as
byproducts®*!12113, This in situ-generated water can partially
oxidize the surface of InP core, resulting in the formation of
an InP/InPOj, heterostructure. To prevent surface oxidation
of the InP core caused by free acids, researchers have
explored alternative P sources, such as
aminophosphines'”"'"°, which are more cost-effective,
stable, and safer to handle. In principle, this synthetic
approach should yield oxidation-free InP cores. However,
despite the efforts of Cossairt et al., who successfully mini-
mized in situ oxidation using aminophosphines and a rigor-
ously degassed core/shell synthesis method, the phosphorus
oxidation rate in InP/Zn(Se, S) QDs remained as high as
85%!"“. This suggests that even in the absence of free
carboxylic acids, significant interfacial oxidation is still
present at the core/shell interface. Further investigations by
Vikram et al. revealed a plausible oxidation mechanism
during shell growth'””. Their studies identified that stearates
(derived from shell precursor) and oleylamine (acting as
both a solvent and ligand) undergo an amido-hydrolysis
reaction, generating oleylstearamide and an intermediate -
O-Zn-OH. During the high-temperature shelling process,
this hydroxide intermediate (-O-Zn-OH) can further
decompose, producing zinc oxide and water, both of which
contribute to oxidation at the core/shell interface. To
prevent such occurrences in aminophosphine-based synthe-
sis systems, Long et al. employed a carboxylic acid-free
method during the synthesis process, replacing zinc
carboxylate with zinc chloride (ZnCly) as the zinc
precursor®. This modification not only eliminated the detri-
mental effects of carboxylic acids but also established a low-
oxygen, low-moisture environment for subsequent shell
growth, ultimately improving the PL QY and stability of the
InP-based QDs.

The oxidation of QD surfaces induced by free acids and
primary amines is well-documented!'>!'>!7.  However,
synthesizing InP-based QDs without carboxylic acids and
primary amines presents a challenge, making the passiva-
tion of defect states generated by unsaturated surface atoms
essential for improving the PL QY of InP cores. To address
oxidized surface states and passivate unsaturated surface
atoms, researchers have investigated various ligands to
reduce surface trap states.
2.2.3.1 Fluoride (F-) passivation
F- has been extensively demonstrated to significantly
enhance the PL QY of InP-based QDs. The pioneering work
by Micic et al. in 1996 introduced the hydrogen fluoride
(HF) etching as an effective method, which achieved a
remarkable PL QY exceeding 40% for InP cores'?’. Subse-
quent studies have revealed that the mechanisms underlying
PL QY improvement vary significantly depending on HF
concentration. At lower HF concentrations, fluorination is
thermodynamically favored!®. Currently, researchers have

proposed two passivation mechanisms targeting P and In
dangling bonds respectively to explain their performance
improvement. On the one hand, researchers have shown
that F- reacts with P dangling bonds, converting P>~ to PFj,
thereby eliminating anionic trap states''*!222, This reaction
leads to a surface reconstruction where InP cores are
predominantly terminated with In atoms, which are further
passivated by other ligands. After treatment, the resulting
InP cores achieve a PL QY increased by approximately three
orders of magnitude, reaching nearly 40% at room tempera-
ture. On the other hand, F~ acts as an X-type ligand to passi-
vate unsaturated In surface sites'®®!>. As evidenced by Kim
et al. in 2018, HF treatment facilitates an organic-inorganic
ligand exchange process, wherein hydrophobic organic
ligands are replaced by F- ligands. This exchange results in a
higher surface passivation density, significantly improving
the passivation of In-dangling bonds. Consequently, the PL
QY of InP cores exhibits a dramatic increase from 3% to
36%!% (Fig. 5(a)). In addition, at higher HF concentrations,
HF can play a crucial role in etching the surface oxide
layer?122124° A seminal study by Pu et al. in 2021 systemati-
cally investigated the effect of the interfacial oxide layer on
carrier recombination dynamics in InP-based QDs'*. As
shown in Fig. 5(b), the photogenerated carriers in InP cores
undergo two distinct recombination pathways: a minor frac-
tion recombines radiatively via the conduction band and
valence band, and a dominant fraction is captured by the
electron traps in the surface oxide layer. This trapping
mechanism results in non-radiative recombination, dramati-
cally suppressing the PL QY to below 1% for bare InP cores.
However, by employing HF to remove the majority of the
oxide layer while subsequent Zn?** passivation effectively
addresses P vacancies, the number of electronic defects at
the QD interface is significantly reduced. Following shell
encapsulation, the non-radiative recombination of photo-
generated electron-hole pairs at the core/shell interface
oxide layer is substantially suppressed, while the radiative
recombination pathways become dominant, ultimately
yielding InP-based QDs with a higher PL QY of 80% and a
narrower FWHM of 52 nm. These findings were further
validated by Won et al., who demonstrated that HF-medi-
ated oxide removal enables the growth of highly uniform
and symmetric ZnSe/ZnS shells, ultimately achieving QDs
with near-unity PL QY>.

However, the high toxicity and corrosiveness of HF,
coupled with the rapid pressure increase during high-
temperature injection, poses significant safety hazards. To
mitigate these risks, researchers have actively pursued safer
alternatives to conventional HF solutions?®!%713%, For
instance, Shen et al. have developed an innovative approach
employing inorganic salt ZnF, in combination with
carboxylic acid to generate HF in situ at high temperature®.
This method not only improves operational safety but also
produces QDs with narrower emission linewidths and supe-
rior thermal stability compared to those treated with
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conventional HF. In a related advancement, Ubbink et al.
utilized benzoyl fluoride to generate HF in situ for remov-
ing polyphosphates from the InP surface, while coordinat-
ing the Z-type ligand ZnCl, with surface P atoms, achieving
a remarkable PL QY enhancement up to 85%'% (Fig. 5(c)).
Other HF alternatives include fluorinated ionic liquids!?*?,
ammonium hydrogen fluoride'?’, metal fluorides'”, and
hexafluorophosphate ions'®, all of which have been proven
effective in improving the PL QY of InP cores. Among these,
ammonium hexafluorophosphate (NH4PFs) employs a dual-
ion synergistic mechanism, where the NH4* and PF4~ ions
generated upon thermal decomposition cooperatively passi-
vate the InP core. The NH4* binds to P atoms, forming P-
NH, bonds, eliminating In dangling bonds and passivating
hole traps. Simultaneously, the PFs etches the oxide layer
and binds to In atoms, forming In-PFs bonds, removing P
dangling bonds, and passivating electron traps. The surface-
treated QDs provide a clean interface for subsequent ZnSe
shell growth. Ultimately, this process achieves a PL QY
enhancement to 70%, a FWHM narrowing to 48 nm, and
significantly improved QD stability'*° (Fig. 5(d)).

2.2.3.2 Z-type ligands

An inevitable issue is that the use of HF to treat InP cores
may cause over-etching and broaden the emission spectra of
InP-based QDs, significantly reducing their practicality in

luminescence  applications ~ relying on  narrow
emission?*!2>13! In seeking alternative treatments that avoid
HF while enhancing ligand surface coverage on InP cores, Z-
type ligands appear to be promising candidates!*>!%*, These
ligands can bind to undercoordinated P atoms on InP cores,
passivate hole-related defects, and thereby improve the QDs'
optical performance. For instance, introducing zinc
carboxylate prior to shell coating reportedly increases the PL
QY of InP cores by up to 20%%>134135, Similarly, the introduc-
tion of Cd?** can increase the PL QY of InP cores to 54%'%.
Several mechanisms have been proposed to explain the
observed improvement in PL QY, including surface passiva-
tion'!, Zn-induced etching®!, or doping effects'®. A
comprehensive mechanistic study conducted by Stein et al.
provided critical insights into the underlying principles of
PL QY enhancement'”’. Through systematic optical and
structural characterizations, they demonstrated that the
primary mechanism involves the passivation of P dangling
bonds on the QD surface. Further insights into resolving
surface complexity have been gained through the introduc-
tion of Ga* during post-treatment of InP cores. The
enhancement of InP core luminescence is achieved through
multiple mechanisms: gallium phosphide (GaP) shell forma-
tion'”” and passivation’”!%, Notably, researchers have identi-
fied that Ga’* treatment facilitates the elimination of surface
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phosphorus dangling bonds that act as hole traps. However,
optimal enhancement of the overall PL QY and slight
narrowing of the FWHM occur only under moderate Ga**
concentrations, which do not interfere with inner shell
growth. Conversely, excess Ga incorporation degrades both
PL QY and FWHM?.

Additionally, Chen et al. made a significant discovery that
using metal oleates (Zn?* or Cd*") with excess oleic acid can
effectively remove surface oxides from InP cores and
directly bind to surface In atoms. This approach simultane-
ously passivates surface P atoms through simple coordina-
tion by the metal ions. These dual-functional metal oleates,
exhibiting both etching and passivation capabilities, dramat-
ically enhanced the PL QY of InP cores from ~0.1% to 9%
prior to shell growth'® (Fig. 6(a)). The key advantage of this
method lies in its ability to maintain oxide-free InP surfaces
for extended periods, though this method is currently
limited to aminophosphine-derived InP synthesis. However,
Z-type ligand passivation has inherent limitations in
improving optical performance and cannot achieve near-
unity PL QY enhancement. Stam et al. proposed that severe
surface oxidation of QDs may hinder complete ligand cover-
age. Furthermore, they innovatively developed indium fluo-
ride (InF3) as a Z-type ligand to thoroughly passivate P

dangling bonds on InP cores, achieving a record PL QY of
93%"! (Fig. 6(b)). This breakthrough, however, was only
applicable to QDs with minimal surface oxidation.
Researchers have hypothesized that surface-engineered InP-
based QDs exhibiting high PL QY without shells could
unlock significant application potential'®!?. In a notable
advancement, Gwak et al. addressed the undercoordination
issues of In and P atoms by employing a combination of zinc
carboxylate and gallium chloride. Their approach achieved
remarkable PL QY exceeding 95% in core-only InP-based
QDs, eliminating the need for traditional shell structures'*
(Fig. 6(c)). Furthermore, they successfully implemented
electroluminescent devices using these core-only InP-based
QDs. Although the brightness remained below 1000 cd-m2,
this achievement represents a pivotal milestone in the field
of QD technology.

2.3 Core/shell engineering for InP core/shell QDs

While surface ligand etching or passivation can effectively
eliminate trap states on InP core surfaces and enhance PL
QY to over 90%""1%, the single surface modification strat-
egy faces several key challenges, including poor environ-
mental stability and oxide layer regeneration. To construct

o
¥ 2

& - &

Metal oleate passivation

1
' b
. 1
Etching Bifunctional np !
D AAC 0a i Metal "1“ E
o) L% oleate m '
B B H - '
o rg ¥4 —> Thick:
Passivation r P e : INPO .1
< |
D > Metal ion
@
o, X
ZnOA-InP ®

#1 remove InPO,

~
e )
e “
W\ N o
#2 metal ion passivation

. ) )
@& 7 Zn-oleate ;* . Oleylammonium chloride
-J

MX

n

InF, surface treatment

. InP

T=120-180 °C

In(PA),

| t=1-150 min.
hexadecane |

InP InP-InF,

Qy<1% QY>90%

ﬁ

Fig. 6 | (a) Schematic illustration of dual-functional metal oleate passivating InP surfaces and etching surface oxides. (b) Schematic illustration of InF3
surface treatment. (c) Schematic diagrams of bare and surface-passivated InP-based QDs. Figure reproduced with permission from: (a) ref.'*°, MDPI; (b)

ref.’3!, American Chemical Society; (c) ref.*%, John Wiley and Sons.

250270 (Page 12 of 37)


https://doi.org/10.29026/oea.2026.250270

Bian YY et al. Opto-Electron Adv 9, 250270 (2026)

https://doi.org/10.29026/0ea.2026.250270

QD systems with both high stability and efficiency,
core/shell structural engineering demonstrates unique
advantages. The outer shell achieves synergistic enhance-
ment through multiple mechanisms. First, the dense shell
forms a physical barrier that effectively blocks environmen-
tal degradation factors like oxygen and water molecules,
thereby significantly improving the thermal- and photo-
stability of QDs?!%0. Second, while surface ligand passiva-
tion can mitigate some defects, uncoordinated dangling
bonds (e.g., In* or P*-) often persist on InP core surfaces.
The epitaxial growth of shell materials like ZnSe or ZnS
enables comprehensive passivation of residual defects,
substantially reducing surface trap states?>?¢?. Third, thick-
shell designs confine carrier wavefunction distribution,
suppressing their diffusion toward surfaces and thereby
reducing Auger recombination probabilities'*!~!*—a critical
limitation in high-brightness QLED applications. Simultane-
ously, the band alignment of shell materials modulates the
overall energy level structure of QDs, effectively buffering
interfacial potential barriers between InP cores and charge
transport layers (CTL)*:'*. This integrated mechanism,
combining physical protection, defect passivation, and
energy-level engineering, not only compensates for the
inherent limitations of surface ligands alone but also unlocks
the potential of QDs for advanced applications. Through
systematic optimization, core/shell engineering paves the
way for QD-based technologies with enhanced performance
and reliability.

In recent years, extensive studies have been conducted on
the parameters of shell growth (composition®"4, thick-
ness’*!%, temperature®’s, etc.) for InP-based QDs, leading to
significant improvements in their optoelectronic perfor-
mance. The essence of this optimization lies in the precise
manipulation of shell parameters, which directly affects the
spatial distribution of electrons and holes wavefunctions
within the QDs, thereby significantly enhancing their photo-
physical properties. For InP-based QDs, the relatively large
effective mass of holes in InP (11,=0.64) makes the valence
band level insensitive to changes in core size, so the hole

wavefunction remains predominantly localized within the
InP core!®. In contrast, the much smaller effective electron
mass (m=0.08) results in a rapid increase of conduction
band edge energy with decreasing core size, facilitating elec-
tron wavefunction delocalization into the shell layer, partic-
ularly the ZnSe shell“*'¥” (Fig. 7(a)). When the size of the
InP core further decreases, this electron delocalization effect
becomes more pronounced. Under such conditions, even
small differences in the composition or thickness of the shell
can significantly change the overlap of the electron-hole
wavefunction, thereby determining the probability of radia-
tive recombination'®. As is well known, the PL QY is
defined as the ratio of the radiative recombination rate (kaq)
to the sum of radiative and non-radiative recombination
rates (knon). According to Fermi's golden rule, ky,q is directly
proportional to the transition dipole moment, y =
(gn|ft|pe) , where @ and ¢y, represent electron and hole
wavefunctions, respectively, and j denotes the electric
dipole operator. Meanwhile, kyon is mainly related to surface
trap states'*”!%S, Therefore, synergistic optimization of shell
parameters to simultaneously enhance the overlap of elec-
tron-hole wavefunctions and suppress defect-induced non-
radiative recombination has become a key strategy for
achieving high luminescence efficiency of InP-based QDs.

2.3.1 Shell structure

2.3.1.1 Single ZnS or ZnSe shell

In the pioneering development of InP-based core/shell QDs,
ZnS emerged as the most widely adopted shell material due
to its wide band-gap properties, which effectively confined
charge carriers within the narrower band-gap InP
coretto3510.150 - This InP/ZnS structure was extensively
explored in foundational studies. For example, Brown et al.
achieved precise tuning of emission wavelengths (515-577
nm) in In(Zn)P/ZnS QDs by regulating the Zn/In ratio in
the InP core®’. However, their research also revealed that the
thermal and chemical stability of these QDs remained
substantially inferior to that of CdSe-based counterparts,
primarily due to suboptimal ZnS shell quality, rendering
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Fig. 7 | (a) Band energy levels and lattice mismatch between shell materials and InP cores. (b) Lattice strain energy density versus shell thickness for
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them susceptible to degradation under operational condi-
tions. Leveraging the strong confinement effect of ZnS, Cui
et al. made significant advancements in blue-light efficiency
and color purity of InP/ZnS QDs by controlling halogen
ions and shell growth temperature, utilizing anion-
exchange-mediated interface formation to create an In-S/Sy-
In-P;_, graded layer. These resulting QDs exhibited an
emission wavelength at 473 nm, a PL QY of 50%, and a
narrow FWHM of approximately 47 nm'®’. However, the
significant lattice mismatch (7.7%) between InP and ZnS
creates considerable interface strain'*!, which negatively
impacts the optical properties of InP/ZnS QDs, resulting in a
PL QY of approximately 20%-80% and a FWHM of 45-80
nm across different studies®4#4135:14%.150,

Compared to ZnS, ZnSe has a smaller lattice mismatch
with InP, making it more likely to mitigate lattice strain’°'.
The extent of lattice mismatch plays a crucial role in deter-
mining both the coherence of the core/shell interface and
the shell thickness'*>!>3. Research by Lange et al. showed that
InP/ZnSe QDs, benefiting from their minimal lattice
mismatch, can maintain coherent interfaces and achieve
uniform growth even with thick shell layers. In contrast,
InP/ZnS QDs, with a larger mismatch, fail to form coherent
interfaces due to excessive strain energy, resulting in non-
uniform shell growth!*? (Fig.7(b)). Therefore, InP/ZnSe
QDs exhibit narrower FWHM compared to their InP/ZnS
counterparts®*!>%. Although the ZnSe shell significantly
reduces lattice mismatch, Se is inherently prone to photooxi-
dation, making the final heterostructure prone to degrada-
tion over time'*>'*!. Moreover, InP/ZnSe QDs possess a
deep valence band offset (>0.7 eV) coupled with a shallow
conduction band offset, leading to quasi-Type II behavior
characterized by electron delocalization and hole localiza-
tion'””. Notably, reducing the core size substantially dimin-
ishes the valence band offset, causing the hole wavefunction
to extend into the shell layer, which adversely affects stabil-
ity. Therefore, to address these stability concerns, passiva-
tion with a ZnS outer shell on the surface of InP/ZnSe would
provide effective environmental protection.
2.3.1.2 Double ZnSe/ZnS shell or GaP/ZnS shell
To fully exploit the lattice-matching benefits of ZnSe while
maintaining the superior stability of ZnS, a double
ZnSe/ZnS shell is essential for both interfacial strain mitiga-
tion and overall stability enhancement>>?62%1¢0.161 Kim et al.
conducted a comprehensive investigation of the steady-state
PL spectra for InP/ZnS, InP/ZnSe, and InP/ZnSe/ZnS
core/shell QDs across a wide temperature range (77-297
K)! (Fig. 8(a)). Their study particularly emphasized the role
of thermal population dynamics in emission states, which
serves as a crucial parameter for elucidating charge transfer
mechanisms between neutral and charged trap states. The
study revealed that InP cores showed strong trap-state emis-
sions within the range of 600-750 nm, indicating severe
surface defects in unpassivated InP cores. As the tempera-
ture decreased, both InP/ZnS and InP/ZnSe QDs began to

show low-energy trap emissions. Remarkably, however, the
InP/ZnSe/ZnS QDs exhibited no trap-state emissions even
at the very low temperature of 77 K, underscoring the excep-
tional passivation capability of the multilayer ZnSe/ZnS
shell. This effective defect suppression contributed to an
outstanding PL QY of up to 95%. These findings offer criti-
cal guidance for the strategic design of shell architectures to
optimize the optical properties of InP-based QDs, paving the
way for high-performance QD applications.

In contrast to ZnSe, GaP demonstrates superior chemical
stability (due to the stronger Ga-P bond) and more
pronounced quantum confinement effects (owing to its
smaller exciton Bohr radius)'®>-'**. These advantageous
properties have attracted significant research interest, lead-
ing to the incorporation of GaP into InP-based QDs, form-
ing either GaP inner shells!® ' or InGaP alloyed
cores!¢*168-171 The existence form of Ga element inside InP-
based QDs is highly related to the preparation method, with
a key differentiating factor being the different reaction activ-
ity between In and Ga precursors'>164167172 Tn 2015, Park’s
research demonstrated a marked reactivity contrast between
In and Ga precursors, with InP forming below 100 °C while
GaP nucleation required temperature exceeding 200 °C!¢7173,
This significant disparity enables the sequential formation of
InP cores followed by GaP shell deposition during a
controlled heating process, even when all precursors are
initially present. Leveraging this approach, the researchers
successfully synthesized InP/GaP/ZnS core/shell QDs
exhibiting tunable emission across the entire visible spec-
trum from blue to red'®”. Further investigations have
revealed that the selection of metal precursors plays a pivotal
role in governing reaction kinetics and ultimately dictating
QD morphology'®*!”2. For example, the Reiss group demon-
strated that gallium oleate (Ga(OA)3) vyields distinct
InP/GaP core/shell structure, whereas gallium acetylaceto-
nate (Ga(acac)s) facilitates the formation of InGaP alloyed
QDs. This difference stems from the substantially enhanced
reactivity of Ga(acac)s;, which promotes Ga incorporation
into the InP lattice'”. In 2024, Yoo et al. conducted a more
systematic study on the influence of the relative reactivity of
metal carboxylate complexes on synthesis results'®> (Fig.
8(b)). Their findings revealed that when In and Ga precur-
sors share identical alkyl carboxylate ligands, the inherent
higher reactivity of In (consistent with Kim's earlier observa-
tions) dominates, resulting in InP/GaP core/shell structure.
However, when Ga carboxylate complexes are prepared with
shorter-chain alkyl carboxylate ligands, the reduced steric
hindrance dramatically boosts Ga precursor reactivity. This
adjustment balances the formation kinetics of In-P and Ga-P
bonds, ultimately leading to the production of homoge-
neous InGaP alloyed QDs.

In addition to enhancing the reactivity of Ga precursors,
cation exchange plays a pivotal role in enabling precise
compositional tuning of pre-synthesized InGaP-based
QDste16816217L “However, the inherent challenge lies in the
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highly covalent nature of III-V QDs, which typically exhibit
strong resistance to cation exchange'®. Conventional
approaches to achieve substantial Ga alloying in InP cores
necessitate extreme conditions, requiring cation exchange in
molten salts at elevated temperatures ranging from 380 °C to
450 °C!e1%8  Although this high-temperature process
successfully reduces lattice constants and increases band
gaps, thereby inducing the desired spectral blue shift, its
harsh operational conditions significantly restrict broader
practical applications. Consequently, the development of
cation exchange technology that can be achieved in low
temperature has significant practical implications'®*7!. A
notable example is the work by Pietra et al., who discovered
that in InZnP-based QD systems with a Zn/In molar ratio
exceeding 0.5, Ga’* preferentially exchanges with Zn?,
forming an InZnP/InGaP core/shell structure'® (Fig. 8(c)).
Even in the absence of excess Ga, this exchange induces a
significant spectral blue shift and enhances the PL QY from
approximately 10% to 50%. Subsequent coating with a
GaP/ZnSeS shell further increases the PL QY to 75%. In
comparison, the highest reported PL QY for InP/GaP/ZnS
core/shell QDs currently reaches 85%'°. Meanwhile, the
development of InGaP alloy cores as blue emitters repre-

sents a particularly promising direction. Unlike binary InP,
ternary InGaP enables the synthesis of larger-sized QDs
capable of blue emission, thereby providing a viable strategy
for reliably producing bright blue-emitting InGaP QDs. A
striking example is the work by Yang et al., who reported
InGaP/ZnSeS/ZnS QDs exhibiting blue emission at 465 nm
with an exceptional PL QY of 80%—82%, and the corre-
sponding QLEDs exhibiting a high EQE of 2.5%, represent-
ing one of the best blue-emitting InP-based devices to
date'”".

2.3.1.3 Alloyed shell

To integrate the advantages of ZnSe (alleviating lattice
strain) and ZnS (preventing oxidation and degradation) and
obtain QDs with high PL QY, researchers introduced an
alloyed ZnSeS interfacial buffer layer. By leveraging the
higher reactivity of TOP-Se compared to TOP-S"7417%, a thick
and uniform ZnSeS shell with a radial composition gradient
was successfully grown on the InP core®® (Fig.9(a)). The
resulting InP/ZnSeS QDs exhibited superior photochemical
stability compared to both InP/ZnS and InP/ZnSe QDs. This
enhanced stability is attributed to the improved uniformity
of the composition-gradient shell, effective confinement of
exciton wavefunctions, and minimized surface oxidation

250270 (Page 15 of 37)


https://doi.org/10.29026/oea.2026.250270

Bian YY et al. Opto-Electron Adv 9, 250270 (2026) https://doi.org/10.29026/0ea.2026.250270

and non-radiative recombination. To further prevent surface =~ QDs' morphology and PL QY7 (Fig. 9(b)). Experimental
defects and electron trapping, a thin ZnS passivation layer =~ optimization revealed that an S-rich ZnSe,S;_. inner shell,
was applied as the outermost shell, forming a core/shell/shell ~ with its wider bandgap, effectively confines carriers within
structure of InP/ZnSe,S;_,/ZnS* 767886147 The Se/S ratio in  the InP core, thereby increasing PL QY. However, the
the ZnSeS alloy plays a critical role in determining both the  significant lattice mismatch between ZnS and InP often

50 60 70 80
Photoluminescence quantum yield (%)

: :

E i b

E : 30 e-confinement

: | =

1 i g 35 o o : =

- ; 54070 x=1 =067 2 " ¢4

| w 1 he) — —C)

E E : 2 Lat‘[‘ice\ x=0.5 re

S i Easf Dot x=0.33

i & Enhancement in E < s h

E Photo- & chemical stability ! ‘(’3; 50 Ono( :gm0)4 X:(')i —
- - W09 413 —5—

i ! ZnSe,S, ., (0<x<1) +
: i | ! ! !

: i

: i

: :

i :

' q

E c J100 d

! | Lifetime blinking

1 1 1

i 41 80 :

' 1

i € ! DigCrete ient

i £ 1 60! zZ

' s g InP/ZnSeS/ZnS QD S

LI 9 g

] ! €

- 197 =

: | >

| 4 20 H Confinement potential

! i smoothing

' | Auger recoimbination

| T T T T T T 0 i suppressed

: 505 510 515 520 525 530 535 E i

E Wavelength (nm) !

oSS oo oonooninon oo :

e InP-ZnSeS-ZnS —————————— InP-ZnSe-ZnS InP-ZnSe-ZnS ————————— InP-thick ZnSe-ZnS !

1 107 t L 250 107 ! - 250 |

' T\mecnon 7 i

' Fiy '

H Tieaage ‘.' ‘.' = H

i Tinjection/ Tieakage 200 P {4 -200 .

: - 1073 4 jecti / leakage j:“ - 10,3 i =‘ I{ »“‘.}_"‘ %:

2 Iy -

'3 150 2 38 Vo - 150 8 !

[ ' 5 2 v s\

1210 73 § 2104 © g1

= oA £ oo =

= [ ~ c T [

: E E | = 100“6 ?C_, injection - 100 '45 :

: S i f .g g leakage ‘8 !

E F 10 4 4 / 8 F 10 - Tinecton Tieakage I E

' .50 r50 i

: £==) !

; Reduce the proportion of ZnS in ZnSeS Increase the thickness of ZnSe ;
. — . —_—

i 10°® T T 0 10° T T 0 '

1 50 0 2.5 4.5 1

‘ Proportion of ZnS in ZnSeS alloy (%) Thickness of ZnSe (nm) :

e ——— 3

Fig. 9 | (a) Radial Se gradient evolution in ZnSeS shell during growth, with inset showing photochemical stability of InP/ZnSeS QDs. (b) PL QY and FWHM for
InP/ZnSeS/ZnS QDs with varied Se/S ratios in intermediate ZnSeS shells and different outer ZnS shell thicknesses. (c) Evolution of FWHM and PL QY with
Se/S composition in graded ZnSeS interlayers. (d) Non-radiative Auger recombination schematic (left) and fluorescence lifetime intensity distribution (FLID)
plots (right) for InP/ZnSe/ZnS and InP/ZnSeS/ZnS QDs. (e) Simulations of the tunnelling probabilities of injection and leakage and their ratios. The left plot
represents the case when the ZnS proportion is reduced. The right plot illustrates the effect of thickening the ZnSe shell. Among them, the electron injec-
tion current density J| is approximately proportional to the electron injection tunnelling probability Tigjection. The electron leakage current density J is
proportional to the electron leakage tunnelling probability Tieakage. The ratio of Tipjection tO Tieakage determines the EQE. Figure reproduced with permission
from: (a) ref.>®, American Chemical Society; (b) ref.**”, American Chemical Society; (c) ref.*!, Springer Nature; (d) ref.'**, American Chemical Society; (e)
ref.?¢, Springer Nature.

250270 (Page 16 of 37)


https://doi.org/10.29026/oea.2026.250270

Bian YY et al. Opto-Electron Adv 9, 250270 (2026)

https://doi.org/10.29026/0ea.2026.250270

leads to irregular morphology. Conversely, a Se-rich alloy
shell facilitates more uniform growth of thicker shells,
ensuring better photochemical stability. Consequently, high-
quality gradient shells require a ZnSe content exceeding 50%
in the intermediate layer*"'*’. For example, Zhao et al. achiev-
ed optimal performance with a 7:3 Se/S ratio in the ZnSeS
inner shell, obtaining InP-based QDs with the narrowest
FWHM of ~35 nm and a record-high PL QY of ~97%*! (Fig.
9(c)). Compared to discrete-shell InP/ZnSe/ZnS QDs, where
an additional interfacial trap site exists due to incomplete
lattice strain relief between the ZnSe middle shell and ZnS
outer shell, gradient-shell QDs have been proven to signifi-
cantly suppress Auger recombination. This was experimen-
tally verified by Lee et al. through the observation of the
“lifetime blinking" phenomenon'** (Fig. 9(d)). Although
single-particle QDs with the InP/ZnSeq 7550.25/ZnS structure
exhibit narrower spectral linewidths, the ensemble FWHM
remains comparable to that of discrete-shell InP/ZnSe/ZnS
QDs, which may be attributed to slightly higher composi-
tional inhomogeneity in gradient-shell QDs'¢. Although
gradient-shell QDs show marginally better optical perfor-
mance, discrete-shell InP/ZnSe/ZnS QDs with slightly
reduced ZnS content may offer more advantages for device
applications. According to our quantum tunneling model®,
although the ZnSeS interlayer with a higher ZnS component
provides a certain electron blocking capability, its exces-
sively high injection barrier leads to insufficient electron
injection, becoming a performance bottleneck. In contrast,
using a pure ZnSe interlayer effectively reduces the injection
barrier and improves electron injection. Furthermore, by
increasing the thickness of the ZnSe layer, the tunneling
probability of electron leakage can be significantly reduced.
This approach effectively suppresses leakage while maintain-
ing efficient injection, ultimately achieving a notable
improvement in EQE (Fig. 9(e)).

2.3.2 Shell thickness
Comparative analysis of different shell structures in InP-
based QDs reveals that the selection of shell materials signif-
icantly influences both band alignment and surface passiva-
tion effects?>?>!7, While optimal shell material can be identi-
fied for specific applications, the ultimate optical perfor-
mance and stability of these QDs are critically dependent on
precise control over shell thickness. To enhance the perfor-
mance of InP-based QDs, the growth of ultra-thick shells on
the InP core surface is essential to address the issues of poor
stability and rapid PL QY degradation'‘*!”’, while simultane-
ously suppressing non-radiative Forster resonance energy
transfer (FRET) processes between small-sized QDs!'°!.
Thick ZnS shells play a crucial role in effectively isolating
oxygen, moisture, and chemicals, thereby significantly
reducing the risk of oxidation or photodegradation of the
InP core, and exhibiting exceptional performance stability in
harsh environments (e.g., high temperatures or acidic condi-
tions). For blue-emitting applications, the wide bandgap

(3.68 eV) of ZnS is particularly advantageous as it provides
strong exciton confinement within the InP core'*"”8. For
instance, Zhang et al. successfully synthesized InP/ZnS/ZnS
QDs with a dual-shell structure, achieving stable pure blue
emission at the shortest wavelength of 468 nm with an
FWHM of 47 nm'”®. Furthermore, thick ZnS shells serve as
an effective strategy to mitigate stability degradation result-
ing from surface ligand detachment during QD
purification'””. Partial removal of surface ligands during
purification generates electron trap states, which promote
carrier wavefunction leakage and subsequent non-radiative
recombination, ultimately diminishing PL QY'”*. The intro-
duction of thicker ZnS shells establishes a higher energy
barrier, effectively confining carriers within the InP core and
preventing their migration to surface defect states, thereby
enhancing luminescence efficiency'”” (Fig. 10(a)).

However, the significant lattice mismatch between InP
and ZnS (~7.7%) presents a critical challenge'*!. Excessive
shell thickness may exacerbate interfacial strain, potentially
leading to the formation of dislocations or cracks that intro-
duce new non-radiative recombination pathways'*2. This
trade-off becomes particularly consequential in applications
requiring carrier injection or energy transfer (e.g., QLEDs,
FRET sensors), where overly thick shells may form energy
barriers that compromise device efficiency. The presence of
a GaP interfacial layer effectively minimizes lattice mismatch
and reduces interfacial defects, but it also requires a thick
ZnS outer shell to enhance electron confinement. The thick
ZnS shell suppresses FRET between densely packed QDs,
ensuring high PL QY and stability'*1®. Shen et al. effec-
tively capitalized on these properties by developing green-
emitting QLEDs based on such structures, which demon-
strated performance with peak EQE and current efficiency
reaching 6.3% and 13.7 cd-A, respectively'®. Despite these
advances, further optimization of this structure is still
needed to achieve even higher device performance.

To reduce the lattice mismatch between InP and ZnS, a
thick and uniform ZnSe shell layer is crucial for suppressing
Auger recombination and energy transfer between QDs
films'*1-11, Research has found that the difference in the
ZnSe intermediate shell thickness significantly influences the
band structure and electronic behavior of QDs?>?%!'>, Both
excessive and insufficient shell layers can widen FWHM and
reduce PL QY'. For red-emitting QDs, the significant
conduction band offset between the ZnSe intermediate shell
and InP core results in both the ZnSe intermediate layer and
ZnS$ outer shell functioning as electron confinement layers.
Here, thicker ZnSe shells demonstrate superior perfor-
mance in both PL QY and electroluminescence (EL) effi-
ciency? 41> In contrast, for green-emitting QDs, the prox-
imity of conduction band minima between the InP core and
ZnSe intermediate shell leads to increased electron delocal-
ization as the intermediate shell thickens, accompanied by a
red shift in PL%%0, When the ZnSe intermediate shell is too
thin, the degradation of FWHM and PL QY arises from
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Figure reproduced with permission from: (a) ref.'”?, (b) ref.'*!, American Chemical Society.

insufficient lattice strain relief between InP and ZnS due to
inadequate ZnSe thickness or coverage. Conversely, an
excessively thick ZnSe shell deteriorates FWHM and PL QY
by increasing the probability of delocalized electrons
encountering defects at the core/shell interface’®!. Kim et al.
provided a more detailed explanation of the advantages of
thickening the ZnSe intermediate shell'!. The expanded
space afforded by the thick ZnSe intermediate shell
promotes delocalization of excess electrons —particularly
those in negative trions—into the shell region. This delocal-
ization is governed by electron-electron Coulomb repulsion,
facilitating electron diffusion into the ZnSe layer. Simultane-
ously, the thick ZnSe midshell weakens electron-hole
Coulomb interactions, substantially reducing the Auger
recombination rate of negative trions —by 76% in photo-
chemical doping measurements and 67% in single QD
measurements (Fig. 10(b)). Consequently, this mechanism
effectively suppresses non-radiative energy losses during
QLED operation, significantly enhancing EQE, luminance,
and operational lifetime.

2.3.3 Kinetic regulation of shell growth

The generation of interfacial lattice strain during the growth
of thick shells is indeed a critical challenge. This strain origi-
nates from the inherent lattice mismatch between core and
shell materials, potentially inducing interfacial defects,
structural distortions, and even catastrophic material frac-

ture—all of which can affect the physicochemical properties
of the emitting material'®>-'**, Consequently, precise control
over shell growth kinetics emerges as a critical strategy for
strain mitigation and the realization of defect-free thick-
shell architectures’®!“*¥>-18 In a notable advancement,
Chen et al. recently demonstrated a breakthrough in synthe-
sizing ultra-large red-emitting InP-based QDs with shield-
like morphology (PL QY = 90%). Through a carefully
controlled slow-injection protocol for shell precursors,
the researchers maintained thermodynamic equilibrium
throughout the shell growth process. This innovative
approach enabled the fabrication of defect-free thick-shell
InP/ZnSe/ZnSeS/ZnS QDs (>20 nm) that exhibit excep-
tional photo- and thermal-stability, representing a signifi-
cant milestone in QD technology'*’ (Fig. 11(a)).

In zinc-blende structure crystals, the inherent thermody-
namic disparities among different crystal facets make
temperature a crucial determinant of shell morphology!s:.
By modulating atomic surface diffusion rates, regulating
facet-dependent growth kinetics, and controlling precursor
decomposition and reaction dynamics, temperature drives
the system toward thermodynamic equilibrium? 4182189,
Extensive experimental investigations have unequivocally
demonstrated temperature's pivotal role in morphological
contro]?>7614>1601%  For instance, Won et al. revealed that
low-temperature ZnSe/ZnS shell growth resulted in pod-like
morphologies and incomplete passivation due to lattice
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mismatch, limiting the optical performance of QDs.
Remarkably, elevating the temperature to 340 °C dramati-
cally enhanced surface diffusion and reaction kinetics,
promoting equilibrium growth conditions that produced
spherically uniform QDs with perfect passivation and 100%
PL QY?* (Fig. 11(b)). Similarly, Kim et al. also successfully
employed a high-temperature shell coating strategy that
achieved unprecedented passivation of green-emitting InP
cores, producing InP/ZnSe/ZnS QDs with record-breaking

performance (95% PL QY, 36 nm FWHM)'. The
researchers further optimized the synthesis by injecting the
P precursor at a moderate temperature to narrow the core
size distribution to 12%, and precisely controlling Se/S
precursor injection parameters at elevated temperatures to
accelerate shell growth while suppressing parasitic nucle-
ation, thereby enhancing crystallinity and uniformity.
Furthermore, research by Park et al. also demonstrated that
rapidly growing the ZnSe shell at elevated reaction tempera-
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tures promotes isotropic QD formation, eliminating stack-
ing faults and minimizing hole trap states, which substan-
tially improved the PL QY of InP/ZnSe/ZnS QDs'*.

Recent studies have demonstrated that while elevated
temperatures facilitate the epitaxial growth of high-quality
semiconductor shells, a delicate equilibrium must be main-
tained to minimize thermal degradation of the core”!471¥7, A
breakthrough was achieved by Yang's team through their
innovative cyclic gradient heating protocol, which enabled
the layer-by-layer growth of 15 nm InP/ZnSe/ZnS core/shell
QDs!¥. This approach utilized periodic temperature modu-
lation coupled with a low-reactivity sulfur precursor (1-
dodecanethiol (1-DDT)) and gradient heating to enhance
molecular thermal activation while suppressing anisotropic
growth through controlled precursor supply. The kinetic
optimization successfully prevented Ostwald ripening of InP
cores while facilitating thick shell growth, yielding excep-
tionally stable QDs with a PL QY of 73%, a narrow FWHM
of 40 nm, and tunable emission ranging from 549 nm to
617 nm.

This finding was further validated by subsequent research.
Zhao et al. demonstrated that thermal treatment exceeding
240 °C induces structural degradation in InP cores’. Build-
ing upon this insight, they developed a temperature gradi-
ent solution growth (TGSG) methodology. By progressively
increasing the reaction temperature from 240 °C to 280 °C
during the growth of InP/ZnSeS/ZnS multishell structures,
the gradual thermal profile effectively prevented core over-
heating and ripening while ensuring shell densification, ulti-
mately achieving remarkable optical properties with a high
PL QY of 91% and an ultra-narrow FWHM of 36 nm. Simi-
larly, to suppress the non-uniform particle size distribution
and broadened emission spectra caused by Ostwald ripen-
ing at high temperature in InP-based QDs, Yang et al. devel-
oped an innovative quasi-shell growth strategy'®. This
approach involved the growth of a quasi-ZnSe shell at low
temperature to passivate surface defects on the InP cores,
thereby fundamentally inhibiting high-temperature ripen-
ing and promoting isotropic QD growth. The resulting
InP/ZnSe/ZnS QDs exhibited exceptional uniformity, main-
taining both an FWHM of 36 nm and a PL QY of 91% (Fig.
11(c)). These significant advances collectively demonstrate
that synergistic regulation of temperature, precursor reaction
kinetics, and core/shell interface engineering enables precise
control over QD size distribution, surface defects, and shell
quality, and provides a robust foundation for the morpho-
logical engineering of high-performance InP-based QDs.

2.4 Ligand engineering

Surface ligand engineering plays a crucial role in tailoring
the properties of InP-based QDs. Post-synthesis treatment
of carboxylate-capped InP QDs with alternative ligands
enables precise modulation of their stability, optical charac-
teristics, and charge transport properties, ultimately deter-

mining their performance in optoelectronic devices?#21%0:11,
Calvin et al. systematically investigated how the alkyl chain
length of native ligands (myristate, palmitate, and stearate)
governs exchange thermodynamics'®2. Their work revealed
that longer native ligands exhibit stronger endothermicity
and slower exchange kinetics due to enhanced van der
Waals interactions compared to their shorter counterparts.
Notably, the introduction of bent-chain ligands (e.g., oleic
acid (OA)) disrupts the tight ordering of linear ligands,
increasing the entropy of the ligand shell and thereby driv-
ing the exchange reaction (Fig. 12(a)). The chain length of
surface ligands critically regulates charge injection and
energy transfer in InP-based QLEDs?»!33191.193.1%4 Park et al.
revealed that long-chain ligands (such as OA) promote QD
aggregation through stronger van der Waals interactions,
which increases FRET. In contrast, short-chain ligands (e.g.,
hexanoic acid (HA)) weaken the coupling effect between
QDs, significantly reducing FRET. Meanwhile, these short-
chain ligands also decrease the insulating layer thickness on
QD surfaces, substantially lowering charge transport barri-
ers and improving charge injection efficiency'** (Fig. 12(b)).
This enhancement contributes to higher luminous effi-
ciency and extended operational lifetime in QLEDs!*>,
Won et al. further demonstrated that substituting long-chain
OA with short-chain HA optimizes the interface between
QDs and CTLs, leading to remarkable improvements in
charge injection efficiency, device performance, and opera-
tional stability in QLEDs>.

The thiol group (-SH) in thioalcohol, as a typical "soft
base", demonstrates strong affinity for "soft acid" metal ions
on QD surfaces'”!s. This characteristic theoretically facili-
tates the formation of more stable and compact coordina-
tion bonds. Consequently, thiol ligands have been widely
employed to reduce surface defect density and Auger recom-
bination losses, thereby significantly enhancing the lumi-
nous efficiency and stability of QDs*219°20_ For example,
Wang et al. employed cysteamine (CTA) molecules for post-
treatment of QD films*. The -SH group in CTA binds to
undercoordinated sites on the QD surface, effectively passi-
vating defects. Additionally, CTA modification introduces a
surface dipole moment, shifting the QD energy levels
upward. This adjustment reduces the hole injection barrier
while the interfacial dipole simultaneously suppresses exces-
sive electron injection, resulting in more balanced carrier
transport. Kim et al. provided further insights into the
surface chemistry mechanism of thiol ligands'*®. Their
research revealed that during QD surface modification, 1-
octanethiol (1-OT) induces proton transfer, converting
carboxylate ligands into carboxylic acid and thiolate. The
carboxylic acid further dissociates to form carboxylate
ligands, which act as X-type ligands with stronger binding
affinity to the QD surface. Simultaneously, the thiolate
replaces the original Zn(OA), and solvent ligands on the QD
surface through stronger anionic coordination. This dual
mechanism effectively passivates surface defect states, lead-
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Fig. 12 | (a) Isothermal titration calorimetry data of OA titrations of InP-based QDs capped with stearate, palmitate, or myristate. (b) Schematic diagram of
ligand structures on InP/ZnSe/ZnS QDs and chain-length-dependent energy transfer dynamics in ordered assemblies. (c) Schematic motif of Z-type ligand
displacement via proton transfer by 1-OT ligand. (d) The schematic diagram of InP-based QDs passivated by the synergistic effect of BDA combined with
zinc halides. Figure reproduced with permission from: (a) ref.'°2, American Chemical Society; (b) ref.'**, MDPI; (c) ref.'°¢, John Wiley and Sons; (d) ref.'*,

Springer Nature.

ing to a notable enhancement in the optical performance of
InP-based QDs and the efficiency of QLEDs (Fig. 12(c)).
Zeng et al. established a correlation between electron trans-
fer efficiency and ligand chain length?. Their findings indi-
cated that short-chain thiol ligands (e.g., OT) facilitate elec-
tron transfer and charge transport more effectively than
long-chain thiol ligands (e.g., 1-DDT), thereby enhancing
optoelectronic device performance. Similarly, when using
benzenethiol for QD modification, the steric hindrance of its
benzene ring results in low ligand coverage, poor solubility,
and QD aggregation, leading to severely compromised
device performance. In contrast, 4-phenylbutane-1-thiol
(PBSH) features a butyl chain between its benzene ring and
thiol group, providing flexibility and spatial accommoda-
tion?”2. This design achieves higher ligand coverage,
improved solubility, and enhanced photochemical stability.
The photophysical properties of InP-based QDs are often
limited by incomplete surface passivation, primarily caused
by steric hindrance and electrostatic repulsion from bulky
long-chain ligands!?42%, These unpassivated surfaces lead to
undercoordinated dangling bonds that create trap states,
significantly reducing radiative recombination efficiency**.
To overcome this challenge, researchers have developed

innovative strategies employing short-chain organic ligands
and inorganic metal halide ligands, which offer enhanced
stability and minimal steric hindrance during both synthesis
and post-synthesis treatments®>*1°°20°_ A notable advance-
ment was demonstrated by Taylor et al., who achieved effi-
cient surface passivation by combining inorganic ZnCl, with
the short-chain organic ligand 1-OT. This synergistic
approach effectively mitigated the steric limitations of
conventional long-chain ligands, yielding purified QDs with
a PL QY of 71% and a narrow FWHM of 33 nm*. Similarly,
Chao et al. introduced a bifunctional ligand strategy by
replacing native oleic acid with 1,4-butanediamine (BDA).
The diamine structure of BDA not only facilitates strong
anchoring of zinc atoms on the QD surfaces but also bridges
adjacent QDs, thereby improving film morphology and
charge transport. Further enhancement was achieved
through the incorporation of zinc iodide, which passivated
residual surface defects, suppressed hole traps, and extended
the PL lifetime'* (Fig. 12(d)). These developments highlight
the critical role of tailored ligand engineering in optimizing
the optoelectronic performance of InP-based QDs.

3 Development and challenges of InP-
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based QLEDs

By systematically reviewing the basic preparation of InP-
based QDs and the fine control of core/shell structure, it can
be clearly seen that they play a key role in regulating the
photophysical properties of QDs. Such meticulous control
not only provides excellent stability and luminescence effi-
ciency for QDs but also lays the foundation for their perfor-
mance optimization in different application scenarios. Based
on the unique advantages of core/shell QDs, researchers
have developed diversified application systems including
biological imaging?*-2%, optoelectronic detection?”?!, and
luminescent display*'"*'2. Among them, QLEDs have
garnered significant attention due to their revolutionary
potential in the field of display technology?'>*'*. The follow-
ing will summarize the current development and existing
problems of InP-based QLED devices, elucidating the practi-
cal application value of core/shell QDs in photoelectric
conversion devices.

3.1 Research progress of red, green and blue-emitting
InP-based QLEDs

In the earliest reported InP-based QLEDs, InP/ZnSeS QDs
with a thick ZnSeS shell acted as the emitting layer.
However, the resulting QLEDs exhibited poor EQE of
<0.1%, primarily due to the poor electron confinement of
ZnSeS. Subsequently, more complicated synthesis processes
were developed to synthesize InP-based QDs with large
particle size and thick ZnS shells to confine electron wave-
function and suppress the FRET between closely packed
QDs, and the red-emitting InP/ZnSe/ZnS QDs and green-
emitting InP/GaP/ZnS//ZnS QDs-based QLEDs achieved a
record EQE of >6% at that time'**!¥” (Fig. 13(a)). Further-
more, by optimizing the carrier transport materials, as well
as modifying the growth of core and shell through a stoi-
chiometry-controlled synthesis scheme, Peng et al. demon-
strated the high-performance core/shell QDs with near-
unity PL QY, monoexponential decay dynamics, and thus
the device exhibited a peak EQE of 12.2%, a maximum lumi-
nance of over 10,000 cd-m=2, which registered a new record
for InP-based QLEDs'® (Fig. 13(b)). Excitingly, this record
was recently refreshed by Won et al., who adopted HF to
etch out the oxidative InP core surface and high-tempera-
ture ZnSe growth to suppress energy transfer and Auger
recombination, and thus obtained InP/ZnSe/ZnS QDs with
near-unity PL QY. By further replacing surface ligand with a
shorter one for better charge injection, the optimized
QLEDs showed a maximum luminance of 100,000 cd-m=2, a
peak EQE of 21.4%, and an extremely long Ts lifetime of
1,000,000 h at 100 cd-m22 (Fig. 13(c)). However, the peak
EQE reported in previous works is usually achieved at a very
low voltage (< 3 V) and low Iluminance (< 2000
cd-m~2)?>86.185.187.215-217 T address the problem, Li et al. thor-
oughly investigated the impacts of intrinsic electron delocal-

ization and field-enhanced delocalization on exciton dynam-
ics in InP-based QDs with different surroundings. Finally, a
breakthrough EQE of 22.56% was achieved by reducing the
effective E-field (at 2 V), and a record luminance of 136,090
cd-m~2 was achieved by suppressing the field-enhanced elec-
tron delocalization with an ultra-thick shell>* (Fig. 13(d)).

Despite the rapid development of red-emitting InP-based
QLEDs, the development of blue and green-emitting QLEDs
is relatively slow. To elucidate the current state of the tech-
nology, we summarized the significant progress in the
improvement of the performance of red, green, and blue-
emitting InP-based QLEDs in Table 1, Table 2, and Table 3,
respectively. Notably, blue-emitting InP-based QLEDs were
not obtained until 2017%'%, and even by 2022, the peak EQE
remained as low as 2.8% —achieved through optimization
strategies such as employing a thin hole transport layer
(HTL), a high-refractive-index substrate, and substrate
surface roughening®”. In 2025, Yuan et al. utilized CI- to
balance the growth kinetics of different crystal facets of InP
cores, enabling uniform shell epitaxy and producing QDs
with reduced interfacial defects and elevated energy levels,
ultimately achieving EQE of 4.1%*. Furthermore, the maxi-
mum luminance and operational lifetime of blue-emitting
devices remain limited, reaching only 3,120 cd-m=2 and 228
h (at 100 cd-m2), respectively'¢>22.

For green-emitting InP-based QLEDs, after 10 years of
development from the first report of green-emitting InP-
based QLEDs in 2011% to 2021, a peak EQE (16.3%)
exceeding 15% for green-emitting QLEDs was achieved for
the first time by modifying the InP/ZnSe/ZnS QD emitting
layer with various alkyl diamines and zinc halides, which
decreased electron mobility and enhanced hole transport
(Fig. 14(a)). For practical displays, both high efficiency, high
luminance, and exceptional operational lifetime are equally
crucial. To address the lifetime challenge, an ultra-thin
molybdenum trioxide (MoOs3) electric dipole layer was
inserted at the interface of the hole injection layer (HIL) and
HTL to form a positive built-in electric field due to its deep
conduction band level. The result indicated that the strong
electric fields were instrumental in efficient hole hopping
and increasing the carrier recombination rate. Conse-
quently, the green-emitting InP-based QLEDs achieved a
recorded maximum luminance of 52,730 cd-m=2. However,
the Tsp at 100 cd-m= was only 280.75 h**! (Fig. 14(b)).
Furthermore, by using ZnO/ZnS cascaded electron transport
layer (ETL), electron injection is reduced and the exciton
quenching is suppressed, resulting in an improved charge
balance in the QD layer, and a long lifetime of 60,255 h at
100 cd-m=2%2 (Fig. 14(c)). Despite these improvements, the
performance metrics still lag behind those of red-emitting
InP-based QLED counterparts. Therefore, by utilizing elec-
trically excited transient absorption spectroscopy (EETA),
we found that the low performance of green-emitting
InP/ZnSeS/ZnS-based QLEDs originates from the ZnSeS
interlayer, which imposes a high injection barrier, limiting
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the electron concentration and trap saturation. To over-
come this limitation, we replaced the conventional ZnSeS
interlayer with an optimized, thickened ZnSe interlayer.
This modification, supported by both experimental results
and theoretical simulations, demonstrated simultaneous
improvement in electron injection efficiency and reduction
of leakage current. Therefore, an exceptional EQE of 26.68%,
a record-breaking luminance of 270,000 cd-m=, and an
impressive Tos operational lifetime of 1,240 h at an initial
brightness of 1,000 cd-m™ in green-emitting InP-based
QLEDs emitting at 543 nm were achieved, representing the
current world record in the field* (Fig. 14(d)).

3.2 Challenging of InP-based QLEDs

However, for further applications in ubiquitous information
devices, such as large digital signage, window-integrated
transparent information panels, and augmented reality
(AR)/virtual reality (VR) devices, their pioneering applica-
tions require further innovation. The outdoor displays
under intense sunlight should be operated at a high lumi-
nance of > 100,000 cd-m=. Unfortunately, although lumi-
nance >100,000 cd-m~2 has been reported for red and green-
emitting InP-based QLEDs, such a high brightness is hardly

practical due to the inferior device efficiency and stability at
those levels?>2042223. Therefore, increasing the operational
lifetime and efficiency under high brightness for red, green,
and blue-emitting InP-based QLED:s is urgently needed. In
order to improve device performance, it is still necessary to
understand the reasons behind it.

(1) Challenges in achieving high-performance EL with
small QDs: InP-based QDs with PL QYs exceeding 90%
typically measure below 10 nm in size!®>!$7190221 However,
their EL performance suffers from poor stability. A key issue
is that EL operation requires charge densities approximately
four orders of magnitude higher than those needed for PL to
achieve equivalent brightness levels. This significantly
increases the likelihood of nonradiative Auger recombina-
tion processes, which in turn accelerate QD degradation. As
a result, the rapid aging of these QDs under EL conditions
severely limits their practicality for EL applications.

(2) Compared to Cd-based QDs, which have a conduc-
tion band (<—4.0 eV) and valence band (<-6.0 eV)!'"3,
InP-based QDs exhibit relatively shallow energy levels, with
their conduction band and valence band positioned at —3.0
eV to -3.7 eV and —5.1 eV to 5.7 eV, respectively?>?*4, So,
the barrier potential (=1 eV) between the conduction band
of InP-based QD and lowest unoccupied molecular orbital
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Table 1 | Summary of PL and EL parameters for red-emitting InP-based QLEDs.2

QD structure B e Device structure S L CE (cd/A) Ref.
(nm) (%) (m) (nm) (%) (cd-m)

InP/ZnSeS/ZnS 607/63 82 7.2 ITO/PEDOT:PSS/TFB/QDs/ZnO/Al 619/- 2.5 2,849 4.2 ref.242
InP/ZnSe/ZnS 607/48 73 15.0 ITO/Zn0O/QDs/CBP/HATCN/AI 607/48 6.6 1,600 13.6 ref.187
InP/ZnSe/ZnS 625/39 45 o ITO/PEDOT:PSS/Poly-TPD/QDs/TPBI/LiF/Al 628/50 = 230 0.85 ref.«
InP/ZnSe/ZnS 618/42 93 7.8+0.5 ITO/PEDOT:PSS/poly-TPD/QDs/ZnMgO/Ag 630/- 12.2 >10,000 14.7 ref.1
InP/ZnSe/ZnS 626/38 80 = ITO/ZnMgO/QDs/TCTA/TAPC/HATCN/AI -/- 10.2 = 10.8 ref. 2+
InP/ZnSe/ZnS 630/35 ~100 10.9 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al -/- 214 100,000 = ref.”
InP/ZnS 630/- 54 7.6£0.9 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 633/- 4.24 5,595 3.59 ref.27
InP/ZnSeS/ZnS 609/53 77 6.3 ITO/PEDOT:PSS/F4-TCNQ/TFB/QDs/ZnMgO/Al -/- 3.78 1,234 5.10 ref.244
- 610/49 32 ITO/ZnO/PEI/QDs/TPBi/CBP/Mo0Os3/Al -/- 6.32 >1,000 8.54 ref.?t
InP/ZnSe/ZnS 632/36 92 9.58 ITO/ZnMgO/QDs/TCTA/PCzAC/DBTA/PCBBIiF/HATCN/Al  ~660/38 21.8 23,300 23.46 ref. 24
InP/ZnSeS/ZnS 616/63 81.8 7.33 ITO/PEDOT:PSS/F4-TCNQ/TFB/QDs/Cl@ZnMgO/Al -/- 4.0 1,977 6.3 ref.1%
InP/ZnSe/ZnS 630/45 = = ITO/PEDOT:PSS/TFB/QDs/ZnMgO@MPTES/ZnMgO/Al  630/52.3 14.70 3,301 19.20 ref. >4
InP/ZnSe/ZnS 620/60 95 ITO/PEDOT:PSS/TFB/QDs/ZnO/Al 636/60 13.62 6,224 = ref.247
InP/ZnSe/ZnS 630/35 95 10.8+0.9 ITO/PEDOT:PSS/TFB/TPD:QD/ZnMgO/Al 630/34 18.6 128,577 - ref.248
InP/ZnS 626/- 86 - ITO/NiO,/Mg-NiO,/poly-TPD/QDs/ZnMgO/Al 629/46  11.2 29,445 15.6 ref. 2
InP/ZnSe/ZnS 620/36  >90 12 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 627/- 22.2 >110,000 - ref.®
InP/ZnSe 623/38 92 12.26%2.2 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al -/- 22.56 136,090 26.70 ref. 1>
InP/ZnSe/ZnS 617/45 85 8.9 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 626/- 12.0 16,954 14.1 ref. >0
InP/ZnSe/ZnS 620/49 90 7.6-7.8 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/TPBi/LiF/Al 624/- 5.07 21,070 5.4 ref.1
InP/ZnSe/ZnS 621/44 86 8.8 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 629/50 8.9 13,395 8.8 ref.?
InP/ZnSe/ZnS 630/35 90 - ITO/PEDOT:PSS/NiO,/Poly-TPD/QDs/ZnMgO/Al -/- 18.8 22,300 = ref.?>3
InP/ZnSe/ZnS -/- = = ITO/ZnMgO/QD/DBTA/PCBBIiF/HATCN/AI -/- 10.2 8,391 9.5 ref.?2#
InP/ZnS 625/43 80 = ITO/PEDOT:PSS/B-PTAA/QDs/ZMO/Ag 628/- 20.4 24,000 25.3 ref. 2>
InP/ZnSe/ZnS -/- = = ITO/ZnMgO/QD/DBTA/PCBBIiF/HATCN/AI 632/- 16.7 4,878 16.4 ref.?>
InP/ZnSe/ZnS 630/36 86 = ITO/ZnO/QD/DBT/PCBBi/HATCN/AI 632/- 10.6 >8,000 10.4 ref.2%6
InP/ZnSe/ZnS 635/42  83.5 8 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al -/- 8.1 17,759 11.1 ref.?>’
InP/ZnSe/ZnS 627/- - ~10.1 ITO/PEDOT:PSS/poly-TPD/QDs/CNT2T/LiF/Al 635/38  ~15 12,000 = ref.*8
InP/ZnSe/ZnS - - - ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 628/39 9.6 7,079 12.9 ref.29
InP/ZnSe/ZnSeS/ZnS  618/41 96 11.2 ITO/PEDOT:PSS/TFB/QDs/ZMO/Al 624/- 12.39 44,160 19.76 ref.s®
InP/ZnSe/ZnSeS/ZnS  680/66 95 10.5 ITO/PEDOT:PSS/TFB/QDs/ZnO/Al 683/- 6.5 2,263 = ref.?e0
InP/ZnSe 625/42 85 = ITO/ZnO/CBP-QDs/PVK/Wo3/Au -/- 11.6 14,600 = ref.261
InP/ZnSe/ZnS -/- - - Ag:PEI/PEDOT:PSS/TFB/QDs/ZnMgO/Al/Ag 633/36 15.96 25,606 28.04 ref.262
InP/ZnSe/ZnS 614/37  >90 12 ITO/PEDOT:PSS/PF8Cz/QDs/ZnMgO/Al 622/40 21.21 1,24,220 27.84 ref.*?
InP/ZnSe/ZnS 614/37  ~92 12 ITO/PEDOT:PSS/PF8Cz/QDs/PVP/ZnMgO/Al 624/41  23.5 4,850@EQEmax 37.70 ref 263
InP/ZnSe/ZnS -/- - - ITO/NiOy/Poly-TPD/QD/ZnMgO/Al 635/- 19.9 45,200 = ref.?o4
InP/ZnS 625/39 = 8.6 ITO/PEDOT:PSS/M00O,/TFB/QD/ZnMgO/Al 626/39 17.8 43,567 = ref.?6>
InP/ZnSe/ZnS -/- 90 = ITO/PEDOT:PSS/TFB:Ir(mppy)s/QDs/PVP/ZnMgO/Al 626/38 17.1 43,000 23.6 ref.266
- -/- - - ITO/PEDOT:PSS/TFB/QDs/LiMgZnO/Al 631/44 118 7,477 143 ref.267
= 622/39 83 o ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al -/- 26.6 140,000 = ref. 268
- 617/37 - - ITO/ZnMgO/QD/TCTA/TAPC/HAT-CN/MoO3/Al 620/37 11.01 22,692 16.68 ref.2%
InP/ZnSe/ZnSeS/ZnS  602/52 93 10.84+0.8 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al -/- 11.8 6,325 = ref.?’°
InP/ZnSe/ZnSeS/ZnS  614/36  >90 11.1 ITO/PEDOT:PSS/PF8Cz/QDs/ZnMgO/Al 628/38 209 94,127 25.0 ref.2’t

2 L: luminance; CE: current efficiency.
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Table 2 | Summary of PL and EL parameters for green-emitting InP-based QLEDs.

QD structure e R e Device structure S - CE (cd/A)  Ref.
(nm) (%) (nm) (nm) (%) (cd'm??)

InP/ZnSeS 522/70 >50 53 ITO/PEDOT:PSS/poly-TPD/QDs/TPBI/LiF/Al 532/70 0.008 = - ref.®®
InP/ZnSeS - - 4 ITO/PEDOT:PSS/poly-TPD/QDs/TPBi/LiF/Al 550/55 0.26 700 - ref.272
InP/ZnSeS 500/50 72 4.5 ITO/ZnO/PFN/QDs/TCTA/MoOs/ Al 518/64 3.46 3,900 10.9 ref.?’
InP/ZnSe/ZnS 507/46 44 ~2 ITO/PEDOT:PSS/poly-TPD/QDs/TPBi/Ca or Ag 521/53 o 448 13 ref.27¢
InP/ZnSeS/ZnS 525/65 = 7.4+0.5 ITO/ZnMgO/QDs/TCTA/NPB/HATCN/AI 545/- ~1.5 10,490 4.44 ref.27®
InP/ZnS 530/55 60.1 4 = %~ 0.223 160 0.65 ref.?’
InP/ZnSe/ZnS 533/37 65 - ITO/PEDOT:PSS/poly-TPD/QDs/TPBi/LiF/Al 532/42 - 100 0.07 ref.®0
InP/ZnSe/ZnS 556/65 58 = ITO/PEDOT:PSS/poly-TPD/QDs/ TPBi/Ca or Ag %~ 5.4l 1,900 18.0 ref.2”’
InP/GaP/ZnS/ZnS 527/58 70 7.2+13 ITO/PEDOT:PSS/TFB/QDs/Zn0O/Al 530/- 6.3 2,938 13.7 ref 164
INP/ZnMnS/ZnS 513/62 80 = ITO/PEDOT:PSS/PVK/QDs/ZnMgO/Al %~ Y/ 420 - ref 180
= 531/34 82 = ITO/PEDOT:PSS/poly-TPD/PVK/QDs/ZnMgO/ZnO/Al - 13.6 13,900 = ref.?’8
InP/ZnSeS 529/41 86 5-6 Ag/Mo03/TCTA/CzSi/QDs/PFN/ZnO/Al 536/37 2.7 38,800 153 ref.2’
InP/ZnSeS 537/43 82 4-5 ITO/PEDOT:PSS/TFB/QDs/ZnO/Al 545/45 0.904 1,593 2.98 efieey
- 525/40 81 - ITO/ZnO/QDs:TmPPPyTz/TCTA/MoOs/Al 530/42 10 - - ref 28
InP/ZnSe/ZnS 533/36 97 ITO/PEDOT:PSS/TFB/QDs/ZnO/Al 540/40 6.88 4,884 ref.24/
InP/ZnSeS/ZnS 518/46 67.5 7.0 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al =3 1.68 725 4.79 ref.5
InP/ZnSeS/ZnS 517/45 95 5.38 ITO/ZnMgO/QDs/TCTA/MoO3/Al 525/- 7.06 1,836 - ref.’¢
= 533/41 60 = MR IO -/31 4.2 s 30.1 ref 262

NPB/HATCN/Ag

InP/ZnSe/ZnS 535/39 86 8.6+1.2 ITO/ZnMgO/QDs/TCTA/MoO3/Al 545/- 16.3 12,646 575 ref. %0
InP/ZnSe/ZnS -/40 87 7.2 ITO/PEDOT:PSS/TFB/QDs/MZO:PVP/Al =3 6.2 6,600 24.03 ref. 161
InP/ZnSeS/ZnS 528/35 97 115 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 532/45 15.2 2,300 - ref.®
InP/ZnSe/ZnS 531/38 87 8.6 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 545/- 9.3 13,445 36.6 ref,50
InP/ZnSe/ZnS -/36 91 5.66+0.83 ITO/PEDOT:PSS/TFB/PVP/QDs/Zn0O/Al -/- 10.6 15,606 40.7 ref 186
InP/ZnSe/ZnS 526/46 90 = ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 535/49 7.8 4,955 25.8 efiees
In(Zn)P/ZnSeS/ZnS 528/38 89 6.7 ITO/Zn0/ZnS/QD/DBTA/PCBBIF/HATCN/A 530/- 10.8 1,756 BYAS ref.22
InP/ZnSe/ZnS 535/43 54 = ITO/PEDOT:PSS/PVK/QDs/ZnMgO/Al 538/- 15 10,010 - ref. 284
InP/ZnSeS 529/- 80 7 ITO/MoO,/TCTA/PPO21/CBP:Ir(ppy)3/TPBI/LiF/Al 533/27  9.64 40,700 68.0 e e
- ~532/41 ~82 7.5-8.0 ITO/Cu:PMA/TFB/BFTP/QDs/ZnMgO/Al 535/43 8.46 18,356 - ref 26
InP/ZnSeS/ZnS 526/36 91 6.31+0.48 ITO/PEDOT:PSS/Poly-TPD/QDs/ LiF/ZnMgO/Al 525/42 5.56 2,798 - ref.”®
InP/ZnSe/ZnS 532/36 90 6.5+0.2 ITO/PEDOT:PSS/PTAA/QDs/ZnMgO/Al 539/46 13.8 16,788 52.2 ref.287
InP/ZnS - = 5.0+0.2 ITO/LiF/PEDOT:PSS/PVK/QDs/ZnMgO/Al 530/- 9.14 32,380 - ref. 28
InP/ZnSeS/ZnS -/33.7 95 o ITO/PEDOT:PSS/TFB/QD/ZnMgO/Al =3 14.3 11,920 39.0 ref.289
InP/ZnS 525/- 70.3 4.8+0.2 ITO/PEDOT:PSS/PVK/QDs/ZnMgO/Al 535/- 738 52,730 - ref.22

ITO/s-FZO/QDs/DBTA/
InZnP/ZnSeS/ZnS 532/39 79 ° -/- 20.07 8,635 68.92 ref.2%0
PCBBiF/HAT-CN/AI

InP/ZnS 532/43 67 ITO/NiO/PEDOT:PSS/poly-TPD/QDs/ZnMgO/Al 536/48 6.75 2,493 12.73 ref. >t
InP/ZnSe/ZnS 534/44 91 8.1+1.0 ITO/PEDOT:PSS/PF8Cz/QDs/ZnMgO/Al -/- 12.74 175,000 54.56 ref.>
InP/ZnSeS/ZnS 538/39 96 8.0 ITO/PEDOT:PSS/PF8Cz/QDs/ZnMgO/Al -/- 21.43 255,985 90.45 ref.223
InP/ZnSe/ZnS 540/35 95 11.0£2.5 ITO/PEDOT:PSS/PF8Cz/QDs/ZnMgO/Al 543/- 26.68 277,000 112.56 ref.”®
InP/ZnSeS/ZnS 525/36 93 8.9+0.9 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al -/- 4.6 13,000 - ref.??

InP/ZnSe/ZnSeS/ZnS 509/50 88 6.9+0.1 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al -/- 7.5 3,842 = ref.?’°
InP/ZnSeS/ZnS -/- >90 = ITO/PEDOT:PSS/PF8Cz/QDs/ZnMgO/Al -/- 26.3 = 108.3 ref.?
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Table 3 | Summary of PL and EL parameters for blue-emitting InP-based QLEDs.

QD structure LR PLay olze Device structure AYFUIY FQE : CE (cd/A) Ref.
(nm) (%) (nm) (nm) (%) (cd'm)

InP/ZnS 477/44 76 6.68+0.46 ITO/ZnMgO/QDs/CBP/MoOs/Al 488/45 = 90 ref.”®
InP/GaP/ZnS/ZnS 480/45 81 7.0£0.9 ITO/PEDOT:PSS/TFB/QDs/ZnO/Al 488/50 1.01 3,120 - ref.16>
InGaP/ZnSeS/ZnS 465/45 82 5.4-5.7 ITO/PEDOT:PSS/PVK/QDs/ZnMgO/Al 469/- 2.5 1,038 3.8 ref. 17!

InP/ZnS/ZnS 468/47 45 6.75+0.54 ITO/PEDOT:PSS/PVK/QDs/ZnMgO/Al 485/- 1.7 140 ref.178
InP/GaP/ZnS 485/52 45 6.3 ITO/PEDOT:PSS/PVK:poly-TPD/QDs/ZnO/Al 491/66 1.0 1,045 3.6 ref. 2o
InP/ZnSe/ZnS 465/42 43 4.8 ITO/PEDOT:PSS/TFB/QDs/ZnO/Al 484/46 1.47 125 = ref.247
InP/ZnS/ZnS 468/47 45 6.75+0.54 ITO/PEDOT:PSS/Mo03/PVK/QDs/ZnMgO/Al 485/- 2.1 165 - ref.2%>
InGaP@7Zn$S 486/46 65 5.9 ITO/ZnO/PFN/QDs/TCTA/MoOs/Al 491/- 0.20 74 ref.?®
InP/ZnS 483/49 52 4.95+0.73 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 487/55 14 1,162 - ref.2%7
InP/GaP/ZnS 484/45 71 5.9+0.9 ITO/PEDOT:PSS/PVK/QDs/TmPyPb/LiF/Al -/- 0.09 690 0.15 ref.?8
InP/ZnS 482/- = - ITO/PEDOT:PSS/Mo03/TFB/QDs/ZnMgO/Al 492/- 2.82 421 = ref.210
InP/ZnS/ZnS 474/- 93 6.2+0.52 ITO/PEDOT:PSS/TFB/QDs/ZnMgO/Al 488/- 2.6 422 = ref.2
InP/ZnS/ZnS 465/38 96 10.6 ITO/PEDOT:PSS/TFB/QDs/Zn0O/Ag 472/43 0.15 91 0.19 ref.>0
In(ZnGa)P/ZnSeS/ZnS 457/52 84 6.2 ref.30t
InGaP/ZnS 475/56 42 - ref 162
InP/ZnS/ZnS 452/51 - - ITO/PEDOT:PSS/TFB/IQDs/ZnMgO/Al 468/- 0.8 275 - ref.302
InP/ZnS 474/45 73 4.45+0.82 ITO/PMA/TFB/QDs/ZnMgO/Al 483/ 2.38 2,693 ref.?20
InGaP/ZnS 470/40 67 6.34+0.60 ITO/ZnMgO/QDs/ CBP/MoOx/Al 477/- 0.56 = = ref 303
InP/ZnS 468/43 75 6.98+0.73 ITO/PEDOT:PSS/PF8Cz/QD/ZnMgO/Al 485/47 4.1 624 7.2 ref.”?

(LUMO) (-2.2 eV-2.5 eV) of the commonly-used HTL
materials (such as poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(4,4'-(N-(4-sec-butylphenyl) diphenylamine)] (TFB),
poly[bis(4-phenyl)(4-butylphenyl)amine] (Poly-TPD),
poly(9,9-dioctylfluorenyl-2,7-diyl)-alt-(9-(2-ethylhexyl)-
carbazole-3,6-diyl)) (PF8Cz), etc.) is much less than that of
Cd-based QDs (>1.5 eV)?526224225 Moreover, InP-based QDs
possess a smaller electron effective mass (0.07 mg versus 0.13
mp) and a narrower bandgap (1.35 eV versus 1.74 eV)
compared to their Cd-based counterparts®. Therefore, the
effects of quantum confinement and blocking of electrons
enabled by the shell and the HTL are both weaker, leading to
more pronounced electron leakage and stronger coupling
with trap states under an electric field. Especially under high
voltage, electrons can be injected into higher energy states of
QDs and remain trapped due to the phonon bottleneck. If
these electrons can be well confined by the shell of QDs, they
will relax to the ground state once they meet holes. However,
the injected electrons cannot be well confined in InP-based
QDs due to the shallow conduction band of InP-based
QDs*22, leading to the injection of these high-energy elec-
trons into the HTL. This electron leakage triggers irre-
versible HTL degradation through redox reactions, which
subsequently elevates the operational voltage and leads to
significant efficiency roll-off at high luminance levels, ulti-
mately shortening the device's operational lifetime'’. More-
over, the disparity in electron and hole transport mobilities

results in unbalanced charge transport, allowing excess
charges to traverse all device layers without recombination,
generating substantial Joule heat. The thermal degradation
will vary the electrical properties of the device, destroying
the charge balance and shifting the recombination zone, and
thus reducing the device’s efficiency and lifetime!''.

(3) Significant advancements have been made in enhanc-
ing the PL QY of QDs and improving the radiative recombi-
nation rate within devices. However, the EQE remains
substantially lower than their internal quantum efficiencies,
primarily due to poor light extraction efficiency. Among the
dominant loss mechanisms, waveguiding and substrate
modes play a crucial role, arising from the refractive index
mismatch between the metal electrode/glass substrate (lower
refractive indices) and the functional layers (HTL, emitting
layer, ETL). Additionally, a substantial portion of light is lost
through total internal reflection (TIR) at material interfaces.
When photons generated in high-refractive-index layers
encounter low-refractive-index media (e.g., CTL/charge
injection layers (CIL) to air), only those incident below the
critical angle can escape. Consequently, the majority
of internally generated photons become trapped, either
propagating as waveguide modes, being absorbed by metal-
lic electrodes, or dissipating as surface plasmon polaritons
(SPP) resonance losses?*.

(4) The luminescence and degradation mechanisms of
both red and green-emitting Cd-based QLEDs, as well as
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Fig. 14 | (a) EQE and power efficiency versus current density of the device. (b) Current density and luminance versus voltage of the device. Inset: current
density versus voltage of the device in log scale in the low-voltage region. (c) Operational lifetime versus time of the device. Inset: EQE versus luminance of
InP-based QLEDs using a ZnMgO ETL or a ZnO/ZnS ETL. (d) EQE and current efficiency versus luminance of the device. Inset: photographs of text-patterned
QLEDs. Figure reproduced with permission from: (a) ref.**°, Springer Nature; (b) ref.??!, Royal Society of Chemistry; (c) ref.???, American Chemical Society; (d)

ref.?¢, Springer Nature.

blue-emitting Cd-based QLEDs, have been extensively stud-
ied!*22427 In contrast, the degradation pathways of InP-
based QLEDs remain less understood and require further
systematic exploration. Currently, the degradation of InP-
based QLEDs may be attributed to several distinct mecha-
nisms: exciton and charge-induced degradation, ligand
detachment or charge injection imbalance. For example,
Kwon et al. reported that the degradation of InP-based
QLEDs is caused by the greater vulnerability of InP-based
QDs to exciton and electron-exciton stress compared to the
Cd-based QDs under an electric field, which significantly
enhances the non-radiative Auger recombination process?*.
In addition, Lee et al. found that the evidence of InP-based
QLED degradation is characterized by ligand detachment
from the QD surface and deterioration of the hole-trans-
porting material due to excessive electrons®’. However,
Chen et al. presented contradictory evidence suggesting that
hole over-injection, rather than electron-related effects,
dominates the degradation process in InP-based QLEDs>*.
These conflicting observations highlight a critical knowl-
edge gap in our understanding of the fundamental degrada-

tion mechanisms in InP-based QLEDs. The current lack of a
comprehensive theoretical framework significantly hinders
the rational design and development of high-performance,
stable InP-based QLEDs.

(5) The relatively poor performance of blue-emitting InP-
based QLEDs is primarily constrained by both the intrinsic
material properties and device-level mismatches*!. To
achieve blue emission, the QDs must be extremely small,
resulting in a large specific surface area and a significant
increase in surface defect states, which act as severe
non-radiative recombination centers and substantially
reduce luminescence efficiency'!”. Furthermore, the
extremely small size induces high surface curvature and
accumulated lattice mismatch strain, leading to defect gener-
ation during thick-shell epitaxial growth and making effec-
tive passivation challenging!®>!7s. On the device level, their
wide bandgap results in a deeper valence band and a shal-
lower conduction band, exacerbating the energy level
misalignment with adjacent CTLs*!®. This intensified
mismatch creates significant charge injection barriers and
imbalance, causing substantial leakage current and severe
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non-radiative recombination, which ultimately degrades
device efficiency. These issues collectively form the core
bottlenecks in improving the performance of blue-emitting
InP-based QLEDs.

4 Perspectives of InP-based QDs and
corresponding QLEDs

For commercial displays, high efficiency and an extreme
level of lifetime under harsh conditions as well as process
reproducibility are critical for practical purposes. An impor-
tant parameter to evaluate the efficiency of a QLED is #gqE,
which can be defined as #EQE= #rad*#rec Hext= IQE*Hexts
where 71,4 is the PL QY, #rec is the recombination rate, #ex is
the light extraction rate (or light coupling), and IQE is the
internal quantum efficiency?*>?*. Therefore, to maximize the
neQe of QLEDs, the PL QY of QDs should obtain the values
of unity, the number of effective electrons and holes injected
into the emissive layers should be balanced to enhance the
radiative recombination, and the released photons should be
effectively extracted.

4.1 Fabrication of large-sized InP-based QDs with
near-unity PL QY

To improve the electroluminescence stability of QDs, it is
essential to increase their size. However, achieving a high PL
QY in such large-sized QDs requires the careful design of
key parameters to suppress non-radiative recombination
pathways within the emitting layer. This can be accom-
plished through three primary strategies: First, defect reduc-
tion is critical. By optimizing synthetic conditions and
designing appropriate core/shell structures, surface, inter-
face, and crystalline defects can be minimized, thereby
reducing nonradiative recombination centers'*’. Addition-
ally, controlling graded or alloyed compositions and adjust-
ing shell thickness can effectively suppress FRET between
QDs!123, Second, the charge injection balance and carrier
recombination efficiency must be improved. Lowering the
energy barrier for electron and hole injection helps achieve
balanced charge distribution, mitigating Auger recombina-
tion. In addition, suppressing electron leakage is beneficial
for improving carrier recombination efficiency, reducing the
generation of Joule heating and the efficiency losses at high
brightness levels?”****. Third, surface ligand engineering
plays a vital role. Proper ligand selection and optimization
can tailor energy levels, passivate surface defects, enhance
QD stability, and balance charge injection in devices®**>!*",
These modifications lead to significant improvements in
both device efficiency and operational lifetime.

4.2 Increase the radiative recombination rate in the
emitting layer

To realize long operational stability at high brightness, it is
necessary to carefully select materials or the device structure
to reduce Auger recombination, heat accumulation, and
electron leakage simultaneously. The reported study found
that tailoring core/shell QD heterostructures —particularly
those with a smoothed core/shell interface or coating a thick
shell —could reduce the overlap between the initial and the
final state of the carrier excited during Auger recombina-
tion, and thus significantly suppress this non-radiative
recombination pathway?. Minimizing heat accumulation is
also an essential factor in prolonging the operation lifetime
of QLEDs, which can be achieved by obtaining high lumi-
nance and high efficiency at low driving voltage. To achieve
this purpose, enhancing the quasi-Fermi level splitting by
using monolayers of large QDs (>20 nm) can increase the
electron population per QD, leading to the improvement of
radiative recombination and thus the luminance and effi-
ciency at low driving voltage (Fig. 15(a)). To suppress elec-
tron leakage, it is necessary to insert an interface modifica-
tion layer or increase the LUMO of HTL, as well as modify
the shell materials of InP-based QDs to improve the energy
level matching with the HOMO of the HTL. Additionally,
enhancing electron injection by modifying electron trans-
port materials is necessary to fill the defect states in the QD
emitting layer, thereby enhancing the carrier radiative
recombination efficiency (Fig. 15(b)).

4.3 Enhancing the light extraction efficiency in device

To improve the light extraction rate and efficiency of
QLEDs, the most efficient approach is to decrease the refrac-
tive indices of the functional layer sandwiched between the
anode and the cathode, or increase the refractive indices of
the substrates. Another way to extract the trapped light is to
optimize device structure, integrate the devices with a scat-
tering layer or adopt a top-emitting structure, and so on.
However, although significant improvement of device
performance could be obtained based on the optimization of
device structure, whether the luminous efficiency can be
improved from directional light emission of QD materials is
the fundamental solution, which can be realized by the
oriented self-assembly?. On the one hand, QDs with
oriented self-assembly can be realized with anisotropic
shapes featuring either large aspect ratios or well-defined flat
crystalline facets, such as nanorods, nanoplatelets, and QDs
with flat exposed facets, which enable increased photon
emission perpendicular to the device substrate, and thus
enhance the photon out-coupling?*-2%. On the other hand,
dipole-dipole interaction, which depends on the QD’s size
and chemical composition, is another important force that
affects the self-assembly of nanocrystals. A previous study
found that more ionic compounds lead to larger permanent
dipole moments that facilitate the QD orientation®. This is
an effective strategy to promote directional emission from
each QD (Fig. 15(¢)).
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Fig. 15 | (a) Schematic diagram of improving exciton recombination probability through large-sized QDs. (b) The main problems and solutions affecting the
performance of InP-based QLEDs. (c) Schematic diagram of the reverse parallel orientation arrangement of QDs with a permanent dipole moment.

4.4 Resolving the luminescence and aging
mechanisms in InP-based QLEDs

The unresolved luminescence and aging mechanisms in InP-
based QLEDs remain critical challenges hindering their
commercialization and long-term stability. A comprehen-
sive understanding of the interplay between QD surface
chemistry, defect states, interfacial degradation under elec-
trical stress and transport characteristics of carriers in
devices is essential to develop stable InP-based QLEDs. For
instance, in-situ X-ray photoelectron spectroscopy (XPS)
and ultraviolet photoelectron spectroscopy (UPS) are neces-
sary to directly track the chemical state evolution (e.g.,
oxidation of In/P, ligand desorption) and the shifts of energy
level at the interface of QD/charge transport layer. This is
crucial for identifying electrochemical reactions and interfa-
cial dipole formation. Time-resolved and spatially-resolved
EL mapping are necessary to detect the emergence of non-
radiative recombination centers under electrical stress.
Grazing-incidence small-angle X-ray scattering (GISAXS)
can monitor the nanoscale morphological stability of the QD
film under electrical stress, detecting QD aggregation or
layer segregation. Conductive atomic force microscopy (C-
AFM) and kelvin probe force microscopy (KPFM) can map
the variations in current injection and surface potential
across the QD layer, which helps in identifying "hot spots”
for leakage current and localized degradation. The above
advanced characterization techniques coupled with theoreti-

cal modeling, such as DFT, provide definitive guidelines for
the design of core/shell structure, stable surface passivation
and optimized device interfaces, ultimately paving the way
for the commercialization of high-performance InP-based
displays.

4.5 Enhancing the performance of blue-emitting InP-
based QLEDs

To achieve high-performance blue-emitting InP-based
QLEDs, coordinated optimization across the following three
aspects is essential. First, precise control over synthesis
conditions and precursor composition enables uniform
manipulation of the core size, which serves as the founda-
tion for obtaining narrow emission spectra!’®?%’, The intro-
duction of Ga to form InGaP alloys allows for bandgap
widening while maintaining an appropriate QD size, thereby
enabling stable blue emission'’!. Second, gradient shell
structures should be developed to progressively mitigate
lattice strain, thereby promoting epitaxial growth of thick
and intact shells and achieving effective passivation of
surface!*'¥”. Finally, to address their wide bandgap charac-
teristics, the combination of ligand-mediated energy level
modulation and well-matched CTL designs optimizes
charge carrier injection balance, suppresses leakage current
and non-radiative recombination, and ultimately enhances
device efficiency and stability*>231:24%,
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5 Conclusions

In summary, this review provides a comprehensive analysis
of the nucleation mechanisms underlying InP core forma-
tion and presents key optimization strategies for high-
performance InP-based core/shell QDs and their corre-
sponding QLEDs. We strongly believe that the full process
of fine-tuning from materials to devices is necessary to real-
ize high efficiency, high luminance, and long-lifetime InP-
based QLEDs. Accordingly, we summarize the enhance-
ment strategies from synthesis to device, including InP core
engineering, core/shell engineering, ligand engineering and
device architecture engineering. Although these strategies
have improved the performance of InP-based QLEDs to
some extent, there is still a significant gap in performance
for practical display applications. Thus, we critically evalu-
ate the remaining commercialization challenges of InP-
based QLEDs in next-generation display and optoelectronic
technologies, including the difficulty in achieving high-
performance EL with small QDs, several issues caused by
imbalanced carrier injection (namely, Auger recombination,
Joule heating, and low carrier recombination efficiency),
still-unresolved luminescence and aging mechanism, and
the poor performance of blue-emitting InP-based QLED:s.
Finally, we proposed potential pathways to overcome
current limitations, providing insights for the future devel-
opment of InP-based QLED technologies. To realize high-
performance InP-based QLEDs, the following issues must be
addressed: how to fabricate large-sized InP QD with near-
unity PL QY, how to enhance the radiative recombination
rate in the emitting layer, how to improve the light extrac-
tion efficiency in device, how to elucidate the luminescence
and aging mechanisms in InP-based QLEDs through
advanced characterization techniques, and how to enhance
the performance of blue-emitting InP-Based QLEDs. In the
near future, researchers will overcome existing limitations
and usher in the maturation of InP-based QLED technology,
which will firmly establish their critical role in lighting,
display, and emerging applications.
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