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Abstract
Quantum dots (QDs) have shown great application potential in a variety of optoelectronic
devices due to their unique optoelectronic properties, especially playing a key role in the
development of quantum dot light-emitting diodes (QLEDs). Inorganic ligands, including metal
or non-metal chalcogenides, oxoanions, halides, and metal cations, play crucial roles in the
synthesis, stabilization, and functionalization of QDs. Compared to long-chain organic ligands,
inorganic ligands are shorter and possess higher electron mobility, which facilitates their
application in high-performance QLEDs. This review explores the mechanisms of ligand
exchange, classifies the types of inorganic ligands, and discusses their impact on the properties
of QDs. Special attention is given to the latest research developments in inorganic ligand QDs
for LEDs and their prospective applications in optoelectronics. This review highlights the
versatility and efficacy of inorganic ligands, showcasing their potential to revolutionize QLED
technology for future high-resolution displays and efficient optoelectronic devices.

Keywords: quantum dots, inorganic ligands, QD-LED, surface passivation

1. Introduction

Quantum dots (QDs) are nanocrystals (NCs) with a size
between 1 and 10 nm, with superior electronic and optical
properties due to their unique quantum confinement and sur-
face effects [1–4]. The properties of these nanoparticles are
not only affected by their composition and structure, but also
depend on the size and shape at the nanoscale, providing
wide and tunable band gaps, narrow emission peaks, high
luminescence quantum yields, and good optics stability [1,
5–8]. This advanced material has been widely used in light
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sources [9–11], information display technology (such as full-
color displays and virtual reality devices) [12–15], solar cells
[16–19] and biological imaging [20–23]. As synthesis meth-
ods advance and a deeper understanding of their proper-
ties emerges, QDs are becoming the center of cutting-edge
research across multiple scientific and engineering disciplines,
driving the continuous development of new technologies and
applications.

The surface ligands of QDs play a crucial role in their syn-
thesis, stability, and functionalization. Ligands can passivate
unsaturated bonds on the surface of QDs and reduce the gener-
ation of non-radiative recombination centers (i.e. defects) [24,
25], thus improving the optoelectronic properties and stability
of QDs. In colloidal NC chemistry, ligands not only affect the
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nucleation and growth process of QDs, but also regulate their
dispersion and stability in different solvents by controlling
the charge balance and polarity of the QD surface [26–29].
In addition, ligands can further change the optical and elec-
tronic properties of QDs by adjusting the energy positions at
the edges of the conduction band and valence band [30–33].

The type and structure of the ligands are critical to
the application of QDs. Long-chain hydrophobic ligands
enhance the stability of QDs in nonpolar organic solvents,
thereby improving photoluminescence quantum yield (PLQY)
[34, 35]. However, these bulky ligands are usually insu-
lating and non-functional [26, 36, 37], which limits their
applicability in fields requiring efficient charge transport,
such as electroluminescent quantum dot light-emitting diode
(QLED). In contrast, inorganic ligands, which are typically
shorter, exhibit higher electron mobility compared to their
organic counterparts. Their compact size and high conduct-
ivity improve electron transport and biocompatibility [28,
38–40], making them essential for the development of more
efficient optoelectronic devices and advanced biomedical
applications.

In this review, we first introduce the mechanism of the pas-
sivation process of inorganic ligands in detail. Then, various
inorganic ligands currently studied are classified and summar-
ized, emphasizing their improvement in the properties of QDs
such as luminescence, electron transport, and stability. Finally,
we focus on the latest research progress in the application of
inorganic ligand QDs (ILQDs) in LEDs, and prospect their
future applications in the field of optoelectronics based on
existing shortcomings and challenges.

In this review, we begin by providing a detailed introduc-
tion to the passivation mechanisms of inorganic ligands. We
then classify and summarize various inorganic ligands cur-
rently under study, highlighting their contributions to enhan-
cing the properties of QDs, including luminescence, electron
transport, and stability. Following this, we explore the latest
advancements in the application of ILQDs in LEDs, with
a particular focus on device architecture, performance para-
meters, and how ILQDs contribute to improved device effi-
ciency. Finally, we conclude by summarizing the key findings,
addressing the challenges and limitations of current ILQD-
based QLEDs, and offering insights into potential solutions
and future research directions.

2. Inorganic ligand exchange process of inorganic
ligand-terminated colloidal QDs

The synthesis technology of semiconductor material QD is
mainly based on the high-temperature organic phase route [9,
41, 42]. Through this method, the surfaces of QDs are capped
with organic ligands containing long carbon chains (such as
oleic acid (OA), oleylamine (OAm), trioctylphosphine (TOP),
etc), [43, 44] allowing these highly crystalline, monodispersed
QDs to be stably dispersed in non-polar solvents (such as hex-
ane, toluene, etc) [8, 9, 45].

Although organic ligands play an important role in the syn-
thesis of QDs, their long carbon chain structures limit their

applications in those fields that require stronger hydrophili-
city or specific surface functionality, as mentioned above.
Researchers have developed a variety of methods to remove
or replace organic ligands on the surface, including thermal
treatment [46–48], chemical etching [49–51], UV/Ozone [52–
54] and plasma [55–57], etc. However, these techniques are
often accompanied by some shortcomings, such as the pos-
sible damage to the structure of QDs, partial oxidation of QDs,
or the incurrence of surface defects [58, 59].

Relatively speaking, solution-phase inorganic ligand
replacement technology provides an effective alternative
due to its mild operating conditions and small impact on
QDs [60]. This method achieves replacement with organic
ligands by introducing inorganic ligands into the solution,
which not only retains the original structure and optoelec-
tronic properties of QDs, but also meets the surface func-
tional requirements of specific applications. Furthermore, the
advancement of this technology enriches the approaches for
surface modification of QDs and broadens their potential
for widespread use in scientific research and technological
applications.

Ligand exchange in the solution phase can facilitate the
transfer of QDs between polar and nonpolar solvents. Taking
the surface regulation of II–VI core–shell QDs with indium
nitrate (In(NO3)3) as an example, solutions of red-emitting
CdSe/ZnS QDs, green-emitting CdSe/CdZnSeS/ZnS QDs,
and blue-emitting CdZnS/ZnS QDs in hexane were added
to a dimethylformamide (DMF) solution containing indium
nitrate. This resulted in a distinct phase separation [61]. After
vigorous stirring, the transfer of QDs from the nonpolar hex-
ane phase to the polar DMF phase was observed (figure 1(a)).
In the DMF phase, indium ions (In3+) replaced the original
organic ligand OA on the surface of the QDs, while nitrate
ions (NO3

−) serve as counter ions to form a diffusion around
QDs (figure 1(b)). The ion layer maintains the charge neutral-
ity of the entire system. The electrostatic interaction between
nitrate ions and indium ions not only ensured high disper-
sion of the QDs but also enhanced their stability in the polar
solvent. Moreover, further washing and purification with a
less polar anti-solvent, such as toluene, effectively removed
unreacted free indium ions, nitrate ions, and other impurit-
ies, furtherly enhancing the quality and purity of the QDs.
The obtained indium-ion-modified QDs could be redispersed
in fresh solvents as required.

When delving into the interaction between QDs and inor-
ganic ligands, the covalent bond classification theory provides
an extremely effective analytical framework (figure 2). This
theory divides ligands into three major categories: ¬ L-type
ligands serve as two-electron donors, usually Lewis bases.
They form coordination bonds with metal ions by providing
lone pairs of electrons, such as amines (R-NH2), phosphine
(R3-P) and its oxide (R3-PO). ­ X-type ligands, which act
as one-electron donors, can repair defects on the surface of
NCs by filling vacancies, with typical examples including hal-
ide ions (Cl−, Br−), carboxylate (R-COO−) and thiolate (R-
S−).® Z-type ligands serve as two-electron acceptors, usually
Lewis acids, which can accept electron pairs and are used for
passivation or stabilize the surface of QD, such as certainmetal
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Figure 1. (a) Optical images of red-emitting CdSe/ZnS QDs, green-emitting CdSe/CdZnSeS/ZnS QDs and blue-emitting CdZnS/ZnS QDs
before and after treatment with In(NO3)3 under UV light. The solvents of the upper and lower layers were hexane and DMF, respectively.
(b) Stable structures of organic ligand QD (left) and inorganic ligand QD (right) in non-polar and polar solvents, respectively. Reproduced
from [61]. CC BY 4.0.

Figure 2. Nanocrystal ligand binding motifs according to the covalent bond classification method. Reprinted (adapted) with permission
from [35]. Copyright (2013) American Chemical Society.

salts (CdCl2, ZnCl2) [62–65]. This classification simplifies the
understanding of ligand behavior, particularly in dealing with
complex inorganic-organic interfaces.

In the synthesis process of QDs, long-chain organic lig-
ands usually appear as X-type ligands, mainly including oleate
and other fatty acid derivatives, which cap QDs by forming
coordination bonds with excess metal cations on the surface
to prevent further growth and aggregation. At this time, this

binding motif of QDs can be expressed as NC(MXn) accord-
ing to the unified representationmethod ofNCs [66]. Inorganic
ligands can be used as X-type ligands to combine with surface
metal or non-metal atoms by providing single electrons, or
they can be used as Z-type ligands to accept electron pairs and
react with Lewis basic sites of nanoparticles. The exchange
reaction of X-type organic ligand and X-type inorganic ligand
can be written as: [65]

3
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NC(MX2)+ 2HX ′ ⇌ NC(MX ′
2)+ 2HX. (1)

For example, X = RCOO−, RS−; X’ = CI−, SCN−.
Generally, the reaction of X-type organic ligands with Z-

type inorganic ligands can cause QDs to be transferred from
non-polar solvents to polar solvents (figure 1(b)). Its exchange
reaction can be written as: [50]

NC(MX2)+Z⇌ NC(MX)+ +(ZX)−. (2)

For example, X = RCOO−, RS−; Z = CdCl2, ZnCl2.

3. Diversity of inorganic ligands and the impact on
QDs

A revolutionary development in QD technology is the
introduction of solution-phase inorganic ligand exchange, a
concept first proposed by Talapin and his team in 2009 [40]. In
their pioneering work, traditional natural organic ligands were
replaced by inorganic species—molecular metal chalcogenide
complexes (MCCs). The obtained QD NCs can be dispersed
in polar solvents and transformed into crystalline or amorph-
ous states after heat treatment for the use in semiconductor
devices such as transistors. Since this breakthrough study by
the Talapin’s team, as many as 81 different inorganic ligands
have been developed, which can be classified into five cat-
egories: MCCs, metal-free chalcogenide complexes (MFC),
oxoanions, halides and metal halides, and metal cations.

3.1. Metal chalcogenide complex

Talapin and colleagues were the pioneers in using MCCs,
such as Sn2S6−, In2Se42−, In2Te3, Ga2Se3, CuInSe3, ZnTe,
HgSe22−, Sb2Se3 as capping agents for QD NCs (figure 3(a))
[40]. The synthesis of these MCC ligands typically involves
dissolving main group or transition metal chalcogenides in
hydrazine, forming soluble anions, for example, Sn2S6−

(figure 3(b)). Hydrazine (N2H5
+) serves as the cation, not

interacting directly with the NCs but forming a diffuse ionic
layer around them to maintain charge neutrality. This biphasic
ligand exchange process allows NCs to transition smoothly
from nonpolar solvents like toluene to polar solvents such
as formamide or dimethyl sulfoxide (DMSO), without com-
promising their optical properties. The distinctive feature of
MCC is that it can transform from an insulator phase to a
semiconductor phase through heat treatment without chan-
ging the chemical properties of QDs, providing a new idea for
manufacturing semiconductor materials [40, 67]. For instance,
upon heating at 180 ◦C, Sn2S64− decomposes cleanly into
SnS2 and gases, leaving no carbon-containing impurities:
(N2H5)4Sn2S6 → SnS2 + 4N2H4 + 2H2S [68]. This reac-
tion results in the formation of high-purity, electronic-grade
SnS2 semiconductors, ideal for use in semiconductor thin-film
devices. Recent studies have further revealed the properties of
MCC ligands: these inorganic ligands spontaneously dissoci-
ate on the QD surface and form an amorphous matrix around
the core. This passivation layer builds a bridge for electron

transmission between QDs, thereby improving the electron
mobility of inorganic QD devices [69].

The diversity ofMCC plays a pivotal role in modulating the
properties of inorganic colloidal QDs and their resultant films,
impacting key characteristics such as electrical conductivity,
magnetic susceptibility, and electrocatalytic activity [73]. For
instance, the incorporation of metal ions such as Cd2+, Ca2+,
and In3+ can fundamentally alter the surface charge of QDs,
switching it from negative to positive. Moreover, the introduc-
tion of K+ ions intoMCC can transform the conductivity char-
acteristics of MCC-terminated CdTe QDs from p-type to n-
type. This modification not only adjusts the charge transport
properties but also enhances the photoluminescence attributes
of the QDs. Mn2+ connects the S2− terminated CdSe QDs
by forming an S–Mn–S type bond bridge, imparting magnetic
properties to the otherwise non-magnetic CdSeQDs. The pres-
ence of Pt2+ ions is particularly crucial in dictating the elec-
trocatalytic behavior of semiconductor QD solids. These ions
facilitate the fine-tuning of electrochemical reactions at the
nanoscale, enhancing the performance of QD-based catalysts
[73]. In particular, MCC ligands can form stronger bind-
ing with chalcogenide-based QDs due to the strong affinity
between metal elements and chalcogenides [40, 74–76].

Furthermore, MCCs based on main group metals, such as
Na4Sn2S6, Na4Sn2Se6, (NH4)4Sn2S6, K4SnTe4, (NH4)3AsS3
and Na3AsS3 can effectively passivate semiconductor QDs
like CdSe and PbS (figure 3(c)), significantly enhancing the
charge transport properties of films and suspensions while pre-
serving quantum effects and exciton absorption peaks [70, 75].

MCC ligands bring the NCs into closer proximity, redu-
cing the interparticle distance to 0.3 nm (approximately 1/5
that of organic ligands)[77], thereby enhancing wave function
overlap and promoting strong electronic coupling that favors
metallic behavior. Furthermore, these ligands impart substan-
tial charges to the NCs, balancing electrostatic and van der
Waals forces to promote the formation of ordered superstruc-
tures in polar solvents. In the latest research conducted by
Talapin’s team, they used multivalent salts to control micron-
scale supercrystalline assembly of inorganic NCs [77]. These
supercrystals are composed of Sn2S64− and Sn2Se64− termin-
ated metal NCs (metals such as Au, Pt and Ni or semiconduct-
ors such as PbS and PbSe), which exhibit extremely high elec-
tronic coupling capabilities and provide a promising platform
for the fabrication of QD thin film transistors. Additionally,
MCCs include less common transitionmetal-based thiometall-
ates such as PtS152–, CoS92–, NiS62–, Fe2S122–, MoS42–, WS42−

[40, 78, 79], etc, which have also received research attention
in recent years. The properties of these compounds are similar
to traditional MCCs and exhibit similar principles, nonethe-
less, upon heat treatment, these thiometallates can form nano-
scale transition metal or transition metal sulfide structures on
the surface of QDs, imparting catalytic activity to the QDs.

However, MCC also exhibit certain notable drawbacks.
For instance, QDs capped with MCC are typically dispers-
ible only in highly polar solvents. Addressing this limita-
tion, researchers have devised innovative solutions such as the
coordination of MCC-capped QDs with macrocyclic ethers,
facilitating the solubilization of inorganically capped NCs in
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Figure 3. (a) Stable colloidal solutions of CdSe QDs capped by various metal chalcogenide complexes. (b) CdSe QDs using Sn2S6
− as

ligand. From [40]. Reprinted with permission from AAAS. (c) Schematic diagram of the combination of main group metal sulfide ligands
and CdSe QDs. Reprinted with permission from [70]. Copyright (2018) American Chemical Society. (d) Schematic diagram of the
complexation of MCC-terminated QDs with crown ethers or cryptands. Reproduced from [71]. CC BY 4.0. (e) Schematic diagram of the
water-based solution MCC synthesis method and its application in the preparation of QD films and in-situ synthesis of QDs. Reprinted with
permission from [72]. Copyright (2015) American Chemical Society.

solvents of varying polarity (figure 3(d)) [71]. Moreover, con-
ventional methods for synthesizing MCC often require the use
of hydrazine, a toxic and explosive chemical, which restricts
its broader application. In response, a novel aqueous based
synthesis method for MCC has been developed [72]. This
method, which avoids the use of hydrazine, presents an envir-
onmentally benign and safer alternative, significantly broad-
ening the prospects for MCC applications in the solution pro-
cessing of inorganic semiconductors (figure 3(e)).

3.2. Metal-free chalcogenide complex

In an innovative work by Nag et al in 2011 [80], metal-free
chalcogenides (such as chalcogenides and hydrogen chalco-
genides S2−, Se2−, Te2−, HS−, HSe− and HTe, non-metal
sulfides complex TeS32− etc) was used for the first time in the
coordination of NCs as a substance opposite to metal chal-
cogenide (figure 4(a)). Metal-free chalcogenide complexes
(MFC) usually do not containmetal elements, are low-cost and
environmentally friendly. In addition, it also has the advant-
ages of simple structure and small size (figure 4(c)), and can
be widely used in mass production.

However, some researchers have identified persistent chal-
lenges with QDs surfaces after replacing organic ligands with
Se2− or S2−, noting the presence of high-density trap states
and weak hole transport capabilities. These deficiencies can

be ameliorated by employing PbCl2 to reduce the density of
trap states and achieve n-type doping [81]. Moreover, MFCs
exhibit varying degrees of affinity and application limitations.
For instance, in the case of CdSe/ZnS QDs, S2− demonstrates
a higher affinity compared to many MCCs. Nonetheless,
MCCs perform more effectively in conjunction with Pb chal-
cogenide QDs, whereas S2− typically fails to successfully cap
such structures [80]. Furthermore, compared to MCC-capped
QDs, free chalcogenide ions, such as S2−, are more suscept-
ible to oxidative degradation in environmental conditions [26].
It has been observed that superior stability compared to MCC-
capped QDs can only be achieved by preparing and storing the
QDs in a glove box environment.

3.3. Oxoanions

Research on oxoanions ligands can be traced back to the end
of the 20th century, when researchers began to explore the role
of inorganic anions such as SO4

2− and PO4
− in improving the

optical properties of QDs [82]. These substances show great
potential in QD surface engineering due to their excellent elec-
tron storage capabilities and structural stability.

In 2014, Huang et al reported that using inorganic
oxoanions (such as VO4

3−, MoO4
2−, WO 4

2−, PO4
3− and

MoO4
2−) as ligands (figure 5(a)) can achieve stronger bind-

ing to oxide NCs (such as Fe2O3, ZnO and TiO2), [83]

5

https://creativecommons.org/licenses/by/4.0/


Nanotechnology 36 (2025) 102001 Topical Review

Figure 4. (a) Schematic diagram of CdSe QDs using S2− to complete ligand exchange (b) Phase transfer of CdSe QD colloidal solution
from toluene to formamide (FA) after using S2− ligand to exchange organic ligands (c) Size distribution of organic ligands and S2−

ion-terminated CdSe QDs (d) Absorption and PL spectra of S2− ligand CdSe/ZnS core/shell QDs; the inset shows the luminescence of the
QD colloidal solution under 365 nm ultraviolet light irradiation. Reprinted with permission from [80]. Copyright (2011) American
Chemical Society.

whereas previously studied chalcogenide ligands prefer to
bind to metal sulfide QDs (e.g. cadmium selenide). This phe-
nomenon can be explained by the hard–soft acid–base prin-
ciple. Oxoanions usually belong to hard Lewis bases, and hard
bases tend to form stable complexes with hard acids, so oxoan-
ions can achieve more stable combinations with QDs with
hard Lewis acidic sites. In addition, this study also shows
that polyoxometalates such as [PMo12O40]3−, [P2W18O62]6−,
[Mo126VIMo28VO462H14(H2O)54(H2PO2)7]21− and other com-
plex oxoanions can not only react with the surface of QDs as
ligands, but also make them electrocatalytically active when
combined with specific QDs.

Although the application of oxoanions ligands in QDs
research has made remarkable achievements, there are many
ions with weak nucleophilicity and weak binding force, such
as NO3−, PO4

3−, SO4
2− and ClO4− [84], these ions are usu-

ally difficult to form stable coordination complexes due to
their large charge density and small polarizability [85]. Studies
have shown that hydrogenated forms of ions, such as H2PO4

−

and HSO4
−, show better results than their normal forms PO4

3−

and SO4
2− [84, 86]. Furthermore, using counterions with

corresponding salts that have the ability to generate H+ is also

more effective in some cases. For example, in ammonium salt
(CO3

2−, S2O3
2−, SO3

2−, NO3
−) ionic liquids, they are more

effective than other simple counterions [84, 87, 88]. This is due
to the introduction of additional H+, which increases the polar-
ity and nucleophilicity of the ions, thereby improving their
activity in coordination reactions.

3.4. Halides and metal halides

Pseudohalide ammonium thiocyanate (NH4SCN) was first
introduced into QD ligand engineering in 2011 as a new envir-
onmentally friendly short inorganic ligand (figure 6(a)) [89].
Its unique vibrational spectrum and high oscillation intensity
provide unprecedented understanding for studying the chem-
ical and electronic properties of QDs NC surfaces. After that,
researchers conducted extensive research on halides and metal
halides [90–96]. Niu et al reported the use of inorganic halo-
gen ligands: I−, Br−, Cl− to cap CdSe and PbS QDs, and
the treated QDs were successfully subjected to electrophoretic
deposition for the first time, significantly improving QDs film
photocurrent [90]. Dirin et al proposed a general method for
surface functionalization of QDs with metal halides (AMXn

6
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Figure 5. (a) Schematic diagram of the NCs structure of oxoanions
ligands (b) Colloidal solution of CdSe, InP and Fe2O3 in FA treated
by Me3OBF4 and then added with Na3PO4. Reprinted with
permission from [83]. Copyright (2014) American Chemical
Society.

or MXn, where M = Pb, Cd, Zn, In, Fe, Sb, X = Cl, Br,
I), significantly improving its photoluminescence capability
(figure 6(b)) [91]. Zhang et al expanded the types of pseudo-
halides (such as N3

− or CN−) that can be used for QD lig-
and exchange, and demonstrated that the azide ligand N3

−

is particularly effective for III–V QDs (such as InAs and
InP) [92].

It is noteworthy that halide anions are characterized by
exceptionally small dimensions, with ionic sizes of Cl−, Br−,
and I− potentially as diminutive as 0.1 nm, substantially smal-
ler than typical organic ligands and metal chalcogenide lig-
ands. For instance, the size of the minimal organic ligand such
as ethanedithiol is approximately 0.5 nm, whereas metal chal-
cogenide ligands, like Sn2S64−, measure about 0.7 nm [97].
The shorter ligand can be demonstrated by the shortened spa-
cing between QDs, as shown in figure 6(c). This smaller size
allows the ligands to cover the surface of QDs more densely
and uniformly, which helps reduce the formation of surface
traps and the likelihood of non-radiative auger recombination
caused by uneven surface coverage. Both of these issues con-
tribute to photoluminescence intermittency, commonly known
as ‘blinking’ phenomena [98, 99]. Additionally, the smaller
ligands enhance the confinement of electrons and holes within
the QDs, leading to a stronger quantum confinement effect.
This enhanced confinement results in higher luminous effi-
ciency and a narrower emission spectrum in QDs. Particularly
for blue light QDs, which require strict quantum confine-
ment effects on size due to their short emission wavelengths

Figure 6. (a) Schematic diagram of the exchange of SCN− with
long-chain organic ligands. Reprinted with permission from [89].
Copyright (2011) American Chemical Society. (b) TEM images of
PbSe QDs using oleic acid (left) and lithium bromide (right) as
ligands. Reprinted with permission from [102]. Copyright (2017)
American Chemical Society. (c) Typical halide perovskite QD
structure. Adapted from [103] with permission from the Royal
Society of Chemistry.

[100, 101], halide ligands with their extremely small dimen-
sions are especially ideal for synthesis.

In summary, halides and metal halides provide stronger
passivation than ligands such as chalcogenides and are cur-
rently the most promising inorganic ligands. In addition, since
perovskite materials are usually composed of halogens (I, Br,
Cl), as shown in figure 6(d), halide and metal halide lig-
ands are chemically compatible with the perovskite lattice and
can be used without destroying the original crystal structure.
Integrating into the perovskite lattice or forming stable chem-
ical bonds on its surface, its development has become one of
the important driving forces for the application and perform-
ance improvement of perovskite QD materials.

3.5. Metal cation

Metal cations that can be used as QD ligands usually include
In3+, Cd2+, Zn2+, Pb2+, Li+, etc [61, 104–106]. According to
the Lewis acid–base theory, metal cations, functioning as a Z-
type ligand (Lewis acid), can combine with the Lewis basic
sites on the surface of QDs. These sites are typically non-
metallic sites, forming a completely different binding method
from mainstream anionic ligands such as MCC (figure 7(a)).
Initially, Page et al achieved CdTe QDs with nearly uni-
form and high PLQY through CdCl2 ligand passivation,
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Figure 7. (a) Schematic diagram of metal cation-coordinated QDs and non-coordinated anions as counter ions. Reproduced from [61].
CC BY 4.0. (b) PLQY comparison of CdTe QDs before and after CdCl2 treatment. Reproduced from [107]. CC BY 4.0. (c) Time-resolved
PL decay curves of CdSe/CdZnSeS/ZnS NCs before and after treatment with ln3+. Reproduced from [61]. CC BY 4.0. (d) Variations in PL
intensity of CsPbBr3 NC films with initial measurements and after K+ and Na+ treatments. Reprinted from [109], Copyright (2021), with
permission from Elsevier. (e) Maximum operating temperature of K+ treated QD films. [110]. John Wiley & Sons. (© 2021 Wiley-VCH
GmbH).

claiming that it was due to the passivation of Cd sites by Cl−

(figure 7(b)) [107]. Houtepen et al speculated based on DFT
calculations that the lone pair of electrons on the anionic sites
on the QD surface is the main reason for the emergence of
trap states. However, L-type and X-type ligands do not have
the ability to directly affect the trap state density on the QD
surface. Only Z Type ligands can passivate these trap states
and change PLQY [108]. So based on this theory, Kirkwood
et al put forward a new guess about CdCl2 ligand passivation
of CdTe QD and proved that Cd2+ in CdCl2 achieves passiva-
tion of Te site [104].

The latest research by Xiao et al proposed the use of
metal salts composed of cations such as In3+, Zn2+ and
Cd2+ and non-coordinating anions (such as NO3

−、BF4− or

OTf−) to passivate II–VI semiconductor QDs like CdSe/ZnS,
CdSe/CdZnSeS/ZnS and other [61]. This strategy can main-
tain the QDs luminescence properties and extremely high
quantum yield while gently removing the surface original
organic ligands (figure 7(c)). In addition, metal cations also
show excellent performance in passivating perovskite QDs.
Na+, K+, Y+, Gu+, Pb2+, In3+ ions are used to passiv-
ate and repair the local trap state of CsPbI3 perovskite QDs
[105, 106, 109–112]. Films treated with these metal cations
generally demonstrate enhanced luminescence and improved
charge transport properties (figure 7(d)) [111]. Besides, these
films also display improved stability, enhance heat dissipation,
and reduce the maximum operating temperature (figure 7(e))
[110]. However, the use of certain metal cation ligands,
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Table 1. Summary of properties of different inorganic ligands.

Ligand type Advantages Disadvantages Applicable fields
Potential for improvement/
research directions

MCC -Strong electron mobility
-High quantum yield

-Requires toxic solvents
-Limited solvent options

-Semiconductor devices
-Photovoltaics and
sensors

-Develop non-toxic synthesis
methods
-Expand solvent compatibility

MFC -Environmentally friendly
-Simple structure

-High defect state density
-Weak hole transport

-Solar cells
-Optical glasses and
sensors

-Reduce defect state density
-Enhance optoelectronic
properties

Oxoanions -Excellent electron storage
-Stable bonding

-Weak coordination
-Unstable

-Electro catalysts
-Solar cell

-Improve core affinity
-Expand QD compatibility

Halides -Fewer defects
-Strong electronic coupling
-High luminescence efficiency

Not clear -Perovskite solar cells
-Photocatalysis and
sensors

-Compatibility with different
QDs

Metal Cation -Enhanced luminescence
-Trap passivation

-Toxic and expensive -QLEDs patterning
techniques

-Develop safer metal cations
-Reduce synthesis costs

notably Cd2+ and Pb2+, which are costly and potentially toxic,
raises environmental and health concerns. Consequently, a
careful assessment of the benefits and risks is essential prior
to their application.

In table 1, we summarize and compare the key proper-
ties and applications of the different inorganic ligands dis-
cussed above. This overview highlights the distinct advant-
ages and disadvantages associated with each ligand type,
providing a clear perspective on their potential use in various
QD applications.

4. LED devices based on ILQDs

QD-based QLEDs have shown significant advantages over tra-
ditional LEDs and organic LEDs (OLEDs) in the display field
(figure 8(a)). These advantages include wider color gamut
(figure 8(b)), excellent stability and low production costs,
while maintaining similar efficiency levels to OLED [9, 113–
115]. By adjusting the size or composition of QDs, the lumin-
escence properties can be precisely controlled without chan-
ging the processing process, thus providing great flexibility
and potential for the development of multifunctional and high-
performance display devices [8, 116–119]. Inorganic ligands,
such as the previously discussed halide anions, offer a seam-
less link between QD properties and their practical applica-
tions in display technologies. These ligands facilitate the fine-
tuning of QD dimensions and enhance their stability, which are
critical for the emission consistency and longevity of display
devices. For instance, the small ionic radius of halides allows
closer packing and tighter quantum confinement, leading to
brighter and more color-precise emissions. This enhanced
emission control is essential for the next generation of dis-
plays, which require precise color reproduction for improved
visual experiences.

The electroluminescence principle of QLEDs relies on its
unique device structure and dynamic management of charge
carriers. In QLEDs, the typical structure is a p-i-n architecture,

inwhich a thin, single-layer QDfilm is sandwiched between an
n-type electron transport layer (ETL) and a p-type hole trans-
port layer (HTL) (figure 8(c)). This structural design optimizes
carrier injection and recombination, resulting in efficient light
emission [9, 124–128]. Under forward bias application, elec-
trons from the ETL and holes from the HTL are efficiently
injected into the middle QD layer. These carriers meet in the
QD layer and form electron–hole pairs. The radiative recom-
bination of these pairs generates photons, which realizes the
luminescence of the LED device. By introducing inorganic lig-
ands to replace organic ligands on the QD surface, the deterior-
ation of carrier transport caused by QD stacking of long-chain
organic ligands can be improved and the carrier mobility of the
QD layer can be greatly improved. Moreover, they can also
help maintain the structural integrity and electronic proper-
ties of QDs under the electrical stress of operating conditions,
which is critical for achieving stable and uniform light emis-
sion over prolonged periods. This stability is vital for QLEDs,
especially when targeting applications that require consist-
ent color and brightness, such as high-definition displays and
advanced lighting systems.

External quantum efficiency (EQE) refers to the ratio of
the number of photons emitted from the device to the num-
ber of injected electrons and is one of the key indicators
for evaluating the performance of QLEDs [13, 129–131]. In
Auger recombination, the recombination energy of electron–
hole pairs is not released by emitting photons, but is transferred
to other electrons or holes and is dissipated in the form of
thermal energy or phonon vibration. This energy transfer will
lead to a decrease in luminous efficiency. Some researchers
have used multi-shell structures to suppress Auger recombin-
ation to stabilize EQE and improve brightness [123]. Notably,
optimal thicknesses of the inner and outer shells in these
core/shell/shell QDs can significantly extend the photolumin-
escence lifetime, and maximize PLQY [132]. However, the
introduction of multi-shell structures increases the complexity
of the synthesis process. At the same time, the multi-shell lay-
ers may reduce the size effect of QDs, leading to a shift in the
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Figure 8. (a) Comparison of the electroluminescence spectra of blue, green, and red QLEDs (solid lines) and OLEDs (dashed lines) at
similar wavelengths. Reproduced from [120], with permission from Springer Nature. (b) CIE (International Commission on Illumination)
1931 chromaticity diagram. The triangles respectively represent the NTSC (National Television System Committee) standard (black),
OLED (blue), QLED (red), OLED-QLED hybrid series LED (pink) display color gamut. Reprinted with permission from [121]. Copyright
(2016) American Chemical Society. (c) Schematic diagram of the electroluminescent QLED structure. Reproduced from [122]. CC BY 4.0.
(d) Achieve stable EQE by using multi-shell structures to suppress non-radiative Auger recombination within QDs. Reprinted with
permission from [123]. Copyright (2018) American Chemical Society.

emission peak and changes in the emission color. Interfacial
trap states at the shell layers can introduce nonradiative path-
ways, particularly when shell thicknesses are increased bey-
ond an optimal range, subsequently decreasing PLQY [132–
134]. In this context, inorganic ligand passivation is particu-
larly important. Inorganic ligand passivation reduces surface
defects and impurities that are often the primary cause of non-
radiative recombination.

All in all, for the application of QDs in LEDs, effect-
ive ligand passivation not only improves the optoelectronic
properties of QDs and increases the localization of excitons,
but also enhances the chemical and optical stability of QDs,
thereby improving overall device performance and lifetime.
A large number of studies have shown that ILQDs have high
PLQY and excellent charge transport capabilities [61, 80, 92,
135, 136]. Table 2 summarizes the latest research results on
inorganic ligand-modified QLEDs, showing their PL and EL
properties.

Current research materials of LED prepared by ILQDs is
mainly based on perovskite QDs. Halides and pseudohalide
inorganic ligands are currently a hot topic in research. By using
inorganic halides such as Cl−, Br−, I−, etc, researchers can
significantly improve the brightness and luminous efficiency
of QLEDs. For example, Li et al used chloride ions to passiv-
ate the surface of CdSe/ZnS core–shell QDs, which increased

the carrier mobility by an order of magnitude and achieved
an ultra-high brightness of 460 000 cd·m−2 [37]. The latest
research has achieved high EQE while meeting the pure red
emission wavelength of ultra-high definition displays required
by the Rec.2020 standard [159, 160]. Feng et al provided
a high-performance perovskite LED (PeLED) with an EQE
of up to 26.1% by using PbClX− modified CsPbI3 QDs
that showed pure red emission (emission center at 638 nm)
(figure 9(a)) [145]. The nucleophilic reaction of chloride ions
effectively controls the recombination of excitons and sup-
presses their dissociation due to surface defects. This strategy
not only improves the electro-optical performance of the
device, but also shows excellent spectral stability under high
driving voltage. In addition, some inorganic ligands have been
shown to improve LED thermal stability. For example, Wu
et al compared CsPbBr3 PeLEDs passivated using Br− and
PEABr (figure 9(b)). The Br− passivated QLED maintained
ultra-high stability after multiple high-temperature operat-
ing tests (figure 9(c)). The quasi-2D LED made of organic
molecule PEABr showed significant degradation (figure 9(d)).
The results obtained through the lifetime prediction function
show that the T50 (the value at which brightness decays to
half of its initial value) of the LED exceeds 108 h even at a
high brightness of 104 cd·m−2 [142]. Additionally, Zheng et
al reported that by modifying the surface Zn site trap states
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Table 2. PL and EL properties of inorganic ligand modified QDs.

Ligands QDs EL color EQE (%) PLQY (%) EL Peak (nm) FWHM (nm) Von (V) Lmax (cd·m−2) τ ave References

SCN− CsPbBr3 Green 17.3 82 521 17 3 48 000 8.06 [137]
SCN− CsPbI3 Red 10.3 89 695 52 2.2 823 70.02 [138]
BF4– CsPbBrxCl3–x Blue 3.2 87 468 3.2 275 11.47 [139]
I− CsPb(IxBr1−x)3 Red 24.4 95 30 2.6 760.5 [140]
I− CsPbI3 Red 23 96 640 31 2 20 [110]
Br− CsPb(Brx/Cl1−x)3 Blue 14.6 95 488 19 3 403 21.08 [141]
Br− CsPbBr3 Green 16.2 520 2.4 50 270 [142]
Br− InP/ZnS/ZnS Blue 2.6 93 488 47 2.9 422 95 [143]
Br− ZnSeTe/ZnSe/

ZnS
Blue 5.46 86.2 443 22 5.9 332 [144]

Cl− CsPbI3 Red 26.1 90 638 36 2.8 2511 10.2 [145]
Cl− CdSeZnS–ZnS Green 75 514 26 2.5 460 000 21 [37]
S2- Zn–Ag–In–Ga–S Red 5.32 86.2 628 82 218 531.3 [146]
SO4

2− CsPbI3 Red 9.94 84 684 62 2.31 2182 112 [147]
SO4

2− CsPbI3−xBrx Red 12.6 95 630 27 2.5 5000 37 [148]
K+ CsPb(Brx/Cl1−x)3 Blue 1.96 38.4 477 19 213 [149]
K+ (Cs/FA/pF-

PEA)Pb(Cl/Br)3
Blue 4.14 34.8 469 3.3 451 12.6 [150]

K+ (Cs/FA/pF-
PEA)Pb(Cl/Br)3

Red 3.55 93 637 31 3.6 2671 30.51 [151]

Na+ CsPbBr3 Green 17.4 73 512 2.9 8353 [152]
Na+ CsPbBr3 Blue 12.3 90 479 2.8 [153]
Cs+–Rb+ FAPbI3 15.84 405 0.5 1884 [154]
Zn2+ CsPbBr3 Green 6.43 100 512 96 392 15.01 [155]
Cu2+ CsPbI3 Red 2.03 74.2 687 1.6 1270 48 [156]
Mg2+ CsPbI3 Red 8.4 95 686 2.7 672 72.74 [157]
In3+ CsPbBrxI3−x Red 11.2 99.8 639 2.4 423 2.69 [158]

Abbreviations and their full meanings: PL (photoluminescence), EL (electroluminescent peak), FWHM (full width at half maximum), Von (turn-on voltage),
Lmax (maximum luminance), τ ave (average photoluminescence lifetime).

(figure 9(e)) of ternary ZnSeTe multi-shell QDs with brom-
ide, they achieved a substantial increase in the PLQY from
39.7% to 86.2% and the EQE from 0.74% to 5.46% [144]. In
addition, to address the instability problem of mixed halide
perovskite (CsPb(IxBr1−x)3) in applications, Wang et al pro-
posed an antisolvent-assisted in-situ passivation method using
I−. The metal halide perovskite (MHP) solid has a stability
of more than one year under ambient conditions, and the pre-
pared LED has an EQE of 24.4% and a PLQY of 95%, which
is currently the longest working stability red PeLED with an
EQE of more than 20% (figures 9(f) and (g)) [140]. Although
the use of halide passivation can effectively improve the per-
formance of LED devices such as EQE, its long-term stability
is still its fatal shortcoming and the biggest challenge in prac-
tical applications. Currently, Yang et al developed a strategy
for QD surface modification using pseudohalogen SCN−. By
using thiocyanate to replace bromide ions, the energy barrier
for halide ion migration is increased, bromide ion migration is
inhibited, and the LED operating half-life is extended to more
than 2 h at a brightness of 1000 cd·m−2, which is 5 times that
of traditional LEDs (figure 9(h)). At the same time, the LED
exhibits a high maximum EQE of 17.3% (figure 9(i)), a nar-
row fwhm below 17 nm, and a high maximum brightness of
47 927 cd·m−2 [137].

In addition, research on metal cation ligands in QLED has
also achieved breakthroughs. Yang et al promoted the bonding

of bromine sites on the CsPbI3−xBrx surface with K+ by cre-
ating a potassium-rich environment, reducing the defect dens-
ity on the halide-rich surface and inhibiting halide migration
(figure 10(a)). Achieved a PLQY of 93% and a high EQE
of 3.55% [151]. In recent years, a large number of studies
have shown that halide defects (halide dangling bonds or hal-
ide gaps) present in the contact interface between the grain
boundaries of QD films and the charge transport layer can
cause severe non-radiative recombination losses and limit the
improvement of LED luminescent efficiency [161–163]. Shen
et al proposed a strategy to use K+ to induce the growth of
QD films on a PEDOT:PSS HTL crystalline substrate, which
can suppress the defect state at the interface between the QD
layer and the HTL layer to solve the problem of hole transport
obstruction and the resulting fluorescence quenching problem
(figure 10(b)). They finally achieved a peak EQE of 4.14% and
a current efficiency (CE) of 2.71 cd·A−1 [150]. Furthermore,
the imbalance between electron mobility and hole mobility
between the ETL and the HTL is a problem that cannot be
ignored in LED applications. Studies have shown that the mis-
match in carrier mobility may lead to serious problems such
as charge accumulation and device performance degradation
[164–169]. In response to this issue, Chen and his colleagues
improved the charge transport balance within the device by
replacing the original PEA ligands in the CsPbBr3 films with
Na+, which slightly increased the hole mobility and at the
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Figure 9. (a) Electroluminescence properties of PbClX− modified CsPbI3 QDs. [145] John Wiley & Sons. (© 2024 Wiley-VCH GmbH).
(b) Schematic diagram of the surface vacancies and passivation of PEABr organic ligands and LiBr inorganic ligands on the surface of
CsPbBr3 perovskite film. (c), (d) Time-dependent PL spectra and integrated PL intensity of perovskite films treated with PEABr (c) and
LiBr (d) and annealed at 120 ◦C (inset). [142] John Wiley & Sons. (© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). (e)
Comparison of the shell state density of original and Br−modified ZnSeTe/ZnSe/ZnS QDs ZnS. Reproduced from [144]. CC BY 4.0. (f), (g)
Stability of untreated (f) and I–ion passivated (g) CsPb(IxBr1−x)3 MHP films under 100 W·cm−2 light irradiation, the right side of the
picture shows the color change of the film after one week. [140] John Wiley & Sons. (© 2022 Wiley-VCH GmbH). (h) Histogram of the
maximum EQE of 40 LED devices fabricated using Br− and SCN− coordinated QDs respectively. (i) Comparison of the working life of
LED devices fabricated using Br−(blue) and SCN−(green) coordinated QDs at a brightness of 1000 cd·cm−2. Reprinted with permission
from [137]. Copyright (2023) American Chemical Society.

same time enhanced the electron mobility by an order of mag-
nitude (figure 10(c)) .This makes the charge transfer in the
device more balanced [152].

In current research on QLEDs, the organic ligand co-
passivation strategy has proven to be an extremely effective
strategy. Through the comprehensive use of organic–inorganic
hybrid ligands (OIHL), which combines the characteristics
and advantages of both, superior overall device performance
can be achieved compared to using either organic or inorganic
ligands alone for passivation.

For example, Kim et al reduced the crystal size and
the number of surface defects by introducing multi-organic
ligand-KBr double passivation in CsPbBrxI3−x (figure 10(d)),
thereby reducing the diffusion length and non-radiative recom-
bination of excitons. This strategy successfully developed
high-performance red PeLEDs with an EQE of 10.2%,

abrightness of 743.2 cd·m−2 [2], and a CE of 3.2 cd·A,
while possessing a low turn-on voltage of 1.6 V and pure red
emission characteristics [170]. In another study, enhancement
of luminescence characteristics and carrier injection can be
achieved by introducing high-valent metal bromide (MBrn)
inorganic ligands to replace part of the OTAc and DDAB lig-
ands on the surface of QDs. This method not only improves the
photoelectric performance of QLED, but also achieves a peak
EQE of 16.48%. In addition, the universal applicability of the
OIHL strategy was further verified, demonstrating that the use
of various metal bromides such as MnBr2, GaBr3, and InBr3
can improve device performance by nearly 40% (figure 10(e))
[171].

In addition, the passivation strategy of benzoic acid (BA−)-
alkali metal ions (Li+, Na+, K+) was successfully applied
in the blue-light mixed halide perovskite CsPbI3−xBrx [172].
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Figure 10. (a) Schematic diagram of potassium ion ligand QDs inhibiting the migration of halogen ions (green balls are halogen ions).
Reprinted with permission from [151]. Copyright (2020) American Chemical Society. (b) Comparison of hole transport behavior whether
the interface between QDs and HTL is modified with K+. [150] John Wiley & Sons. (© 2020 Wiley-VCH GmbH). (c) Effect of Na+

modification on hole and electron mobility. [152] John Wiley & Sons. (© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (d)
Mechanism of multi-organic ligand-KBr double passivated perovskite QDs. Reprinted from [170], Copyright (2021), with permission from
Elsevier. (e) Average peak current efficiency histogram of 40 QLED devices with different bromides as ligands. [171] John Wiley & Sons.
(© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (f) Schematic diagram of the coordination of BA− and K+ with Pb and
halide sites respectively. [172] John Wiley & Sons. (© 2023 Wiley-VCH GmbH).

This strategy utilizes BA−groups to coordinate with under-
coordinated Pb atoms, greatly reducing trap-mediated non-
radiative recombination caused by halide vacancies. At the
same time, the strong ionic bonds formed between alkali metal
ions and halide atoms reduce the migration of halide ions and
enhance the overall stability and luminous efficiency of the
material (figure 10(f)). A sky-blue PeLED constructed with
organic–inorganic bifunctional ligand QD materials exhibits
EL peak emission at 483 nm and reaches an EQE of 16.58%
and a maximum EQE of 18.65%. After the optical output
coupling is enhanced, the EQE is further improved to 28.82%.
Further research and development of organic–inorganic ligand
co-passivation strategies will play an important role in promot-
ing the industrialization and commercial application of per-
ovskite QLEDs in the future.

5. Summary and Perspectives

As QD technology continues to advance, research and devel-
opment of QLEDs have significantly enhanced the perform-
ance of display technologies and optoelectronic devices. By
precisely controlling the size, shape, and composition of
QDs, researchers can optimize the emissive properties of
devices to meet the stringent requirements of high-resolution
displays and efficiency photovoltaic devices. Notably, inor-
ganic ligand passivation strategies play a crucial role in
enhancing the stability and electro-optical performance of
QDs, enabling QLEDs to achieve commercial standards in
brightness, efficiency, and longevity. This article provides a

comprehensive review of the mechanisms of inorganic ligand
exchange in QDs, utilizing solution-phase ligand exchange
techniques to gently remove surface organic ligands and
achieve strong binding with inorganic ligands. It further sum-
marizes the types and characteristics of various inorganic lig-
ands, including MCC, MFC, oxoanions, halides, and metal
cations. Finally, it outlines the latest research advancements in
LEDs using various inorganic-ligand-capped QDs, highlight-
ing their beneficial impacts on QLED performance and poten-
tial in future applications.

While inorganic ligands provide an effective means for
surface passivation and functionalization of QDs, there are
still challenges and limitations. Currently, the number of
developed inorganic ligands is not as abundant as organic lig-
ands, and many promising materials remain unexplored. For
instance, metal cyanides with good electron-donating proper-
ties (Co(CN)63−, Fe(CN)64−) [173–175], highly electronegat-
ive and stable metal fluoroborates (AgBF4, NiBF4) [176, 177],
biocompatible fluorophosphates (PF5−), [178] rare earth ele-
ments often used as dopants to adjust the properties of NCs
[179] and lanthanide elements commonly used in luminescent
and magnetic nanomaterials, [180] etc.

Most of the current research is based on a single inor-
ganic ligand, so the effects and advantages of multiple ligands
can be combined by using multiple ligands for passivation
simultaneously and synergistically. For example, using NH4

+

alone to passivate CsPb(Br/Cl)3 can only obtain a maximum
PLQY of 12%. However, combining NH4

+ with CaCl2, where
ammonium ions fill surface vacancies of cesium and calcium
halide creates a halide-rich environment acting as a ligandwith
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surface halide atoms, can achieve up to 93% PLQY [181]. In
addition, as mentioned before, the organic–inorganic dual lig-
and strategy is also a new research method for multi-ligand
passivation.

In the development of RGB (red, green, blue) QLEDs, the
performance of state-of-the-art blue light QLEDs still lags
behind red and green QLEDs. Using mixed halide perovskite
materials for blue light, due to the high mobility and small
ionic radius of Cl− ions, it is difficult to achieve high QD
directional fluorescence emission, resulting in generally low
PLQY [182–185]. Inorganic ligands, such as metal sulfides,
metal cations, etc, can effectively inhibit the migration of
chloride ions due to their strong chemical bonding energy and
stable chemical properties. Therefore, further research on inor-
ganic ligand passivation strategies may be the key to achieving
breakthroughs in blue-light QLED performance in the future.

Photolithography technology is the preferred method
for high-resolution patterning processes in the electronics
industry due to its ability to precisely control patterns at the
micro and nanoscale [186–191]. The direct optical lithography
of functional inorganic nanomaterials method combines the
advantages of traditional photolithography with the function-
ality of inorganic nanomaterials to provide an efficient and
cost-effective patterning solution [122, 192–198]. Inorganic
ligands can not only ensure the stability of QDs in colloidal
solutions, but also react with photochemically active addit-
ives when irradiated with light, changing the solubility of QDs
in solvents. At the same time, they avoid organic photolitho-
graphy. The use of glue and other by-product dilution or con-
tamination can significantly improve the charge transport per-
formance and stability, thus showing great application poten-
tial in direct optical patterning technology.

In summary, inorganic ligands not only improve the sta-
bility and electro-optical properties of QDs, but also promote
the commercialization of QLED technology. With the further
development of inorganic ligand technology, we foresee that
QLED will play a more important role in high-resolution dis-
play technology and high-efficiency photoelectric conversion
devices.
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