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Abstract: Quantum dot light-emitting diodes (QLEDs) have been identified as a next-generation
display technology owing to their low-cost manufacturing, wide color gamut, and electrically driven
self-emission properties. However, the efficiency and stability of blue QLEDs still pose a significant
challenge, limiting their production and potential application. This review aims to analyse the factors
leading to the failure of blue QLEDs and presents a roadmap to accelerate their development based on
the progress made in the synthesis of II-VI (CdSe, ZnSe) quantum dots (QDs), III-V (InP) QDs, carbon
dots, and perovskite QDs. The proposed analysis will include discussions on material synthesis,
core-shell structures, ligand interactions, and device fabrication, providing a comprehensive overview
of these materials and their development.

Keywords: blue QLED; II-V QD; III-V QD; carbon dot; perovskite QD

1. Introduction

Quantum dots (QDs) are an important low-dimensional semiconductor material
characterized by dimensions that are not larger than twice the exciton Bohr radius of their
corresponding pairs of bulk materials. The low-dimensional structure of QDs enables
electron-hole radiative recombination by binding electrons and holes in a small space.
Additionally, QDs can emit in a wide range, from visible to near-infrared, through the
quantum confinement effect (QCE). These advantages make II-VI (CdSe, ZnSe), III-V (InP),
and IV (Carbon dot) QDs attractive for various applications.

Among different kinds of QDs, CdSe has a photoluminescence quantum yield (PLQY)
close to 100% and excellent photostability, making Cd-based light-emitting diodes highly
efficient, with an external quantum efficiency (EQE) exceeding 20% [1]. However, the
toxicity of Cd-based materials limits their commercial applications. Therefore, researchers
have focused on developing heavy metal-free QDs, such as InP, ZnSe, and carbon dots
(CDs). InP has a bandgap similar to that of CdSe but has a larger exciton Bohr radius.
Although CDs are not suitable for display due to impurities and defect states, they show
promise in bioimaging applications due to their good biocompatibility. The new perovskite
QDs (PQDs) exhibit high color purity and PLQY. Additionally, PQD emission can be
tuned through QCE and halogen composition, making them an attractive material for
various applications.

QD light-emitting diodes (QLEDs) unite the advantages of low cost, solution process-
ing, and low-temperature fabrication and production, which makes them stand out among
other emitters [2–4]. Theoretically, QLEDs can achieve ultrahigh color purity, with the
National Television System Committee standard of 140% [5].
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Compared to red and green QLED devices, blue QLEDs have lower performance.
For instance, using InP QLEDs as an example, blue InP QLEDs exhibit a luminance of
<5000 cd m−2 and a maximum EQE of < 3% [6]. In contrast, red InP QLEDs can achieve
an EQE, luminance, and T95 (the time for the brightness to drop to 95% of its initial value)
of 22.2%, >110,000 cd m−2, and >32,000 h, respectively [7]. Similarly, a green InP QLED
can attain an EQE, luminance, and T50 (the time for the brightness to drop to 50% of its
initial value) of 16.3%, >12,000 cd m−2, and >1000 h, respectively [8]. Until now, red and
green QLEDs have already satisfied the requirements for commercial applications, whereas
blue QLEDs still have a long way to go. The reasons for this disparity include the fact that
1. blue QDs necessitate small particle sizes, which results in difficulties in synthesizing
uniform QDs, and 2. the wide bandgap that makes exciton traps sensitive and results
in nonradiative recombination. The synthesis methods for various types of QDs exhibit
similarities. For example, Peng et al. synthesized InP QDs at low reaction temperatures
by utilizing aliphatic amine ligands, which is a technique borrowed from the synthesis
of II-VI QDs [9]. Similarly, Jang et al. utilized HF etching to prepare high-efficiency blue
ZnTeSe QLEDs, achieving ZnSeTe QLEDs with a luminance of 88,900 cd m−2, an EQE of
20.2%, and a T50 time of 15,850 h at 100 cd m−2 [10]. Thus, a comprehensive analysis of the
synthetic methodology, surface ligand treatment, and device engineering of blue QDs is
necessary for the advancement of blue QLEDs.

This review aims to provide an overview of blue QLEDs using II-VI QDs, III-V QDs,
CDs, and PQDs. In Section 2, we introduce the properties, nucleation, and growth mecha-
nisms of the aforementioned QD materials, as well as the principle of electroluminescence
(EL) of QDs. Sections 3 and 4 focus on the synthesis and device engineering of II-VI (CdSe,
ZnSe) and III-V (InP) inorganic QDs. In Section 5, we discuss the photoluminescence
(PL) and EL prospects of CDs. Finally, in Section 6, we introduce newly developed PQDs
from both QCE and mixed halogen perspectives. We hope that this review will provide
researchers with a better understanding of the strengths and weaknesses of each type of
QD, as well as the next steps for further improving the performance of blue QLEDs.

2. Properties of QDs
2.1. Quantum Confinement Effect

QCE is a phenomenon where the energy levels of a material become discrete when
the particle is close to or smaller than the Bohr radius of the exciton (Figure 1). This
phenomenon allows for the manipulation of the physical properties of semiconductor
nanocrystals (NCs) by controlling their size. QDs are a type of NC, and their size can be
precisely controlled, enabling tuning of their emission light from ultraviolet to infrared,
which is a practical application of QCE [11].
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2.2. Growth and Nucleation Mechanism of QDs

The minimization of Gibbs free energy is the chemical driving force for QD nucleation
during synthesis. In the absence of a kinetic energy barrier, the total surface free energy of
a crystallization system includes the area of each section (Ai) of each crystal in the solution
and is related to the specific surface energy (σi). The relationship is shown in Equation (1).

∑ Gsur f ace = ∑ σi Ai ≈ σ ∑ Ai = minimum (1)

The dangling bonds carried by the atoms on the crystal surface are the direct source of
the crystal surface free energy. The surface Gibbs free energy decreases as the grain size
increases. In addition to natural growth, appropriate ligands or specific solvent molecules
can also reduce the number of dangling bonds [12].

The surface Gibbs free energy of NCs in Equation (1) decreases as size increases
because of the reduced surface-to-volume atomic ratio. Therefore, the solubility of NCs de-
creases drastically as their size increases, which comes from the Gibbs-Thompson equation
(Equation (2))

Sd = S∞exp(4σVm/dRT) (2)

σ and Vm are the specific surface free energy and molar volume of the crystal, re-
spectively, S∞ is the solubility of the blocky crystal, Sd is the solubility of the crystal with
diameter d, R is the gas constant, and T is the absolute temperature. In the process of NC
nucleation and growth, larger crystals grow at the expense of smaller crystals due to the
difference in surface energy between them, leading to the “size distribution out of focus” of
NCs in the system [13]. This is because the smaller particles have a higher surface energy
and tend to dissolve into the solution, while the larger particles have a lower surface energy
and tend to absorb more monomers from the solution and grow further. This is the Oswald
ripening process.

When the size of the studied NCs changes from the nanoscale to the micron scale, the
surface-to-atom ratio decreases rapidly with increasing crystal size. This leads to the fact
that the surface energy in the crystal is negligible compared to the total free energy of the
system. Therefore, new methods are needed to study the crystallization process of NCs at
the nanoscale. Peng’s group used a computer to deconvolve the absorption spectrum to
obtain QD information on the size distribution. The method mentioned in the previous
statement is known as the “deconvolution method”, which can be used to obtain the size
distribution of QDs from their absorption spectra. Briefly, the ultraviolet–visible (UV–vis)
absorption spectra of the samples were deconvoluted to obtain a series of contributing
factors for the standard spectra. The corresponding particle size distribution profile can
be obtained by adding the products of each contributing factor and the corresponding
Gaussian particle size distribution of the standard sample [14].

2.3. Charge Transport and EL Properties of QDs

A typical QLED architecture is shown in Figure 2a, which contains an anode, a hole-
injecting layer (HIL), a hole-transporting layer (HTL), a light-emitting layer (EML), an
electron-transporting layer (ETL), an electron-injecting layer (EIL) and a cathode. The EL of
QDs is generated by the radiative recombination of holes and electrons through the EML.
QDs with long-chain ligands have insulating properties and make carrier injection difficult.
To overcome this challenge and improve carrier injection efficiency, QDs require surface
modification or ligand exchange with short chains. Furthermore, from a device perspective,
the EML needs a HIL and EIL that reside between the electrode and the EML.

The implementation of a high mobility hole (electron) transporting layer (HTL/ETL)
helps facilitate carrier recombination. However, the injection of electrons and holes into
the EML does not always occur simultaneously. The conduction band shifts of the EML
and ETL are typically much smaller than the valence band shifts of the EML and HTL.
This discrepancy results in a build-up of excess electrons within the EML, leading to neg-
atively charged QDs that are unable to undergo radial excitation (Figure 2b). Moreover,
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the accumulation of excess electrons can leak into the hole-transporting layers and cause
a decrease in the device’s lifetime [15,16]. Therefore, the fundamental principle in de-
signing high-performance QLEDs is to focus on balancing charge injection and effective
radiative recombination.
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3. II-VI QDs
3.1. Cd-Based QDs

(1) Synthesis and modification of CdSe QDs

CdSe (1.74 eV), a direct bandgap semiconductor, has attracted extensive attention and
in-depth study in the early stages of research [17–19]. The prenucleation of CdSe QDs
is commonly achieved using the hot injection method. The injection of metal precursor
solutions into different ligand systems can have a significant impact on the growth kinetics
of CdSe QDs. Murray et al. utilized organometallic reagents for homogeneous nucleation
by rapid injection into hot tri-n-octyl phosphine/tri-n-octyl phosphine oxide (TOP/TOPO)-
liganded solvents [18]. Slow growth and annealing led to a uniform QD surface. As a
result, nearly monodisperse (diameter <5% rms) samples were obtained. In another study,
Talapin et al. introduced hexadecyl amine (HDA) into the TOP/TOPO system [20]. The
ratio between TOPO and HDA strongly affected the growth kinetics of CdSe QDs. The
initial particle size and growth rate of CdSe QDs decreased with increasing HDA content,
which enabled better control of the dynamic growth of CdSe QDs. In addition, HDA
not only solved the problem of the nonrepeatable shape of CdSe QDs in the TOP/TOPO
system but also significantly improved the CdSe QD band-edge emitting efficiency at room
temperature. The band-edge PLQY of CdSe QDs can be increased to 40–60% by surface
passivation of inorganic (ZnS) or organic (alkylamine) shells (Figure 3a).

The QD core is covered by a wide-bandgap shell to reduce dangling bonds, passivate
nonradiative surface sites, and improve PLQY. CdSe QD cores coated with CdS and ZnS thin
shell layers can increase the PLQY by more than 50% [21]. However, a thin shell is not the
perfect choice for QDs because of the loss or denaturation of ligands during solvent transfer,
which will lead to incomplete passivation of surface defects and thus affect the PLQY. To
address the instability of ligands in thin-shell QDs, Chen’s group developed giant shell QDs
(g-QDs) [22]. The ultrathick shell completely isolated the core from the QD surface. The thick
shell effectively acted as a spacer between adjacent QDs and suppressed distance-dependent
interactions between particles, such as Förster resonance energy transfer [23,24]. As a result, g-
QDs had strong chemical stability and high photostability in photobleaching, which improved
blinking behavior (Figure 3b) [24,25]. Multiple growths of one shell layer on the core can
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result in the accumulation of interlayer defects. Further design of a multishell structure with
alloying can release the stress caused by a lattice mismatch between the core and shell, which
can result in high-quality QDs with low defect densities. Moreover, energy level matching
between the QDs and the transport layer can be realized by adjusting the composition of
the QDs. Liu et al. successfully designed CdZnSe/ZnSeS/ZnS/CdZnS QDs (Figure 3c) to
achieve efficient blue emission [26]. On the condition that the CdZnSe/ZnSeS/ZnS double
shell structure enables high PLQY, a layer of CdZnS with a narrow band gap is added to
promote the holes that inject the EML (Figure 3d).
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Figure 3. (a) UV–vis absorption (solid lines) and PL spectra (dashed lines) of CdSe QDs before and
after deposition of ZnS shells of different thicknesses [20]. Copyright 2001, American Chemical
Society. (b) TEM images of CdSe/xCdS QDs [25]. Copyright 2012, American Chemical Society.
(c) The corresponding core/shell structure of CdZnSe/ZnSeS/ZnS/CdZnS QDs [26]. Copyright
2022, Wiley-VCH. (d) Multishell structure QD and an energy diagram in a conventional QLED [26].
Copyright 2022, Wiley-VCH. (e) All-organic QLED device structures of the energy diagram [27].
Copyright 2009, American Chemical Society. (f) EQE—current density curve of the blue CdSe/ZnS
QLED [28]. Copyright 2017, American Chemical Society.

(2) Blue CdSe-based QLEDs

Since the first report of CdSe QLEDs in 1994, a series of explorations on on-device
application and synthesis have been developed [17,29–33]. Initially, the device structure
was simple, where QDs were used as both the emissive and transport layers, resulting in
poor PLQY [17]. As OLED devices progressed, researchers borrowed the transport layer
design and tried to prepare all-organic devices by inserting QDs between two organic
transport layers (Figure 3e) [27]. However, this structure is not ideal due to concerns about
the stability of organic devices. While all-inorganic devices exhibit greater thermal and
chemical stability, there are still issues with inorganic metal oxides, such as complex surface
defects and a lack of research on the physical mechanism of exciton formation. Currently,
the most widely used and efficient devices are organic–inorganic hybrid devices, where
organic compounds (such as PEDOT:PSS, poly-TPD, PVK, and TFB) are used in the HIL
and HTL, while inorganic metal oxides (such as ZnO and ZnMgO) are used in the ETL
and the EML is placed in the middle position. Various typical structures were summarized
in Qi’s article [19,34]. Over more than a decade of development, the performance of blue
QLEDs has rapidly improved. At present, the Cd-based blue QLED performance can
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reach EQE = 19.8%, maximum luminance (Lmax) = 62,600 cd m−2, and T50 > 10,000 h
(Figure 3f). Qian et al. introduced ZnO as an ETL and fabricated blue QLEDs with an EQE
of 0.22% by using an organic–inorganic hybrid structure [29]. Subsequently, Wang et al.
increased the EQE of blue QLEDs to 19.8% (excluding tandem devices; the EQE for current
tandem blue QLEDs is 24%) [28,35–42]. During this period of rapid development, blue
QLED performance was optimized from three aspects (Table 1): (1) core-shell structure
and ligand engineering to reduce nonradiative recombination (Auger recombination and
Förster resonance energy transfer, etc.), (2) device interface engineering to avoid interlayer
charge accumulation, and (3) the electron-blocking layer to balance the charge and promote
radiation recombination due to the deep HOMO level of blue QDs, making hole injection
more difficult than electron injection.

Table 1. Device performance summary of the representative blue CdSe-based QLEDs.

QD PLQY
Device Performance

λ
(nm)

EQE
(%)

Luminance
(cd m−2) CIE (x, y) Device Structure Ref

CdZnSe/ZnSeS/ZnS/CdZnS 77.3% 476 8.40% 12,000 (0.11, 0.13) ITO/PEDOT:PSS/TFB/QD/ZnMgO/Al [26]
CdSe/ZnSe 73% 8.05% 62,600 ITO/PEDOT:PSS/TFB/QD/ZnO/Al [35]
CdSe/ZnS 87% 468 19.80% 4890 (0.136, 0.078) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [28]

CdZnS/ZnS 82% 448 12.40% 3694 (0.152, 0.024) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [36]
CdSe/ZnS 455 10.70% ≈5000 (0.16, 0.02) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [38]

ZnCdS/ZnS 70% 443 12.20% 7600 (0.14, 0.02) ITO/PEDOT:PSS/TFB/QD/ZnO/Al [39]
ZnxCd1−xS/ZnS 100% 445 3.80% 4100 ITO/TFB/QD/ZnO/Al [37]

CdZnS/ZnS 98% 452 7.1% 2624 (0.153, 0.027) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [40]

Cd1−xZnxS/ZnS 437 1.7% 2250 (0.17, 0.02) ITO/PEDOT:PSS/ploy-
TPD/QD/TPBi/LiF/Al [41]

CdSe/ZnS 470 0.22% 4200 ITO/PEDOT:PSS/ploy-TPD/QD/ZnO/Al [29]
ZnCdS/CdxZn1−xS/ZnS 100% 445 18% 6768 ITO/PEDOT:PSS/PVK/QD/ZnO/Al [43]

ZnCdSe/ZnS//ZnS 92% 479 16.2% 14,100 (0.119, 0.154) ITO/PEDOT:PSS/TFB/QD/PMMA/ZnO/Al [44]

3.2. ZnSe-Based QDs

(1) Synthesis and modification of ZnSe-based QDs

ZnSe has emerged as a promising alternative to Cd-based materials in the blue region
due to its nontoxicity and appropriate bandgap (2.7 eV). Margaret’s group studied ZnSe QD
growth and investigated how to control the properties of the QDs [45]. They synthesized
monodisperse and highly luminescent ZnSe QDs in an HDA/TOPO coordination solvent
and achieved tunable band-edge fluorescence between 2.8 and 3.4 eV at room temperature.
Moreover, high-brightness ZnSe QDs with a PLQY of 72% and high reproducibility were
obtained by non-injection [46]. Yu et al. synthesized ZnSe QDs with uniform size and
controlled shape by heating a mixture of Zn(Ac)2, Se powder, oleic acid, and liquid paraffin
instead of direct injection of the Se source. This method avoided the use of dangerous and
unstable alkyl phosphines, such as TOPO [47]. Zheng et al. developed water-synthesized
glutathione-capped ZnSe and Zn1-xCdxSe alloy QDs with adjustable fluorescence emission
between 360 and 500 nm and a high PLQY of 50% (Figure 4a) [48]. This is also the first study
to directly synthesize blue QDs in an aqueous solution. Although element doping can adjust
the ZnSe bandgap, nontoxic elements such as Te, Mn, and Cu are more suitable for doping
than Cd [49,50]. The optimal choice for achieving ZnSe QD blue light emission is to form
an alloy with ZnTe (2.25 eV). Lesnyak et al. proposed a simple one-step water synthesis
of glutathione covering ZnSe1−xTex QDs, which avoided the complexity of multistage
preparation and achieved a PLQY of 20% [47].

ZnSe and ZnS are commonly used as shell layers to improve the PLQY and brightness
of QDs. Dong et al. proposed a two-step synthesis method to synthesize ZnSe/ZnS QDs
in the 390–460 nm range under mild conditions (150 ◦C) [51]. Recently, Yang’s group also
reported a seed-mediated double-shell strategy in which two ZnS shells were prepared by
two different shell-forming steps to obtain ZnSe/ZnS/ZnS core-shell QDs with high PLQY
and good stability. Lad et al. synthesized ZnSe and ZnSe/ZnS QDs by a high-temperature
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wet chemical route and found four excited states (1Se − 1S3/2, 1Se−1Sh
3
2
, 1Pe−1Ph

3
2
, and

1Se − 1SSO) [52]. The four excited states vary with the ZnS shell layer thickness, which can
visually reflect how the electronic energy level of the ZnSe QD changes.
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(2) Blue ZnSe-based QLEDs

Jang et al. investigated the synthesis of binary and ternary ZnSe-based QDs. Specifi-
cally, they explored the effects of increasing the thickness of the ZnSe shell and adjusting
the Se/Te ratio in ZnSeTe on the performance of the blue QLED (Figure 4b). To further
enhance device performance, ZnSe was introduced between the ZnSeTe and ZnS interfaces,
resulting in the successful fabrication of high-performance blue ZnSeTe/ZnSe/ZnS QLEDs.
Furthermore, Lee et al. adopted a two-step method to synthesize ZnSeTe/ZnSe/ZnS QDs
and tuned the thickness of the ZnSe inner shell and the ZnS shell to investigate the effect
on the performance of blue QLEDs (Figure 4c). Their results indicated that the thickness
modulation of the ZnSe inner shell not only influenced the growth of the ZnS shell but also
affected the peak wavelength, color purity, and PLQY of the QDs. Additionally, as the thick-
ness of the ZnS shell increased, the injection of electrons was found to be more effectively
suppressed relative to holes, resulting in improved charge balance and enhanced EQE.

To improve the efficiency and stability of blue ZnSe-based QLEDs, researchers have
also explored various aspects, such as device structures, surface passivation, material
preparation, and simulation of ZnSe-based QDs (Table 2) [57]. Currently, there are two
main approaches to developing ZnSe-based QLEDs: on the one hand, the EML is doped to
mitigate the electron leakage current, which is caused by the high intrinsic electron mobility
of ZnSe QDs; on the other hand, the ETL is doped to regulate the energy band and reduce
the electron mobility while suppressing the surface defect states. Cho et al. utilized P-type
semiconductors (TCTA and TPD) to dope ZnSe (Figure 4e) [56]. Hybrid QDs were found to
effectively prevent electron overflow from the hole transport materials and improve the
hole current characteristics due to the p-type doping effect. ZnO is commonly used as the



Nanomaterials 2023, 13, 1695 8 of 21

ETL in blue-light devices. Efforts have been made to optimize the physical properties of
ZnO NPs by doping elements such as Mg, Li, Cl, S, Al, and Ga [58–64]. Gao et al. reported
the use of Sn-doped ZnO, which not only reduced the exciton quenching sites on the metal
oxide surface caused by OH but also decreased the electron mobility and slowed down the
over injection of electrons (Figure 4d) [55]. Kim et al. modulated the emission wavelength
of ZnSeTe to 457 nm by adding Te. They fabricated a double-QD EML with graded chloride
content in the LED to facilitate hole transport. The resulting device has high efficiency
(EQE = 20.2%), high brightness (Lmax = 88,900 cd m−2), and a long operating life
(T50 = 15,850 h at 100 cd m−2) [10]. This is the best performance of an inorganic blue
QLED at present.

Table 2. Device performance summary of the representative blue ZnSe-based QLEDs.

QD PLQY
Device Performance

λ
(nm)

EQE
(%)

Luminance
(cd m−2) CIE (x, y) Device Structure Ref

ZnSeTe/ZnSe/ZnS 93% 455 18.60% 12,654 (0.128, 0.109) ITO/PEDOT:PSS/PVK/QD/ZnMgO/Al [54]
ZnSe/ZnS 95% 443 13.60% 1031 (0.17, 0.03) ITO/PEDOT:PSS/PVK/QD/Zn1-xSnxO/Al [55]
ZnSe/ZnS 95% 445 12.20% 570 (0.16, 0.03) ITO/PEDOT:PSS/PVK/QD/ZnMgO/Al [65]
ZnSe/ZnS 55% 434 6.88% 450 (0.166, 0.013) ITO/PEDOT:PSS/PVK/QD/ZnMgO/Al [56]

ZnSe/ZnS/ZnS 56% 446 2.62% 106 (0.16, 0.02) ITO/ZnO/QD/CBP/HAT-CN/Al [66]

ZnSeTe/ZnSe/ZnSeS/ZnS 84% 445 9.50% 2904 (0.148, 0.048) ITO/PEDOT:PSS/PVK/QD/m-
ZnMgO/Al [58]

ZnSeTe/ZnSe/ZnS 100% 460 20.20% 88,900 ITO/PEDOT:PSS/TFB/QD
Cl(f)/Cl(l)/ZnMgO/Al [10]

ZnSeTe/ZnSe/ZnS 70% 441 4.2% 1195 (0.153, 0.027) ITO/PEDOT:PSS/PVK/QD/ZnMgO/Al [53]
ZnSe/ZnS 48% 430 7.83% 2250 (0.169, 0.023) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [67]
ZnSe/ZnS 441 1170 (0.16, 0.15) Al/MoO3/TCTA/CBP/QD/ZnO/ITO [68]
ZnSe/ZnS 40% 425 0.65% ITO/PEDOT:PSS/PVK/QD/ZnO/Al [57]

4. III-V QDs
4.1. Development of InP QD Synthesis

InP QDs are promising candidates for heavy-metal-free QDs because of their wider
spectral range, narrow PL linewidth, and high PLQY properties, which are achieved
through control of the size distribution of the InP core and engineering of the heterostruc-
ture. Previous studies on the synthesis of InP QDs aimed to obtain products with mild
reaction conditions, controllable size, and high PLQY. However, the high reactivity of
atoms or ions and large reaction barriers in the chemical pathways for the crystal formation
of III-V QDs complicate their nucleation and growth processes. To overcome the high
reaction barrier of InP QDs, researchers generally used highly reactive (SiMe3)3P as the
P precursor due to its high reactivity [69–71]. In 1994, Nozik et al. first used InCl3 and
(SiMe3)3P to synthesize InP QDs [70]. In 1994, Nozik et al. first used InCl3 and (SiMe3)3P to
synthesize InP QDs. Similar to the synthesis of II-VI QDs, the concentration of ligands in a
noncoordinating solvent can change the reactivity of Cd and Zn precursors, resulting in the
formation of high-quality QDs [70,72]. The effect of ligand concentration on the reactivity
of III-V precursors is more significant. Peng et al. reduced the InP nucleation time from
days to hours by using octadecene (ODE) as a noncoordinating solvent and fatty acids as
ligands [73]. Lucey et al. also synthesized InP QDs with better monodispersity in ODE
by using indium carboxylate and (SiMe3)3P without surfactants or ligand solvents [74].
We can observe the lattice edges of the QD from the high-resolution transmission electron
microscopy (HRTEM) of a single InP QD (Figure 5a). However, some studies suggest
that a similar nucleation process in a noncoordinating solvent can also be obtained when
the coordination effect of the solvent is much weaker than that of the introduced strong
ligand. Xu’s group used fatty acid lipids (methyl myristate and dibutyl sebacate) as weakly
coordinating solvents, as well as a more reactive indium precursor (trimethylindium) and
a proton reagent to accelerate the synthesis [75]. The nucleation process produced QDs
with a narrow size (2.5 nm). The results showed that high-boiling esters can act as effective,
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weakly coordinating solvents to control the nucleation process. Peng et al. used aliphatic
amines as activating reagents to improve the reactivity of indium carboxylate and reduce
the reaction temperature of the synthesis [9]. InP/ZnS QDs with controllable size distribu-
tions were successfully synthesized over a wide spectral range (450–750 nm) (Figure 5b).
In addition to controlling the InP QD size to tune its emission wavelength, changing the
thickness ratio between the core and shell can also perform spectral modulation. Yang
et al. made the PL spectra of InP QDs cover the entire visible spectrum (350–800 nm) by
changing the ratio of InP:ZnS [76].

Compared with the smaller Bohr radius (4.6 nm) of CdSe QDs, the InP system has
obvious intrinsic advantages (the Bohr radius is 9.6 nm). However, the development of InP
QDs in the blue region is not ideal, mainly because it is difficult to find suitable reaction
conditions and precursors to control the growth of InP QDs. Shen et al. reported a colloidal
approach mediated by zinc halide to improve the performance of blue-emitting InP/ZnS
QDs [77]. The high reaction rate of blue InP QDs was attributed to both P and In precursors,
and the use of tris(dimethylamino)phosphine ((DMA)3P) as the P precursor could suppress
the QD size distribution (Figure 5c). Excess I- was found to increase the reactivity of In3+

and could be used to accelerate the cleavage of In-X compared to Cl− [78]. Furthermore,
excess I− could be combined with oleylamine (OAM) and adsorbed on the surface of InP
QDs as a passivation agent, which suppressed the size distribution and reduced surface
defects. Thus, an amine halide passivation layer was formed by a ZnS halide-mediated
colloidal approach, leading to a PLQY of 76.1%. Due to the highly toxic and flammable
nature of (DMA)3P, Yu et al. replaced it with the inorganic solid metal phosphorus, sodium
phosphaethynolate (NaOCP), to synthesize InP QDs (Figure 5d). Inorganic solid phosphine
source synthesized InP QDs with a modulable PL emission range of 465–620 nm. The
PLQYs of blue (465 nm), green (533 nm), and red (620 nm) QDs were found to be 43%, 97%,
and 95%, respectively [79].
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Figure 5. (a) HRTEM image of an InP QD [74]. Copyright 2005, American Chemical Society.
(b) UV–vis absorption and PL spectra of different sized InP/ZnS core/shell QDs [9]. Copyright 2007,
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American Chemical Society. (c) Schematic of the synthesis of InP QDs from indium halide and
aminophosphine precursors [78]. Copyright 2015, American Chemical Society. (d) Schematic for the
formation of InP QDs by using InCl3 and NaOCP [79]. Copyright 2021, American Chemical Society.
(e) Voltage-dependent EL spectra of the green QLED [8]. Copyright 2017, Nature Publishing Group.
(f) EL spectra at different voltages [80]. Copyright 2020, American Chemical Society. (g) Normalized
PL spectra of InGaP QDs [81]. Copyright 2020, American Chemical Society.

4.2. Blue InP-Based QLEDs

In recent years, InP QLEDs have made significant progress in both red and green
emissions [82,83]. Red InP QLEDs, for example, achieved an EQE of 21.4% and a luminance
of >100,000 cd m−2 [84]. Similarly, Green InP QLEDs have demonstrated an EQE of 16.3%
after passivation with different alkyl diamines and zinc halides (Figure 5e) [85]. Despite
these successes, the development of blue InP QLEDs has been slower. This is mainly due to
two factors: (1) the low PLQY of QD-assembled light-emitting films and (2) the low carrier
injection and transport processes. To address these challenges, several strategies have been
proposed. For example, Zhang et al. synthesized thick-shell blue InP/ZnS/ZnS QDs using
a wide bandgap ZnS shell to effectively prevent electron transition from the core to the
shell and achieved emission from InP QDs at 468 nm. The EQE of these QLEDs was found
to reach 1.7% [86]. Du et al. introduced a GaP bridging layer to reduce the lattice mismatch
between the InP core and the ZnS shell, resulting in InP/GaP/ZnS quantum dots with thick
ZnS shells that exhibited high PLQY (≈81%). QLEDs fabricated using these QDs achieved
a Lmax of 3120 cd m−2 and an EQE of 1.01% (Figure 5f) [80]. To improve carrier injection
in blue InP QLEDs, Tan et al. introduced an electric dipole layer (EDL) (MoO3) with a
deep conduction band sandwiched between PEDOT:PSS and PVK to generate voids from
PEDOT:PSS. The dipole-induced embedded electric field in the forward direction of the
HIL to PVK balances the carrier injection by enhancing hole injection. The p-type doping
effect of MoO3 increased the carrier concentration of the interfacial PVK and reduced the
trap density, thereby increasing its hole mobility. This approach improved the EQE of
the blue InP QLED from 1.0% to 2.1% [87]. Based on Tan’s work, Mei et al. developed a
strategy for light extraction. Specifically, they extracted light from the waveguide mode to
the air mode by using a thin HTL, a high-refractive-index substrate, and substrate surface
roughening. The thin HTL and high-refractive-index substrate facilitated the transport of
light from the waveguide mode to the substrate mode. The substrate surface was then
roughened to further extract light from the enhanced substrate mode into the air mode.
This approach improved the EQE of the blue InP QLED from 2.1% to 2.8% and currently
represents the highest efficiency for InP blue light emission [6].

The development of InP-based ternary compounds for blue emission has been iden-
tified as a significant area of research. In particular, InGaP ternary QDs have emerged
as promising candidates for the development of high-quality blue QLEDs [88]. Previous
studies have reported on the synthesis of InGaP QDs using two Ga precursors (gallium
oleate and gallium acetylacetonate), but the resulting PLQY was low (≈20%) even after
the growth of a ZnS shell layer [89]. More recent work by Kim et al. has shown that
cation exchange of In3+ and Ga3+ followed by double growth of the ZnSe inner shell and
ZnS outer shell can result in InGaP/ZnSeS/ZnS QDs with tunable blue emission in the
465–475 nm range (depending on the Ga ratio) (Figure 5g). The 465 nm sample showed
a high PLQY of 80%, and the corresponding QLED exhibited excellent performance with
a Lmax of 1038 cd m−2 and an EQE of 2.5% [81]. The development of InGaP ternary QDs
holds great promise for the realization of high-quality blue QLEDs.

5. Carbon Dots
5.1. Photoluminescence of Carbon Dots

Carbon dots (CDs) are a type of carbon-based nanomaterial that possess at least one
dimension less than 10 nm. The isolation of CDs within single-walled carbon nanotubes
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(SWNTs) by Xu et al. (Figure 6a) sparked significant interest in their potential applications
in optics, leading to numerous studies on their properties [90–96]. CDs possess a range of
advantageous characteristics, such as low cost, low toxicity, good biocompatibility, simple
preparation processes, tunable fluorescence emission (Figure 6b), and photochemical stability.

A vast range of raw materials, including laboratory-produced chemicals and natural
products, have been used for the synthesis of CDs. This has resulted in a diverse range of
components and structures used to prepare CDs, making it difficult to develop a unified
theory by comparing the results reported in the literature. The complexity of CDs and the
various factors that affect their luminescence processes have also made it challenging to
deduce a reasonable PL mechanism. The luminescence of CDs is primarily determined by
three characteristics: (1) the material is primarily composed of carbon, (2) carbonization or
cross-linking processes are needed, and (3) the kernel luminescence is a carbon-based struc-
ture, which is the sp2/sp3 conjugated structure [97–99]. At present, the PL mechanism of
CDs is mainly summarized in four aspects: (1) the QCE or conjugate π domain determined
by the carbon core [100]; (2) the surface state, which is determined by the hybridization of
the carbon backbone and the linked chemical groups; and (3) the molecular state, which is
determined only by the fluorescent molecules attached to the surface or interior of CDs;
and (4) the crosslinked enhanced emission (CEE) effect [101].

Yan et al. synthesized large-scale colloidal graphene QDs with uniform and tunable
sizes through a solubilization strategy [102]. The oxidation of polyphenylene dendritic
precursors synthesized by stepwise solution chemistry results in fused graphene moieties,
which are stabilized through multiple 2’,4’,6′-trialkyl phenyl groups covalently attached to
the edges of the graphene moieties. The bandgap of graphene could be further reduced
by increasing its size or chemically functionalizing it to tune its redox potential. In some
cases, heteroatom doping can have a more significant effect on the wavelength modulation
of CDs than particle size. Yang et al. investigated the use of nitrogen-based precursors
(DMF, urea, ethanamide, and formamide) in a solvent-free reaction to achieve multicolor
(505–650 nm) fluorescence emission. They revealed that the fluorescence properties of CDs
were dependent not only on their particle size but also on their degree of graphitization.
The content of C-O and C=N functional groups on the surface of CDs played a synergistic
role in constructing multicolor fluorescent CDs [103].

In the absence of group modification, blue-emitting CDs are more easily attainable
than longer wavelength-emitting CDs [104–106]. However, this does not necessarily imply
that the performance of the blue CD-LED is better. The aggregation-induced quenching
(ACQ) phenomenon can cause a significant decrease in the fluorescence intensity of CDs in
the solid state, leading to a serious change in the spectral characteristics [107]. Ding et al.
gradually tuned CDs from blue to red with bright and stable light under the excitation of
single-wavelength UV light by silica gel column chromatography [108]. These samples
exhibited similar particle size distributions and graphite structures in their carbon nuclei,
but their surface states changed gradually. The authors found that the incorporation of
oxygen into the surface structure of CDs led to a decrease in the bandgap of these CDs
(Figure 6c), resulting in a redshift of the emission peak from 440 to 625 nm.

Recently, Cao’s group confirmed two precise fluorophore structures, DAP and AHP, in
o-phenylenediamine (O-PD) CDs [109]. They also extracted two green compounds (G-CD,
G-CD 1, and G-CD 2) and one blue compound (B-CD). DAP, G-CD, and B-CD were mixed
with polyvinylpyrrolidone (PVP) powder and ethanol to produce a white LED with a color
rendering coefficient of up to 87 (Figure 6d). In a study conducted by Yang’s group in 2014,
branched polyethylene-imine (PEI) was utilized as a model system to synthesize carbon
dots (CDs) by crosslinking with carbon tetrachloride [110]. As a result, the PL of the CDs
was found to be significantly enhanced, which was attributed to the reduced vibration
and rotation of PEI. This study demonstrated the first instance of cross-linked enhanced
emission at the nonconjugated polymerization point.
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5.2. Electroluminescence of Carbon Dots

CD electroluminescent devices have a more complex luminescence mechanism than
inorganic QDs. The device structure of CD-LEDs is similar to that of inorganic QLEDs, such
as ITO/PEDOT:PSS/EML/TPBi/LiF/Al (Figure 6e) [111,114,115]. The largest difference
lies in the EML. If CD materials are prepared as the EML of the device alone, the lumines-
cence will be low due to aggregation fluorescence quenching. To overcome this issue, CDs
are usually incorporated into host materials (such as PVK, CBP, poly-TPD, etc.) to serve
as the EML [113,116–118]. Host materials not only improve the dispersion of CDs and
reduce aggregation fluorescence quenching but also have wider bandgaps that facilitate
Förster resonance energy transfer to excite CD luminescence. For example, Wang et al.
demonstrated the first preparation of a white CD-LED, which obtained only 0.083% EQE.
However, when PVK was used as the host material, the EQE of the white light device was
improved by up to 1.18% (Figure 6f) [112,119]. Additionally, Kwon et al. achieved energy
transfer from the CBP host to the GQD guest [100]. The energy levels of graphene QDs are
located inside the CBP, so charge carriers are injected into the CBP and then transferred
from the CBP to the GQD, leading to valuable EL.
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Moreover, CDs usually have a broad full width at half maximum (FWHM) emis-
sion spectrum due to their structure and surface defects. However, Yuan et al. de-
signed triangular-shaped CQDs (T-CQDs) (Figure 6g) through structural engineering,
which greatly weakened electron-phonon coupling and reduced surface defects, result-
ing in negligible trap-state free exciton emission [113]. These triangular CQDs achieved
narrow-bandwidth emission from blue to red (FWHM = 30 nm), with a PLQY of 54–72%,
Lmax = 4762 cd m−2, and current efficiency (CE) = 5.11 cd A−1.

Furthermore, Sargent’s group explored the effect of oxygen-containing functional
groups on spectral broadening using density functional theory [120]. They found that
electron coupling to molecular vibration and distortion is the reason for the wide emission
spectra. The bandgap vibrations of COOH-CD and NH2-CD were compared, and due to the
strong polarization effect caused by the COOH functional group, its rotation relative to the
base plane affects the positioning degree of the wave function, resulting in the broadening
of the spectra.

5.3. Blue Carbon Dot Light-Emitting Diodes

The performance of blue CD-LEDs is currently not as good as that of inorganic QLEDs
in terms of device luminance, lifetime, EQE, and color purity due to the intrinsic properties
of CD materials [117,121]. However, recent research has shown promising results. In 2019,
Sargent’s group reported the synthesis of excellent blue CDs using a solution method with
citric acid and diaminonaphthalene, resulting in blue CD-LEDs with a Lmax of 5240 cd m−2

and an EQE of 4.04% [120]. Passivating the surface of the CDs with diaminonaphthalene
reduced the trap state and increased the PLQY to 70% ± 10%, while decreasing the propor-
tion of oxygen-containing functional groups led to a significant reduction in the FWHM
(35 nm). The wide spectra of CD devices have been a significant obstacle in the devel-
opment of monochromatic devices. However, in 2021, Kang et al. synthesized strongly
blue-emitting O and N codoped CDs by the hydrothermal method from perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) and 2,3-diamino phenazine (DAP) [119]. The incor-
poration of these CDs into PVK to form the EML resulted in CD-LEDs emitting at 452 nm,
which closely matches the CIE coordinates of the standard pure blue color (0.14, 0.08)
specified in NTSC 1953, achieving a purer blue LED (Figure 6h).

6. Perovskite QDs

The luminescence properties of perovskite materials vary greatly in different dimen-
sions. Unlike conventional two-dimensional materials that require only a few atomic layers
thin to exhibit QCE, perovskite materials can form a natural quantum well structure even
with two-dimensional layers due to the isolation of the perovskite layer by long-chain
molecular groups. However, the quantum effect of perovskite material depends heavily
on the thickness of the perovskite in each layer. While three-dimensional perovskites have
high electron mobility, their low film coverage and high defect density have hindered
the preparation of high-efficiency devices. Quasitwo-dimensional states lie between two
and three dimensions and are a combination of polyphase three- and two-dimensional
perovskite layers. Several studies have shown that quasitwo-dimensional structures can
combine the advantages of both two- and three-dimensional perovskites, but there remain
significant challenges in their development.

PQDs are a type of zero-dimensional perovskite material that exhibits QCE and
quantization of near band-edge states when their size is smaller than the Bohr radius.
PQDs, similar to other inorganic QDs such as CdSe, InP, and ZnSeTe, exhibit a high PLQY, a
narrow emission linewidth, and controllable growth regulation. Two primary methods for
achieving deep blue emission in PQDs have emerged. The first approach involves adjusting
the size of the PQDs using the ligand-assisted reprecipitation process to control QCE, as
demonstrated by Rogach et al. in 2015. By manipulating the temperature, they modulated
the emission spectrum of CH3NH3PbBr3 QDs (1.8–3.6 nm) from 475 nm to 520 nm [122].
The second approach involves introducing Cl to modulate the emission wavelength by
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controlling the ratio of Br/Cl halogens. Kovalenko et al. synthesized CsPbX3 and achieved
emission spectra throughout the visible region of 410–700 nm by changing the halogen
ratio [123,124]. The resulting CsPbX3 QDs displayed narrow emission line widths of
12–42 nm, a wide gamut of up to 140% of the NTSC color standard, and a high PLQY of up
to 90%.

6.1. Quantum Confinement Effect of Perovskite QDs

One approach to achieving spectral modulation in PQD technology is to adjust the
bandgap of the PQDs through QCE. This method requires precise control of the crystal
growth of the PQDs, which ideally should be close to the Bohr radius. Yang et al. attempted
to enhance size uniformity and reduce crystal defects by using ice water and liquid nitro-
gen to temporarily halt QD growth during synthesis [125]. Ultrafast thermodynamically
controlled QDs (UFTDC-QDs) were synthesized using this method and were found to
reduce the injection barrier compared to ice water and liquid nitrogen treatment as a control
variable for UFTDC (Figure 7a). Perovskite LED (PeLED) prepared on this basis achieved
an EQE of 3.66%, a Lmax of 2100 cd m−2 at 460 nm, and a T50 of 288 s.

Temperature is not the only factor that can control the reaction process. Mathews et al.
used octyl phosphonic acid (OPA) ligands to modulate the growth rate of PQDs [126].
This approach effectively decoupled the PQD nucleation and growth stages, and the
reaction duration was determined by preventing PQD growth with the addition of the
dodecyl dimethyl ammonium bromide (DDAB) ligand. This method achieved CsPbBr3
QD emission wavelengths between 501 and 517 nm. Pradhan et al. reported on CsPbBr3
QDs with adjustable wide window sizes [127]. The size and shape of the QDs could be
precisely controlled by changing the concentration of the alkylammonium bromide reagent
without altering the reaction temperature or the ligand. Cao’s group also investigated the
use of macromolecule (6-amino-6-deoxy) beta-cyclodextrin (6A-βCD) as a new cationic
ligand to replace the OAM [128]. The spatial hindrance and cage junction of 6A-βCD
effectively limited the size of CsPbBr3 QDs in three dimensions, achieving blue emission of
400–500 nm (Figure 7b), with a PLQY up to 72.4%.

In addition to the use of large volumes of organic ligands to inhibit PQD growth
during the growth process, adjusting the growth environment of the crystal is another
approach. Yu et al. found that Sb3+ inhibited the further growth of ultrasmall CsPbBr3 QDs
(2.2–2.9 nm) [129]. The doping of Sb3+ reduced the surface energy, improved the lattice
energy, passivated defect states, and increased the PLQY to 73.8% (Figure 7c). Zhang et al.
designed a polymer gel network by irradiating acrylamide monomers in dimethyl sulfoxide
under UV light [130]. The polymer gel controlled the concentration of supersaturated ions
and extended the crystallization time to form 1.1 ± 0.2 nm CsPbBr3 QDs. Due to excellent
surface passivation and QCE, the CsPbBr3 QDs achieved a spectrum ranging from 433 nm
to 512 nm. The obtained PQDs can emit high-quality blue light with an FWHM of 14 nm
and a PLQY of 74%.

6.2. Blue Perovskite QDs of Mixed Halogens

The high surface area to volume ratio of small-sized blue PQDs results in a large
number of Br- vacancy (VBr) defects on their crystal surface, which adversely affects
their optical properties. Achieving efficient deep blue light emission from pure bromine
chalcogenides is therefore challenging. To address this issue, a compositional modality of
mixing halide (Cl/Br) perovskite has been employed to widen the band gap in the blue
spectral region. The Cl/Br ratio can be easily adjusted to tune the band gap, leading to
improved optical properties.

Zeng et al. reported the first QLED based on all-inorganic (CsPbX3, X = Cl, Br,
and I) PQDs, achieving broad spectra from orange to blue (Figure 7d) [131]. Similarly,
He et al. synthesized CsPbCl3−xBrx (x = 0.0–2.5) QDs using a modified ligand-assisted
reprecipitation method and obtained blue emissions with different Br compositions by
changing the PbCl2 to PbBr2 ratio in the precursor [132]. The value of x can be adjusted to



Nanomaterials 2023, 13, 1695 15 of 21

precisely control the band gap of CsPbCl3-xBrx (x = 0.0–2.5) QDs between 2.54 and 3.06 eV
(Figure 7e). However, changes in Cl content can result in changes in halide vacancies and
energy states, leading to unbalanced charge injection and an increase in nonradiative sites,
causing significant efficiency roll-off. Cl− vacancies are the primary source of mixed halide
(Br/Cl) PeLED trap states. To address this issue, we developed a strategy for the passivation
of Cl− vacancies in CsPb(BrxCl1−x)3 QDs using a nonpolar solvent-soluble organic halide
[N-dodecyl ammonium thiocyanate (DAT)] (Figure 7f) [133]. Density functional theory
calculations showed that the SCN group filled the Cl− vacancy, removing the electron
trap in the bandgap, resulting in a stable (~470 nm) and highly efficient (EQE = 6.3%)
blue PeLED.
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Figure 7. (a) La Mer model of PQD growth guidance in IW and UFTDC cooling processes [117].
Copyright 2021, American Chemical Society. (b) Growth schematic for ultrasmall CsPbBr3 QDs
and large CsPbBr3 nanocubes [118]. Copyright 2021, Wiley-VCH. (c) Schematic of the PLQY change
after Sb3+ doping [129]. Copyright 2019, American Chemical Society. (d) EL spectra (straight line)
and PL spectra (dashed line) of CsPbX3 QDs [131]. Copyright 2015, Wiley-VCH. (e) Normalized
PL spectra of CsPbCl3−xBrx (x = 0.0–2.5) QDs [132]. Copyright 2021, Elsevier B.V. (f) Illustration of
Cl− vacancy-induced Coulomb trap site formation, electron trapping, and self-assembly of organic
thiocyanate (RSCN) on the defect sites in MHP [133]. Copyright 2020, American Chemical Society.

The long chains of insulating ligands hinder the radiative recombination of charges
in QDs, reducing the efficiency of PeLEDs. To overcome this limitation, Kovalenko and
Kim et al. utilized di-dodecyl dimethylammonium halides (DDAX) as short ligands, which
enabled the PQDs to self-reconstruct into a stable formation by surface passivation from
OA or OAM to DDA+. Surface passivation using DDAX significantly increased the PLQY
of PQDs to 50.2% in the deep blue light region at 467 nm [124,134].

7. Conclusions and Outlook

QLEDs have experienced unprecedented advances as a new generation of light-
emitting components, especially for red and green QLEDs. However, efficient blue QLEDs
remain a challenge. In this review, we summarized the development of II-VI (CdSe, ZnSe)
QDs, III-V (InP) QDs, CDs, and PQDs (mainly CsPbX3) in blue light devices.

Cd-based QDs with great success in achieving high-performance LEDs have inspired
researchers to develop solution synthesis of other types of inorganic QDs, with a particular
focus on heavy metal-free QDs. The experience gained from the synthesis, ligand modifica-
tions, core-shell engineering and device preparation of Cd-based QDs provides a reference
for the development of other heavy metal-free QDs.
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ZnSe-based QDs have advantages in achieving blue light emission due to their large
band gap. In addition to exploiting the QCE, spectral tuning can be achieved by doping
Te elements. This offers ZnSe-based QDs a large scope for emission tuning from violet
to green. However, the doping of Te significantly broadens the FWHM and makes the
spectrum asymmetric. Therefore, achieving high EQE and high color purity will be the
next step for blue ZnSe-based QLEDs.

Blue InP QDs face a challenge in achieving deep blue light emission (<470 nm) due to
their small core size (<2 nm). The current InP blue QLED efficiency is below 3%. InP can
emit in the deep blue range by introducing Ga elements. InGaP QLEDs were reported to
emit at 469 nm with an EQE of 2.5%. It is foreseeable that ternary InGaP is the direction of
InP-based QD blue light.

From the display perspective, the ACQ effect limits CD luminescence in the solid
state, which can only be solved by synthesizing anti-burst CDs and doping them into
host materials. Although CD-LEDs are not currently comparable to inorganic QLEDs, CD
luminescence has the potential for developing bioimaging applications due to its nontoxic
and biocompatible characteristics.

Perovskite QDs have a peculiar crystal structure that enables efficient luminescence.
Multicolor luminescence can be achieved by the QCE and modulation of halogen compo-
sition. However, deep blue PQDs usually require Br/Cl codoping, which leads to phase
separation due to the migration of halogen ions under an electric field. Although several
strategies have been proposed to improve PQDs, such as adjusting the halogen ratio, A-

and B-site doping, and chemical environment regulation, structural instability and poor
lifetime remain challenges that PQDs must overcome.

Here, we discussed four representative QDs in material synthesis, core-shell structures,
ligand interactions, and device fabrication. We hope to introduce a variety of representative
QD materials to help readers understand the problems and solutions encountered in the
development of blue QLEDs. As RGB’s most important and difficult part, blue light
requires more researchers’ continued attention and efforts.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC)
(62175171, 61961160731 and 62205230), China Postdoctoral Science Foundation (2021TQ0230,
2021M690114), Suzhou Key Laboratory of Functional Nano & Soft Materials, Collaborative In-
novation Center of Suzhou Nano Science & Technology, the 111 Project, Joint International Research
Laboratory of Carbon-Based Functional Materials and Devices. This project is also funded by the
Collaborative Innovation Center of Suzhou Nano Science and Technology (CIC-Nano).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wu, Q.; Gong, X.; Zhao, D.; Zhao, Y.B.; Cao, F.; Wang, H.; Wang, S.; Zhang, J.; Quintero-Bermudez, R.; Sargent, E.H.; et al. Efficient

Tandem Quantum-Dot LEDs Enabled by An Inorganic Semiconductor-Metal-Dielectric Interconnecting Layer Stack. Adv. Mater.
2022, 34, 2108150. [CrossRef] [PubMed]

2. Zhao, J.; Chen, L.; Li, D.; Shi, Z.; Liu, P.; Yao, Z.; Yang, H.; Zou, T.; Zhao, B.; Zhang, X.; et al. Large-area patterning of full-color
quantum dot arrays beyond 1000 pixels per inch by selective electrophoretic deposition. Nat. Commun. 2021, 12, 4603. [CrossRef]
[PubMed]

3. Dai, X.; Deng, Y.; Peng, X.; Jin, Y. Quantum-Dot Light-Emitting Diodes for Large-Area Displays: Towards the Dawn of
Commercialization. Adv. Mater. 2017, 29, 1607022. [CrossRef] [PubMed]

4. Yang, Z.; Gao, M.; Wu, W.; Yang, X.; Sun, X.W.; Zhang, J.; Wang, H.-C.; Liu, R.-S.; Han, C.-Y.; Yang, H.; et al. Recent advances in
quantum dot-based light-emitting devices: Challenges and possible solutions. Mater. Today 2019, 24, 69–93. [CrossRef]

5. Zhang, J.; Wang, L.; Zhang, X.; Xie, G.; Jia, G.; Zhang, J.; Yang, X. Blue light-emitting diodes based on halide perovskites: Recent
advances and strategies. Mater. Today 2021, 51, 222–246. [CrossRef]

6. Mei, G.; Tan, Y.; Sun, J.; Wu, D.; Zhang, T.; Liu, H.; Liu, P.; Sun, X.W.; Choy, W.C.H.; Wang, K. Light extraction employing optical
tunneling in blue InP quantum dot light-emitting diodes. Appl. Phys. Lett. 2022, 120, 091101. [CrossRef]

7. Li, H.; Zhang, W.; Bian, Y.; Ahn, T.K.; Shen, H.; Ji, B. ZnF2-Assisted Synthesis of Highly Luminescent InP/ZnSe/ZnS Quantum
Dots for Efficient and Stable Electroluminescence. Nano Lett. 2022, 22, 4067–4073. [CrossRef]

https://doi.org/10.1002/adma.202108150
https://www.ncbi.nlm.nih.gov/pubmed/34761462
https://doi.org/10.1038/s41467-021-24931-x
https://www.ncbi.nlm.nih.gov/pubmed/34326332
https://doi.org/10.1002/adma.201607022
https://www.ncbi.nlm.nih.gov/pubmed/28256780
https://doi.org/10.1016/j.mattod.2018.09.002
https://doi.org/10.1016/j.mattod.2021.10.023
https://doi.org/10.1063/5.0084416
https://doi.org/10.1021/acs.nanolett.2c00763


Nanomaterials 2023, 13, 1695 17 of 21

8. Chao, W.-C.; Chiang, T.-H.; Liu, Y.-C.; Huang, Z.-X.; Liao, C.-C.; Chu, C.-H.; Wang, C.-H.; Tseng, H.-W.; Hung, W.-Y.; Chou, P.-T.
High efficiency green InP quantum dot light-emitting diodes by balancing electron and hole mobility. Commun. Mater. 2021, 2, 96.
[CrossRef]

9. Xie, R.; Battaglia, D.; Peng, X. Colloidal InP Nanocrystals as Efficient Emitters Covering Blue to Near-Infrared. J. Am. Chem. Soc.
2007, 129, 15432–15433. [CrossRef]

10. Kim, T.; Kim, K.H.; Kim, S.; Choi, S.M.; Jang, H.; Seo, H.K.; Lee, H.; Chung, D.Y.; Jang, E. Efficient and stable blue quantum dot
light-emitting diode. Nature 2020, 586, 385–389. [CrossRef]

11. Ioannou, D.; Griffin, D.K. Nanotechnology and molecular cytogenetics: The future has not yet arrived. Nano Rev. 2010, 1, 5117.
12. Peng, X. An essay on synthetic chemistry of colloidal nanocrystals. Nano Res. 2009, 2, 425–447.
13. Peng, X.; Wickham, J.; Alivisatos, A.P. Kinetics of II–VI and III–V Colloidal Semiconductor Nanocrystal Growth: “Focusing” of

Size Distributions. J. Am. Chem. Soc. 1998, 120, 5343–5344. [CrossRef]
14. Thessing, J.; Qian, J.; Chen, H.; Pradhan, N.; Peng, X. Interparticle Influence on Size/Size Distribution Evolution of Nanocrystals.

J. Am. Chem. Soc. 2007, 129, 2736–2737. [CrossRef] [PubMed]
15. Li, Z.; Wei, J.; Wang, F.; Tang, Y.; Li, A.; Guo, Y.; Huang, P.; Brovelli, S.; Shen, H.; Li, H. Carrier Dynamics in Alloyed Chalcogenide

Quantum Dots and Their Light-Emitting Devices. Adv. Energy Mater. 2021, 11, 2101693. [CrossRef]
16. Shin, D.H.; Lampande, R.; Kim, S.J.; Jung, Y.H.; Kwon, J.H. Understanding the Origin of Degradation of InP-Quantum Dot

Light-Emitting Diodes. Adv. Electron. Mater. 2022, 8, 2200256. [CrossRef]
17. Colvin, V.L.; Schlamp, M.C.; Alivisatos, A.P. Light-emitting-diodes made from cadmium selenide nanocrystals and a semicon-

ducting polymer. Nature 1994, 370, 354–357. [CrossRef]
18. Murray, C.B.; Noms, D.J.; Bawendi, M.G. Synthesis and Characterization of Nearly Monodisperse CdE (E = S, Se, Te) Semiconduc-

tor Nanocrystallites. J. Am. Chem. Soc. 1993, 115, 8706–8715. [CrossRef]
19. Supran, G.J.; Shirasaki, Y.; Song, K.W.; Caruge, J.-M.; Kazlas, P.T.; Coe-Sullivan, S.; Andrew, T.L.; Bawendi, M.G.; Bulović, V.
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