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Abstract

Solution-processable semiconductor nanocrystal quantum dots possess remarkable optical characteristics, including high
photoluminescence quantum yield, narrow photoluminescence linewidth, and size-dependent color tunability. Three primary
colors, which are red, green, and blue, are essential for realization of electroluminescent display utilizing quantum dots.
While extensive research has been conducted on red- and green-emitting quantum dots, the development of blue-emitting
quantum dots lags behind other primary color materials. This comprehensive review provides an overview of the progress
in the synthesis of various types of blue-emitting quantum dots and their device applications. Furthermore, perspectives on
further advancement of blue-emitting quantum dots to meet the requirements for commercially viable electroluminescent

displays is discussed.
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Introduction

Semiconductor nanocrystal quantum dots (QDs) have
emerged as promising candidates for a variety of optoelec-
tronic applications due to their unique size-dependent opti-
cal properties [1, 2]. Among the QDs with different colors,
blue-emitting QDs hold particular significance in the devel-
opment of next-generation displays, lighting, and biomedi-
cal imaging systems [3—7]. The realization of efficient and
stable blue-emitting QDs with high color purity is crucial
for achieving full-color displays and lighting with enhanced
color reproducibility.
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Despite significant progress in the synthesis and appli-
cation of red- and green-emitting QDs, the development
of blue-emitting counterparts has been more challenging.
Blue emission typically requires larger bandgaps, which may
poses challenges in synthesis and can lead to decreased pho-
toluminescence (PL) quantum yield (QY) and stability. Fur-
thermore, realizing blue-emitting color with PL peak around
460 nm, which is the most suitable for blue emission, and
narrow emission linewidths both is very challenging [8, 9].

In recent years, however, there has been a surge at over-
coming these challenges and advancing the field of blue-
emitting QDs. This comprehensive review aims to provide
an overview of the latest developments in the synthesis and
application in various types of blue-emitting QDs. This
review also provides insights into further developing blue-
emitting QDs to make them suitable for commercial devices.

Cd-Based QDs

Cd-based QDs such as CdS, CdSe, and CdS demonstrate
their high PL QY and broad absorption spectra suitable for
various optoelectronic devices. However, blue-emitting Cd-
based QDs and device based on them exhibit very poor sta-
bility [10]. Many studies have been conducted to improve the
quality of blue-emitting Cd-based QDs. This section aims
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to provide an overview of the latest research trends in the
synthesis and applications of blue-emitting Cd-based QDs.

Previously, research on the synthesis of Cd-based QDs
encountered issues with size inhomogeneity. Slow and
steady growth strategy was employed by using auxiliary
substances such as TOP/TOPO solvent to enhance the
size uniformity of various types of Cd chalcogenide QDs.
This approach established the foundation for the progress
of blue-emitting Cd-based QDs as shown in Fig. 1la [11].
Subsequently, the hot-injection approach was developed
to improve spectral tunability of CdSe QDs in the blue
spectral region by controlling the nucleation rate (Fig. 1b)
[12]. It was found that surface passivations with inorganic
(e.g., ZnS) or organic (e.g., alkylamine) shells are essential
for enhancing PL QY of blue-emitting CdSe QDs. Simi-
larly, the introduction of appropriate shell systems to CdS
QDs enabled the suitable redshift of CdS-based QDs up
to 460 nm, thus enabling their application in blue light
emitting diodes (Fig. Ic) [13]. However, there has been
an issue of lattice mismatch between Cd chalcogenides
and Zn chalcogenides, which reduces the PL QY when
the Zn chalcogenide shell system was introduced to Cd
chalcogenide core QDs. To address this issue, cationic
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alloy nanocrystals such as Zn,Cd,_.S and Zn,Cd,_,Se were
developed by incorporating Zn into Cd chalcogenide QDs.
The interfacial strain was mitigated due to reduced lat-
tice mismatch between the core and shell, and therefore
improved PL QY up to 55% was reported (Fig. 1d) [14].
The alloying strategy of anionic compositions was also
developed under the presence of diphenyl phosphine to
balance the reactivity of the anionic precursors. Higher
emissivity and enhanced stability were observed in
CdSe,S,_, alloy QDs with gradient anionic compositions
(Fig. le) [15].

In addition to the alloying strategy, employing multi-
shell structures further helped enhance the performance of
quantum dot light-emitting diodes (QLEDs) in the context
of reducing lattice mismatch and aligning the energy levels
for favorable charge transport, thereby enhancing the over-
all performance of optoelectronic devices. In the gradient
shell systems like CdSe,S,_,/ZnSe,S,_; with the emission
range of 450—490 nm, interfacial lattice strain is effectively
alleviated; therefore, high PL QY up to 90% and enhanced
photochemical stability could be achieved (Fig. 2a) [16].

The development of giant shell QDs (g-QDs) with
ultrathick shells was known to be very effective to obtain
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Fig.1 a Absorption spectra of Cd chalcogenides with a diameter
of ~2-3 nm. Adapted with permission from Ref. [11]. Copyright
1993 American Chemical Society. b Absorption spectra of CdSe/ZnS
QDs depending on the time during synthesis. Adapted with permis-
sion from Ref. [12]. Copyright 2009 American Chemical Society. ¢
PL spectra of CdS/ZnS QDs with different shell thickness. Adapted
with permission from Ref. [13]. Copyright 2010 American Chemical
Society. d A diagram depicting the kinetic alloying process transition-
ing from core—shell CdSe/ZnSe to alloyed Zn,Cd,_,Se nanocrystals.
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Adapted with permission from Ref. [13]. Copyright 2003 American
Chemical Society. e A schematic illustration of bright blue-emit-
ting alloyed CdSeS QDs with a gradient structure, using HPPh,,
and solid-state NMR spectra of those QDs. The ''*Cd magic angle
spinning (MAS) spectrum, coupled with 'H high-power decoupling
(HPDEC), reveals the collective Cd signals situated at 701 ppm
(inner core region), 745 ppm (middle region), and 792 ppm (outer
region), marked by arrows in the bottom trace. Adapted with permis-
sion from Ref. [15]. Copyright 2016 American Chemical Society
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Fig.2 a Energy band alignment of core/shell gradient alloy (CSGA)
QDs (in eV) ranging from the CdSe core through the gradient alloy
intermediate shells to the outer ZnS shells. Adapted with permission
from Ref. [16]. Copyright 2017 American Chemical Society. b PL
QY data (left) of compact QD films and temporal PL decay (right)
for CdZnS/ZnS QDs with varying ZnS shell layers. Adapted with
permission from Ref. [17]. Copyright 2020 Optica Publishing Group.

high-quality QDs with strong chemical stability and high
photostability. In addition, blinking behavior was signifi-
cantly released in the blue-emitting g-QD system possibly
due to suppressed interparticle interactions as illustrated in
Fig. 2b [17].

The emergence of quasi 2-D structures such as nano-
platelets (NPLs) has led to rapid advancements for effi-
cient blue emission. The synthesis of CdSe, S, , NPLs
allowed simple control of both compositions and thick-
ness, enabling spectral extension from the blue to green
regions. One of the expected challenging points in two
anionic composition systems is difference in reactivity
of the precursors. The reactivity difference of anionic
precursors for the synthesis of CdSe, S,_, NPLs was miti-
gated by introducing stearoyl selenide and stearoyl sulfide
as anionic precursors (Fig. 2¢) [18]. In Cd chalcogenide-
based NPL structures, photoluminescence quantum effi-
ciency up to 55% was demonstrated by forming a CdS
crown on the CdSe core. This represents a significant
improvement compared to the 5-12% observed for core-
only NPLs [19] (Fig. 2d).

¢ Illustration of the synthetic procedure for CdSe,S;_, nanoplatelet.
Adapted with permission from Ref. [18]. Copyright 2022 American
Chemical Society. d The gain threshold of CdSe core and CdSe/CdS
core/crown NPLs against PL QE. The error bars in the panels are
derived from the gain threshold extraction procedure. Adapted with
permission from Ref. [19]

With the remarkable advancements in Cd-based
blue QDs as described above, the performance of blue
QLEDs based on these materials has also been consid-
erably improved. Currently, Cd-based blue-emitting
QLEDs recorded EQE of 19.8%, a maximum luminance
of 62,600 cd/m?, and a Ts, greater than 10,000 h [20, 21].

Perovskite QDs

Perovskite QDs (PeQDs) typically consist of ABX; com-
positions where A and B are monovalent and divalent cati-
ons, respectively, and X is the halide anion. The PeQDs
are also usually classified into organic—inorganic hybrid or
all-inorganic perovskites depending on the A-site cations.
While the bandgap of conventional QDs could be con-
trolled by size tuning, the bandgap of PeQDs are usually
controlled by manipulating the composition of halides.
Despite the fact that the history of PeQDs is relatively
short compared to that of conventional QDs, the EQE of
green and red PeQD LEDs (PeQLEDs) has demonstrated
remarkable advancements over 20% [22]. However, blue
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PeQLEDs have shown much slower progress, achieving
only 17.3% EQE to date [23]. This section will examine
recent trends in the synthesis and application of blue-
emitting PeQDs.

By adjusting halide compositions in mixed hal-
ide all-inorganic PeQDs, the PL spectra of deep blue
(420-465 nm), pure blue (465-475 nm), and sky blue
(475-495 nm) can be achieved. However, one of the
drawbacks of blue-emitting all-inorganic PeQDs is a weak
defect tolerance, and thus relatively lower PL QY com-
pared with green- and red-emitting PeQDs. For example,
in green- and red-emitting PeQDs based on Br and I halide
compositions, the PeQDs are strongly tolerant against the
halide vacancy defects; therefore, one can obtain relatively
high PL QY even in the presence of such defects [24]. In
contrast, it was known that blue-emitting PeQDs based
on Cl halide composition are not strongly tolerant against
halide vacancy defects presumably due to their wide band-
gap. Hence, relatively lower PL QY has been reported in
Cl-based blue-emitting PeQDs (Fig. 3a) [25].

Recently, Wang et al. performed various metal bromide
salt (e.g., AgBr, PbBr,, GeBr,, ZnBr,, ZnBr,, CuBr,, and
InBr;) treatment of CsPbCl; PeQDs to passivate the halide
vacancy. The treatment resulted in significant enhancement
of PL QY to near unity with spectral range at 450 ~470 nm.

(@)

Also, in LEDs fabricated based on PeQDs treated with
metal halide salts, high phase stability under high applied
bias was demonstrated (Fig. 3b) [26]. Cl vacancy suppresses
radiative recombination and accelerates ion migration in the
device, thereby impairing performance. Also Gao and his
colleague introduced octylammonium hydrobromide ligands
to enhance the efficiency and stability of perovskite blue
LEDs by passivating the halide vacancy and thus to sup-
press ion migration in CI/Br mixed PeQDs (Fig. 3c) [27]. In
a similar context, Zheng et al. utilized a method to passivate
Cl vacancy sites with psuedohalogens such as n-dodecylam-
monium thiocyanate and n-butylammonium thiocyanate.
Treated PeQDs achieved a remarkable improvement with
PL QY up to 100% at 468 nm of PL emission (Fig. 3d) [28].

Two-dimensional perovskite NPLs are also one of the
promising candidates for blue-emitting perovskite materials
to overcome phase segregation [29]. However, their colloi-
dal stability can be poor possibly due to the weak surface
ligand binding energy. In this case, introducing new capping
ligands on the surface can provide better stability to CsPbBr;
NPLs (Fig. 4a) [30]. For example, CsPbBr; NPLs with high
surface-to-volume ratios are highly unstable. Additionally,
organic ligands are easily detached from CsPbBr; NPLs,
suppressing radiative recombination and deteriorating opti-
cal properties, along with poor conductivity within the film
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Fig. 3 a Electronic structure and charge density calculations accord-
ing to halide vacancy (CsPbCl;+ V(,, CsPbBry+ Vg, CsPbl;+V)).
Adapted with permission from Ref. [25]. Copyright 2018 American
Chemical Society. b Schematic illustrations of anion exchange reac-
tion for vacancy passivation (left), normalized EL spectra (right).
Adapted with permission from Ref. [26]. Copyright 2022 American

@ Springer

V, Defect
®,.9 P

:3 » p‘:) .
(as SRES L 338
LK)
fnd
POOO
sroloLole
s aaa
VBM (h*)

aa o Wavelength (nm)

s8e: (o)

Eq«m?
DO

f‘o”»‘Oo'a
aaa

Electron trap reduction

St o
Cl vacancy

Csvacancy 5.4
passivation

€1 vacancy

Chemical Society. ¢ Illustration of the formation of Coulomb trap
sites induced by Cl vacancies, electron trapping, and the self-assem-
bly of organic thiocyanate on the defect sites in metal halide per-
ovskites. Adapted with permission from Ref. [28]. Copyright 2020
American Chemical Society



Recent Progress in Blue-Emitting Semiconductor Nanocrystal Quantum Dots for Display...

(a) unwashed CsPbBr,
~
= A \ \V\\
Cé ( ) i //('()\()' stretch,
N’ N-H scissor h_cndlng (asym, sym)
@ [N-Hstretch, NH,, 1645, 1550 1540, 1450 |8
- g 1-washed CsPbBr,
« C-H stretch, CH,,
— 2
e “s_CH, (asym, sym)
= 2862, 2930, 2950
» 2-washed CsPbBr,
= h——————
s .
; 3-washed CsPbBr,
3200 3000 2800 7 1800 1600 1400 1200
-1
Wavenumber (¢cm )
(c) Pristine NCs Treated NCs w, e |
(o) > ] y
79 Rl
—9——0—+9 -9 06000 .
+O+Oy¥<§3" +O+0+ I
% o © o0 0 o 0 ” 4

tb-co—o-ﬂ—o—o » 2
MNO 104 et @40 4C
o— 0 30— 0 o0 - o 0 —o0-© —o- 0 -

$ é $ é ° 3
LAyt tvMe Lligand OCs Pb oBr oCl Traps

EL Intensity (a.u.)
EL Intensity (a.u.)

Fig.4 a FTIR spectra and photos of CsPbBr; perovskites at various
purification steps. Adapted with permission from Ref. [30]. Copy-
right 2015 American Chemical Society. b Schematic representation
of the post-synthetic surface ligand treatment of CsPbBr3 NPLs (top)
Absorption and PL spectra(bottom). Adapted with permission from
Ref. [32]. Copyright 2019 American Chemical Society. ¢ Compari-
son of EL spectra from blue mixed-halide perovskite LEDs with and
without octylammonium hydrobromide ligands. d Schematic illus-
trations of the interactions between the polysalt/PbBr2 complex and
the surfaces of NPLs (top). The relative photoluminescence meas-

[31]. Surface ligand engineering using di-dodecyldimethyl-
ammonium bromide contributed to preventing ligand detach-
ment. This ligand system resulted in bright PeQDs with PL
QY of 69.4% at 465 nm (Fig. 4b) [32].

Wang et al. reported the ligand exchange strategy of blue-
emitting CsPbBr; NPLs with polysalt ligands produced by
combining polymers and salt complexes. PL. QY was eight
times higher compared to untreated CsPbBr; NPLs. In the
stability test, the CsPbBr; NPLs passivated with polysalt
ligands exhibited high spectral stability without experienc-
ing significant spectral shift for 6 months, while CsPbBr;
NPLs with conventional OLA/OA ligand system showed
considerable redshift only within 3 days (Fig. 4c) [33].
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ured for three different perovskite NPLs, reported in comparison to
those of native oleic acid (OA)/oleylamine (OLA) or polysalt-coated
materials. The inset photos: fluorescence images of those dispersions
(bottom left). PL spectra collected from oleic acid (OA)/oleylamine
(OLA)-coated nanocrystal perovskites (NPLs) aged in air for 3 days,
and polysalt-coated NPLs aged in air for 6 months (bottom right).
The photo of inset shows polysalt-coated NPLs (left) and OLA/OA-
capped NPLs (right). Adapted with permission from Ref. [33]. Copy-
right 2022 American Chemical Society

Zn-Based QDs

ZnSe QDs are very promising for blue-emitting applications
due to their heavy metal-free compositions and a suitable
bulk bandgap, which is around 2.7 eV, to achieve blue emis-
sion (Fig. 5a) [34]. At the early stage of the development
of ZnSe QDs, the researchers usually employed synthesis
based on aqueous phase, and the PL spectral range from
390 to 460 nm was achieved with the control of ZnS shell
thickness. By fabricating a ZnSe/ZnS core/shell structure
with thick ZnS shell, moderately improved PL QY of up to
45% was achieved (Fig. 5b) [35].

Further advancements have been made through develop-
ing the strategy separating nucleation and growth stages.
Wang et al. successfully separated nucleation and growth
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Fig.5 a Crystal structures represented by zinc blende and wurtzite
models of zinc chalcogenides. Adapted with permission from Ref.
[34]. Copyright 2021 American Chemical Society. b PL spectra of
zinc selenide/zinc sulfide core/shell QDs with varying core sizes, all
of which were coated with 3.0 monolayers. Adapted with permission
from Ref. [35]. Copyright The Royal Society of Chemistry 2010. ¢
Normalized PL spectra of ZnSe/ZnS QDs, dispersed in hexanes, orig-
inated from ZnSe cores with adjustable PL peaks ranging from 400
to 455 nm (A, =360 nm). Adapted with permission from Ref. [36].
Copyright The Royal Society of Chemistry 2021. d The emission

stages by inducing each stage at low and high temperature,
respectively, and finally yielding high-quality ZnSe/ZnS
core/shell QDs with narrow PL spectra with FWHM of
20 nm and high PL QY over 80% (Fig. 5¢) [36].

Furthermore, the researchers optimized the shell growth
process with ZnS shell precursor with lower reactivity. As a
result, FWHM and PL QY were further improved to 18 nm
and 85%, respectively. The blinking also could be suppressed
by controlling the morphology of the ZnS shell. After this
morphology control of ZnS shell, improved on-time fraction
of 75% was demonstrated (Fig. 5d) [37].

Du’s group reported the synthesis of ZnSe-based QDs
with giant ZnSe core. The size of the ZnSe core was
increased by epitaxially growing ZnSe layers on ZnSe core,
and finally 10.0 nm size of the ZnSe core was synthesized.
The size is bigger than its exciton Bohr size. Extremely high
PL QY was observed in ZnSe/ZnS QDs with a giant ZnSe
core, and photostability was also improved. Furthermore,
QLED:s fabricated with ZnSe/ZnS QDs with giant ZnSe core
exhibited a maximum EQE of 12.2% and a relatively long
operational lifetime (T55~237 h at 100 cd/m?) (Fig. 5e) [38].
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quantum yield (QY), high-resolution STEM images, and representa-
tive time traces of the fluorescence intensity of ZnSe/ZnS core/shell
QDs vary with the thickness of the shell. The molar ratio of Zn/oleic
acid for the black color is 1/6.3, while for the blue color it is 1/10.
Adapted with permission from Ref. [37]. Copyright 2020 American
Chemical Society. e (from left to right) Synthetic scheme, PL spec-
trum, and EQE against luminance for the B(bulk)-like ZnSe/ZnS
core/shell QDs (inset: EL spectra and QLED images of those QDs).
Adapted with permission from Ref. [38]. Copyright 2020 American
Chemical Society

While the development of blue-emitting ZnSe-based QDs
was very impressive, the ZnSe QDs have a inherent limita-
tion to realize PL wavelength over 450 nm due to their bulk
bandgap. In this context, ternary compound semiconductor
ZnSeTe-based QDs were developed to extend the PL wave-
length over 450 nm. The bandgap of ZnSeTe-based QDs can
be tuned over broad spectral regions not only by changing
their size, but also modifying the compositions of anionic
species (Te/Se) (Fig. 6a and b) [39, 40]. By synthesizing
heterostructure QDs based on multi-shells, PL. QY over
80% was reported (Fig. 6¢) [41]. Furthermore, by control-
ling the thickness of ZnSe midshell of heterostructure QDs,
blue emission with very narrow FWHM could be realized
(Fig. 6d) [42].

To successfully integrate blue-emitting ZnSeTe QDs
in optoelectronic devices, their air stability should be
improved. The PL QY of ZnSeTe-based QDs rapidly
diminishes upon exposure, even if the QDs were formed
in heterostructures with multi-shells. It is presumed that
the degradation in blue-emitting ZnSeTe-based QDs can
occur due to desorption of surface ligands in the presence
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Schematic illustration of ZnSeTe/ZnSe/ZnS multi-shell heterostruc-
ture system. Adapted with permission from Ref. [41]. Copyright
2020 The Korean Society of Industrial and Engineering Chemistry.
Published by Elsevier B.V. All rights reserved. d Changes in the

of oxygen and moisture in the atmosphere. To mitigate
this degradation, surface ligand exchange with stronger
binding affinity can be a very effective strategy. Cho et al.
reported that oleate-capped ZnSeTe/ZnSe/ZnS QDs can
be considerably stabilized by exchanging their origi-
nal carboxylate ligands to 1-dodecanethiol (DDT). The
resulting ZnSeTe/ZnSe/ZnS QDs capped with DDT main-
tained 80% of their initial PL QY even after prolonged
air exposure, and their photostability was also improved
(Fig. 6e) [43].

Also, Lee et al. reported that the 4-methylbenzyl zinc
chloride (4MBZC) ligand system effectively improved the
stability of ZnSeTe-based QDs due to the dual passiva-
tion enabled by 4MBZC. As a result, PL QY over 84% of
initial PL QY without any aggregation was demonstrated
after air exposure of 1728 h (Fig. 6f) [44].

Even though the advancements in blue-emitting
ZnSeTe-based QDs are impressive, light-emitting devices
based on these QDs still suffer from serious instability.
For example, the lifetime of blue-emitting QLEDs based
on ZnSeTe-based QDs exhibits a very limited Ts, value of

Time (day)

Wavelength (nm)

peak wavelength, PL QY, and FWHM of ZnSeTe/ZnSe/ZnS QDs
based on variations in the thickness of the ZnSe inner shell. Adapted
with permission from Ref. [42]. Copyright 2021 Elsevier B.V. All
rights reserved. e Stability data depending on surface ligand type of
ZnSeTe/ZnSe/ZnS QDs (Oleic acid (OA), 1-Dodecanethiol (DDT))
Adapted with permission from Ref. [43]. Copyright 2022 American
Chemical Society. f PL spectra and fluorescent images of Zn(St),-
QDs, ZnCl,-QDs, and 4AMBZC-QDs are presented. Adapted with per-
mission from Ref. [44]. Copyright 2023 American Chemical Society

15,850 h [45]. Furthermore, investigations of the degrada-
tion mechanisms of ZnSeTe-based QDs in devices have
been nearly lacking. Future research should focus on a
comprehensive understanding of the degradation mecha-
nisms and developing strategies to enhance the stability,
and therefore lifetime of QLEDs based on blue-emitting
ZnSeTe QDs [46].

Other Blue-Emitting QDs with Heavy
Metal-Free Compositions

InP-Based QDs

In recent studies, InP-based QDs have emerged as prom-
ising candidates for display materials, particularly in the
green and red spectral regions, due to their suitable PL QY
and color purity. Whereas the synthesis of InP-based QDs
in pure and deep blue regions has been challenging for a
long time, there are some recent insightful progress for the
synthesis of InP QDs within the blue spectral regions [47].
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Fig.7 a Normalized PL spectra of InP/ZnS QDs according to Nd
amounts. Adapted with permission from Ref. [47]. Copyright 2022
John Wiley and Sons. b Schematic illustration of the effects of metal
phosphorus of In(Zn)P QDs. Adapted with permission from Ref.
[49]. Copyright 2017 American Chemical Society. ¢ Absorption and

Qin et al. introduced the rare earth neodymium (Nd**)
ions at the interface of the InP core and ZnS shell for
the first time, resulting in PL spectra around blue spectral
regions with a narrow FWHM. The PL spectra of Nd*
doped InP core QDs showed blue shift as the ratio of Nd>*
increased. The same trend was observed even with the
ZnS shelling, resulting in the production of InP/ZnS QDs
with emission center of 470 nm, FWHM of 46 nm, and
PL QY of 44% (Fig. 7a) [48]. Lee and coworkers devel-
oped the synthesis of In(Zn)P QDs based on a heating-up
method. Zn precursor was directly added during the syn-
thesis of InP core QDs. It was known that Zn precursors
forms Zn—P complexes by the reaction with a phosphine
precursor molecule; therefore, the spectral linewidth of the
resulting In(Zn)P-based QDs was narrow (Fig. 7b) [49].
The incorporation of Zn into InP is effective; however,
forcing coordination of divalent cations can induce defect
states within the bandgap. Gallium, which is the element
from same group with indium, was employed to alleviate
these defects states. The wider bulk bandgap of gallium
compared to that of indium enables easier blue emission.
The InGaP/ZnS blue QDs with gallium incorporation
achieved PL QY of 65% (Fig. 7c) [50].

@ Springer

Heat-up synthesis Wavelongth (nm)

Zn(CI0,);

PL spectra of In;_,Ga P@ZnS QDs (picture of QDs under UV light
(365 nm)). Adapted with permission from Ref. [50]. Copyright The
Royal Society of Chemistry 2020. d Schematic illustration of the syn-
thesis of In(Zn)P/ZnS QDs. Adapted with permission from Ref. [51].
Copyright 2023 John Wiley and Sons

In a different context, improving the emission properties
of InP-based QDs was investigated by properly choosing
the additives. For example, it was recently reported that InP
QDs synthesized under the presence of Znl, showed bet-
ter emission color purity compared to the InP QDs synthe-
sized by adding ZnCl,. Addition of Znl, to the synthesis of
InP QDs resulted in smaller-sized QDs with the emission
property at the blue spectral region. Furthermore, zinc per-
chlorate (Zn(Cl0O,),) was introduced to further improve the
size distribution and emission wavelength for blue color.
Finally, InP/ZnS QDs with an emission peak wavelength of
466 nm, FWHM of 41 nm, and PL QY of 34% were pro-
duced (Fig. 7d) [51].

Carbon Dots

Recently, carbon dots (CDs) have garnered considerable
attention due to their environmentally friendly nature, as well
as their ability to adjust color, PL properties, size, shape, and
doping. Also, due to such easily tunable properties, it had
been considered that CDs can surpass other QDs based on
conventional semiconductors. CDs were initially reported as
fluorescent materials after properly purifying single-walled
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Ref. [52]. Copyright 2004 American Chemical Society. b The band-
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carbon nanotubes using electrophoresis (Fig. 8a) [52]. Ini-
tial CDs showed very broad emission with an FWHM in
PL spectrum over 80 nm. From the simulation study, it was
confirmed that CDs functionalized with carboxylate group
exhibit stronger polarization than CDs with amine function-
ality, finally leading to bandgap fluctuations and more delo-
calized wave functions and thus broad spectra (Fig. 8b) [53].
Amination of CDs enables efficient and high color purity
emission by removing oxygen-containing functional groups.
After amination, blue-emitting CDs with high PL QY of
70% with FWHM of 35 nm were synthesized.

Wang et al. reported the synthesis of CDs through the
hydrothermal method with perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA) and 2,3-diaminophenazine (DAP).
The resulting CDs were obtained as doped with oxygen
and nitrogen, and exhibited strong and stable emission. The
CDs showed very high PL QY of 88.9% with the emission
center at 447 nm. LEDs fabricated based on the resulting
CDs showed brightness of 648 cd m~2 and EQE of 2.114%
(Fig. 8c) [54].

I-111-VI QDs

I-III-VI QDs, a promising candidate as an alternative to
other QDs in the visible spectral region, have been previ-
ously studied in the green to red emission regions [55, 56].
While there was a challenge in synthesizing I-III-VI QDs

°«§>°<9 @°@°@°@°@°

@ 7 oY ot Wavelength (nm)

Time (fs)

oxygen-free functional groups (right). Adapted with permission from
Ref. [53]. Copyright 2020 Nature Publishing Group. ¢ PL spectra of
CDs (inset photo: CDs under UV lamp (365 nm)). Adapted with per-
mission from Ref. [47]. Copyright 2021 John Wiley and Sons

with emission wavelength in blue regions, Kim et al., for
the first time, reported the synthesis of I-1II-VI QDs with
emission wavelength below 500 nm using CuGaS/ZnS QDs.
The blue emission of CuGaS/ZnS QDs could be realized by
adjusting the Cu/Ga ratio. Addition of Zn precursors dur-
ing the core synthesis helped achieve further spectral blue
shift. ZnS shelling also further induced spectral blue shift
presumably due to enhanced quantum confinement, and the
resulting QDs exhibited PL QY up to 83% at the blue spec-
tral regions within 470 ~485 nm (Fig. 9a) [57].

To achieve wavelength in the deeper blue spectral region,
AgGaS QDs can be utilized. By incorporating Zn precur-
sors into AgGaS QDs, AgGaZnS QDs with deep blue emis-
sion can be synthesized. Additionally, by epitaxial shelling,
ZnAgGaS/ZnS QDs can be formed with high PL QY of 58%
at the deep blue spectral region around 450 nm (Fig. 9b)
[58].

Achieving narrow FWHM in I-1II-VI QDs is an chal-
lenging issue. Xie et al. reported relatively narrow FWHM
in AgGaZnS-based QDs. The amount of Zn precursors
was adjusted in the synthesis of AgGaZnS core QDs, and
FWHM of 48 nm was demonstrated with PL QY of 16.7% in
AgGaZnS-based QDs. By integrating AgGaZnS-based QDs
into LEDs, a brightness of 123.1 cd m~2 a narrow of FWHM
of 53 nm, and 0.4% of EQE were reported (Fig. 9c) [59].
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Perspective and Conclusion

In summary, the remarkable progress in the development
of blue-emitting QDs have brought them closer to being
utilized in next-generation optoelectronics, particularly in
display technology. Despite initial challenges, substantial
advancement was achieved in synthesizing high-quality
blue-emitting QDs with improved optical properties and
stability. Nevertheless, to make higher-quality blue-emit-
ting QDs which meet the standards of industry, color purity
(emission linewidth) and stability (lifetime) should be fur-
ther improved. In this context, we propose some research
directions.

First, the research should be more focused on ZnSeTe-
based QDs. Among various types of blue-emitting QDs, it
is evident that ZnSeTe-based QDs are the most suitable can-
didates, up to date, considering their state of the art optical
properties. By pushing further endeavors toward improving
their optical properties, particularly emission linewidth and
stability of electroluminescent devices based on them, we
can step forward the realization of QD displays.

Secondly, it is imperative to conduct thorough research
on alternative blue-emitting materials. Despite the fact
that ZnSeTe-based QDs currently stand out as the leading
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candidates for blue emission, there remains a possibility
that their development for commercial electroluminescent
display may not be entirely sufficient at the end. There-
fore, the research on other alternative materials should
be vigorously continued. Perovskite QDs can be a very
strong alternative material. From industry, perovskite
QDs received limited attention because most of the per-
ovskite QDs contain heavy metal elements such as Pb.
However, due to very outstanding optical properties of
perovskite QDs, the attention from industry to perovskite
QDs is rapidly increasing recently. If the perovskite QDs
can meet the industrial criteria in optical properties and
stability, with fulfilling RoHS regulation, commercializa-
tion of perovskite QDs could become reality. Additionally,
as discussed in previous sections, carbon dots, I-ITI-VI
QDs, and small-sized InP QDs with composition modifi-
cations also can be practical alternative materials for blue
emission.

Finally, we note that the importance for developing of
QDs is now increasing for realization of high-performance
QD-based electroluminescent display. If researchers from
both academia and industry consistently explore blue-
emitting QD materials based on their efficient collabora-
tion, we may be able to see widespread QD-based electro-
luminescent display in our lives.
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