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Abstract: Recently, quantum dots (QD) and quantum rods
(QRs) have become extremely popular in displays and
lighting applications. Liquid crystal displays (LCDs)
equipped with quantum dot enhancement films (QDEFs)
offer extended color saturation, increasing said saturation
from 60 to 70% to more than 100% of the NTSC color
gamut. A plethora of research dealing with EL/PL properties and the device-based performance of these materials
has been published. The tunable emission wavelength and
the narrow emission bandwidth are the key features of
quantum dots and perovskite nanoparticles that primarily
depend on the nanoparticle size and material composition.
QRs, in contrast, have a core–shell structure and emit
polarized light that can roughly double the efficiency of
modern displays. However, blue emission for QRs, because
of the large bathochromic redshift during shell growth, is a
serious problem. Besides photoluminescence, electroluminescence is also important for display applications.
These QD-LEDs show a lower turn ON voltage in comparison to organic LEDs, which is very important for highresolution displays. The solution-processed narrower
emission QD-LEDs have already achieved efficiency and a
brightness comparable to vacuum-deposited phosphorescent organic LEDs (OLEDs). However, the blue-emitting
nanoparticles and their short operational lifetime are
the key obstacles in the progression of these devices.
Furthermore, recently the display and lighting industry are
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trying to reduce the short-wavelength emissions, particularly in the spectral region below 455 nm, which has a
much greater impact on human ocular health and circadian rhythm. Thus, industries are aiming at blue light in the
spectral range of 460–475 nm. This spectral range is very
challenging for nanomaterials because of the limited
choice of materials. In this review, we summarize the
recent progress made in the blue-emitting nanomaterials
with a different morphology and composition. This includes recent developments in low Cd materials. Both the
PL and EL properties of these materials have been discussed depending on the NP’s shape and material
composition. This review also aims to discuss the various
device architectures employing blue-emitting NPs, any
recent achievements and future challenges.
Keywords: displays; electroluminescence; nanoparticles;
photoluminescence; photonics.

1 Introduction
The interest in luminescent semiconductor nanoparticles
(SNPs), such as quantum dots (QDs), is growing primarily
due to their easily controlled luminescence wavelength in
the visible range and narrow emission full width at half
max (FWHM). This has enabled their growing application
in information displays, LEDs, solar cells, optoelectronics,
large format cheap microelectronics, biosensors etc. [1–5].
As a result, the market size of these types of QD is growing
substantially. Due to the SNPs small size and unique
electronic structure combined with the possibility of
chemical modiﬁcations, the properties of SNPs can be
controlled to meet the requirements of many technological
applications. For displays, QD-LED electroluminescence
(EL) [6–8], providing wide color gamut is proposed and
recently a signiﬁcant improvement in QDLED brightness
and EQE was achieved [9–16]. SNPs offer saturated emission colors due to the reasonably narrow PL linewidth and
precisely tunable emission wavelengths based on both
control of the composition and of the quantum conﬁnement effect (see Figure 1(a)). Furthermore, it was found that
This work is licensed under the Creative Commons Attribution 4.0
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the PL bandwidth should be smaller than 30 nm to achieve
a wider color gamut and better optical efﬁciency in displays. In addition to the saturated color, the QD-based
backlight also offers better optical efﬁciency. It was estimated that QD-equipped LCDs can save at least 20% more
power than conventional alternatives [17]. A new standard
called “Color Nits” was introduced to measure the brightness and luminance in the high-performance QD-equipped
displays. The “Color Nits” metric is derived from a formula
that includes varying spectral proﬁles and the subtle differences between perceived brightness and actual luminance. This concept integrates the feature of the
Helmholtz–Kohlrausch effect which states that more
saturated colors can appear brighter than less saturated
ones of equivalent luminance, meaning that a wider color
gamut additionally results in higher perceived brightness
levels [18]. These nanomaterials are considered nowadays
to be components for wide-color-gamut displays and LEDs
(see Figure 1(b)). There are two basic types of applications
regarding these materials in displays. The ﬁrst is as
downconverters where three conﬁgurations are proposed.
(1) Quantum dot enhancement ﬁlm (QDEF) where green
and red quantum dots are dispersed in the polymer ﬁlm
(see top Figure 1(c)). (2) QD on-chip, where the QDs are
deposited directly on top of the LED chip (see middle
Figure 1(c)). This approach is considered to be very efﬁcient
due to the low material requirement. (3) Color ﬁlter QDs
(CFQD) where the QD are deposited in the form of color
ﬁlters and can also be deposited on top of LCD/OLED or
LED displays (see bottom Figure 1(c)). Other than photoluminescent applications, electroluminescent LEDs devices have been studied too. For LEDs, the active materials
emit light as the recombination layer for injected charge

carriers in a diode structure device. However, electroluminescent devices still have many issues to be solved such
as a balanced and efﬁcient carrier injection method and
long-term stability. In contrast, photoluminescent QDs are
already commercialized.
Back in 2013, Sony released the first QD-enabled
display (Triluminous TV) in which the Color IQ optical
subsystem, developed by QD Vision, was used to enhance
the available color gamut of the LCD panels. Later,
Samsung, TCL and LG brought several flagship QD LCD TVs
into their premium display markets [19]. It has been estimated that the display market may grow to over US $200
billion in the coming years while the market for the
required nanomaterials, primarily QDs, is estimated to
grow to over US $10 billion by 2020 [20, 21]. Touch Display
Research Inc. predicted that by 2025, more than 60% of TVs
and over 50% of monitors may adopt semiconductor QDs
and related materials [22]. Additionally, they estimated
that the total market for QDs is expected to grow to over US
$50 billion by 2030, which is comparable to the OLED
market size [22–24]. The use of QDs in displays is maturing
and there are many opportunities for new concepts and
innovative device designs. The search for better lightemitting materials is ongoing. Initial commercial products
(such as the Sony TV) used CdSe-based QDs. This is
because they are the most well-studied kind of QDs, and
also because these QDs exhibit a solid performance in
terms of color quality and high PLQY.
However, environmental concerns and governmental
regulatory restrictions limiting the use of the toxic element
cadmium have hindered the sale of those products in some
markets. Samsung QD TVs are using InP-based QDs due to
the reduced toxicity and associated unrestricted use of this

Figure 1: (a) Simple illustration of the energy
level dependence for the quantum dots on
the particle size. (b) The color gamut
achieved by quantum dots (QD) with narrow
emission bandwidth. The nanoparticle
offers a very large coverage of human
vision. (c) Shows the three most common
device architecture used for the display
device in photo luminescence nanoparticle.
(d) Shows the simple device structure for
the electro-luminescence device and inset
show the photographs of the few monochromatic LED.
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material in consumer products in most markets. However,
indium is a rare element that has already been heavily used
in other applications. The color saturation of InP QDs does
not match that of CdSe QDs due to their wider emission
linewidth. Lead halide perovskite nanocrystals [25] have
recently emerged as another promising light-emitting material for displays due to their ease of synthesis and
exceptionally narrow emission linewidths. The latter
enabled the fabrication of white LEDs using the greenemitting CsPbBr3 perovskite nanoparticles with an exceptionally wider color gamut, more than 120% of NTSC
[26–29]. Unfortunately, the large degree of ionic character
in these materials limits their stability. This in addition to
the presence of toxic Pb which may become a limiting
factor in their commercialization. Nevertheless, if we can
stabilize the PeLEDs, either for PL- or EL-based applications, then it can ﬁnd applications in displays [30]. For the
older class of II–VI materials, both 1D QRs and 2D nanoplatelets offer an added advantage for LCDs because they
can emit linearly polarized light [31, 32]. However, these
anisotropic nonspherical nanocrystals require proper
processing and alignment. To emit the polarized light over
a large area, the QRs need to be well-aligned with a high
degree of orientational order.
In addition to the environmental concerns, a big
debate about the use of the blue light in display and
lighting is going on. It has been found that blue light is not
good for human health. Blue LEDs are used in many ways
such as direct EL and the optical pumping of yellow
phosphor or other nanomaterial for the downconverters.
However, a blue LED with a 450 nm emission peak is
always a concern as it aligns with the blue light hazard
regions. For white LEDs, the downconverters are pumped
by the blue LED resulting in a mixture of blue and yellow,
or blue, red and green emissions which always has a strong
spike in the blue region. The short wavelength results in
exposure to the risk of photochemical damage to the retinal
pigment epithelium that nourishes the photoreceptors and
other neural circuitry in the eye [33, 34]. However, the weak
light exposure of relatively low luminance 300 nits in the
case of displays is also not very safe. The absorption of
short-wavelength light by the mitochondria within retinal
cells may lead to retinal damage from reactive oxygen
compounds. A recent study suggested that sufﬁciently high
levels of blue-light exposure can result in damage to the
mitochondria within the cells in the cornea and conjunctiva, leading to speculation that short-wavelength light
might aggravate dry eye symptoms [34, 35]. Researchers
have also found that viewing light with signiﬁcant energy
levels in the blue spectrum near the time when we would
normally expect to sleep can potentially impact our
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circadian rhythms. It activates a speciﬁc type of retinal
cells, intrinsically photosensitive retinal ganglion cells
(ipRGCs), that suppress the sleep hormone melatonin.
In addition to wavelength, melatonin suppression depends
on three other factors: timing, duration and intensity.
In the same conditions, the blue light has a much greater
suppressive force on melatonin than other wavelengths
[36]. Recently, the lighting and display industries are
beginning to address concerns about these impacts; lower
CCT lighting products are being speciﬁed for outdoor applications and displays have introduced “low-blue”
modes. Big display makers have attempted to address such
concerns over blue light in various ways including the use
of display color inverters and display ﬁlters. These solutions may reduce some of the blue light effect, but they
don’t eliminate the impact on the circadian rhythm. For
example, Apple’s Night Shift app, which uses the device
clock to automatically shift to warm display colors after the
sunset, allows consumers to activate the mode change at
any other time manually. However, this addresses the issue
only partially. The recent trend in the display and lighting
industry is reducing the short-wavelength emissions,
particularly in the spectral region of <455 nm which has the
largest impact on human health. For nanomaterials, it
becomes a challenge as the potential materials with a light
emission in the range of 460–470 nm are very limited. The
problem is even more serious for the anisotropic particles
that may potentially increase display and lighting efﬁciencies [37–40].
This review offers a comprehensive discussion of blueemitting nanoparticle particles including AIIBVI QDs, AIIIBV
semiconductor QDs, perovskite inorganic nanoparticles
(PNPs) and carbon dots (CDs). The primary focus of this
review is on the blue-emitting nanoparticles used for
display applications which require an emission wavelength in the range of 460–475 nm. We compare the material composition, QY, FWHM, the lifetime, environmental
effects and their feasibility for use in a display application.
We have summarized the most suitable available materials
in order to discuss the prospects of blue nanoparticles in
display applications. Finally, we considered the various
display strategies for EL and PL applications and discussed
QD- and QR-based device architectures, highlighting
several concepts that have emerged from the wide variety
of light-emitting materials available for display
applications.
QRs are SNPs of an elongated shape that possess
noteworthy advantages over QDs such as a polarized
emission [31, 41–48], faster radiative decay rate, and larger
Stokes shift [49]. Therefore they are important in PL [50–52]
and EL [2, 53–55] applications. Moreover, due to their
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higher outcoupling coefﬁcient [53, 56] and better charge
separation/transportation, QRs offer additional beneﬁts
over QDs for their EL and photovoltaic (PV) properties in
LED and solar cells, respectively. For liquid crystal displays
(LCD), unidirectional aligned QRs are very promising as
enhancement ﬁlms (QREF) for display backlight units
(BLUs), replacing quantum dot enhancement ﬁlms
(QDEFs) [57, 58]. The polarized emission and higher light
outcoupling coefﬁcients improve the overall optical efﬁciency of LCDs [39, 57, 58]. On-chip conﬁguration is a
desirable format because less QD material is required per
display and the ease of the system integration is maximized. However, this format requires nanomaterials that
are able to withstand higher temperatures and excitation
ﬂuxes in comparison to edge optic and QDEF. Therefore it
requires further material and technological developments.
Several research reports dealing with the temperature
stability of luminescent NPs have been reported [59–61].
However, it is still a challenge to achieve good thermal
stability for the whole visible spectral range. Recently, Tan
et al. [61] reported on a CdxZn1−xSeyS1−y@ZnS gradient alloy
structure for the QDs that shows better thermal stability.
However, the spectral range is limited to green accompanied with a rather wide FWHM (∼200 meV).
For LEDs and display applications, we need QRs with a
PL wavelength in the range of 465–632 nm and a FWHM
∼30 nm to meet the BT2020 color standard for UHD displays. The smaller FWHM offers better color saturation [62].
Currently the most appropriate QRs for practical applications are core–shell CdSe/CdS heterostructures due to their
unsurpassed luminescent properties (PLQY and FWHM)
along with an achievable uniform rod-like shape [63]. The
core–shell QRs requires a two-step synthesis at an elevated
temperature. The synthesis of the red-emitting QRs, where
a core diameter of 3.5–4.5 nm is required [64], has already
become feasible. However, the synthesis of QRs with efﬁcient luminescence in the green and blue region is still a
challenge to overcome before these materials can be used
in commercial products. In particular, the preparation of
green/yellow QRs requires CdSe seeds in the wurtzite
crystal structure with sizes below 2.2 nm [65–68]. This is
rarely available due to the extremely fast kinetics of the
formation of the seeds, within a few seconds after the hot
injection at the elevated temperature of 320–380 °C [63].
The growth of the CdS shell on these CdSe seeds results in a
further large-bathochromic shift of λem (normally to
>550 nm) in the synthesized CdSe/CdS core/shell QRs [63,
69]. The highly supersaturated solutions of [Cd] and [Se]
monomers are required to make CdSe NPs with a low size
distribution and smooth defect-free wurtzite crystal type
[68, 70]. Consequently, slowing the reaction by decreasing

the concentration of reactants, synthesis temperature or
using less reactive element precursors can’t serve the same
purpose. Alternatively, we can use a larger bandgap
semiconductor material, e.g. ZnS, for the shell to expand
the QRs emission towards the green and blue regions that
can reduce the redshift during the shell growth on the CdSe
seeds. These approaches are useful for QDs synthesis
wherein the inclusion of Zn to Cd-based alloyed QDs enables the synthesis of high-quality green and even blueemitting QDs [71]. However, this approach does not work in
the same way for QRs because of the much lower reactivity
of the Zn-precursors and the small hypsochromic shift of
λem of the fabricated gradient alloy nanoparticles observed
[72]. Covering the CdSe/CdS core–shell QRs with an additional ZnS shell increases the PLQY. However, this method
does not show any blue shift in emissions [73]. The
sequential Cd to Cu to Zn ion exchange for the CdSe/CdS
core/shell QRs results in a small hypsochromic shift of
∼7 nm at the cost of a two times lower PLQY, ﬁnally
resulting in red (611 nm) emitting CdSe@CdS/ZnS QRs
[74, 75]. Ref [76] discuss the preparation of blue-emitting
QRs with a general composition of CdZnS (without Se)
where the PL wavelength is limited to the blue (<475 nm)
wavelength region.
The first example of bright and stable blue-emitting
QDs of the AIIBVI type was demonstrated in the early 2000s
[77–80]. Since then, these materials have been heavily
studied both fundamentally and for use in practical applications. The blue-emitting QDs based on alloyed
ZnxCd1−xS, typically covered with ZnS shell, are the most
popular material for application in QD-LEDs [81]. To date,
they show the highest LED external quantum efﬁciency
(EQE) [82]. The careful compositional design and advanced
synthetic approaches have enabled an increase of the PL
quantum yields (QY) for QDs up to 90–100% [82–87],
reaching the theoretical limit [82, 84].
Beside AIIBVI QDs, other types of materials have been
extensively studied. The most effective and promising are:
– Inorganic perovskite nanoparticles (PeNPs)
– AIIIBV semiconductor QDs, wherein InP-based materials, including InP/ZnS, are the most studied
– Carbon dots (CDs)
Both widespread blue-emitting NPs, AIIBVI QDs and PeNPs,
contain heavy metals, Cd and Pb correspondingly, making
these materials potentially dangerous to the environment.
Their application in widely available consumer products,
including electronics, has been strictly limited by the European Union and by other countries adopting the
RoHS Directive of the European Commission [88]. Consequently, signiﬁcant efforts were recently applied in the

M.F. Prodanov et al.: Progress towards blue-emitting (460–475 nm) nanomaterials

development of heavy metal-free QDs, like InP or fullymetal free nanoparticles like carbon dots, which have been
discussed in this review.

2 Synthesis of blue-emitting
nanoparticles
2.1 Semiconductor quantum dots of the
AIIBVI type
The photoluminescence of the most common blue-emitting
QDs of the ZnxCd1−xS type is usually limited to <460 nm.
This hampers their use in displays wherein 465–475 nm is
currently the most desirable wavelength range for the blue
part of the spectra [89]. Therefore to shift the emission
further, a wider bandgap semiconductor material is
required and this can be achieved by the introduction of
either selenium or tellurium to the emissive core. Among
the materials of the general formulae of ZnxCd1−xSe or
CdxZn1−xSeyS1−y [6, 16, 77, 90–95], which can cover the
entire visible range, the blue emission is achieved at either
a small portion of Se or a very small (<2 nm) emitting core.
Taking into account the narrow emission bandwidth and
signiﬁcant improvement of PLQY, these materials are
considered to be ideal blue emitters for display applications. Besides, core–shell type II QDs ZnSe/CdSe [79] and
ZnSe/CdS/ZnS [96] also cover the entire visible spectral
range from blue to red. Therefore we will go into more
detail on the synthesis of these Cd- and Se-containing
materials. We will also discuss the progress regarding the
introduction of ZnTe into ZnSe-based QDs which expands
the emission range of these materials toward the blue part
of the spectra, resulting in an alloyed core–shell and core–
double-shell QDs of a general composition ZnSeTe/ZnS
and ZnSeTe/ZnSe/ZnS [97, 98, p. 46062].
Table 1 lists the blue-emitting QDs of the AIIBVI type.
We have also included a brief description of the synthetic
approach for each case with their peculiar features and
speciﬁc device performance. The most signiﬁcant works
showing the materials with the best PL properties, which is
promising for potential application in displays, have been
selected and discussed.
The first examples of blue-emitting QDs possessing
narrow FWHM and a high enough PLQY appeared in
2003rd. In Ref. [77], the authors reported the synthesis
of alloyed ZnxCd1−xSe with an emission maximum tuned
into the range of 460–630 nm, with the PLQY reaching
70–85% and an FWHM of 22–30 nm. The seeded growth

1805

approach was used, where the required CdSe seeds of
variable size were synthesized following treatment with
the Zn- and Se-precursors. The authors concluded that a
homogeneous alloyed composition of nanocrystals was
formed instead of core–shell QDs. This conclusion is
based on the gradual blue shift in emission until its
saturation and the formation of a much larger NPs size, in
contrast to CdSe/ZnSe core–shell QDs. In particular, for
blue-emitting NPs, the size of the alloyed ZnxCd1−xSe was
as much as 7 nm. This is about three times larger for
the reported blue-emitting core–shell CdSe/ZnS QDs.
Moreover, the comparison of high temperature annealing
processes in the CdSe/CdS, CdSe/ZnS or CdSe/ZnSe
core–shell QDs revealed that the signiﬁcant blue shift
occurred only with the latter materials, whereas for the
ﬁrst two works, only a small red shift was observed.
Therefore the formation of an alloyed composition can
be considered only for CdSe/ZnSe NPs. This was
explained by the well-known easy diffusion of group II
cations (Cd2+ and Zn2+) compared to the same of group VI
anions (Se2− and S2−) [117]. Although the authors achieved
a wide range of bandgap tuning (from 460 to 630 nm),
the QD example shown in the paper emits ∼495 nm
(Eg ≈ 2.5 eV), which corresponds to the Zn0.44Cd0.56Se
composition. Nevertheless, this work gave rise to blueemitting QDs based on the alloyed ZnxCd1−xSe and
ZnxCd1−xSeyS1−y composition.
In Ref. [110], the authors showed further progress towards a blue emission for ZnxCd1−xSe QDs. The incorporation of a Zn precursor into the just formed CdSe nuclei
together with the remaining Cd/Se precursors (or Cd
precursor into the ZnSe nuclei with the remaining Zn/Se
precursors) enabled the creation of an alloyed ZnxCd1−xSe
NPs with a tuned emission in the range 440–550 nm
(FWHM = 24–32 nm) and a high PLQY (45–70%). The
“embryonic nuclei-induced alloying process” allowed for
the separation of the nucleation of CdSe (or ZnSe) and the
subsequent growth of the nanocrystals together with
gradual alloying (Figure 2). Both approaches, starting from
pre-nucleated CdSe or ZnSe seeds, allowed the authors to
prepare bright blue emitting ZnxCd1−xSe NPs. It is worth
saying that the simultaneous introduction of [Cd] and [Zn]
precursors to the reaction mixture led to the separate
nucleation of CdSe and ZnSe nanoparticles, thereby highlighting the importance of separate prenucleation
processes. Following the formation of a small nuclei, the
growth of the secondary injected material occurs smoothly
on the preformed nuclei surface due to the much lower
activation energy required for heterogeneous growth
compared to homogeneous nucleation.
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Table : AIIBVI blue emitting luminescent nanoparticles, their PL/EL and synthesized features.
λmax, solution (nm)

#

Material



ZnxCd−xS

–



CdS/ZnS

–




ZnxCd−xS
CdS/ZnS



ZnxCd−xS/ZnS



Cd.Zn.S/ZnS



ZnxCd−xS/ZnS (thick shell)

–



ZnxCd−xS/ZnS

–



ZnxCd−xS/ZnS



–


FWHM QY (%) LED EQE Synthesis notes
(nm)
(%)
– – n/a
 – .


 

.
n/a

< <

n/a

 – .


.

 ∼

.



 –

.
(.)

 ZnxCd−xS/ZnS



 Up to


.

 ZnxCd−xS/ZnS (thick shell)
 ZnxCd−xS/ZnS (thick shell)
 ZnxCd−xS/ZnS





 
 –
> 

.
n/a
.

 ZnxCd−xS/ZnS
 ZnxCd−xS/ZnS
 ZnxCd−xS/ZnS





 
 –
 –

.
.
n/a

 Zn.Cd.S/ZnS



 

.

 ZnxCd−xS/ZnS
 ZnxCd−xS/ZnS




 ZnxCd−xS/CdxZn−xS (thick
gradient shell)/ZnS



 –
 Up to

< ∼

.



 ZnxCd−xSe

–

– – n/a

 ZnxCd−xSe
 ZnSe/CdSe, Type II

–
–

– – n/a
– – n/a

 ZnxCd−xSe/ZnS

–

– 

 ZnSe−xTex

–

– – n/a

 ZnSe

–

< – n/a

n/a

– Hot injection method;
– Long annealing to get homogeneous alloy.
– Two step synthesis
– Hot injection for CdS core;
– Slow addition for ZnS shell.
– Hot injection method.
– Monomolecular precursor (zinc
ethylxanthate).
– Hot injection method;
– Second injection of S-precursor.
– Hot injection;
– Second injection of S-precursor.
– Hot injection method;
– Long time for shell growth.
– Lower temperature for core synthesis;
– Higher temperature for shell growth.
– Hot injection method;
– Second injection of S-precursor;
– Post-synthesis treatment with UV.
– Hot injection method;
– Additional injections of Zn- and
S-precursors.
Ref. to previous works
Purchased from PolyOptoElectronics co., Ltd
– Hot injection method;
– Additional slow injections of Zn- and
S-precursors.
Purchased from PolyOptoElectronics co., Ltd
Purchased from PolyOptoElectronics co., Ltd
– Hot injection method;
– Second injection of S-precursor.
– Hot injection method;
– second injection of S-precursor.
–
Purchased from PolyOptoElectronics co., Ltd
– Hot injection method;
– Slow injections of Zn-, Cd- and S-precursors
for the ﬁrst shell;
– Slow injections of Zn- and S-precursors for
the second shell.
– Hot injection for the CdSe seeds;
– Addition of Zn- and Se-precursors to perform
alloying.
– Embryonic nuclei-induced alloying process.
– Hot injection for the ZnSe seeds;
– Slow addition of Cd- and Se-precursors for
the shell.
– Synthesis of ZnSe seeds;
– Addition of Cd-precursor for alloying;
– Growth of the shell.
– Aqueous colloidal method for ZnSe−xTex;
– Post-preparative UV treatment with Zn+ and
thiol for ZnS shell formation.
– Hot injection.

Year Ref.
 []
 []

 []
 []
 []
 []
 []
 []
 []

 []

 []
 []
 []

 []
 []
 []
 []
 []
 []
 []

 []

 []
 []

 []

 []

 []
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Table : (continued)
#

Material

 CdxZn−xSeyS−y
 CdSe@ZnS

λmax, solution (nm)
–


FWHM QY (%) LED EQE Synthesis notes
(nm)
(%)
– n/a
 –

.

 ZnxCd−xSe/ZnS

–

 ZnSe/ZnS
 ZnSe/ZnS


–

 
– 

n/a
.

 ZnSe/ZnS



 

.

 ZnSe/CdS/ZnS, Type II

 ZnxCd−xSe/ZnS (thick shell)
 CdSe/ZnS
 ZnCdS/ZnS
 ZnxCd−xSe/ZnS//ZnS (double
shell)
 CdxZn−xSeyS−y/ZnS
 ZnxCd−xSe/ZnSe
 CdSe/ZnS
 ZnSexTe−x/ZnSe/ZnS,
ZnSeTe/ZnS



–

– .

– – n/a



 

n/a



–

 
 –
 

.
–
.





∼
∼ 
∼ 

.

.

–

– <

.

– Hot injection of metal precursor mixture into
chalcogene precursor mixture;
– Hot injection of chalcogene precursor
mixture into metal precursor mixture;
– Hot injection for the alloyed seeds;
– Puriﬁcation;
– ZnS shell growth.
–
– Lower temperature for core synthesis;
– Higher temperature for the hell growth.
– Hot injection for the ZnSe seeds;
– Slow addition of Zn- and S-precursors for the
shell.
– Hot injection for the ZnSe seeds;
– Injection of Cd- and S-precursors;
– Puriﬁcation and ZnS growth.
Referred to ACS Appl. Mater. Interfaces ,
, –
–
– Gradient ZnCdS core and ZnS shell
– Hot injection for the seeds;
– Slow injection of S-precursors;
– Two intermediate puriﬁcation steps.
Purchased from Mesolight
–
Purchased from Suzhou Xingshuo Nanotech
co.
– Heating up of Zn-, Se- and Te-precursors for
the core;
– Addition of Zn- and Se-precursors for the
shell;
– Puriﬁcation and growth of ZnS shell.

Year Ref.
 []
 []
 []

 []
 []
 []

 []

 []
 []
 []
 []

 []
 []
 []
 []

n/a – data not available.

Figure 2: Schematic representation of the synthesis approach
proposed in [110].

Later on, the synthesis of homogeneously alloyed
ZnxCd1−xSe NPs in aqueous media was also proposed [90].
Similar to the previous works, prenucleation was used
prior to the addition of the second cation. The authors
prepared ZnSe NPs using a reaction of ZnCl2 with NaHSe (or
H2Se) in the presence of glutathione as a stabilizer at 95 °C.
The in situ treatment of the formed ZnSe NPs with CdCl2

resulted in the formation of ZnxCd1−xSe QDs with a large
bathochromic shift in emissions from 350–370 nm to 430–
475 nm. The relatively high PLQY (50%) and quite narrow
FWHM (32 nm) for the blue-emitting (λmax = 474 nm) material Zn0.4Cd0.6Se makes it potentially suitable for application in displays.
The injection of the Cd- and Zn-carboxylte mixture into
the solution of S and Se in liquid paraffin [91] resulted in the
formation of homogeneously alloyed ZnxCd1−xSeyS1−y
nanocrystals. The importance of 2-ethylhexanoic acid in
combination with oleic acid for the preparation of Cd- and
Zn-precursor mixture was highlighted. It is worth noting
that the authors used a “greener” parafﬁn for the preparation of the chalcogenide precursors instead of toxic
alkylphosphines. The emission of the obtained NPs can be
tuned into a 440–650 nm wavelength range by varying the
elemental composition (x, y). All of the NPs were almost the
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same size, about 6 nm. The authors reported PLQY in the
range 40–65% and FWHM ∼30 nm for the blue-emitting
nanocrystals.
Bae et al. [71] proposed a one-step synthesis of
CdZnSeS QDs with a gradient of chemical compositions.
The authors employed an extremely different reactivity for
Cd and Zn oleates with Se and S precursors (a mixed solution in TOP). The Cd reactivity is so high that it reacts with
Se until it remains in the reaction mixture, even when the
Cd and Se amounts were 10 times lower than that of Zn and
S in the reaction mixture (Figure 3). The hot injection of
Se/S precursors into the Cd/Zn precursors results in the fast
nucleation of almost all individual CdSe cores followed by
the growth of the shell comprised of all the elements
(Cd, Zn, Se, S), wherein the amounts of Cd and Se gradually
decrease while the Zn and S amounts increase (Figure 3b
and c). Nevertheless, the reported emission range was
limited to >500 nm, and no data for the blue-emitting
materials was disclosed.
Furthermore, in Ref. [6], the aforementioned singlestep approach to synthesize the gradient alloyed QDs was

applied to the synthesis of blue-emitting QDs
(λmax = 470 nm) with FWHM ≈ 28 nm. For the preparation of
blue-emitting QDs, the authors further reduced the amount
of Cd (Cd/Zn molar ratio = 0.025) in comparison to the
original protocol [71]. The further application of these QDs
as an EL emitting material of QDLED showed a maximum
luminance of 4200 cd/m2, peak EQE ≈ 0.22%, and luminance efﬁciency of 0.17 lm/W.
The researchers demonstrated the progress in
ZnxCd1−xS1−ySey-based blue-emitting QDs by stabilizing the
narrower bandgap core with a wide bandgap shell (ZnS).
Thus the injection of the Zn/Cd-oleates mixture to the S/SeODE solution in parafﬁn followed by the isolation/puriﬁcation step resulted in pure ZnxCd1−xS1−ySey NPs [92]. The
NPs were used as seeds for the following growth of the ZnS
shell furnishing of the ZnxCd1−xS1−ySey/ZnS core–shell QDs
with an enhanced emission stability tuned into the 450–
550 nm spectral range depending on the composition and
PLQY of 50–75%.
The ZnxCd1−xSe/ZnS//ZnS core–double shell has a
PLQY of 92% and FWHM ≈ 31 nm [118]. The emission of

Figure 3: (a) Composition ratios of Cd-to-Zn
and Se-to-S as a function of reaction time
and (b) a schematic of the chemical
composition (or electronic energy level)
within a quantum dot. (c) Ratio of Cd or Zn to
(Cd + Zn) and that of Se or S to Se/(Se + S)
for each shell from the center of the quantum dot. Relative values of each component
(Cd, Zn, Se, and S) in each shell are shown.
The starting amounts were 0.4, 0.4, 4 and
4 mmol for Cd, Zn, Se and S correspondingly for (a–c) [71].
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these NPs can be tuned from 450 to 495 nm by changing the
starting Zn and Cd amounts in the ZnxCd1−xSe synthesis.
The authors employed the low temperature nucleation and
high temperature shell growth method. The same method
was previously studied by the same group for the synthesis
of bright QDs of the ZnxCd1−xS/ZnS [84] and ZnSe/ZnS [113]
types. According to this method, the temperature for
ZnxCd1−xSe core formation was set to 280 °C followed by the
puriﬁcation of the material before starting the growth of the
ZnS shell at 300 °C. Another ZnS shell was grown over the
same particles after the puriﬁcation of the intermediate
ZnxCd1−xSe/ZnS NPs. The sequential blue shift of emission and signiﬁcant PLQY increase during the ﬁrst and
second shell growth was attributed to the partial intermixing of the layers, releasing the crystal lattice tension
due to the lattice mismatch. The second shell helped to
suppress Auger recombination by pinning the alloyed
ZnxCd1−xSe/ZnS interfacial layer deeper into the NP,
thereby weakening the effect of the surroundings. High
temperature alloying during shell growth favors the
intermixing of the ZnxCd1−xSe core with the ZnS shell,
and as the authors suggested, it resulted in a core/alloy
shell/outer shell composition. In addition, the
“gradient” thick shell signiﬁcantly reduced the blinking
phenomenon (average “on” time is >98%), which was
associated with the efﬁcient suppression of the exciton
interception mechanism. It should be mentioned that
employing this material in QDLED as the EL emissive
layer resulted in a high EQE ∼16.2% and maximum
luminance of 14,100 cd/m2 [118].
The use of the Se-containing shell appeared to be
important for improving the hole injection and thereby
increasing the efficiency of QDLEDs [16]. In particular,
blue-emitting ZnxCd1−xSe/ZnSe QDs (λmax = 476 nm,
FWHM ≈ 28 nm with high PLQY 73%) were used as a QDLED
emissive layer instead of the more commonly used
ZnxCd1−xSe(S)/ZnS, showing a very high maximum luminance of 62,600 cd/m−2. In the synthesis of these QDs, the
authors, similar to Ref. [118], used the low temperature
nucleation and high temperature shell growth procedure
while omitting the intermediate isolation/puriﬁcation of
ZnxCd1−xSe. Instead, the ZnSe shell was grown by the injection of Zn- and Se-precursors into one pot. Similar to the
previously mentioned ZnxCd1−xSe and ZnxCd1−xSe/ZnS
syntheses, here Cd-/Zn-oleates and Se-ODE were used as
the metal and Se-precursor. The reaction was carried out in
parafﬁn oil. The temperatures were set to 280 °C/300 °C and
310 °C for the nucleation/growth of ZnxCd1−xSe and the
ZnSe shell, respectively.
Type II QDs show the emission tuned in the entire
visible range. In Ref. [79], the authors performed the
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smooth epitaxial growth of a CdSe shell on presynthesized
ZnSe seeds. The slow addition of the mixture of Cd- and Seprecursors is responsible for their quantitative consumption and the formation of a uniform CdSe shell with a very
low thickness variation as conﬁrmed by the TEM and small
emission FWHM. The emission of the initial ZnSe nanocrystals was gradually shifted from 375 nm (corresponding
to 2.8 nm NPs size) to 418, 473, 515, 566, 614, 654 and
674 nm when 0.1, 0.2, 0.5, 1, 2, 4 and 6 monolayers (ML) of
CdSe were deposited respectively. This slow addition over
hours enables the ﬁne-tuning of the emission wavelength
in the blue range when the grown CdSe amount is in the
range of ∼0.1–0.2 mL. The obtained ZnSe/CdSe type II QDs
possess a good PLQY of 40–85% and a narrow FWHM in the
blue range. However, for these QDs, additional shells of
wider bandgap materials are required for the further
chemical stabilization of the materials and the suppression
of the nonradiative interparticle energy transfer. This is
often important in the ﬁlm application. In another work
[96], ZnSe/CdS/ZnS core-double shell QDs, where the CdS
emitting layer was sandwiched between two wider
bandgap semiconductor materials, were synthesized. The λ
emission can be tuned from 470 to 630 nm. Although the
QDs showed relatively good PLQY (43–60%), the FWHM
for the materials was more than 53 nm which appears to be
unavoidable during the CdS shell synthesis. Therefore in
the current stage, type II QDs require further optimization
for display applications. At the same time, bright blueemitting ZnxCd1−xS NPs were reported in Ref. [78] with an
emission wavelength in the range of 391–474 nm and an
FWHM as narrow as 14–18 nm. In contrast to the above
ZnxCd1−xSe NPs, the synthetic procedure for ZnxCd1−xS
includes the immediate mixing of Cd- and Zn-precursors
and a high temperature injection of an S-precursor.
Similar to ZnxCd1−xSe NPs, the authors concluded that
they had a homogeneously alloyed composition of
ZnxCd1−xS NPs based on the temporary PL, the absorption
spectra changes and the variations in the Zn mole fraction
(x). The authors demonstrated that the λmax of the emission of the NPs varied from ∼460 to 475 nm which is wellmatched with the practically important wavelength range
for displays by changing the x values from ∼0.2 to 0.1. The
average radius of the nanocrystals was measured to be
around 4.0 nm which is slightly larger than the exciton
Bohr radii for materials of the same composition
(∼2.92 nm). Therefore the authors assumed only there to
be only a weak quantum conﬁnement effect (QCE) regime
for the obtained material which can be a reason for the
very narrow bandwidth as it is not a matter of the size
distribution but rather the NPs composition effects on the
bandgap outside of the QCE regime. By providing enough
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time for the high temperature annealing of the NPs, homogeneous alloyed materials form where the exciton
peak in absorption spectra is almost indistinguishable.
The PLQY for these materials varied in the range of 25–
50%, highlighting its high potential for use in LED and
display applications. The work became the starting point
for the further development of high bright blue-emitting
ZnxCd1−xS/ZnS NPs.
The additional ZnS shell growth on the ZnxCd1−xS seeds
surface boosted the PLQY to 80% in the reported violetblue emitting (415–460 nm) QDs [101]. Moreover, the authors proposed a very convenient approach for ZnS shell
growth where only the second injection of the S-precursor
(TBP-S) is given to the already preformed ZnxCd1−xS seeds
without isolation and puriﬁcation (see Figure 4). The
composition of the core and the emission wavelength of the
NPs can be tuned by the amount of S-precursor (S-ODE) in
the ﬁrst hot injection according to the mixture of Zn- and
Cd-oleates (at 300 °C). The molar ratio of Cd/Zn was ﬁxed to
1:10 and the S molar amount in the ﬁrst injection was varied
in the range of 10–25% out of the total molar amount of the
metal precursors. Therefore they are considered to have a
much higher reactivity regarding Cd-oleate compared to
the Zn-oleate. The Cd-precursor was consumed ﬁrst,
forming the Cd-enriched cores. Therefore after binding the
Cd, the excess of the S precursors reacts with Zn which is in
excess in the reaction mixture. Increasing the S amount in
the ﬁrst injection leads to increasing the Zn content in the
ﬁnal ZnxCd1−xS alloy, and the synthesized NPs emit in the
shorter wavelength range. The authors emphasized that
the use of a more reactive S-ODE for the ﬁrst injection and a
less reactive one TBP-S for the second injection is critical.
In particular, the use of the S-ODE for the second injection
resulted in a separate homogeneous nucleation of ZnS NPs
as a side process. Based on a small blue shift of emission
and a gradual PLQY increase during ZnS shell formation,
this work also suggests that the high temperature for the
shell formation favors the partial intermixing of the core
and shell material. The intermixing reduces the lattice
strain and the amount of interface excitons traps, thereby
increasing the PLQY. Similar to other alloyed NPs, this
material is also only in a weak QCE regime as the size of the
obtained ZnxCd1−xS cores was much larger than the Bohr
radius of the ZnS and CdS. Therefore size and composition
(x) are the main parameters responsible for the emission
wavelength. Thus a narrow FWHM (<25 nm) can be achieved in the regime when it does not seriously depend on
size distribution.
Two groups recently reported [84, 85] serious
improvements in the NPs performance related to blueemitting ZnxCd1−xS materials where the PLQY were

Figure 4: Synthetic scheme and proposed structures of core/shell
NCs. Cd1−xZnxS/ZnS core/shell NCs grown at higher temperature
(above 250 °C) after the second injection of S precursor have diffuse
boundary between the core and the shell but Cd1−xZnxS/ZnS core/
shell NPs grown at lower temperature (at 250 °C) have sharp
boundary [101].

reported to be 98 and 100%, respectively. Similar to the
previous works in Ref. [101], the authors adopted the
method where two subsequent injections of S-precursors
were used for the seed and shell growth. The distinctive
feature in Refs. [84, 85], which ensure that the superior
optical quality was due to the much longer shelling process
for 3 h at an elevated temperature, was the formation of a
thicker ZnS shell and increased NPs size up to 11.5 nm. The
authors emphasized that high-reactive species S-OA (S
dissolved in oleic acid) or S-ODE were important in the ﬁrst
injection due to providing high-quality ZnxCd1−xS seeds
and increasing the stability of the NPs optical properties
during multiple puriﬁcations. Additionally, the authors
also highlighted that the low temperature for the seeds and
high temperature for the shell synthesis were also crucial in
the creation of high-quality QDs due to the partial intermixing of the ZnxCd1−xS and ZnS layers, resulting in fewer
crystal defects due to the crystal lattice mismatch [85]. The
extraordinary high PL efﬁcacy for the same emission
wavelengths was also reported in Ref. [86] (for 441 nm),
Ref. [87] (for 442 nm) and Ref. [82] (for 436 nm). In the latter
work, a thick intermediate gradient layer of ZnxCd1−xS
helped to better reduce the lattice strain, resulting in a
united PLQY for Zn0.25Cd0.75S/ZnxCd1−xS/ZnS NPs. The
study conﬁrmed that for x < 0.3, the NPs demonstrated the
highest QY due to the larger content of Zn, resulting in the
better conﬁnement of the excitons inside the NPs core.
The introduction of a lower bandgap ZnTe (Eg = 2.25 eV)
to the ZnSe (Eg = 2.7 eV) core composition is a very promising way of extending the emission range of ZnSe-based
QDs toward a relevant blue color (λem > 460 nm). Ref. [97]
disclosed a multistep colloidal synthesis of ZnSe1−xTex/ZnS
(0 ≤ x ≤ 0.5) QDs. The ZnSe1−xTex NPs were synthesized by
an aqueous approach followed by the surface substitution
of Te by S using thioglycolic acid in addition to the multiple
size-selective precipitation of the obtained nanocrystals.
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The key step was the post-synthesis UV-irradiation of the
QDs (in presence of Zn2+ ions and thoglycolic acid) which
triggered the formation of the ZnS shell, resulting in a
signiﬁcant increase in PLQY. The heating of the mixture
during the irradiation (75 °C) resulted in larger emission red
shift up to 479 nm (for ZnSe0.5Te0.5 composition). However,
for most samples, a very broad emission was observed
(FWHM = 76–88 nm) and the PLQY was only in the range of
24–40%.
A thorough study of the ZnSe core-based NPs
confirmed [98] that systematically increasing the ZnSe core
in the ZnSe/ZnS NPs enabled the emission redshift to
443 nm only (see Figure 5), even in the case of a large ZnSe
core diameter up to 12.4 nm. It was rationalized that the
bulk ZnSe bandgap corresponds to the maximum emission
wavelength of 459 nm. When the ZnSe core size increased
in the ZnSe/ZnS NPs, the PLQY showed a systematic drop
from 75% (λem = 422 nm, d = 5.3 nm) to ∼37% which was
caused by the practical difﬁculty of the large area surface
passivation (Figure 5). Adding the Te to the initial reaction
mixture expanded the tuning range of the emission
wavelength from 418 to 496 nm for the alloyed ZnSeTe NPs,
although the FWHM increased to ∼42–53 nm. However, the
introduction of an intermediate layer of ZnSe in the NPs
allowed the authors to reduce the FWHM to ∼30–32 nm and
increase the PLQY up to 75%. Upon varying the thickness of

1811

the ZnSe inner shell, the authors found that the highest
PLQY can be obtained with a thin ZnSe layer of around
1.0 nm (Figure 6). Thus the introduction of ZnTe to the NPs
composition is a promising approach for the synthesis of
blue-emitting nanomaterials comprised of no Cd with a
precisely tuned emission wavelength in the blue spectral
range.

2.2 Perovskite nanoparticles
Recently, bright emitting perovskite inorganic nanoparticles (PeNPs) consisting of the general formula CsPbX3
(X = Cl, Br, I or mixture thereof) have attracted signiﬁcant
interest owing to their sharp narrow emission bandwidth
that is tunable in the whole visible spectral range. This is in
addition to their achievable high QY and enhanced stability compared to hybrid organic-inorganic perovskite
NPs [119–121]. Given their relatively small size, typically in
the range of 10–20 nm and the commonly used term
“perovskite quantum dots”, the reported PeNPs are often
out of the quantum conﬁnement regime as the size is larger
than the exciton Bohr radius for the corresponding material (e.g. ∼7 nm for CsPbBr3) [122]. Therefore the emission
wavelength tuning is usually performed not by size variation but with the tuning of the CsPbX3 PeNPs halide

Figure 5: TEM images of (a) original, (b) ﬁrst, (c) second, and (d) third additionally grown ZnSe core QDs, ZnS-shelled QDs with (e) original and
(f) second additionally grown ZnSe cores. The scale bars are 10 nm for all. (g) Normalized PL spectra and (h) hand-held UV lamp-irradiated
ﬂuorescent images of a series of ZnS-shelled core/shell QDs produced with different-sized ZnSe cores. (i) Variations in PL wavelength, QY, and
fwhm of ZnSe/ZnS QDs with the repetition of additional core growth (j) Experimental results of ZnSe core size versus PL peak energy of ZnSe/
ZnS QDs and their ﬁtting result expressed in a power law relation of EPL(d) − 2.7 = 1.60/d [98].
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Figure 6: (a) Normalized PL spectra of ZnSeTe cores synthesized with different Te/Se molar ratios of 0–0.1; (h) Normalized PL spectra and
fluorescent images (inset) and (g) change of PLQY of ZnSeTe/ZnS core/shell QDs as a function of Te/Se molar ratio; (d) Schematic of singleshelled ZnSeTe/ZnS, double-shelled ZnSeTe/thin-ZnSe/ZnS and ZnSeTe/thick-ZnSe/ZnS QDs heterostructures with information on shell
thickness; (f) normalized PL spectra of QDs with no, thin, and thick ZnSe inner shell. The inset of (f) is a ﬂuorescent image of a representative
QD sample of blue-emitting ZnSeTe/thin-ZnSe/ZnS [98].

composition, wherein the emission wavelength shifts from
UV to deep red in the series Cl → Br → I.
Currently, the most stable and bright, and thereby the
most studied, are PeNPs emitting in the green spectral
range. These are cubic-shaped CsPbBr3 NPs comprised of
individual halogen, usually emitting in 500–525 spectral
range with a narrow PL peak FWHM of 15–25 nm [119].
Despite the signiﬁcant progress made in the design and
application of PeNPs, the blue and red-emitting PeNPs still
lag behind their green counterparts due to low PLQY and
stability issues. Nevertheless, very recently a few papers
have reported on blue-emitting PeNPs that were bright and
stable enough to use as an EL emitting material in a new
type of LED (PeLED) [123–128]. The materials were mostly
made of mixed halide CsPbClxBr3−x NPs. In the next section, we review the synthetic approaches to these materials
and other state of the art blue-emitting PeNPs that can be
potentially useful for application in modern displays.
In 2015, Maksym Kovalenko et al. [122] proposed a
simple and reliable method for the synthesis of CsPbX3
perovskite nanoparticles with excellent luminescent
properties, enabling the tuning of the emission wavelength
between 410 and 700 nm. A narrow emission bandwidth

and a high PLQY (50–90%) made these materials
extremely popular for studying concerning their application in different photonic devices, including displays.
In particular, the authors showed that the use of a Cl- and
Br-precursor mixture leads to the mixed halide CsPb(Br/
Cl)3 with the emission tuned in the blue and blue–green
spectral range. Besides this, very small quantum-conﬁned
CsPbBr3 NPs also emit near to the practically important
470–475 nm spectral region whereas the larger nanocrystals, beyond the Bohr radii for this material (12–20 nm),
show a green emission [122]. The proposed synthetic
method is similar to the conventional hot injection process
for QDs, wherein the mixture of the Pb-precursor and surfactants (oleylamine and oleic acid) in the ODE is heated
to ≥150 °C followed by the hot injection of Cs oleate as a Csprecursor. The halide composition of the initial PbX2 salt
(PbCl2, PbBr2, PbI2, or the mixture thereof) determines the
halide composition of the resulting CsPbX3 NPs, and
therefore the emission wavelength (see Figure 7). Later,
this approach, with some modiﬁcations, was applied in the
directed synthesis of blue-emitting CsPbX3 nanoparticles.
In particular, in Ref. [123], the authors synthesized a range
of NPs where varying the Cl/Br ratio allowed them to tune
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the emission wavelength in the range of 420–510 nm.
Moreover, they demonstrated that due to the small NPs size
(∼8 nm) and the quantum conﬁnement effect, the emission
wavelength of single halide PeNPs (CsPbBr3) can be tuned
between ∼455 and 510 nm by changes to the hot injection
temperature and the QDs diameter. The high PLQY and
narrow FWHM of the obtained material prompted the authors to design a corresponding Pe QDLED (PeLED) which
shows a 0.07, 0.12 and 0.09% EQE for blue, green and
orange correspondingly. Table 2 represents the blueemitting perovskite nanoparticles as well as their PL/EL
performance and the synthetic methods.
A similar approach, but with a decreased temperature of the hot injection (to 90 °C), enabled the synthesis
of bright (PLQY ≈ 50%) blue-emitting (452–472 nm)
CsPbBr3 nanocrystals of an anisotropic shape [129].
Thus, the tuning of the surfactant ratio (oleic acid/
oleylamine) led to the variation of the NPs shape from 0D
QDs (single or lamellar-structured) to either 2D nanoplates (face-to-face stacked) or ﬂat-lying nanosheets.
The use of methylamine instead of a Cs-oleate solution
for the hot injection allowed the authors to synthesize
blue-emitting (465 nm) square-shaped CH3NH3PbBr3
nanocubes possessing 18% PLQY and FWHM = 19 nm
[130]. The obtained CsPbBr3 blue-emitting (470–480 nm)
nanocrystals were applied to EL-devices with a limited
brightness and EQE = 0.0074% [124], 0.07% [125] and
0.5% [126]. It is worth noting that a relatively low PLQY
was reported for these materials (9–17%) and that the
emission of the corresponding PeLEDs was stable for a
few seconds only. However, recently C. Bi et al. [145]
reported the blue (465–470 nm) emitting CsPbBr3
perovskite quantum dots prepared by similar lower
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temperature hot injection technique having a PLQY up to
97%. It was achieved by acid etching-driven ligand exchange using HBr to etch imperfect [PbBr6]4− octahedrons and didodecylamine and phenethylamine
replacing the original excessive oleic acid ligand on the
surface of the nanoparticle. As a result, the EL device
comprising these quantum dots as an emissive layer
show an EQE up to 4.7% and a record high brightness of
3850 Cd/m2 for pure-blue PeLEDs.
Later, the high-temperature approach was applied to
achieve blue-emitting (440–460 nm) ultrathin (1–2 nm)
nanoplates (NPLs) [127]. The Cs-oleate was added to the
reaction mixture at r.t. before heating. The study also
showed that variations of the NPLs thickness and therefore
the emission wavelength was made possible by varying the
ﬁnal temperature between 100 and 180 °C. The time of the
synthesis mainly affects only the lateral dimensions of the
NPLs in the range of 20–30 nm. The application of these
NPLs in EL devices resulted in a blue PeLED with ∼0.1%
EQE and very low brightness (25 cd/m2). In Ref. [146], a
similar injection-based synthesis was carried out at room
temperature and resulted in the formation of blue-emitting
(470 nm) nanorods with a quite high PLQY (∼50%) and an
extremely narrow FWHM (13 nm).
Despite the high practical interest in blue-emitting
perovskite NPs, studies of their stability are rare.
Ref. [136] describes the synthesis of quantum conﬁned
blue-emitting CsPbBr3 nanostrips in acrylate resin
under different conditions showing a high PLQY ≈ 94%,
narrow FWHM (∼13 nm), and emission stability. The
synthesis of the nanocrystals was based on the general
hot injection method [122]. However, similar to Ref. [127],
the authors mixed the metal precursors at a lower

Figure 7: Colloidal perovskite CsPbX3 NCs (X = Cl, Br, I) exhibit size- and composition-tunable bandgap energies covering the entire visible
spectral region with narrow and bright emission: (a) colloidal solutions in toluene under UV lamp (λ = 365 nm); (b) representative PL spectra
(λex = 400 nm for all but 350 nm for CsPbCl3 samples); (c) typical optical absorption and PL spectra; (d) time-resolved PL decays for all samples
shown in (c) except CsPbCl3 [122].
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Table : Blue-emitting perovskite nanoparticles, their PL/EL and synthetic features.
#

Material




CsPbClxBr−x
CsPbBr
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CsPbBrxCl−x
















CsPbBr.Cl.
CsPbClxBr−x
CsPbBr
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CsPbBr:Al+
CsPbBr:Sn+
CsPbBr:Cd+
CsPbBr:Zn+
CsPbBr NWs
CsPbBr/amorphous
shell
CsPbClxBr−x
CHNHPbBr
CsPbBr NPLs
CsPbxMn−xClyBr−y
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temperature (40 °C) followed by heating the reaction
mixture. Moreover, compared to the original method [122],
in the preparation of the Pb-precursors, the authors
removed 1-ODE and used a mixture of surfactants (oleic
acid and oleylamine) that served as the solvent in the
reaction. It resulted in a slower kinetic process (higher
surfactant concentration) and a more precise control of

– Similar to hot injection but at  °C, longer time
and no solvent except of OA and OAm.
– Room temperature ligand assisted deposition;
– DMSO and ethyl acetate serves as a solventantisolvent pair.
– Room temperature ligand assisted deposition;
– DMSO and ethyl acetate serves as a solventantisolvent pair;
– DMF vapor assisted crystallization
– Hot injection ( °C);
– Acid etching assisted post synthetic one-pot
ligand exchange.

 []
 []
[]
[]
[]
[]

 []
 []

 []

 []

the NPs size and morphology by the ﬁnal temperature
only. Thus, thermodynamic control of the process was
achieved where the NPs size and properties were stable in
the equilibrated reaction condition for a few hours. The
T80 emission degradation time for the synthesized material was around 8–12 h, depending on the ambient conditions (see Figure 8).
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Figure 8: (a) Relative PL quantum yield and (b) the normalized PL spectra after 36 h under the different stability test conditions. The blue line
represents the PLQY under 100 mW/cm2 (450 nm, blue light) irradiation at 50 °C. The red line represents the PLQY at 85 °C. The pink line
represents the PLQY in 85% relative humidity at 60 °C [136].

Blue-emitting CsPbBr3/amorphous CsPbBr3 nanocrystals were found in the supernatant solution after the
centrifugation of the conventional hot-injection reaction
mixture [136]. As shown by the TEM and XRD, the particles
were comprised of an amorphous shell which was assumed
to be amorphous CsPbBr3. The authors suggested that the
high measured PLQY (∼80%) in the emission of the QDs
(λem ≈ 463 nm) was due to the amorphous nature of the
shell, thereby avoiding a crystal lattice mismatch in
contrast to conventional core–shell nanostructures.
Recently, manganese was used to dope the CsPbBr3
nanocrystals, resulting in an increased blue photoluminescence and narrowed bandwidth [128]. For the
synthesis, the authors employed a conventional hot injection approach together with MnCl2 as an Mn-source
along with PbBr2 in the initial reaction mixture. However,
the presence of chloride anions resulted in a shift of
emission toward the UV range. This required an additional
step in the emission tuning toward the blue range through
the subsequent treatment of the NPs with PbBr2. The
careful tuning of the Mn amount in the ﬁnal nanocrystal
composition allowed the authors to ﬁnd the optimal Mn2+
doping concentration of around 0.19% where the PL

performance was seriously increased (Table 3). No signiﬁcant inherent emission of Mn2+ (∼600 nm) was observed in
the concentrations up to 0.25%. The authors reported a
record high EQE (∼2.1%) measured for the blue PeLED.
However, the stability of the EL devices is still limited to
around a few tenths of a second.
The doping of the Pb-based perovskite nanocrystals
with other transition metals also results in blue-emitting
materials. In particular, in Ref. [134], the authors observed
a large blue shift in the emission and absorption spectrum
of the CsPbBr3 nanocrystals during the postsynthetic
treatment of the NPs with MBr2, where M was Sn, Cd, or Zn.
The wavelength position could be tuned in the range of
452–512 nm by varying the nature and/or concentration of
the M2+ ions, keeping a good uniform cubie NPs shape,
high PLQY (∼60%) and narrow FWHM < 20 nm. However,
the position of the peak was not stable during the on-shelf
storage, showing a gradual blue shift in time. This is
probably caused by the presence of redundant MBr2.
Doping the CsPbX3 NPs with Cu2+ signiﬁcantly
improved the optical performance and the thermal stability
for blue- and green-emitting materials [140]. Similar to
Ref. [134], a concentration-dependent blue shift was

Table : Material and device parameters of the Mn doped nanocrystals [].
Mn Content

/e Lifetime

PLQY

Maximum EQE

%
.%
.%
.%
.%

. ns
. ns
. ns
. ns
. ns

%
%
%
%
%

.%
.%
.%
.%
.%

EL FWHM

Maximum brightness

Emission peak

. nm
. nm
. nm
. nm
. nm

 cd/m
 cd/m
 cd/m
 cd/m
 cd/m

 nm
 nm
 nm
 nm
 nm

Maximum EQE above  cd/m
.%
.%
.%
.%
.%
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observed for the doped nanocrystals, which is assumed to
be a result of the crystal lattice contraction. However, in
contrast to the previous work, the authors introduced a
Cu2+ precursor (as CuX2/Cu(OAc)2) to the initial reaction
mixture following the conventional hot-injection and
isolation procedures of the product, producing stable with
time Cu2+ doped perovskite NPs. The synthesis of the single halide CsPb1−xCuxBr3 nanocrystals increased the PLQY
(85% → 95%, Figure 9c) but only for a limited Cu2+ content
(x < 0.07%) and a limited shift in emission range from ∼517
to 505 nm, see Figure 9b). However, the mixed halide
CsPb1−xCux(Br/Cl)3 NPs showed a deeper blue emission

(λmax = 453 nm for the CsPb0.93Cu0.07(Br/Cl)3 and
PLQY ≈ 80%, which is one of the highest reported values
for the 450–460 nm emission range.
Other than the high-temperature hot injection
approach, ligand-assisted room temperature methods were
proposed for the synthesis of bright luminescent
CH3NH3PbX3 [147], CsPbX3, and FAPbBr3 [148] perovskite
NPs [131]. Both proposed approaches are based on the solubilizing of all of the element precursors in a “good” solvent
followed by the rapid transfer (by injection or dropping) of
this solution into the “bad” solvent (see Figure 10). CsX and
PbX2, dissolved in dimethylformamide (DMF) at a high

Figure 9: (a) Optical absorption, (b) PL
spectra, (c) PLQYs, and (d) time-resolved PL
decays (shown by dots; three-exponential
fitting curves are given by solid lines) of
CsPb1−xCuxBr3 QDs with different x values,
as indicated on the frames. The inset in
(b) shows a photograph of the green emitting CsPb0.93Cu0.07Br3 QDs under the
365 nm excitation (e, f) Optical absorption
and PL spectra of CsPb(Br/Cl)3 QDs and
CsPb0.93Cu0.07(Br/Cl)3 QDs, respectively;
the insets show photographs of these solutions under 365 nm excitation. (g) Timeresolved PL decays (shown by dots) of the
CsPb(Br/Cl)3 QDs and CsPb0.93Cu0.07(Br/
Cl)3 QDs; the three-exponential ﬁtting is
given by solid lines of the same color. (h)
PLQYs of CsPb1−xCux(Br/Cl)3 QDs compared
with the PLQY values for blue-emitting
perovskite QDs reported in the literature
[140].
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concentration (C0 ≈ 0.2 g/mL), and some of the obtained
solutions can be rapidly transferred to the stirring toluene
(comprised of surfactants as well). The solubility of the ionic
precursors in toluene is extremely low (C0 < 10−7 g/mL),
therefore a quick crystallization occurs. Dong et al. studied
the role of surfactants in this process, such as alkylamines
and alkylcarboxylic acids, suggesting that the former is
responsible for the control of process kinetics, whereas the
latter stabilize the obtained nanoparticles preventing aggregation after their formation and storage [147]. Regarding
the blue spectral range, the variation of Cl/Br composition
enables emission tuning in the blue range. Particularly for
CsPbX3, PLQY ≈ 10–70% was reported for NPs emitting in
the range ∼400–480 nm [131]. The crystallinity, FWHM and
other properties were similar to those reported using the hot
injection method [122].
Recently, C. Wang et al. [143] reported roomtemperature-deposition
of
quasi-two-dimensional
CsPbClBr2 perovskite ﬁlm using 2-phenylethanamine and
3,3-diphenylpropylamine bromides as ligands. Using
optimized CsCl, PbBr2 precursors and corresponding ligands, they prepared strong emitting blue (466–473 nm)
ﬁlms with PLQY up to 60% showing narrow FWHM
22–25 nm. DMSO and ethyl acetate were used as a solvent–

Figure 10: Schematic of RT formation of IPQDs (CsPbX3 (X = Cl, Br, I)).
(a) The SR can be ﬁnished within 10 s through transferring the Cs+,
Pb2+, and X− ions from the soluble to insoluble solvents at RT without
any protecting atmosphere and heating. C: ion concentration in
different solvents. C0 saturated solubilities in DMF, toluene or mixed
solvents (DMF + toluene). (b) Clear toluene under a UV light.
Snapshots of four typical samples after the addition of precursor ion
solutions for 3 s, blue (c, Cl:Br = 1), green (d, pure Br), yellow (e,
I:Br = 1), and red (f, I:Br = 1.5), respectively [131].
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antisolvent pair inducing the formation of perovskite
nanocrystals. The EL device comprising the as-prepared
ﬁlm as an emitting layer shown remarkably high maximum
EQE (8.8%) and average brightness (442 cd/m2), highlighting a big potential of this approach in the design of
blue PeLEDs for displays. Karlsson et al. reported the same
results for blue-emitting PeLEDs based on mixed (Cs/FA)
Pb(Br/Cl) 3D perovskites. They used a similar in situ synthesis method and additional DMF vapor-assisted crystallization treatment [144]. The latter eliminates the color
instability issues and enables spectrally stable blue
PeLEDs with an EQE up to 11.0% and a peak brightness of
2180 cd/m2.
The above-mentioned luminescent perovskite nanomaterials all comprise Pb. As per the RoHS directive, the
Pb, due to its toxicity, is limited to 1000 ppm in consumer
electronics [88]. This concentration is only 10-times higher
than that allowed for Cd (100 ppm). Thus, many efforts are
currently applied to elaborate a low-Pb or Pb-free halide
perovskites nanoparticles [149]. Among plenty of possible
alternative metals, Sn, Bi, Cu and Ge are the most feasible
candidates due to the relatively higher stability of the
perovskite crystal phase within nanoparticles. However, so
far, there are only a few examples of Pb-free perovskite
nanoparticles with luminescence in the blue spectral
range. In 2016, M. Leng et al. [150] reported on the synthesis
of MA3Bi2X9 (MA = methyl amine) quantum dots with a
tunable emission spectral range from 360 to 540 nm
depending on the halide composition. Recently, by optimizing the synthesis conditions, the PLQY of these materials was improved to 52% (λmax = 437 nm) and downconverting Pb-free perovskite blue LED was shown with
EQE ≈ 3% [141]. However, because of the relatively wider
emission band (FWHM > 60 nm), and the tendency of PLQY
lowering when shifting to the practically important blue
region (>450 nm), these materials need to be further
improved before they can ﬁnd their application in displays.
The corresponding Bi- and Sn-based fully inorganic
perovskite quantum dots (Cs3Bi2Br9), so far, demonstrate
only low PLQY (<5%), though with much narrower emission (FWHM ≈ 40 nm) in the target blue range for Bi-based
QDs [151, 152]. Recently reported, all-inorganic Sb-based
lead-free double perovskite Cs2AgSbX6 quantum dots show
moderate PLQY (≈31%) in the blue region [153]. The authors
optimized the conditions for the ligand assisted reprecipitation (LARP) method. They used ethyl acetate as an antisolvent and oleic acid for crystallization control. Thus, the
series of Cs2AgSbX6 QDs have fabricated wherein variation
in the halide composition enables control of emission in
the range from 409 to 557 nm, though, with a relatively
wider emission bandwidth (∼75 nm).
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2.3 AIIIBV quantum dots
The most important representatives of AIIIBV type of QDs
are InP nanoparticles that are often coated with inorganic
wide-bandgap semiconductors like ZnS or, more rarely,
with GaP (see Refs. [154–157]). Despite the signiﬁcant
progress achieved in the synthesis of InP-based quantum
dots [154] the PL quality of this material in the blue range
lags seriously in terms of PLQY and FWHM compared to
green and red-emitting particles. Although the reason why
this is still ambiguous, the widely accepted explanations
suggest that both the appearance of magic size clusters and
the fast depletion of the P-precursor during the nucleation
period may be responsible for the premature Ostwald
ripening and deviation of the process from classic nucleation. This results in lower quality and a higher size distribution of the InP seeds obtained [158]. Moreover, the
smaller size of the blue-emitting InP cores compared to
those for red-emitting NPs can result in a stronger strain on
the crystal lattice around the InP/ZnS interface due to the
large crystal lattice mismatch (≈7.7%) between InP and
ZnS. As a result, a large number of interface defects show
up and enormously increase the probability of nonradiative transitions and the FWHM of the emission [159].
An introduction of an additional shell with intermediate lattice constants between InP and ZnS crystal lattice
parameters offers a better optical quality in the obtained
core – speciﬁcally, double-shell NPs. In particular, ZnSe
with a lattice mismatch of only 3.3% to InP is capable of
improving the PLQY and stability in the resulting InP/
ZnSSe/ZnS and InP/ZnSe/ZnS QDs [155, 156]. However, the
shelling of InP with ZnSe and GaP show an additional red
shift in the emissions in these types of QDs because of the
relatively low bandgaps, 2.7 for ZnSe and 2.3 eV for GaP,
whereas the ZnS bandgap is ≈ 3.5 eV.
Table 4 shows the data on the PL performance and synthetic approaches for InP-based blue-emitting nanoparticles.
The first InP-based QDs with PL in the blue region were
synthesized via the hot injection of tris(trimethylsilyl)
phosphine ((TMS)3P) into the In-precursor followed by the
addition of Zn- and S-precursors for the one-pot growing of
a ZnS shell [160, 161]. However, even after coating the InP
with the ZnS shell, the PLQY was low and FWHM was
>55 nm.
Ref. [162] reported some progress toward narrowing
the PL FWHM up to ≈ 39 nm for blue-emitting InP/ZnS QDs.
The key idea consisted of etching the preformed InP cores
with residual acetic acid below 150 °C when the further
growth of the NPs was suppressed. The residual acetic acid
appeared as a by-product upon the conversion of In(OAc)3

to indium myristate which could not be completely
removed in the vacuum. The authors showed that below
150 °C, the etching process prevailed in terms of the overgrowth of NPs and a blue-shift in the emission and absorption was observed (see Figure 11a and g). The further
growth of the QDs dominated at 170 °C leading to a bathochromic shift of emission and absorption (cf. Figure 11a,
b, and c). Following the in situ coating of the ZnS shell over
the InP core, resulted in the QDs emitting at λmax = 475–497
although the measured PLQY was still low in the range of
5–25%.
Ref. [164] discusses the synthesis of the InP/ZnS core–
shell QDs covering the entire visible spectrum range
(∼430–670 nm) with an improved PLQY. The improvement
was achieved by premixing the In- and P-precursors at r.t.
where very ﬁne InP nuclei initially formed following the
addition of the Zn-precursor. The heating of the reaction
mixture resulted in the growth of the InP QDs enriched with
Zn on the NPs surface. Finally, S-ODE was added to the
reaction mixture to promote the growth of the ZnS shell.
Thus the obtained QDs demonstrated a PLQY of ≈35–45%
and FWHM ≈50–55 nm in the blue range (Figure 12). The
λmax of the emission of the QDs can be tuned by varying the
ratio of the InP- and ZnS-precursors.
The use of tris(dimethylamino)phosphine ((DMA)3P)
instead of (TMS)3P and the employment of zinc halide
mediated the colloidal method and enabled the author to
signiﬁcantly improve the PLQY and narrow the emission
bandwidth of the blue-emitting InP/ZnS QDs [166]. The
authors found that the rate-determining step of InP NP
formation correlates with both the speed of the (DMA)3P
disproportionation and the In-X (X-halogen) bond cleavage in the InX3 precursor [170–172]. The optimized steps of
the reaction protocol include (i) excess P-precursor
compared to what was reported earlier for the synthesis
of green- and red-emitting QDs; (ii) excess iodide anions
amount over In3+ cations in the reaction mixture and (iii)
the growth of the ZnS shell in a two-step process with the
intermediated puriﬁcation of QDs. Eventually, InP/ZnS
QDs with an emission around 477 nm, FWHM ≈ 44 nm and
PLQY reaching 76% were obtained which is the best reported optical properties for blue-emitting InP/ZnS
nanoparticles.
To reduce the crystal lattice mismatch between the
core and shell materials, in Ref. [158] the authors introduced an intermediate ZnMnS layer which is especially
useful for the conﬁnement of excitons in blue- and greenemitting QDs. The reaction protocol included (i) the reaction of (DMA)3P with InX3 (X = I, Br and Cl) in the presence
of oleylamine (OAm) and ZnX3 to form the InP cores; (ii) the
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Table : Blue-emitting InP-based nanoparticles, their PL performance and synthetic features.
λmax, solution
(nm)

FWHM
(nm)

∼

∼

InP/ZnS



∼



InP/ZnS







InxZn−xPyS−y/ZnS



≥



InP/ZnS

≥

–



InP/GaP/ZnS







InP/ZnS small-core/thickshell







InP/ZnxMn−xS/ZnS

≥





InP/ZnS





 InxGa−xP/ZnS





 InP/GaP/ZnS//ZnS (double ZnS shell)





#

Material



InP, InP/ZnS



QY Synthesis notes
(%)
– – Hot injection of PTMS into a In myristate solution;
– Addition of Zn- and S-precursors.
 – Hot injection of PTMS to InCl/Zn-carboxylate;
– Single precursor ZnDEDTC is used for ZnS shell.
 – Hot injection;
– Fine tuning of the InP cores etching by acetic acid amount;
– Optimal balance of temperature for etching and growth
( °C).
 – Slow injection of PTMS to the mixture of In-, Zn- and
S-precursors;
– Additional injection of Zn-precursors for the shell growth.
– – Nucleation of InP by mixing of In-precursor and P(TMS) at
 r.t;
– Addition of zinc-precursor and heating to  °C;
– Injection of S-precursor for ZnS shell.
 – Heating up the mixture of In-, Ga-, Zn-precursors and
P(TMS)– °C;
– Addition of S-precursor for the ZnS shell.
 – Hot injection of P(DMA) to the mixture of In- and Zn-precursors;
– Puriﬁcation and growth of the st, nd and rd ZnS shells
with intermediate puriﬁcation steps.
 – Injection of P(DMA) to InBr and ZnBr in OLAm;
– Addition MnCl was injected;
– Addition of Zn- and S-precursors for ZnS shell.
 – Assistance of Cu+ ions, in form of CuBr, to make small
sized InP (∼. nm).
 – Mixing of In-, Ga-, Zn- and S-precursors at r.t. and heating
up to  °C;
– P(TMS) is added at  °C.
 – “Low temperature nucleation and high temperature
growth” method;
– Mixing of In-, Ga-, Zn-precursors and P(TMS) at r.t. and
heating up to  °C;
– Repeatedly additions of S- and Zn-precursors for thick ZnS
shell at  °C.

addition of MnCl2 followed by the addition of the S- and Znprecursors for the growth of a mixed ZnxMn1−xS shell; (iii)
the puriﬁcation of InP/ZnxMn1−xS QDs and (iv) the reaction
of the puriﬁed QDs with the Zn- and S-precursor provided
by the InP/ZnxMn1−xS/ZnS QDs. It is worth noting that for
the purpose of tuning the QDs size and thereby the emission wavelength, the authors varied the ratio of I−, Br− and
Cl− in the reaction mixture instead of causing a variation in
the reaction time, temperature, or the InP/ZnS-precursor
ratio used before. The emission was able to be tuned in the
range of 470 and 620 nm. The amount of Mn in the shell was
also optimized to achieve the highest PLQY (38%) while
maintaining a satisfactory spectrum shape (Figure 13).

Year Ref.
 []
 []
 []

 []

 []

 []

 []

 []

 []
 []

 []

GaP is another material that was also examined as an
intermediate layer for the improvement of the InP-based
QDs [168]. However, the embedding of the intermediate
layer is challenging due to a possible strong red-shift in the
In(Zn)P/GaP core–shell structure as shown in Ref. [168].
The origin of the shift lies is in the small bandgap of GaP
(Eg = 2.3 eV) close to those in the blue-emitting InP
(Eg = 2.6 eV) which can lead to a signiﬁcant leakage of the
electrons from the core to the shell. In the same work, it is
shown that the introduction of a more reactive Ga(acac)3 as
a Ga-precursor instead of Ga oleate results in the formation
of alloyed InGaP NPs which could eliminate the problem of
electron leakage. As a result, blue-emitting (≥475 nm)
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Figure 11: Temporal evolution of the UV–vis absorption spectrum of InP QDs for the initial 30 min at (a) 130 °C, (b) 150 °C, and (c) 170 °C; the
absorption and emission spectra of InP and InP/ZnS QDs prepared at (d) 130 °C, (e) 150 °C, and (f) 170 °C; and temporal evolution of the
absorption spectrum of InP cores during synthesis at 130 °C using (g) InAc3, (h) InCl3 with acetic acid, and (i) InCl3 without acetic acid. The
dashed and solid lines in (d)–(f) represent the InP core and the InP/ZnS core/shell QDs, respectively. The inset shows an image of the InP/ZnS
solution under 365 nm illumination [162].

Figure 12: Evolution of fluorescence QY and FWHM of InP/ZnS NCs
with different ratios of InP:ZnS (increasing the ratio of InP to ZnS
from left to right) [164].

InGaP/ZnS QDs were synthesized although the
PLQY ≈ 20% and FWHM ≈ 49 nm were still moderate.
In another work [165], the authors showed a higher
PLQY of ≈ 40% and FWHM ≈ 51 nm at λemiss. = 460 nm for
the core–shell–shell InP/GaP/ZnS QDs. The authors
adopted the simplest heating up approach where all of the
metal precursors (indium acetate, zinc acetate, and GaCl3)
were mixed with P(TMS)3 before heating followed by the
addition of dodecanethiol (DDT) as the source of the
sulphur at ∼200–270 °C.
The work [169] reported on the further improvement of
the blue-emitting InP/GaP/ZnS core by coating a second
ZnS shell. PLQY was boosted to 81%. For this, the
controlled nucleation of InP/GaP core was performed by
the method of low temperature nucleation and hightemperature growth followed by ZnS shell growth (see the
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Figure 13: (A) PL spectra of InP/ZnS QDs with
different ratios of I, Br, and Cl (B) PL spectra
of InP/ZnMnS QDs with varying Mn2+
contents [158].

process ﬂow in Figure 14). The coating with a thick ZnS
shell, besides a signiﬁcant improvement in the PLQY, was
also accompanied with a narrowing emission bandwidth
up to 44 nm. The obtained QDs showed a record high
brightness of 3120 Cd/m2 and EQE ≈ 1.01% when applied as
an emissive layer to the blue (488 nm) QLED.

2.4 Carbon nanoparticles
Carbon nanoparticles are nanosized (typically d < 10 nm)
carbon structures made up of different shapes and morphologies. It is a relatively new ﬁeld in material science
dealing with their synthesis and properties. Although there
is no well-established nomenclature of carbon dots (CDs)
as of now, typically the term “carbon dots” or “carbon
nanodots” refers to carbon nanoparticles with an amorphous structure. Other carbon nanoparticles, like graphene quantum dots (GQDs) and carbon quantum dots
(CQDs), possess a crystal structure [173]. It is also worth
noting that currently there is no clear understanding of the

origin of photoluminescence in these materials. Generally
three possible mechanisms can contribute to PL: the
quantum conﬁnement effect (size-dependent band-edge
emission), surface state emissions and the presence of
molecular luminophores. Therefore it is not clear yet how
to precisely control the carbon dots’ PL properties
including emission wavelength, FWHM, and PLQY.
Although a simple synthetic procedure and inexpensive
organic precursors are often used for their synthesis, a
typically complicated and multi-step procedure is required
to isolate materials with the optical properties high enough
for their application [174]. Nevertheless, considering the
lower toxicity of CDs comparatively in relation to metalcontaining NPs [175], this makes CDs promising candidates
in a wide range of applications including photonics and
optical engineering.
Regarding the optical performance of the CDs, the
overwhelming majority of the papers report on the FWHM
values for CDs being as high as 80–120 nm. Additionally,
their emission λmax often depends on the wavelength of
excitation [176], supporting the consideration of the CDs as

Figure 14: (a) Energy levels of bulk InP, GaP,
and ZnS, and the lattice mismatch between
them. (b) The synthesis process of thickshell InP/GaP/ZnS//ZnS QDs (c, d) TEM
images of two types of InP-based QDs: (c)
Thin shell InP/GaP/ZnS QDs and (d) thick
shell InP/GaP/ZnS QDs. The HRTEM images
are shown in the insets with a scale bar of
5 nm [169].
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Table : Blue-emitting carbon dots and quantum dots, their PL performance and synthetic features.
λmax, solution
(nm)

FWHM
(nm)

 CDs

∼

∼

 CDs



∼

 CQDs



≥

 CQDs
(triangular)





 CQDs





# Material

QY Synthesis notes
(%)

Year Ref.

∼ – Solvothermal treatment of citric acid at  °C in presence of
-hexadecylamine (HDA).
 – Hydrothermal method;
– ﬁrst condensing of citric acid and ethylenediamine;
– then, carbonization of the formed polymer-like CDs.
 – Solvothermal method;
– Rigid carbon skeleton structure of the used amine – diaminonaphthalene (DAN).
 – Solvothermal method;
– use of three-fold symmetric phloroglucinol (a triangulogen);
– tuning size by sulfuric acid amount;
– Column chromatography for puriﬁcation.
 – Solvotermal synthesis of the OH-, COOH-, and NH-functionalized CDs;
– Surface amination using ammonia liquor and hydrazine hydrate under
high temperature;
– Column chromatography for puriﬁcation

ensembles of various species. Recent progress concerning
the blue-emitting examples of CDs has been presented in
Table 5.
Very bright blue-emitting CDs (PLQY ≈ 80%) were
synthesized by condensing citric acid and ethylenediamine
(hydrothermal method), resulting in the formation of
polymer-like materials which were then carbonized to form
the CDs [178]. However, the high PLQY was limited to the
narrow spectral range (443–447 nm) with a very wide
FWHM (∼80 nm), which is not suitable for the display
application. The material also showed limited stability
under UV-excitation. In another report [179], a highly
crystalline bandgap in the emitting CQDs was obtained
using solvothermal synthesis, wherein the size and the
bandgap was tuned by the reaction time and carbonization
degree of the citric acid with diaminonaphtalene. The authors emphasized that the rigid core of the used diamine is
a key factor for the formation of a highly crystalline
structure with a high portion of sp2-bonds (89.84–93.83%)
on a surface of carbon dots. The reported blue-emitting
CQDs (λmax ≈ 454 nm) possessed high PLQY (75%), though
it still showed a wide bandwidth (FWHM ≥ 80 nm).
In 2018, Shihe Yang et al. [180] reported on defect-free
graphene structured triangular carbon quantum dots with
an unprecedented narrow emission FWHM and multicolor
λem tuning. The key idea of their synthesis was deploying C3
symmetrical phloroglucinol as the reagent which underwent a trimolecular reaction into the active –OH and –H
groups that furnished six-membered ring cyclization (see
Figure 15). The three-directional propagation of the

 []
 []

 []

 []

 []

reaction was controlled by the reaction time and acid
addition until CQDs of the target size (emission) were obtained. Whereas the synthesis of the CDs was simple which
includes (i) the treatment of the phloroglucinol solution in
ethanol at 200 °C and (ii) the isolation of a narrow bandgap,
emitting the triangular CQDs required several complicated
cycles of column chromatography puriﬁcation. The obtained blue-emitting CDs (λmax ≈ 472 nm), along with the
narrow emission bandwidth, are characterized by high
PLQY (66%). The authors suggested that the rigidity of the
triangular structure dramatically reduces electron-phonon
coupling, resulting in free-excitonic emission with negligible trap states. Additionally, the ab initio DFT calculations showed highly delocalized charges supporting the
high structural stability of the modeled triangular CQDs.
To find the possible origin of the large bandwidth of
crystalline carbon quantum dots, the authors in Ref. [181]
carried out molecular dynamic simulations using the DFT
Vienna ab initio simulation package. They found that the
wave-function polarization, arising from the thermal vibrations of oxygen-containing functional groups, provides a
major contribution to spectral broadening. Based on these
results, they proposed a new synthetic approach that results
in CQDs with a signiﬁcantly reduced density of oxygencontaining groups. The method consists of a two-step process. The ﬁrst step was a solvothermal synthesis of OH-,
COOH- and NH2-functionalized CQDs using citric acid and
diaminonaphtalene. The second step was surface amination
using ammonia and hydrazine hydrate under high temperature. The use of hydrazine led to the almost full elimination
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Figure 15: Design and synthesis of narrow bandwidth emission triangular CQDs.
(a) Synthesis route of the NBE-T-CQDs by solvothermal treatment of PG triangulogen. The typical aberration-corrected HAADF-STEM images of
(b) B-, (c) G-, (d) Y-, and (e) R-NBE-T-CQDs, respectively. Scale bar, 2 nm. Photographs of the NBE-T-CQDs ethanol solution under (f) daylight and
(g) ﬂuorescence images under UV light (excited at 365 nm). The normalized (h) UV–vis absorption and (i) PL spectra of B-, G-, Y-, and R-NBET-CQDs, respectively [180].

of the oxygen from the material as conﬁrmed by XPS analysis. Finally, silica column chromatography was used for the
puriﬁcation of the CQDs. As expected, the deep blueemitting material (λmax ≈ 433 nm) possessed a very narrow
FWHM (35 nm) for such materials, plus a high degree of
graphitization, and high PLQY (80%), providing new insights into the improvement of the CDs PL properties.

3 Application of blue-emitting
nanoparticles in displays
As discussed in the introduction part, nanoparticles can be
used in two ways in display application. First as a downconverter on the top of the blue emitters and second as a
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source of direct electroluminescence (see Figure 1c). Here
we discuss the nanoparticle application as downconverters
ﬁrst with a particular emphasis on the blue particles.

3.1 Nanoparticle application as
downconverters
As discussed in Figure 1c, there are three common solutions proposed for the nanomaterial application in displays
as downconverters. Color enhancement based on downconverters mostly utilizes the green and red nanoparticles
excited by the blue light, usually at ∼450 nm. The light
absorption at 450 nm is usually small for the nanoparticles,
particularly when emitting at the lower wavelengths which
results in an increase in the layer thickness of the emitting
layer, thus limiting the application of the nanoparticles.
Furthermore, the 450 nm light exposure is not good for the
human eye and human circadian rhythm. Before discussing a viable solution to the blue light, we tried to illustrate
the feasibility of the nanoparticle application for the three
different conﬁgurations illustrated in Figure 1c.
QD Vision Inc. commercialized their QDs using an
edge-lit QD optic called Color IQ which works with edge-lit
displays [182]. In this conﬁguration, the QDs are packaged
in resin in an edge-lit high precision glass tube which acts
as the barrier against moisture and oxygen. It is placed
between the blue LEDs and a light guide in an edge-lit
backlight. The concentrations of red and green converting
QDs are adjusted to pass trichromatic white light, optimized for spectrally narrow color ﬁlters to maximize the
throughput of the ﬁlters and to deliver a wider color gamut
than can be achieved with yellow phosphor LEDs alone.
However, a signiﬁcant portion of the light doesn’t make it
into the light guide, although some of it can be recaptured
by the integration of reﬂectors. Several companies adopted
QD Vision’s Color IQ system by 2016 including Hisense,
Philips, Seiki, Sony and TCL for TVs, as well as AOC and
Philips for use in their monitors. Importantly, the on-edge
approach to the QD implementation in displays requires a
smaller quantity of QDs in comparison to the ﬁlm
approach. According to the estimates by Steckel et al. [183],
the worldwide consumption of QDs for the on-edge
approach, assuming a 100% penetration of the QD
in the LCD market, would be around 2–3 tons/year.
In similar conditions, ﬁlm type devices require more than
200 tons/year. Nanosys also employed edge-lit optics
particularly with ﬁlms that generate trichromatic light with
the right white color point, allowing a color ﬁlter to produce a wider color gamut than could be achieved with
bichromatic light from a down-converting yellow phosphor

[183]. Nanosys’ QDEFs can be used with either an edge-lit or
a direct-lit BLU and replace the diffuser ﬁlm by inserting
red and green emitting QDs inside a ﬁlm illuminated by
blue LEDs (Figure 15(b)). Nanosys has so far been the
biggest winner in the QD market with their solution
adopted in Samsung TVs ranging from 43′′ to 88′′ as well as
other leading brands including Hisense, TCL and Vizio.
Consequently, LumenMax came up with the idea of
placing QDs directly on top of an LED chip, describing this
structure as a QD-LED (Figure 15(c)). This is a desirable
format because less QD material is required per display and
the ease of the system integration is maximized. However,
this format demands that the QDs withstand higher temperatures and excitation ﬂuxes compared with edge optic
and ﬁlm; therefore it requires further material and technological developments. Zhonghuan Quantum Tech.
together with researchers from the Southern University of
Science and Technology in Shenzhen, China, proposed
using QD-based luminescent microspheres (QLMS) [184] as
a type of a highly robust QD composite with long-term
operational stability. It was claimed that QLMS are fully
compatible with the current LED packaging processes and
that they can be used as phosphors for direct on-chip applications, meaning that tubes or ﬁlms are not required.
However, products using on-chip LEDs are still rare.

3.2 Quantum dot enhancement films for
LCDs
There has been a vivid discussion in the display technology
field on the topic “LCD versus OLED (organic light emitting
diodes), who wins?” [185]. Both technologies have their own
merits. Generally speaking, LCDs are leading in terms of
lifetime, brightness and manufacturing cost. They are
comparable to OLEDs in resolution density, power consumption, ambient contrast ratio and viewing angle. The
remaining challenge for LCDs is the response time, which is
∼100 times slower than in an OLED, which is not covered in
this review. For more detail, refer to [186]. The LCD requires
a backlight unit and has a seriously low optical efﬁciency
in the range of 2–5% depending on the display resolution.
A simple illustration of the lower optical efﬁciency of the
LCDs has been shown in Figure 16 [39]. The severe brightness and efﬁciency limitations of LCDs arise primarily
because of the polarizers and absorbing color ﬁlters that
result in a large optical loss from the backlight.
Talking about the QDEF, which is the most common
approach to using nanoparticles in modern LCDs, the QD
offers serious improvements in terms of the color saturation alongside small gains in the optical efficiency. The
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Figure 16: (a) The common LCD architecture,
with an indication of the constituent
elements. (b) A table listing LCD
components with their optical efficiencies
and brightness. Reproduced with
permission from Ref. [39], Copyright 2017,
Wiley-VCH.

narrow emission bandwidth offers a larger color gamut and
sight improvement in the overall optical efficiency of the
LCD. With the spectral profile of the three well defined
emission peaks, QD-based BLUs provide better color
saturation and a wider color gamut. It has been reported
that with an optimized QD-based BLU, one can achieve a
color triangle that is greater than 115% of the NTSC standard with a 1931 color space (via CIE coordinates) [187, 188].
Furthermore, the PL wavelength overlapping with the color
ﬁlter transmittance spectrum reduces the optical losses by
up to 10% in comparison to wide band phosphor-based
LEDs. A simple illustration of the spectrum and optical
proﬁle is shown in Figure 17. Apart from QDEF, another
approach THAT has been explored is quantum rod
enhancement ﬁlms (QREF). QREF contains the aligned QRs
in thin ﬁlms. The QR, having an aspect ratio of more than
1.2:1, emits the polarized emission together with the narrow
emission bandwidth of the same quality as the QDs. Our
group showed that the aligned QRs with similar PL properties can double the optical efﬁciency because of the
polarized emission from the anisotropic nano particles [39]
(see Figure 16b). Recently, we proposed doping a larger
band gap material like ZnS in the presynthesized QRs to

solve the problem associated with the blue emission in the
450 nm region for QRs [37]. These rods show emissions in
the range of 460–470 nm with a high PLQY. Similar work
for the QD was demonstrated by Zhong’s group for QDs [61].

3.3 On-chip LEDs
As mentioned above, this is the most desirable approach for
the application of the QD material in display because of
having the lowest material requirement. However, the
biggest problem for this configuration is the temperature
instability of the PL properties. In Table 1, we have listed
most of the suitable materials including the QDs and
perovskite nanoparticles. The red phosphor-based LEDs
show a luminous efﬁcacy of 136 lm/W at room temperature
that shows a drop of 86% at 150 °C which is not good for
something that is high intensity. Thus a material solution
offering better temperature stability and a large color gamut
is still rare, particularly in the blue region. The Zn-doped
QRs and QDs offer better optical performance and thermal
stability among other similar devices (see Table 1). Zhong’s
group showed that adding Zn in the QD can improve the

Figure 17: Comparison of LCDs equipped
with different BLUs.
(a) White light from the YAG based LED BLU
passes through the LCD panel and color
filters to produce the full-color image. (b)
The light from QD-based BLU after passing
through the LCD panel and color filters
generates the full-color images with highly
saturated colors.
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stability [61]. In a recent work, we were able to achieve a
brightness of >120,000 nits and a color triangle that was
>122% of NTSC or 90% of BT2020 [37]. Furthermore, with a
luminous efﬁcacy of 115 lm/W and a better color saturation,
these QRs are good for lighting applications, particularly for
high-intensity devices. The Zn-modiﬁed QRs show a significantly better temperature stability and a drop of only 8% of
the maxim efﬁcacy at 150 °C (Figure 18) (Table 6).
Figure 18 shows the optical performance of the temperature dependence of the QD and QRs with and without
Zn doping. It is clearly visible that the chromaticity shift
and PL intensity drop are very serious for the Cd-based

nanomaterial, therefore it is not suitable for LED applications. The Zn enriched QDs and QRs show great temperature stability and less of a chromatic shift [37, 194]. Thus,
the Zn-enriched nanomaterial can be a good option for onchip applications.

3.4 QD as a color filter
Recently a QD-enhanced PL type color filter array was
proposed to replace conventional color filters. In this array,
QDs are printed on top of the LCD panel and work as the

Figure 18: Temperature dependence of the PL properties of the Zn-doped nanoparticles.
(a) Temperature dependence of the conventional Cd based QR/QDs, (b) and (c) shows the temperature dependence of the QDs doped with cd
and Zn enrich material (taken from AOM). (d) Shows the temperature dependence of the Cd based QRs and Zn enrich QRS in all three colors
(Taken from Small). (e) Shows the schematic of the QRLEDs and photos of the red, green, and blue QRLEDs. (f) Shows the time dependent PL
intensity of the QRLED for the QRs with and without Zn [37].
Table : Comparison of performance for the reported wide color gamut white LEDs for display applications [].
Green emitting material

CsPbBr QDs
CsPbBr QDs@glass
CsPbBr QDs@SDDA
CsPbBr QDs
CsPbBr(QDs)@α-ZrP
CsPbBr(QDs)/SiO
CdSe/ZnS/CdSZnS QDs
CdSe/ZnS QDs
CdSe/CdZnS QDs
CdSe@CdZnS QRs

Red emitting material
Quantum dots
KSiF:Mn+
CsSiF:Mn+
KSiF:Mn+
CsPb(I.Br.) QDs
KSiF:Mn+
–
CdSe/CdS/ZnS/CdSZnS QDs
CdSe/ZnS QDs
CdSe/CdZnS QDs
Quantum rods
CdSe@CdZnS QRs

Ia (%)

CCT (K)

Refs.

–

–

<b
<b
<b
<b
–
–
–

–
–
–
–
–

,



[]
[]
[]
[]
[]
[]
[]
[]
[]







[]

Color gamut (% NTSC)

Luminous efficacy (lm/W)
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–
–

–
.




The integrated intensity of PL at  °C relatively to integrated intensity at r.t. for green-emitting material. The I is less than the value
reported at  °C as a limited temperature range was reported in the source.
a

b
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down converting material [195, 196]. An illustration of this
rather straightforward approach is given in Figure 16 where
the blue light coming from the backlight is modulated by
the LCD and later excites an array of QDs printed on top
[195]. An advantage of this approach is that the LC device is
only required to modulate a narrow bandwidth of light,
meaning that the thickness of the LC cell can be reduced
greatly. This can greatly improve the LC response time and
driving voltages [186, 197]. Furthermore, by replacing the
band pass color ﬁlters that absorb a large portion of light,
the emitting color ﬁlters can improve the efﬁciency of the
LCD devices if they have a high PLQY. Their placement in
front of the display panel may also increase the color accuracy at higher viewing angles [196]. Figure 19 shows a
simple illustration and comparison of the color performance of two LCDs equipped with an Yttrium Aluminum
Garnet (YAG)-based white LED BLU and QD color ﬁlterbased LCDs. It is clear that the QD as a color ﬁlter has a 70%
QY which can increase the LCD efﬁciency up to 8.4% from
4.8% for conventional LCDs. There are two problems with
this approach. First, the thickness of the color ﬁlter is too
big and this results in a big cross talk. Second, it requires
an extra ﬁlter to limit the blue color. Furthermore, the
process required to make the QD color ﬁlter is still under
development.

3.5 Nanoparticle application as electroluminescence
There are four routes to generating excitons in nanomaterials that have been used in quantum dot lightemitting devices out of which Optical excitation (PL) and
Charge injection (EL) are the most popular. We have
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discussed the PL in the previous section. This section will
discuss the EL properties and key points, particularly for
blue nanoparticles. EL is more challenging for the blue region in terms of efficient charge transfer and stability [198]. A
typical device structure of EL LEDs has been shown in
Figure 20 which includes electrodes, charge injection layers
(CILs), a charger transport layer (CTL), and an emitting layer.
As mentioned in Figure 1a, the homo level for the blue
nanoparticles is signiﬁcantly deeper than the green and red
nanoparticles. This makes the hole injection more difﬁcult.
The typical energy level (in vacuum) of the range of material
used in the nanomaterial has been shown in Figure 20b. The
biggest problem in the lifetime and efﬁciency of a
nanomaterial-based LED is the hole transportation that involves a hole transport layer (HTL), hole injection layers
(HIL), and the homogeneity of the nanoparticles. Chen et al.
studied device degradation by monitoring the electric ﬁeld
distribution and space-charge accumulation across the multilayered device structure. The lifetimes for the red and green
QD LEDs reaching 3000 and 20,000 h respectively, which is
already very stable. The lifetime of these devices is primarily
limited by the slow degradation of HTL. However, the poor
lifetime of the blue QLED originates from the fast degradation
at the QD-ETL junction. As stated above, the electron afﬁnity
decreases in the sequence of red, green and blue QDs. The
electron injection is seriously different between blue and red
devices. This is evident according to the charge-modulated
electro-absorption and capacitance-voltage characteristics
where the excited electrons in blue QDs are prone to cross
the type II junction between the QD and the electrontransporting layer (ETL) due to the offsetting of the conduction band minimum, leading to a space-charge accumulation and operating-voltage rise in the ETL [199]. The
PVK (hole mobility μh ∼ 10−6 cm2 V−1 s−1) is widely used in

Figure 19: (a) Conventional LCD structure, (1) backlight unit, (2) diffusive films, (3) polarizers, (4) glass substrate, (5) TFT array, (6) Liquid
crystals, (7) glass substrate, (8) PL type color Filter and (9) is the polarizer, and (b) the proposed LCD structure with down converter color ﬁlters.
(1) backlight unit, (2) diffusive ﬁlms, (3) polarizers, (4) Color ﬁlters (5) glass substrate, (6) TFT array, (7) Liquid crystals, (8) glass substrate, and
(9) is the polarizer. (b) is the LCD structure with inverted color ﬁlter. (c) represents the energy economics of the conventional LCD and LCD with
inverted downconverter color ﬁlters [39].
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blue devices for high quantum efﬁciency. However, due to
the very low carrier mobility and the instability of the C–N
bond, it is known to have a negative impact on the operating
lifetime. In contrast, poly (9,9-dioctylﬂuorene-co-N-(4(3-methylpropyl))diphenylamine) (TFB) has better stability
and hole mobility (μh > 10−4 cm2 V−1 s−1). Currently, the best
lifetime of blue QLED is achieved using TFB as HTL despite
the mismatch with VBM. The TFB devices show an LT50 of
23 h (L0 = 1000 cd m−2), whereas the PVK devices show an
LT50 ∼ 2 h, (L0 = 1000 cd m−2). Researchers also studied
several inorganic HTLs. The inorganic HTLs are intrinsically
more stable in comparison to polymer‐based or small molecules HTLs. In particular, the application of optically
transparent p‐type inorganic semiconductors, such as NiOx,
CuOx, Cu2O, CuS, CuI, CuPc, CuSCN, CuCrO2, CuGaO2,
CuInS2, Cu2BaSnS4, CoOx, CoN, MoOx, MoS2, VOx, GOx, PbS,
CrOx, and WO3, were reported [200, 201]. Some of them (i.e.
CrOx, NiOx, Cu2O, CIS, MoS2, and VOx) possess relatively low
valence band (≤5.4 eV), which can potentially help to solve
the issue of the energy band alignment in QLED and PeLED,
particularly in the case of blue-emitting EMLs. Another
approach, proposed by H. Shen et al. [16], uses ZnSe as the
shell material instead of commonly used ZnS or CdS to
reduce the injection barrier. They reported a record high
max luminance of 356,000, 614,000, and 62,600 nits for
red, green, and blue QLEDs.
The ETL is commonly made from zinc oxide nanoparticles that has high electron mobility and high

transmittance in the visible range. Based on the reported
data, ZnO NPs can efficiently inject electrons into the red
QDs shelled by CdS or a gradient-alloyed structure
(Cd1−xZnxSe1−ySy). For green and blue QDs, which are
commonly terminated with ZnS at the surface, the electronic properties are less reported. Electron mobility of the
ZnO is signiﬁcantly high that is a problem for many of these
EL devices, particularly for the blue and green devices.
Electron mobility of the ZnO nanoparticles is higher
than the hole mobility of the HTL and the emitting nanomaterials. As a result, the carrier recombination zone shifts
to HTL and makes the devices less efficient. Other than
ZnO, people also used ZnO:Mg, polyethylenimine ethoxylated, and polyethylenimine ethoxylated modified ZnO
[107, 202, 203]. It is reported that doping Mg2+ in ZnO NPs to
form ZnMgO NPs slows down the electron mobility, which
effectively solves the imbalance of carriers. People also
studied Al-, Ga-, or Li-doped zinc oxide nanoparticles as
electron transport layers for QLEDs. Although magnesiumdoped ZnO NPs are the most common ETL material used in
QLEDs, the aluminum-doped zinc oxide NPs ensure better
device performance in terms of brightness, current efﬁciency, and turn-on voltage [203].
Furthermore, because of a relatively larger barrier between the HTL and emitting layer, the problem becomes
even more complicated for the ZnS-based QRs, particularly
for the blue QRs. The HOMO of the blue QRs can be as deep
as −7 eV, which creates many problems for both ETL and

Figure 20: EL application of the blue particle.
(a) Configuration of QR/QD LED; (b) Energy level of common hole- and electron- transport layers as well as emitting materials; (c) Efficiency of
blue QDLED with introduced PMMA layer [95]; (d,e) Architecture, EL spectra and photo of QDLED from [205]; (f) EQE of reported QDLEDs based
on AIIBVI, InP and perovskite NPs by year.
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HTL. Recently, people have used a polymeric dielectric
layer as an electron blocking layer to mitigate this problem
and reported signiﬁcant improvement. The EBL effectively
blocks the excessive electron injection into the emitting
layer and thereby offers superior emissive efﬁciency. Qingli
et al. [94] showed how ZnCdSe/ZnS//ZnS blue QDs with
non-blinking characteristics and a high PLQY of 92%, as
well as high stability, were synthesized via a low temperature nucleation and high temperature growth method.
This involved a modiﬁed device structure where an insulator of the PMMA layer was introduced between the ZnO
and QD layers (see Figure 20c). The PMMA layer has a
crucial role that moderately impedes the electron injection,
thus improving the charge injection balance within the QD
active layers. The PMMA equipped blue QLEDs showed a
65.3% increase in EQE relative to the QLEDs without
PMMA, which is recorded as high as 16.2%. The QLEDs with
PL peaked at 454 and 495 nm display while the maximum
values of 13.2 and 15.8% in EQE were achieved by adopting
the optimized device structure [94]. Our group showed how
the thickness of the PMMA layer can affect the EL properties of the red, green and blue QRLEDs. Q. Li’s group synthesized a soluble tert-butyldimethylsilyl chloridemodiﬁed poly(p-phenylene benzobisoxazole) (TBS-PBO)
as the EBL, which offer a good balance of carrier transfer
and maintain a high current density [204]. The obtained
maximum luminance of the QLED was 20,000 cd m−2 and a
max EQE of 16.7%.
Figure 20f shows the average lifetime of the QD LED
devices. The lifetime of the blue QD LEDs is, in spite of
serious efforts, still limited to 35 h. Recently, Samsung
showed that by doping Te in the core, it is possible to tune
the PL in the blue emission range at 457 nm [205]. A high
photoluminescence quantum yield of 93% was obtained
for the ZnTeSe/ZnSe/ZnS QD using HF and ZnCl2, and an
additional Cl− passivation through a ligand-exchange
process improved the PLQY of the C/S/S QDs to 100%. A
solid-state exchange with ZnCl2 made the QDs thermally
robust and conductive. The Cl− passivation improved the
charge transport considerably, meaning that the EQE and
brightness of the QD-LEDs were substantially enhanced.
The fabricated blue QD-LED with double EML showed an
EQE close to the theoretical limit (20.2%) and a brightness
of 88,900 nits with a long operating lifetime (T50 = 15,850 h
at 100 nits), see Figure 20e and f [205]. Figure 20f shows the
variations of the QDLED EQE for different colors and materials developed over the years. The EQE for all QD devices
has reached 20% which is comparable to the theoretical
limit of QD LEDs. For QR LEDs, due to the larger light outcoupling, it can potential reach 40% EQE. However,
because of the current limitation in the material use
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concerning the EQE, the QRs are limited to 16%. As stated
above, blue QRs are very rare and so are EL devices. Our
group showed that the blue QR LEDs with CdSe/ZnxCd1−xS
with PLQY reached 39% and had an EQE of 1.5%. This is
relatively small and further research is required to improve
the overall device performance.
For the perovskite LEDs (PeLEDs), despite the promising results in terms of EQE and brightness, the operational stability of PeLEDs is a big issue. Several factors
contribute to the fast degradation of the PeLEDs devices.
The low stability of perovskite nanomaterial is primarily
responsible for the degradation. While a proper encapsulation can suppress the degradation due to the ambient
environment, but the intrinsic electrochemical instability
of the perovskite and ion migration in the electric field are
the main challenges that still need to be solved [206, 207].
The contribution of each process strongly depends on NPs
chemical composition, charge balance, and device
conﬁguration. Many of them, such as ion migration across
the interface, interfacial, and anode electrochemical reactions, are irreversible. Moreover, these processes are not
independent, viz. ion migration is a driving force for the
electrochemical and interfacial reactions [207]. Thus, systematic studies are required to understand the degradation
mechanisms for these LEDs and elaborate a stable enough
PeLEDs.

4 Conclusions
The display industry urgently needs blue photoluminescence nanomaterials emitting in the range of 460–
475 nm. An emission wavelength shorter than 460 nm is a
serious health hazard and affects human ocular health and
circadian rhythm. Whereas emission wavelength longer
than 475 nm sacriﬁces the color saturation and results in
poor color gamut for the display image quality. Thus, the
display industry urgently needs blue PL material emitting in
the range of 460–470 nm having high PLQY, small FWHM,
and stability. Therefore, the research ﬁeld is very active and
more than 100 papers are published in the last ﬁve-years,
and numbers are increasing rapidly. In this review, we have
tried to summarize some of the important work.
Currently, from point of view of high brightness, stability,
and device integration, the blue-emitting quantum dots are
still in the developmental cradle. AIIBVI-based quantum dots,
speciﬁcally alloyed core–shell ZnxCd1−xS/ZnS, are already
close to their theoretical limits for PLQY and EQE in LED
devices. The narrow bandwidth and relatively high stability
has enabled the successful application of these materials in
displays with QDLED, QDCF and QDEF conﬁgurations. Well-
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developed synthesis methods allow chemists to tune the
emission wavelength in the UV-blue spectral range. Longer
blue wavelengths (460–475 nm) can be achieved by introducing Se into the emitting core. In general, the fabrication of
efﬁcient and stable blue-emitting QDLEDs is vital for further
application of white QDLEDs in both backlighting and general lighting. The most promising Cd-less alternative for these
materials is InP core-based nanoparticles. The latest reports
show their high level of performance. However, there is a
serious problem in the synthesis of InP quantum dots emitting in less than 475 nm blue range. Moreover, compared to
the Cd-containing AIIBVI QDs, InP QDs are characterized by a
lower level of stability and broader linewidth. These approaches require further optimization for their successful
introduction into the highly competitive quantum dots
display market.
Although the photoluminescence efficiency of blueemitting perovskite nanoparticles CsPbClxBr3−x NPs has
been lagging behind their green analog equivalent for a
long time, recent reports show some progress in this direction. Several papers were published about the blue
perovskite nanoparticle integration of these materials in a
blue LED. However, in the current condition, the low stability of these materials originated from their ionic nature
and water/oxygen sensitivity restricts their application in
displays. Besides this, the presence of Pb in the perovskite
material raises a similar concern in terms of the application
of Cd-based containing quantum dots in consumer products. RoHS has restricted the concentration of Cd and Pb in
consumer products to 100 and 1000 ppm respectively. The
toxicity of Cd and Pb is a long-term concern, therefore the
European Union is frequently monitoring and regulating
the concentration of Cd and Pb in consumer products.
From a market point of view, one has to ﬁnd an alternative
that is more environmentally friendly while offering the
same optical quality as Cd-based or Pb-based nanomaterials. Emerging luminescent materials such as carbon
quantum dots show some potential to match the performance of Cd-based quantum dots in terms of brightness,
color-saturation, PL wavelength tunning and FWHM.
However, as it is a very new technology, currently it is
difﬁcult to predict all of the obstructions related to their
integration in display devices. In particular, the stability,
PLQY and mass production capabilities of blue-emitting
carbon nanoparticles still requires thorough studying.
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