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Abstract
Quantum dots (QDs) are gaining widespread attention for their applications as light-emitting diodes (LEDs) owing to their 
ease of solution processing and high color purity. Furthermore, current QD light-emitting diodes (QLEDs) exhibit high 
electroluminescence performance and lifetime comparable to those of organic LEDs. However, some challenges remain in 
the commercialization of QLEDs for next-generation displays. One key issue is that blue QLEDs exhibit lower efficiency 
and lifetimes compared to red and green QLEDs, which is attributed to a deep valence band and wide bandgap. In this study, 
we discuss recent developments that aim to enhance the efficiency of blue QLEDs and explore the challenges that must be 
addressed for their commercialization.

Keywords Quantum dot light-emitting diodes · Blue quantum dots · Electroluminescence · Device structures · Degradation 
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Introduction

Quantum dots (QDs) have garnered significant attention 
and have been applied in various optoelectronic fields, such 
as light-emitting diodes (LEDs), photovoltaics, and lasers, 
owing to their narrow full width at half maximum (FWHM), 
high photoluminescence quantum yield (PLQY), and ease of 
synthesis into precise and uniform sizes through hot injec-
tion [1–8]. Particularly, QDs can easily control the emitted 
color by adjusting the core size, making them an ideal choice 
for LEDs that require a combination of red, green, and blue 
to achieve full color [9–13].

Early work on QLEDs, reported by Coe et al. in 2002, 
showed an external quantum efficiency (EQE) of only 
around 1%. However, substantial progress has been made 
in improving the efficiency of QLEDs through various 
approaches, including QD engineering methods, such as 
the introduction of intermediate shells into QDs [14], the 

use of giant shells [15, 16], and methods to improve charge 
injection, such as aligning the energy level of the charge-
transfer layer to facilitate smooth charge injection into QDs 
[17, 18], and interlayer insertion methods [17, 19]. In 2013, 
Yang et al. reported on red QLEDs with an EQE exceeding 
20%, and demonstrated the potential for QLEDs to outper-
form organic LEDs (OLEDs) in terms of efficiency [20, 21]. 
In addition, unlike OLEDs, which are typically fabricated 
using a thermal evaporator, QLEDs offer a cost advantage by 
being fabricated through an all-solution process. Therefore, 
QLEDs are considered as next-generation display poised 
to replace OLEDs, which suffer from cost disadvantages 
[22–27]. To date, the highest reported EQEs of red and green 
QLEDs were 33.1% [28] and 28.7% [29], respectively, and 
the half lifetime at 100 cd  m−2 (T50) were over 100,000,000 
and 1,000,000 h, respectively, exhibiting excellent efficiency 
and lifetime sufficient for commercialization [30, 31].

Despite these advancements, there are still some points 
that require improvements to facilitate the commercializa-
tion of QLEDs. Specifically, improving the performance of 
blue QLEDs is crucial, as they currently exhibit lower effi-
ciency and shorter lifetimes than red and green QLEDs. In 
2018, Wang et al. reported a deep blue QLED with an EQE 
of 18.0% and a peak electroluminescence (EL) spectrum 
of 445 nm obtained by introducing a  CdxZn1−xS intermedi-
ate shell into a ZnCdS core [32]. In addition, Wang et al. 
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reported a CdSe/ZnS blue QLED with an EQE of 19.8% 
by introducing a thick ZnS shell and substituting zinc oxide 
(ZnO), which was previously used as an electron-transport 
layer (ETL) with a smaller size [33]. Despite significant 
advancements in achieving a maximum EQE close to 20%, 
the T50 of the aforementioned devices (both at 47.4 h) were 
considerably shorter than those of the red and green QLEDs. 
In 2023, Chen et al. reported a ZnCdSe/ZnSeS/ZnCdS/ZnS 
blue QLED with an EQE of 20.4% and a  T50 of 80,377 h, 
which was the highest efficiency among Cd-based blue 
QLEDs reported thus far [34]. However, its lifetime still 
being considerably shorter than that of previous red and 
green QLEDs (100,000,000 and 1,000,000 h, respectively) 
with a difference of two orders of magnitude, even though it 
employs toxic-material, Cd-based QDs. Therefore, further 
improvement of blue QLEDs is an essential part of making 
QLEDs commercially viable as a replacement for OLEDs. 
In particular, the lifetime of QLEDs must be significantly 
enhanced to meet more than the minimum lifetime of 30,000 
h required for commercialization [35].

The reasons for the lower efficiency and shorter lifetime 
of blue QLEDs compared to those of red and green QLEDs 
are as follows: (i) A wide bandgap is essential to emit light 
with short wavelengths (< 495 nm). (ii) Deep valence band 
(VB) maximum makes it difficult to inject holes. (iii) The 
difficulty in synthesizing uniform sizes of QDs arises from 
the small-core size of blue QDs (as in the case of CdSe blue 
QD, < 2 nm) [36–38]. To address these issues, substantial 

improvements are required in various aspects, such as mate-
rial, structure, and interface engineering of QDs and LED 
devices. This review summarizes the advancements in mate-
rials and device engineering for blue QLEDs and analyze the 
degradation mechanisms that enhance the lifetime of blue 
QLEDs.

Progress in Materials of Blue‑Emitting QDs

Material Physics of QDs

As shown in Fig. 1a, QDs are composed of three parts: (i) 
Core that emits light with a wavelength corresponding to 
the bandgap, (ii) shell that wraps around and protects the 
core, (iii) ligand that facilitates the dispersion of QDs in 
organic solvents and protects QDs. The core plays a central 
role in emitting light in the LED, but when it is solely com-
posed of the core, it responds very sensitively to factors, 
such as surface defects and humidity, resulting in a short 
lifetime of only a few seconds [39, 40]. To address this issue, 
a shell was introduced, which surrounded the core to prevent 
the core from being degraded by external conditions and 
to ensure stable operation, as well as to passivate defects 
and dangling bonds on the core surface [30, 37]. Ligands 
provide the necessary colloidal stability and solution pro-
cessibility for QDs, while also passivating surface defects 
[25, 37]. These QDs exhibit size-dependent color emission 

Fig. 1  Characteristics of 
quantum dot (QD). a Schematic 
showing the shape of QD. b QD 
solutions with different core 
sizes. Reproduced with permis-
sion [13]. Copyright 2023, 
American Chemical Society. 
c Representative QD’s core 
materials and their emission 
spectrum
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owing to the quantum confinement effect. When the core 
size becomes smaller than the inherent exciton Bohr radius, 
the bandgap of the material becomes inversely proportional 
to its size [41]. In other words, QDs made of the same mate-
rial can emit different colors of light depending on the core 
size. Schematic of QD, different core size QDs, and their 
applications in QLEDs are shown in Fig. 1b [13]. There is a 
limit to the spectral range that a material can have owing to 
its intrinsic exciton Bohr radius. A schematic of the spectral 
range of a material is shown in Fig. 1c [42].

Components of the Blue QD Core

Figure 2a shows the emission wavelengths and energy band 
diagrams of the red, green, and blue QDs. As mentioned 
above, QDs emit light of wavelengths inversely proportional 
to their size owing to the quantum confinement effect. Blue 
QDs, which require shorter wavelengths than red and green 
QDs, have smaller core sizes, wider optical bandgaps, and 
deeper VBs. These factors not only make it difficult for holes 
to be injected into the emission layer in blue QLEDs, but 
also have adverse effects on efficiency, such as quenching 
and PLQY [51, 52]. In addition, during the synthesis of 
QDs, the growth kinetics of nucleation, reaction time, and 
use of multiple ligands, as well as the additional injection of 
precursors, need to be adjusted with complexity and preci-
sion [37]. However, as shown in Fig. 2b and c, the core size 
of blue QDs is much smaller than those of red and green 
QDs, making it difficult to obtain them under conventional 
reaction conditions and challenging to synthesize uniform 
QDs, leading to instability. For these reasons, blue QLEDs 
show much lower performance compared to red and green 

QLEDs, and extensive research is ongoing to improve their 
performance. Therefore, careful selection and modification 
of materials that constitute QDs is essential.

Cd‑Based Blue‑Emitting QD

Cd-based QDs have several favorable characteristics, includ-
ing a proper direct bandgap of 1.73 eV, abundant precur-
sor choices, and controllable size with uniform nanoscale 
dimensions [26, 53]. In addition, Cd-based red and green 
QDs exhibit excellent PL properties, such as a PLQY close 
to 100%, narrow FWHM, and remarkable stabilities [25, 
54]. Based on these advantages, Cd-based red and green 
QLEDs reported very high efficiencies of 20.5% and 12.6%, 
respectively, in 2014 [14, 19]. Therefore, several researchers 
have selected Cd-based QDs as materials for blue QLEDs.

In the early stages, Cd-based blue QLEDs exhibited a 
very low efficiency, with a PLQY of approximately 50% 
and an EQE of approximately 0.3% [57, 58]. In 2014, Shen 
et al. synthesized high-quality violet–blue QDs with a high 
PLQY of approximately 100% by adjusting the Zn content 
of  ZnxCd1−xS/ZnS core/shell QDs and utilizing a high-tem-
perature shell growth method (Fig. 3a, b) [55]. This method 
promotes the rapid growth of shells and facilitates the dif-
fusion of S and Zn atoms into the  ZnxCd1−xS core regions, 
resulting in the restoration of the surface of the  ZnxCd1−xS 
cores and the formation of consecutive changes in lattice 
parameters with  ZnxCd1−xS buffer layers, thus avoiding 
stress defects. The QLEDs using  ZnxCd1−xS/ZnS core/shell 
QDs also exhibited a high EQE of 3.8%. In 2015, Shen et al. 
replaced the oleic acid surface ligand of QDs with 1-octa-
nethiol, consequently reducing the center-to-center distance 

Fig. 2  a Energy level diagram 
of red, green, and blue CdZnSe 
QD; [43] red, green, and blue 
InP QD; [44–46] and blue ZnSe 
and ZnTeSe QD [47, 48], b 
bandgap of QDs as a function 
of diameter. Reproduced with 
permission [49]. Copyright 
2023, Wiley–VCH. c TEM 
image of CdSe/ZnS core/shell 
QDs with various peak emission 
wavelengths (left: 630 nm, red; 
middle: 520 nm, green; right: 
450 nm, blue). Reproduced 
with permission [50]. Copyright 
2015, Optica Publishing Group
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between the QDs and increasing the electron mobility by 
nearly twofold (Fig. 3c,d,e) [56]. This enhancement resulted 
in improving the charge injection properties of the deep blue 
ZnCdS QDs, resulting in QLEDs with a maximum EQE of 
12.2%.

However, the lifetime of Cd-based blue QLEDs remains 
limited to only several hours to tens of hours, indicating 
the need for improvement. In 2015, Yang et al. improved 
the charge injection and suppressed non-radiative Auger 
recombination by thinning the ZnS outer shell of  ZnxCd1−xS 
QDs, thereby enhancing the lifetime of QLEDs [21]. QLEDs 
exhibited a high EQE of 10.7% and enhanced  T50 of 1000 h. 
In 2020, Pu replaced the carboxylate and cadmium carboxy-
late ligands of CdSeS/ZnSeS/ZnS QDs with electrochemi-
cally inert fatty amine ligands  (RNH2), bridging the PL–EL 
gap. This resulted in an enhancement in the performance of 
blue QLEDs, achieving an EQE of 8.05%, a high luminance 
of 62,600 cd  m−2, and a T50 of 10,000 h [59].

Despite these improvements, Cd-based blue QDs still 
exhibited a significantly shorter lifetime than red and 
green QLEDs owing to challenges, such as difficulties in 
synthesizing uniform QDs caused by their small particle 
size, and the sensitivity of exciton traps resulting from 
the wide bandgap, leading to non-radiative recombina-
tion [60]. In 2023, Chen et al. enlarged the core size and 
introduced an intermediate shell to ensure that the QDs 
had non-monotonically graded energy levels, reducing 
surface-bulk coupling and tuning the emission wavelength 
without compromising charge injection (Fig. 3f) [34]. The 
large-core ZnCdSe/ZnSeS/ZnCdS/ZnS blue QDs exhibited 
a high PLQY (approximately 95%) and deep blue peak 
emission at 465 nm (Fig. 3g, h). The corresponding QLED 
achieved a maximum EQE of 20.4% and a  T50 of 80 377 
h, demonstrating that Cd-based blue QLEDs possess suf-
ficient lifetime and efficiency to enter the commercializa-
tion stage.

Fig. 3  a The synthetic procedure of  ZnxCd1−xS/ZnS core/shell QDs 
and its PLQY and normalized PL spectra with different x. b TEM 
image of  Zn0.25Cd0.75S core/shell QDs with various shell growth 
times (0–90 min). Reproduced with permission. [55] Copyright 
2014,Wiley–VCH. c Absorption and PL spectra of ZnCdS/ZnS QDs 
and d dynamic light scattering spectra of ZnCdS/ZnS QDs with oleic 

acid and 1-octanethiol ligands. e TEM image of ZnCdS/ZnS QDs. 
Reproduced with permission. [56] Copyright 2015, American Chem-
istry Society. f Core/shell/shell structures and g schematic diagram 
of the conduction band minimum of QDs. h TEM image of Q1–Q4 
QDs. Reproduced with permission. [34] Copyright 2020, Nature Pub-
lishing Group



Recent Progress on Blue Quantum Dot Light-Emitting Diodes from Materials to Device Engineering  

Cd‑Free Blue‑Emitting QDs

As mentioned above, Cd-based blue QLEDs have achieved 
high efficiency with EQE exceeding 20% and reported 
lifetimes exceeding 80,000 h. This result signifies that the 
performance of the blue QDs reaches the level of OLEDs. 
However, owing to the restriction of hazardous substances 
regulation, the inherent toxicity of heavy-metal QDs, includ-
ing Cd, limits their commercialization. Therefore, several 
materials are being studied to replace them. Among potential 
candidates, InP-QDs, which have been used to replace Cd-
based QDs in red and green QLEDs, have been researched 
[61].

In 2017, Shen et al. synthesized InP/ZnS small-core/thick-
shell tetrahedral-shaped QDs that exhibited a high PLQY of 
76.1% and a long PL lifetime of over 1000 h. However, blue 
InP QLEDs utilizing these QDs achieved a maximum lumi-
nance of 90 cd  m−2 [65]. In 2020, Zhang et al. addressed 
the lattice mismatch between the core and shell of InP/GaP/
ZnS QDs by introducing GaP as the inner shell (Fig. 4a, b). 
In addition, they optimized the thickness of the ZnS outer 
shell to balance charge injection. Based on this, QD shows 
a PLQY of 81% and the QLEDs exhibited an EQE of 1.01% 
and a maximum luminance of 3120 cd  m−2, which is the 
highest reported luminance among blue InP QLEDs, thus far 
[62]. In 2020, Zhang utilized zinc oleate and S-TOP precur-
sors to epitaxially grow a second ZnS shell (Fig. 4c), reduc-
ing surface defects and improving the PLQY (18% to 45%) 
and PL lifetime (36.2 ns to 45.1 ns) of the QDs (Fig. 4d). 
The QLEDs exhibited a maximum EQE of approximately 
1.7%, marking a threefold improvement compared to the 
previous value of 0.6% [61]. In addition, in 2020, Kim et al. 
used the aminophosphine precursor P(DMA)3 to synthesize 
InP-QDs by adjusting the reaction times and sequentially 
surface-passivating them with ZnSeS inner and ZnS outer 
shells, resulting in InGaP QDs exhibiting a deep blue PL at 
465 nm and a PLQY of 80% (Fig. 4e, f). In addition, QLEDs 
using InGaP QDs exhibited an EQE of 2.5% and a maximum 
luminance of 1038 cd  m−2 [63].

Despite these efforts, the performance of blue InP QLEDs 
remains poor, with a maximum EQE of approximately 2.8%. 
This could be attributed to various challenges, such as the 
difficulty in controlling the synthesis of small InP cores (< 3 
nm) and the epitaxial growth of shells. Moreover, the emit-
ted colors range from azure to sky blue, indicating a poor 
color quality [66, 67]. In contrast to InP-QDs, ZnSe-based 
QDs are gaining attention as emerging blue QD materials, 
offering eco-friendliness, larger core sizes than Cd-based 
and InP QDs, and inherent proficiency in emitting blue light 
with a narrow FWHM [68].

In 2012, research on ZnSe-blue QLEDs exhibited low 
efficiencies, with EQEs of approximately 1% and a maxi-
mum luminance of 1000 cd  m−2, owing to issues such as 

the large bandgap (approximately 2.7 eV) and deep VB of 
ZnSe [69, 70]. In 2015, Wang et al. synthesized ZnSe/ZnS 
core/shell QDs by introducing low-temperature nucleation 
and high-temperature shell growth methods, which effec-
tively passivated surface defects. In addition, they utilized 
octanethiol stock solution as the S-precursor instead of 
S-ODE (1-octadecene), resulting in the synthesis of high-
quality and stable QDs with a PLQY of over 80% [71]. 
QLEDs utilizing these QDs exhibited a maximum lumi-
nance of 2632 cd  m−2 and EQE of 7.83%. In 2021, Gao 
et al. synthesized ZnSe/ZnS core/shell QDs with bulk-like 
size ZnSe cores and thin ZnS shells, resulting in a minor 
bandgap distribution, near-unity PLQY (approximately 
95%), and long PL lifetime characteristics (Fig. 4g, h). 
QLEDs utilizing these QDs also exhibited a high EQE of 
12.2% and  T50 of approximately 237 h [64].

However, ZnSe QDs face challenges owing to their wide 
bandgap, leading to emission peaks primarily concentrated 
in the blue–violet region and difficulty in effectively pas-
sivating the surface on excessively large cores [66, 72]. To 
address this issue, a new method was introduced to effec-
tively adjust the bandgap by synthesizing ternary ZnTeSe 
QDs by alloying ZnSe with ZnTe, which has a relatively 
narrow bandgap (2.25 eV) [66].

In the early stages, ZnTeSe QDs faced challenges, 
including lattice defects owing to the different ion radius 
of Te and Se, as well as a broad emission spectrum stem-
ming from non-uniform Te distribution, resulting in a low 
PLQY (< 30%) and broad FWHM (> 75 nm). [30, 72, 
73]. In 2019, Jang et al. synthesized ZnSeTe/ZnSe/ZnS 
QDs with a PLQY of 70% and a narrow FWHM of 32 
nm by optimizing the Te/Se ratio and ZnSe inner shell 
thickness. (Fig. 5a, b, c) [73]. In 2020, Kim et al. intro-
duced HF and  ZnCl2 additives, where HF facilitates the 
separation of ligands through protonation and effectively 
etched away the surface oxidation states, whereas  ZnCl2 
is found to control the growth direction of the initial ZnSe 
shell (Fig. 5d) [74]. Using these methods, the improved 
ZnTeSe QDs achieved a high-quality PLQY of approxi-
mately 100% (Fig. 5e), whereas the ZnTeSe-QLEDs dem-
onstrated an impressive EQE exceeding 20%, an EL peak 
wavelength of 460 nm, a maximum luminance of 88,900 
cd  m−2, and a record-breaking T50 at 100 cd  m−2, reaching 
15,850 h. In 2022, Lee et al. synthesized high-quality QDs 
with a maximum PLQY of 96% and demonstrated a high 
EQE of 18.6% in the resulting QLED by modulating the 
thicknesses of the ZnSe inner and ZnS outer shells and 
the Te/Se composition ratio in the ZnSeTe core (Fig. 5f, 
g, h) [75]. As such, ZnTeSe QLEDs exhibited long life-
times of over 10,000 h and high efficiencies of over 20%, 
demonstrating that ZnTeSe QDs are potential candidates to 
replace Cd-based blue QDs in the next generation.
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Fig. 4  a Synthesis process and energy band diagram of thick-shell 
InP/Gap/ZnS blue QDs and their corresponding HRTEM images. b 
PL and absorption characteristics of InP/Gap/ZnS blue QD as a func-
tion of ZnS shell thickness. Reproduced with permission. [62] Copy-
right 2020, American Chemistry Society. c Schematic of the synthe-
sis process for thick-shell InP/ZnS/ZnS QDs and their corresponding 
HRTEM images. (Top: InP/ZnS, Bottom: InP/ZnS/ZnS), d Time-
resolved PL decay traces of InP/ZnS and InP/ZnS/ZnS films. Repro-
duced with permission. [61] Copyright 2020, Wiley–VCH. e Sche-
matic illustration of cation exchange-based InGaP/ZnSeS/ZnS QD 

and TEM image of Ga = 1.35 mmol-based InGaP/ZnSeS/ZnS QDs. f 
PL peak wavelength and PLQY of InGaP/ZnSeS/ZnS QDs depend-
ing on  GaI3 amount. Reproduced with permission. [63] Copyright 
2020, American Chemistry Society. g Schematic of the controlled 
synthesis of two types of QDs, traditional ZnSe/ZnS QDs (T-QD) and 
bulk-like ZnSe/ZnS QDs (B-QD) and TEM image of B-QD. h Emis-
sion peak wavelength of B-QDs as a function of ZnS shell thickness. 
Inset: Emission peak wavelength of ZnSe QDs as a function of core 
size [64]. Reproduced with permission.  Copyright 2021, American 
Chemistry Society
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Device Engineering

Figure 6a shows that the blue QDs have significantly broader 
bandgap than the green and red QDs. In addition, high-per-
formance blue QLEDs often utilize blue QDs with thicker 
shells, which further extends the bandgap and complicates 
the charge injection process. Consequently, the deeper VB 
level inherent in blue QDs leads to a substantial barrier to 
hole injection at the HTL/QD interface while simultane-
ously presenting a negligible barrier to electron injection. 
This disparity culminates in a marked imbalance in charge 
injection, contributing to an increased QD charging and 
turn-on voltage for blue QLEDs [76]. To improve this, the 
HTL requires a deeper highest occupied molecular orbital 
(HOMO) level than that typically utilized in red and green 
QLEDs, paired with a strategy to mitigate the overabun-
dance of electron injection in the ETL. To address this chal-
lenge of charge injection imbalance, materials that exhibit 
properties that foster a more equitable charge injection 

dynamics are required. Moreover, in the ETL, the materi-
als must be selected to restrain excess electron injection. 
Potential candidates for overcoming this issue are shown in 
Fig. 6b. To fabricate efficient blue QLEDs, it is imperative 
to fine tune these candidates to harmonize them with the 
specific requirements of blue QDs.

Facilitating Hole Injection

The primary cause of the charge imbalance in blue QLEDs 
is the deep VB of the blue QDs. Consequently, numerous 
studies have been conducted on the development of HTLs 
with deeper HOMO levels. In 2012, Xiang et al. replaced 
the poly(4-butylphenyl-diphenyl-amine) (poly-TPD) 
with poly(9-vinylcarbazole) (PVK) to reduce the hole injec-
tion barrier of blue QD’s VB (6.6 eV) from 1.4 to 0.8 eV 
[70]. This modification resulted in improved turn-on volt-
age (from 4.4 to 3.5 V) and EQE (from 0.3 to 0.65%). In 
2010, Ho et al. compared the potential of various organic 

Fig. 5  a Normalized PL spectra and PLQY of ZnTeSe/ZnSe/ZnS 
QDs based on Te/Se molar ratio. b Dimensional information of 
double-shelled ZnSeTe/thin- or thick-ZnSe/ZnS QDs. c PL spec-
tra of ZnSeTe/ZnSe/ZnS QD with different inner shell thicknesses. 
Reproduced with permission [73]. Copyright 2019, American Chemi-
cal Society. d Schematic of synthesis of ZnTeSe, ZnTeSe/ZnSe, and 
ZnTeSe/ZnSe/ZnS QDs. e Absorption and PL spectra of QDs. Inset: 

Photograph taken under illumination  at 365 nm. Reproduced with 
permission [74]. Copyright 2020, Nature Publishing Group. f TEM 
images and dimensional information of ZnSeTe/thin-, medium-, and 
thick-ZnSe/ZnS QDs, g PL characteristics of ZnSeTe/medium-ZnSe/
ZnS QD with different Te/Se molar ratios, and h) ZnSe shell thick-
ness. Reproduced with permission [75]. Copyright 2022, Elsevier
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polymers and small molecules as hole transporting materials 
(HTMs), summarized in Table 1, which reveal that among 
polymers, PVK exhibits the deepest HOMO level, leading 
to the highest luminance and current efficiency [77]. How-
ever, its low hole mobility contributed to a problematic high 
turn-on voltage (6.5 V). Despite their high hole mobility 

and deep HOMO levels, small molecules like (N,N′-bis(3-
methylphenyl)-N,N′-diphenylbenzidine (TPD), tris(4-carba-
zoyl-9-ylphenyl)amin (TCTA), or 4,4′-Bis(N-carbazolyl)-
1,1′-biphenyl (CBP)) are unsuitable for QLED applications 
owing to their low packing density when in thin film. To 
decrease PVK’s turn-on voltage, high-mobility small mol-
ecules (TCTA, CBP, or TPD) were added to improve hole 
mobility. Notably, TCTA, with a relatively high glass tran-
sition temperature  (Tg) of approximately 151 °C, did not 
crystallize like the other materials and effectively enhanced 
the EL performance of the QLEDs, achieving a lower turn-
on voltage (5 V), higher current efficiency (14 cd  A−1), and 
increased luminance (44,000 cd  m−2). These results indicate 
that HTLs must possess high hole mobility and deep HOMO 
levels.

As shown in Table 1, finding a material that simultane-
ously possesses a high hole mobility and a deep HOMO 
level is challenging. To address this issue, in 2015, Lin et al. 
utilized a PVK/Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-

Fig. 6  a Strategic design and operation mechanism of a QLED with 
blue QDs. The diagram illustrates the strategy of aligning the energy 
levels of the ETL and hole transport layer (HTL) with those of blue 
QDs’ energy levels to ensure efficient charge injection and transport. 

b Energy band diagram depicting typical configuration of QLEDs. 
This diagram includes commercial materials commonly used in the 
construction of QLEDs, highlighting the relative energy levels of 
QDs. Reproduced with permission [49]. Copyright 2023, Wiley–VCH

Table 1  Comparison of HTMs for blue QLED applications

HTMs HOMO [eV] LUMO [eV] Hole 
mobilities  [cm2 
 V−1  s−1]

References

PVK 5.8 2.2 2.5 ×  106 [78]
Poly-TPD 5.2 2.3 1.0 ×  104 [79]
TPD 5.5 2.3 1.1 ×  103 [78, 80]
TCTA 5.7 2.4 2.0 ×  105 [78, 80]
CBP 6.0 2.9 1.0 ×  103 [80, 81]
TFB 5.4 2.3 2.0 ×  10−3 [82]
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(N-(4-s-butylphenyl)diphenylamine)] (TFB) mixture with 
high hole mobility and recorded an EQE of 7.39% and a 
maximum luminance of 2856 cd  m−2 [84]. They demon-
strated that a specific ratio of TFB and PVK could enhance 
turn-on voltage, luminance, and efficiency. In 2016, Wang 
et al. constructed a blue QLED using TFB as the HTL and 
mixed QDs with PVK, reaching an EQE of 8.76% and a 
maximum luminance of 13,800 cd  m−2 [85]. The mixed 
QD layer acted as a donor to the TFB and PVK, improv-
ing exciton energy transfer from the organic host to the 
QDs. In 2022, Cheng et al. doped TFB with PVK, leading 
to increased hole mobility and a slight downward shift in 
the HOMO level, which was attributed to the increased π–π 
stacking intensity, leading to enhanced hole injection [86]. 
However, using HTL bilayer is challenging owing to the dif-
ficulty of depositing HTL without compromising the integ-
rity of the underlying layer. Chen et al. used chlorobenzene 

(CB) as a solvent and optimized the single and bilayer (PVK/
TFB) HTLs to a suitable thickness, achieving a high EQE 
of 5.9% and a low turn-on voltage of 2.6 V [87]. Liu Yu 
et al. used a bilayer HTL of solution-processed PVK(1,4-
dioxane)/TFB(p-Xy) in an inverted structure, reducing the 
turn-on voltage to 4.1 V and achieving a luminous efficiency 
of 5.99% [88]. Both studies demonstrated that a bilayer 
HTL can improve the hole injection, block electron over-
flow, and suppress exciton quenching, leading to enhanced 
device performance. Although the bilayer is a good strategy 
for improving hole injection, proper solvent selection for 
PVK is still a major challenge for the TFB/PVK bilayer to 
ensure that the integrity of the underlying TFB layer is not 
compromised during PVK deposition. In 2021, Chen et al. 
compared the PVK layers stacked on TFB using various sol-
vents (Fig. 7a) [82]. DMF was found to be the most suitable 
orthogonal solvent for TFB(CB), according to the PL spectra 

Fig. 7  a Energy band diagram for QLEDs incorporating dual-func-
tion HTLs (D-HTLs). b Current efficiency and EQE of QLEDs with 
various HTL. c Current efficiency and EQE of QLEDs with various 
HTL. Reproduced with permission [82]. Copyright 2021,  Elsevier. 
d Energy band diagram of QLEDs with TFB and Li-doped PVK as 
HTL. e L-V characteristic and f EQE of QLEDs using single and 
bilayer HTLs. Reproduced with permission [83]. Copyright 2020, 

Elsevier g Schematic illustration of damage to the hole-transport layer 
(HTL) caused by the carrier accumulation without and with a tran-
sition layer. h The current density–luminance–voltage characteristics 
and i external quantum efficiency (EQE) as a function of voltage for 
the QLEDs without and with PBO. Reproduced with permission. [44] 
Copyright 2024, Nature Publishing Group
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and AFM analysis. The optimized blue QLED using TFB/
PVK(DMF) exhibited a low turn-on voltage similar to that 
of TFB alone and demonstrated maximum CE and EQE of 
8.64 cd  A−1 and 13.7%, respectively, as shown in Fig. 7b, c. 
This finding is attributable to the improved charge balance, 
as is evident from the HOD comparison. In 2020, Zheng 
et al. aimed to improve hole injection more by doping HTLs 
and introducing a TFB/Li-PVK bilayer as the HTL (Fig. 7d) 
[83]. Consequently, they recorded a maximum luminance 
of 5829 cd  m−2 and maximum EQE of 5.37% (Fig. 7e, f).

Unbalanced carrier injection is critical in degrading the 
performance of blue QLEDs. However, traditional methods 
for improving hole injection, such as using HTLs with a 
lower HOMO level, have limitations owing to the energy 
level alignment and potential device degradation. Therefore, 
effective strategies that involve the introduction of additional 
layers, such as  MoO3 or an anti-oxidation layer, to enhance 
hole injection and transport, leading to balancing carrier 
injection, are also being pursued for efficient blue QLEDs. In 
2021, Tan et al. introduced an ultrathin  MoO3 electro-dipole 
layer between the hole injection layer and HTL, creating a 
built-in electric field with forward dipoles that strengthens 
hole injection and facilitates carrier balance. [44] How-
ever, the p-doping effect of  MoO3 leads to increased car-
rier concentration and reduced trap density at the interface 
HTL, enhancing the effective hole mobility. Consequently, 
the maximum external quantum efficiency of the blue InP 
QLED increased from 1.0 to 2.1%. In 2024, Zhang, Wen-
jing, et al. suggested the incorporation of an anti-oxidation 
layer poly(p-phenylene benzobisoxazole) (PBO) between 
interfaces to harvest some holes from the HTL (Fig. 7g), 
mitigating oxidation-induced device degradation and ena-
bling a  T50 of over 41,000 h at an initial luminance of 100 cd 
 m−2 for pure blue devices [89]. Moreover, the inserted tran-
sition layer facilitated hole injection and reduced electron 
leakage. This improvement in charge balance subsequently 
contributed to a brightness in QLEDs with PBO that is about 
2.6-fold that of the device without PBO under the same cur-
rent density (Fig. 7h). These factors combined contributed 
to an enhanced external quantum efficiency (EQE) of 23% 
(Fig. 7 i).

In summary, the deep VB of blue QDs creates a signifi-
cant injection barrier that hinders hole transport, making 
charge-transfer balancing a challenging task in the develop-
ment of blue QLEDs. High hole mobility and deep HOMO 
levels are required in the HTL to improve hole injection. 
A comparison of various HTMs revealed that TFB exhib-
ited low turn-on voltages and high luminance, but low 
EQE, whereas PVK exhibited high efficiency, but lower 
maximum luminance and high turn-on voltage. Therefore, 
combining these HTMs results in high efficiency, low turn-
on, and high luminance. Doping HTMs has proven to be 
an effective approach. Traditional methods of hole injection 

improvement face limitations owing to energy level align-
ment and potential device degradation. Thus, effective strat-
egies such as introducing additional layers of  MoO3 or an 
anti-oxidation layer to strengthen hole injection and trans-
port are feasible approaches to balance carrier injection for 
efficient blue InP QLEDs.

Suppressing Excess Electrons

The wide bandgap of blue QDs limits the achievement of 
charge balance by merely increasing hole injection. Con-
sidering the ETL side, suppressing excess electrons while 
enhancing hole injection can lead to superior charge injec-
tion balance. In the initial stages of QLED research, ETL 
materials typically comprised organic substances, such as 
 Alq3, TPBi, BPhen, TNF, and rare earth complexes [93, 
94]. However, the low electron mobility of these organic 
molecules  (10−6–10−4  cm2  V−1  s−1) caused an imbalance 
between holes and electrons, reducing the device efficiency. 
Consequently, attention shifted toward metal oxides, such 
as ZnO,  TiO2, and  SnO2, which exhibited higher electron 
mobilities [95]. In 2009, Cho et al. used  TiO2 with high 
electron mobility (1.7 ×  10−4  cm2  V−1  s−1) to effectively 
inject electrons and holes from the electrodes to the QD 
layer, improving the device through a small energy barrier 
of just 0.4 eV. In 2011, Lei et al. fabricated a significantly 
improved blue QLED using high electron mobility ZnO nan-
oparticles (NPs), achieving maximum luminance and power 
efficiency of 4200 cd  m−2 and 0.17 l m  W−1, respectively 
[58]. In 2013, Mashford et al. controlled the distance of the 
recombination region within the QD film at the QD/ZnO 
interface, reaching a current efficiency of 19 cd  A−1 and an 
EQE close to the theoretical peak of 20% at approximately 
18% [96]. In 2017, Wang et al. investigated various sizes of 
ZnO NPs and found that blue QLEDs with smaller ZnO NPs 
exhibited superior charge balance and high efficiency, with a 
current efficiency of 14.1 cd  A−1 and an EQE of 19.8%. [33] 
However, a certain potential barrier still exists between the 
blue QD and ZnO layers, especially when compared to red 
or green. Therefore, ZnO doped with other metal elements 
(Mg, Al, and Ga) has often been used as an electron transfer 
material to modify the energy level structure and electron 
mobility of ZnO, leading to enhanced EL efficiency and sta-
bility of the device [97–100]. In 2018, Kim et al. reported 
the use of Li- and Mg-doped ZnO, MLZO, in the ETL for 
achieving high-efficiency QLEDs (Fig. 8a). [90] By compar-
ing single devices shown in Fig. 8c, d, co-doping of Mg and 
Li in ZnO broadens the bandgap and improved the electri-
cal resistivity, leading to enhanced charge balance in the 
QD EML (Fig. 8d). In addition, a decrease in the OH con-
centration on the oxide surface and a longer exciton decay 
time in the QDs on the metal oxide were observed. In the 
same year, Pan et al. used  CsN3-doped ZnO NPs as an ETL, 
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effectively reducing the excess electron flow and achieving 
a blue QLED EQE of 6.6% through charge balance [101]. 
This result was attributed to an increase in the ETL’s con-
duction band maximum of QDs (CBM) edge by 0.27 eV, 
which suppressed exciton quenching and maintained the 
excellent emission characteristics of the QDs because of the 
insulating  CsN3. In 2018, Kai et al. introduced an insulating 
polymer PVP as an electron-blocking material in the ETL 
and separated the ZnO NPs, reducing electron injection and 
achieving charge balance in the blue QLED emitting layer 
[102]. This method allowed the device to reach a maximum 
luminance of 22,800 cd  m−2 and an EQE of 2.95%.

In 2019, a simple and effective method for optimizing the 
performance of blue QLEDs was discovered that involved 
the use of hybrid charge transport layers [103]. The hybrid 
HTL composed of TCTA and TFB combined the advan-
tages of high hole mobility and a reduced hole injection 
barrier, effectively promoting hole injection efficiency. On 
the cathode side, they modify Al-doped ZnO with zirco-
nium acetylacetonate to reduce the electron transfer within 

the ETL, which suppressed the excess electron current. 
Consequently, a significant increase in the luminance and 
EQE from 18,679 to 34,874 cd  m−2 and 4.7% to 10.7%, 
respectively, was observed. In addition, the more balanced 
charges led to a reduction in QD charge, non-radiative Auger 
recombination, and leakage current to the HTLs, improving 
the operating life of the blue QLEDs by approximately 3.5 
times. In 2021, ETL doping led to a dramatic increase in 
maximum EQE and luminance to 7.3% and 9108 cd  m−2, 
respectively, by tuning the energy levels and carrier mobil-
ity in the ETL to result in more balanced charge injection, 
transport, and recombination in blue QLEDs [104].

Introducing an additional layer is also an effective method 
for improving charge injection and balance. In 2015, the pol-
yethyleneimine ethoxylated (PEIE) layer was introduced as 
EIL/ETL to bond with the colloidal ZnO NP film on the ITO 
electrode [105]. PEIE helped to reduce the work function 
of ZnO from 3.58 to 2.87 eV, facilitating electron injection 
into the QDs and maintaining charge balance in the EML. 
Consequently, the device exhibited low turn-on voltages of 

Fig. 8  Characterization and comparative analysis of ETLs in blue 
QLEDs. a Energy band diagram of ITO, ZnO, lithium-doped ZnO 
(LZO), magnesium-doped ZnO (MZO), and lithium-magnesium co-
doped ZnO (MLZO) as ETLs with a doping concentration of 10% for 
each element. Energy band diagrams of b EODs, c HODs, and d their 
J–V characteristics. Reproduced with permission. [90] Copyright 
2018, American Chemical Society. e Schematic of electron tunneling 
model at the QD/ZnO heterojunction interface. f J–V characteristics 
and g EQE of QLEDs. J–V characteristics of EOD with or without 

LiF interlayer. Reproduced with permission [91]. Copyright 2019, 
AIP publishing. i Schematic of exciton quenching (left) and restricted 
exciton quenching (right) at the QD/ZnMgO interface. j XPS oxygen 
(O 1 s) spectra of ZnMgO and ZnMgO with surface adsorbed water 
 (H2O) nanoparticles (NPs). k Capacitance–Voltage characteristic of 
blue QLEDs using ZnMgO and ZnMgO/H2O ETLs. l J–V charac-
teristics of EOD and HOD. Reproduced with permission [92]. Copy-
right 2021, Royal Society of Chemistry
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2.0–2.5V, with a maximum luminance of 8,600 cd  m−2 and a 
current efficiency of 1.53 cd  A−1. In 2017, Liao et al. reduced 
the electron-transport barrier at the interface from 0.7 to 0.4 
eV through PEIE/ZnO, and integrating PEIE into the ZnO 
layer reduced the electron injection barrier from 0.5 to 0.1 
eV [106]. These two interface modifications reduce the elec-
tron barrier and made electron transport easier, improving 
exciton recombination in the QD layer and enhancing device 
efficiency, resulting in a 1.4 times improvement to an EQE 
of 7.85%. In 2019, Chen et al. inserted a lithium fluoride 
(LiF) interlayer between the QD and ZnO layers to enhance 
the device efficiency and stability of blue QLEDs (Fig. 8e) 
[91]. The LiF interlayer facilitated electron injection into the 
QDs through electron tunneling effect and simultaneously 
suppressed exciton quenching at the QD/ZnO interface. The 
blue QLED devices exhibit a maximum EQE of 9.8% and a 
current efficiency of 7.9 cd  A−1 (Fig. 8f, g, h). In the same 
year, Li et al. used TBS-PBO as a blocking layer, which 
prevented excess electron injection and preserved the QD 
PLQY efficiency, resulting in improved charge-transfer bal-
ance [107]. TBS-PBO exhibited superior conductivity than 
the insulating blocking layers, enabling a higher level of 
current density, resulting in a blue QLED exhibiting an EQE 
of 17.4% and a maximum luminance of 4635 cd  m−2. TRPL 
measurements indicated that PL quenching was negligible 
with the TBS-PBO layer, suggesting preservation of the 
emission capability of QD emitter.

The performance of QLEDs, particularly blue QLEDs, 
is significantly affected by exciton quenching and unbal-
anced charge carriers. To address this issue, passivation of 
the ETL has also been suggested as a potential solution. 
In 2021, water was used as a passivation agent to anchor 
the interface between QDs and ZnMgO, with oxygen atoms 
filling oxygen vacancies on the ZnMgO surface through 
electrostatic interaction, reducing surface defects and ena-
bling reduced quenching by excitons formed inside the QDs 
(Fig. 8i, j) [92]. Conversely, a slight reduction in electron 
transport from ZnMgO to QDs balances the holes and elec-
trons within the QD emitting layer (Fig. 8k, l). Consequently, 
blue QLEDs manufactured with water-passivated ZnMgO 
exhibited an improved external quantum efficiency (EQE) 
of 11% at 6 V and a luminance exceeding 20,000 cd  m−2. In 
the same year, Xiangwei et al. used chlorine-passivated ZnO 
NPs as an ETL to effectively promote electron injection into 
QDs, blocking the charge-transfer channel and suppressing 
exciton quenching at the QD/ZnO interface [108]. Conse-
quently, the maximum external quantum efficiency of blue 
QLEDs increased from 2.55 to 4.60%, and the operating life 
of blue QLEDs was reported to be almost four times longer 
than that of control devices. In 2019, Tai et al. conducted 
a study to explore the potential of ZnO NPs and Al:Al2O3 
as ETL and cathode materials, respectively, for high-per-
formance QLEDs. This study investigated the effects of 

post-annealing temperature on the trap state density in ZnO 
NP and the related mechanisms [109]. By controlling the 
annealing temperature of ZnO NPs, researchers were able 
to optimize the charge injection balance and achieve tun-
able electron mobility in the ETL. The partially oxidized 
Al cathode (Al:Al2O3) contributed to the high-performance 
blue QLED with a maximum luminance of 27,753 cd  m−2 
and an EQE of 8.92%.

Further Issues in Blue QLEDs: Operational 
Lifetime

Blue QLEDs, with a lifetime of around 32,705 h, still fall 
short of commercial standards (refer to Fig. 9 [116]). As 
illustrated in Fig. 9, a comparative analysis of the lifetimes 
of blue QLEDs and blue OLEDs has been conducted. 
OLEDs demonstrate considerably longer lifetimes, and the 
 T50 at the initial luminance of 1000 cd  m−2 can be adjusted 
to  T50 of initial luminance of 100 cd  m−2 through the equa-
tion L0

n × T = constant, where acceleration factor n = 1.7 was 
applied to the equation [111]. This comparison highlights 
that, despite recent improvements, blue QLEDs still fall 
short, with their lifetimes being significantly deficient in 
comparison to blue OLEDs. Table 2 shows the summarized 
lifetimes of blue OLEDs and QLEDs.

Similar to efficiency, the relatively rapid degradation of 
blue QLEDs is primarily attributed to the energy mismatch 
between the VB of blue QDs and the HOMO level of the 
HTL. This mismatch leads to a high hole injection bar-
rier, hindering the flow of holes, resulting in severe charge 
imbalance and the formation of numerous excitons within 
the organic HTL due to excess electrons. These excitons can 
induce HTL degradation, causing Auger recombination and 
joule heating, which collectively can lead to reduced perfor-
mance and operational lifetime of the QLEDs [121–123].

Enhancing the lifetime of blue QLEDs has been 
achieved through a combination of advanced material 
and structural modifications. Initially, blue QLEDs with 
 ZnxCd1−xS/ZnS structures exhibited lifetimes ranging 
from several hours to tens of hours. Introducing a thin ZnS 
outer shell improved this to about 1000 h by enhancing 
charge injection and suppressing non-radiative recombi-
nation. Replacing traditional ligands with electrochemi-
cally inert fatty amine ligands in CdSeS/ZnSeS/ZnS QDs 
significantly bridged the photoluminescence-electro-
luminescence gap, resulting in lifetimes of 10,000 h at 
62,600 cd/m2 brightness. Enlarging core sizes and adding 
intermediate shells in large-core ZnCdSe/ZnSeS/ZnCdS/
ZnS QDs reduced surface-bulk coupling, achieving life-
times of 80,377 h. The synthesis of InP/ZnS QDs with 
optimized core/shell structures addressed lattice mis-
matches, yielding over 1000 h of lifetime. ZnTeSe QDs, 
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enhanced with HF and ZnCl2 additives, achieved life-
times of 15,850 h at 88,900 cd/m2 brightness by improv-
ing ligand separation and shell growth direction. In addi-
tion, alloying ZnSe with ZnTe to create ZnSeTe/ZnSe/ZnS 
QDs effectively adjusted the bandgap, leading to lifetimes 
exceeding 10,000 h. These comprehensive strategies have 

significantly advanced the durability and performance of 
blue-emitting QLEDs.

However, Chen et al. found that while HTL degradation 
occurs in both red and blue QLEDs, it does not explain the 
shorter lifetime of blue QLEDs [124]. They then observed 
that rapid degradation is associated with an increase in 

Fig. 9  Lifetime comparison of 
current blue OLEDs and blue 
QLEDs over years. The graph 
depicts the operational lifetime 
 (T50) of blue OLED (in red) 
[110], Cd-based blue QLED 
(dark blue), and Cd-free blue 
QLED (light blue), measured at 
100 cd  m−2. The dashed lines 
represent the lifetime trend 
for each device type, suggest-
ing extrapolation beyond the 
measured data.  T50 of OLEDs 
are converted from the original 
data  (T50 at an initial luminance 
of 1000 cd  m−2) using the equa-
tion  L0

n × T = constant, with an 
acceleration factor of n = 1.7 
[111–115]

Table 2  Summary of blue 
OLED and QLED lifetime

Year Core material Initial luminance [cd 
 m−2] /  T50 [h]

Calculated  T50 [h] Acceleration 
factor [n]

References

OLED
 2014 – 1000/8000 400,950 1.70 [110, 117]
 2016 – 1000/14,000 1,252,968 1.70 [110, 117]
 2016 – 1000/30,000 1,503,562 1.70 [110, 117]
 2016 – 1000/33,902 1,699,125 1.70 [110, 117]
 2018 – 1000/56,000 2,806,649 1.70 [110, 117]

Cd-base QLED
 2015 CdZnS – 1,000 1.96 [21]
 2017 ZnCdS 420/47  (T70) – – [118]
 2019 ZnCdSe 7000/6 7,000 1.64 [119]
 2020 CdSeS 1450.85 10,000 1.88 [59]
 2023 ZnCdSe 1000/151  (T95) 50,206 1.80 [34]
 2023 ZnCdSe 1000/227  (T95) 80,377 1.79 [34]
 2024 CdZnS 3914/60 41,022 1.78 [89]

Cd-free QLED
 2020 ZnTeSe 650/442 15,850 1.9 [74]
 2021 ZnSe 570/ ~ 27 237 – [47]
 2022 ZnSe – 305 – [120]
 2023 ZnTeSe 1023/ ~ 0.76 49.1 1.8 [48]
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capacitance transition voltage in blue QLEDs. Upon a thor-
ough investigation of charge-modulated electro-absorption 
and capacitance–voltage characteristics, they discovered that 
it was not the hole injection barrier due to the difference in 
VB and HOMO levels of blue QDs and HTLs but rather 
the large offset between the CBM and ETL that leads to 
space charge accumulation and an increase in the operat-
ing voltage of the ETL. Therefore, unlike stable red QLEDs 
(T50 > 800 h), where the lifetime is primarily derived from 
the slow degradation of the HTL, the inferior lifetime of 
blue QLEDs (T50 < 4.5 h) is mainly due to Auger recombi-
nation and rapid degradation at the QD/ETL interface. In 
essence, while in QLEDs, the HTL generally degrades over 
time and contributes to device aging, in blue QLEDs, the 
core of the performance degradation lies in the dynamics at 
the QD–ETL interface. Thus, addressing the lifetime issues 
of blue QLEDs will require the development of ETL and QD 
materials that enable smaller CBM offsets.

Conclusion

In conclusion, blue QDs are limited in lifetime and efficiency 
due to various issues such as deep VB minimum, wide band-
gap, surface defects, and so on. To address these issues, vari-
ous methods have been introduced, and the performance of 
QLEDs using Cd-based QDs has been greatly improved. 
However, environmental concerns due to the toxicity of cad-
mium limit their use. Also, blue QDs show size-dependent 
color emission, but smaller QDs necessary for blue emis-
sion complicate the manufacturing process. Consequently, 
achieving high efficiency while maintaining a narrow emis-
sion spectrum using eco-friendly materials is challenging. 
The development and optimization of environmentally 
friendly alternatives such as InP or ZnSe Cd-free materials 
are required, and QLEDs using ZnSe-based ZnTeSe QDs 
exhibited very high performance. This can address toxic-
ity issues while maintaining efficiency and stability. Fur-
thermore, blue QLEDs can be affected by charge injection 
imbalance between QDs and the HTL and ETL; this can 
negatively affect the device’s efficiency and lifetime. The 
mismatch in the energy levels between the current materials 
hinders efficient charge transfer, which is a crucial issue in 
blue QLEDs. Therefore, it is essential to develop new HTL 
and ETL materials that provide appropriate energy levels 
while featuring high hole and electron mobilities. In addi-
tion, optimization of the interfaces between the QDs and 
the adjacent layers is required to reduce the charge injection 
barriers and prevent exciton quenching. Strategies to extend 
the lifetime of blue QLEDs through material and structural 
optimization, interface passivation, and improved thermal 
stability are required. In this study, we reviewed the over-
all issues, challenges, and progress of blue QDs and their 

application in blue QLED. We hope that this research could 
contribute to the commercialization of blue QLEDs.
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