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Abstract 

Low-dimensional (zero-dimensional (0-dim), 2-dimensional (2-dim)) nanoparticles, such as chalcogenide compound semiconductors,

III-V semiconductors, transition metal dichalcogenides (TMDs), II-VI semiconductors, nanocarbons, hybrid quantum dots (QDs), and

perovskite QDs (PQDs), for which blue light emission has been observed, are reviewed. Current synthesis and device fabrication tech-

nologies as well as their prospective applications on next-generation quantum-dot-based light-emitting diodes are discussed.
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1. INTRODUCTION

Quantum dots (QDs) are small particles composed of tens to

hundreds of atoms. They are known as semiconductors that are

larger than atoms and molecules but smaller (<10 nm) than

general nanoparticles (NPs) (10-100 nm). When the size (d)

becomes smaller than Bohr's exciton radius owing to the quantum

confinement effect, the electron energy level rises and the band

gap, Eg,QDs=Eg + (h2π2n2/8md
2), increases. Thus, it is possible to

adjust the bandgap and achieve emission up to the near infrared

and ultraviolet regions (Fig. 1). Because the full width at half

maximum (FWHM) of the emission spectrum is very small and

the purity is excellent, excellent color rendering index (CRI), wide

color gamut, high brightness with low turn-on voltage, ultrathin

form factor, and quantum yield can be realized up to the

theoretical value [1,2]. Therefore, quantum-dot light-emitting

diodes (QLEDs) have emerged as promising candidates for next-

generation displays. Wet process through dispersion in various

solvents by combining with organic ligands can be easily

performed on QLEDs. They are considered a next-generation flat

panel display material after organic light-emitting diodes (OLED),

with the exception of photo-absorption, photo-conversion,

photoelectrochemical cells, and quantum Q-bits operating at

ambient environment. To date, various QDs have been

implemented in the form of low-dimensional nanomaterials,

which can be broadly classified into zero-dimensional (0-dim) and

two-dimensional (2-dim) materials. As 0-dim QDs, binary QDs

consist of semiconductor materials II–VI (CdSe, ZnS, and ZnO),

III–V (InAs and InP), and IV–VI (PbS and PbTe) [3-7]. Despite

their bright luminescence and high photo- and colloidal stability,

the toxicity of some elements (Cd, Pb, Se, and Hg) and precursors,

time-consuming synthesis processes, complex purification

processes, and laborious surface hydrophilization limit their use.

QDs with ternary compositions I–III–VI2 (I = Cu, Ag; III = In, Al,

Ga; VI = S, Te, Se) possess a broad absorption spectrum and high

photostability. However, they are not composed of toxic elements

and have a characteristic non-stoichiometry that offers new

possibilities for their use [8]. These nanomaterials have mainly

been used to synthesize colloidal QDs (CQDs) by methods such

as hot injection [9], gas-phase precursor synthesis [10], and

microfluidic reactors [11,12]. As 2-dim QDs, 2-dim transitional

metal dichalcogenides (TMDs) combined by weak van der Waals

(vdWs) interactions are of interest because of their unique

electrical and optical properties. Other 2-dim nanocarbons, such as

graphene QDs (GQDs), graphene oxide QDs (GO-QDs), and

carbon dots (C-dots), have been investigated as potential

candidates for visible emission. Hybrid QDs of ZnO/nanocarbons

or ZnO/functionalized polyaromatic carbons (f-PAHs) and

perovskite quantum dots (PQDs) have emerged as emissive

nanomaterials. White-emission flat displays have been

accomplished using the excitation of red and green phosphors by

either blue LEDs (micro-LEDs) or blue OLEDs (white OLEDs).

Highly efficient blue-emissive QDs are in high demand for future

QD-based self-emissive electroluminescent (EL) displays. Hence,
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state-of-the-art low-dimensional blue luminescent nanomaterials

are reviewed in terms of material and device development

technology. 

2. Low-Dimensional QDs

2.1 Inorganic QDs

2.1.1 II–VI and III–V Binary QDs 

The high thermal stability of inorganic QDs with high color

purity (FWHM: approximately 30 nm), high brightness

(approximately 200,000 cd m-2), and low operating voltage (Vturn-

on <2 V) enables prolonged lifetime and durability of flat-panel

displays compared to commercialized high-definition television

[13-15]. Type I core/shell materials, such as CdSe/ZnS, are

commonly adopted in QLEDs owing to the passivation of

interface defects and confinement of excitons to the cores, which

greatly improves both the photoluminescence quantum yield

(PLQY) and external quantum efficiency (EQE) by up to 70–

95%. In addition, an increase in the shell thickness enhances the

EL efficiency by reducing the blinking suppression of the charge

fluctuation or enhancing the PLQY. QDs with ZnSe-rich

intermediate shells demonstrate superior EL performance

compared to those with CdS-rich shells owing to the lower charge

injection barrier. [16] 

Cd(Zn)Se(S)-alloyed QLEDs [17-19] including CdSe/ZnS QDs

(470 nm) [20], inverted Cd1−xZnxS@ZnS (437 nm) [21], CdZnS/

ZnS core/ shell QDs (452 nm) [22], and CdSe/CdS (455 nm) QDs

[23] exhibited blue EL of 437–477 nm, EQE of 1.7–19.8%,

brightness of 2250–62 600 cd m−2, and lifetime T50 (time required

for the brightness to decrease to 50% of the initial value,

h@100 cd m−2) of 16–10 000 h. 

Owing to the European Union (EU)’s Restriction of the use of

the certain hazardous substances (RoHS), the use of heavy toxic

elements such as Cd and Pb is strongly restricted. III-V InP QDs

covering the entire visible range and possessing high PLQY, were

developed as promising alternatives to Cd-chalcogenide blue-

emissive QDs of InP/GaP/ZnS QDs (460−490 nm) [24]. They

exhibited an EL of 488 nm, a record brightness of 3120 cd m−2,

and EQE of 1.01% [25]. 

Among II-VI semiconductors, ZnO and ZnSe have been

extensively investigated as blue-emissive QDs. When ZnO QDs

were synthesized, intrinsic defects, such as oxygen vacancies (Vo)

and Zn interstitials (Zni) generating green and yellow emissions,

were hardly controlled. To achieve blue emission, hybrid ZnO

Fig. 1. (a) Increased bandgaps of Eg (QDs) vs Eg (bulk) and (b) modulated emission by quantum confinement effect. (c) High color purity (d)

Large color gamut of QDs.
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QDs were fabricated by conjugating with nanocarbons or f-PAHs.

Recently, optimized Te-doped ZnSe (ZnTexSe1-x)-based ZnTeSe/

ZnSe/ZnS core-shell-shell QLEDs successfully demonstrated blue

luminescence at 457 nm, an EQE=20.2% with brightness of

88 900 cd m−2 (close to the theoretical limit), and the longest

lifetime of T50=15 850 h [26] (Fig. 3). As shown in Fig. 4, a blue

gap exists between the InP and ZnSe QDs. InP QDs must be

fabricated at sizes smaller than 1 nm in diameter and the poor

color purity (FWHM ≥ 35 nm) must be overcome. Further, the

high price of In remains an unresolved hurdle. In addition, the

limitations of the use of ZnSe for the growth of QDs that emit

pure blue color lies in its wide band gap of 2.7 eV. However, they

can be overcome by alloying it with zinc telluride (ZnTe), which

has a low band gap of 2.25 eV.

2.1.2 I–III–VI2Ternary QDs. 

I–III–VI2 semiconductors represent a new class of luminescent

materials that combine unique optical and electronic properties,

while exhibiting low toxicity compared to conventional cadmium-

based QDs. I–III–VI2 (I = Cu, Ag; III = In, Al, Ga; VI = S, Te,

Se), high photostability, and large non-stoichiometry. I–III–VI2

QDs exhibit a forward bandgap with a width of 1.5 eV (Cu-In-S),

1.05 eV (Cu-In-Se), 1.87 eV (Ag-In-S), and 1.2 eV (Ag-In-Se),

which are unsuitable for blue emission [27]. The optical properties

of CuInS2 (CIS) and AgInS2 (AIS)are studied in detail. Another

fundamental drawback of I–III–VI2 QDs is the broad FWHM of

the PL (approximately 100 nm), which is disadvantageous for

applications in fluorescent devices [28].

2.2 Nanocarbons

0-dim fullerene (C60, C70) or carbon dots (C-dots), one-

dimensional (1-dim) carbon nanotubes, and 2-dim graphene are

allotropes with spherical, cylindrical, two-dimensional

nanostructures, and typical nanocarbons. When 2D graphene

becomes size-controlled into a few tenth-nanometer GQDs and

edge-functionalized GO-QDs, finite-sized 0D GQDs or GO-QDs

exhibit a bandgap owing to quantum confinement (Fig. 5). The PL

of GQDs and GO-QDs depends on the physical size and shape, as

well as the chemical environment and surface functionality, such

as the pH and solvent. To date, 0D nanostructures such as metal

NPs and nanoclusters [29-31], metal sulfide QDs [32,33], and

carbon nanodots (NDs) [34-36] have been extensively reported. 

Fig. 2. (a) Photograph of solutions of different size CdSe QDs

showing different visible emission. (b) Spectra ranges of

various inorganic binary QDs. Reprinted with permission

from Ref. [17] Copyright (2010) Wiley. (c) Electronic band

structure of Type I, II, and reverse type QDs. (d) Com-

parison to carrier dynamics of core/shell QDs with thin or

thick shells.

Fig. 3. (a) ZnTeSe/ZnSe/ZnS core-shell-shell QDs, (b) HRTEM

images, (c) electronic diagram of QLEDs, (d) cross-sectional

QD-LEDs, and (e) EL spectra. Reprinted with permission

from Ref. [26] Copyright (2020) Nature Publishing Group.

Fig. 4. (a) Blue gap between InP and ZnSe QDs. (b) band gap as a

function of the size of InP QDs.
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2.2.1 GQDs 

Graphene, a Dirac cone crystal, has a zero bandgap, while

graphene nanoribbons have bandgaps of up to approximately

0.4 eV. However, the energy gap of GQDs decreases as

approximately 1/L [37]. Here, L is the average size of GQDs,

which can be controlled up to approximately 3 eV, which is

promising for photonic devices. GQDs can be synthesized

using either chemical synthetic bottom-up methods, such as

stepwise organic synthesis, precursor pyrolysis, and metal-

catalyzed decomposition, or chemical cutting top-down

methods, such as chemical ablation, nanolithography,

electrochemical synthesis, chemical exfoliation, nanotomy-

assisted exfoliation, and ultrasonic shearing. The

optoelectronic properties of carbon materials are crucially

determined by the -* transition of the sp2 bond existing in

the band gap of the -* transition of the sp3 bonding [38-40]

The strong peak generally observed at approximately 275 nm

(approximately 4.5 eV) in the PL spectrum of GQDs is a -*

transition; it indicates the presence of sp2 covalent bonds.

However, the origin of the strong visible-light emission from

GQDs ascribed to emissive surface traps and/or edge states

remains unclear. In the absorption spectra of GQDs, it is

widely accepted that absorption peaks in the visible range

might originate from the electronic transitions of n-* [41]

surface states, which energy levels lie between the  and *

states of C=C [42,43] induced by various functional groups of

C-OH, C=O, O-C=O, and C=N during the preparation of

GQDs.

GQDs were synthesized by chemical oxidation and cutting

of mm-pitch-based carbon fibers and exhibited a relatively

narrow size distribution of 1-4 nm [44]. The GQDs synthesized

at 120, 100, and 80 oC exhibit blue (approximately 400 nm),

green (approximately 500 nm), and yellow (approximately 575

nm) emissions as shown Fig. 6(b). This result suggests that the

various color emissions originate from differences in size. Fig.

6(c) represents the relationship between the size and energy

gap, which decreases from 3.90 eV to 2.89 eV with increasing

size and correlates with the quantum confinement effect for

smaller QDs. 

Recently, Kim et al. reported that the anomalous visible light

luminescence from GQDs was strongly dependent on their size

and shape [45]. They fabricated GQDs by the hydrothermal

and chemical tailoring of graphene sheets obtained by thermal

deoxidization of graphene oxide (GO) sheets produced from

natural graphite powder using a modified Hummers method.

The size of the GQDs (diameter d) was controlled by filtering

and dialysis. The average sizes (da) were accurately estimated

from the high-resolution transmission electron microscope

(HRTEM) images for six types of samples with d ranging from

5 nm to 35 nm at each d and are indicated in the parentheses

at the bottom of Fig. 7. For GQDs with da=5 and 12 nm, a

single broad asymmetric PL peak centered at approximately

410 nm is observed. In particular, for GQDs with da = 17 and

22 nm, the PL spectra are resolved into two PL bands centered

at approximately 415 and 505 nm, regardless of the excitation

wavelength. This may be attributed to the combination of

GQDs of different sizes/shapes. For GQDs with da=27 and 35

nm, the PL peak shape and position are restored to a single

broad peak at approximately 410 nm, and the intensity of the

PL peak for da=35 nm weakens considerably. 

2.2.2 GO-QDs

Chien et al. [46] suggested a PL emission mechanism for GO

and reduced GO (rGO), where GO was synthesized using the

modified Hummers’ method and xenon flash under ambient

conditions. GO typically contains a large fraction of sp3

hybridized carbon atoms bonded with epoxy, hydroxyl, carboxyl,

and carbonyl oxygen functional groups, making it an electrical

insulator. As shown in Fig. 8(a), two prominent and broad peaks

are observed: P1 peak centered at approximately 600 nm and a

Fig. 5. Schematic of dimensionality from 2D to 0D.

Fig. 6. (a) UV-Vis absorption spectra, (b) PL spectra, and (c) band

gaps of GQDs synthesized by oxidation and cutting of carbon

fibers. Reprinted with permission from Ref. [44] Copyright

(2012) ACS Publications.
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small P2 emission peak centered at approximately 470 nm. P1

gradually decreases, whereas the P2 emission increases with

increasing reduction exposure times.

Eda et al. reported the dependence of the HOMO–LUMO gap

on the size of the GQDs [47]. Based on density functional theory

(DFT), the energy gap of -* decreases from 7 eV to 2 eV as the

number (N) of aromatic rings increases from N=1 to 40. As

shown in Fig. 9, the variation of the relative intensity ratios of the

PL emission from the two different types of electronically excited

states is suggested by the change in the heterogeneous electronic

structures of GO and rGO with variable sp2 and sp3 hybridizations

through reduction. The number of disorder-induced defect states

in GO within the –* gap decreased after deoxygenation.

Additional cluster-like states were created from the newly formed

small and isolated sp2 domains, which increased the blue

fluorescence at shorter wavelengths.

2.3 2D transitional metal dichalcogenide (TMD) 

Since the discovery of 2D graphene, various 2D vdWs

materials, such as hexagonal boron nitride (h-BN), black

phosphorus (BP), and TMDs, have emerged as new candidates for

overcoming the limitations for application to LEDs owing to the

gapless and semi-metallic nature of graphene. h-BN, which has a

large bandgap of approximately 6 eV, is a good insulator, and

layered BP increases the bandgap to approximately 2 eV.

Moreover, 2D TMDs with the formula MX2 (M = Mo, W; X = S,

Se, Te) have energy bandgaps covering the visible and near

infrared spectral regions (1.0–2.1 eV). These can be extended to

various photonic and optoelectronic applications, such as light-

emitting devices, transistors, photovoltaic devices, and nanocavity

lasers. However, they cannot be extended to blue emission.

Compared with 2D TMDs, 0D TMDs possess higher bandgaps,

ultrasmall sizes, high surface-to-volume ratios, and more active

edge sites per unit mass, and thus can be mainly classified as QDs,

NDs [48-50], (NPs) [51,52], small nanoflakes [53,54], and

nanoplates [55]. 

In particular, the strong quantum confinement effect further

promotes the characteristic PL of 0D TMDs. The 0D WS2 QDs

exhibit blue emission at approximately 461 nm at a UV excitation

of 310-380 nm as shown in Fig. 10(a), which is generated from

Fig. 7. (a) HRTEM images of GQDs with the increase of average

size. (b) Size-dependent PL spectra for GQDs of 5-35 nm.

Reprinted with permission from Ref. [45] Copyright (2012)

ACS Publications. 

Fig. 8. (a) Normalized PL spectra of GO suspension and (b) pho-

tograph of tunable PL emission from GO at different reduc-

tion time. Reprinted with permission from Ref. [46]

Copyright (2012) Wiley.

Fig. 9. Proposed PL mechanism of (a) the predominant IP1 and (b)

predominant IP2 emission in GO. Reprinted with permission

from Ref. [47] Copyright (2010) Wiley.
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the excitation of 360 and 420 nm energy levels as shown in Fig.

10(b). The pH-sensitive PL of the 0D MoS2/WS2 QDs is another

interesting result. As shown in Fig. 10(c), the blue fluorescence

intensity at approximately 420 nm from 0D MoS2 QDs gradually

decreases as the pH varies from 12.88 to 2.37. This is because the

change in pH alters the microstructure of 0D MoS2 QDs and

agglomeration at low pH.

2.4 Hybrid QDs

2.4.1 ZnO/GQDs and ZnO/GO QDs.

Son et al. [58] first reported blue-emissive ZnO/GQD hybrid

QDs. ZnO QDs hydrothermally synthesized using a Zn acetate

dihydrate precursor were hybridized in N,N-Dimethylformamide

(DMF) with GQDs exfoliated from graphite powder and treated

using a mixture of H2SO4 and HNO3. From the PL of quasi-core-

shell ZnO/GQD hybrid QDs, the occurrence of blue luminescence

(BL) at approximately 430 nm with a simultaneous decrease in

near-band-edge emission intensity was first observed and

sufficiently explained by the electronic transition from LUMO

and LUMO+2, including the s-orbitals of GQDs, to O2p states of

inner ZnO QDs (Fig. 11 (a), (b)). Similarly, Kim et al. [59]

reported that when ZnO QDs synthesized by solution precipitation

were hybridized with GO-QDs, the ZnO/GO-QDs exhibited blue

emission irrespective of the excitation wavelength (Fig. 11(c),

(d)). The first demonstration of excitation wavelength-

independent blue emission was explained by the reduction of

oxygen vacancy (Vo) defects in ZnO QDs owing to the formation

of Zn-O-C bonds at the interface. The electronic energy Anderson

diagram for the ZnO QDs was established based on the UV-Vis

absorption spectra, PL, photoluminescence excitation (PLE), and

ultraviolet photoemission spectroscopy results. According to this

diagram, yellow luminescence (YL) occurring by the electronic

transition from conduction band (CB) or Zni to Vo in ZnO QDs

completely disappears, whereas only blue emission results from

the electronic transition from either Zni or ex-Zni to VZn or from

O-induced energy levels to VZn. 

2.4.2. ZnO/f-PAHs

PAHs are small molecules with different numbers (n) of

benzene rings. For n=2–5, their bandgaps and energy

proximities resemble those of ZnO [60,61]. For hybridization

with ZnO QDs containing Zn-OH bonds, two functionalized

PAHs (f-PAHs) such as 2-naphthalene-5-sulfornic acid (5-

ANSA) with amine (-NH2) and sulfonic (-SO3) functional

groups [62], and 1-aminopyrene (1-PyNH2) with amine groups

Fig. 10. (a) PL spectra of WS2 QDs. (b) PLE spectra of WS2 QDs. Reprinted with permission from Ref. [57] Copyright (2013) ACS Pub-

lications. (c) Fluorescent emission spectra of MoS2 QDs at various pH values. (d) The photographs of resultant MoS2 QDs solutions

at various pH values under room (top) and 365 nm irradiation light (down). Reprinted with permission from Ref. [58] Copyright (2016)

Royal Society of Chemistry.
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[63] were chosen. The formation of Zn-NH bonds after

dehydration at the interface and the induced defect levels of 5-

ANSA related to N, S, and O atoms and 1-PyNH2 related to N

were calculated using DFT (Gaussian 09 software package). The

energy level hierarchy of the C=O, C=N, and C=S antibonding

defect states is in order and located below the C=C antibonding

(*) LUMO level. An electronic energy-band diagram was

extracted from the results, as shown in Fig. 12. Using Fig. 12(a),

the ZnO/ANSA and ZnO/1-PyNH2 hybrid QDs were classified

as type-II and quasi-type-II QDs, respectively. According to the

energy diagram, blue emission is attributed to electronic

transitions from both the O, N, S-induced anti-bonding (*) state

to the O,N,S, bonding () state, ex-Zni to VZn of ZnO in type II

ZnO/ANSA QDs, and the C=N anti-bonding (*) to the C=C

bonding () state in ZnO/1-PyNH2 quasi-type II QDs. Fig. 12(b)

shows the electronic energy diagram of indium tin oxide (ITO)/

poly(3,4- ethylenedioxythiophene) : poly(styrenesulfonate)

(PEDOT:PSS)/TFB/ZnO/1-PyNH2// TPBi/LiF/Al QD-LEDs. 

A deep-blue EL peak was observed at approximately 441 nm

(FWHM= 42 nm) with 1931 CIE coordinates (0.17, 0.19). The

EL device exhibited a turn-on voltage of 4 V, a luminance of

3379 cd/m2 at 9.6 V, a current efficiency of 3.32 cd/A, and an

EQE of 2.35% at 5.1 V. From the expected lifetime

measurement, T50 at 100 cd/m2 was estimated as 17830 h with

an acceleration factor of n=1.2, which is smaller than the value

of n=1.5 for ZnTeSe blue QD-based EL devices, implying slow

degradation [26].

2.5 PQDs

Halogenated perovskites (ABX3) are metal oxides with a

special structure, which exhibit the properties of insulators,

semiconductors, and conductors, as well as superconductivity.

Here, A, B, and C represent a monovalent organic or inorganic

cation, divalent metal cation (Pb or Sn), and halogen anion (I, Br,

or Cl), respectively. The structural stability from the ionic radii of

A, B, and X (rA, rB, rX) is determined by the Goldschmidt

acceptance factor (t), t=(rA+rX/(√2(rB+rX)) (0.8<t<0.9). PQDs

have a high recombination probability, wide color gamut (130%),

and high PLQY of over 80%. The emission band and thermal

stability can be controlled by changing the halide type and type of

cation, respectively. In addition to the above advantages of PQDs,

the low cost of solution-based manufacturing favors perovskite

LEDs (PeLEDs) [64,65]. However, their intrinsic drawbacks,

especially with regard to their instability and large-scale synthesis,

deserve close attention [66]. The state-of-the-art synthesis and

progress in research on PQD-based LEDs are reviewed in Ref.

[67] Since the first report on the synthesis of CsPbX3 PQDs, that

exhibit bright emission and a wide color gamut, using the hot

injection method by Loredana et al [68,69] (Fig. 13(a)), inorganic

Fig. 11. (a) ZnO/GQDs structure (b) PL and EL mechanism in ZnO QDs and ZnO/GO-QDs. Reprinted with permission from Ref. [56] Copy-

right (2012) Nature Publishing Group. (c) YL from ZnO QDs and BL from ZnO/GO-QDs (d) Excitation independent PL of ZnO/GO-

QDs. Reprinted with permission from Ref. [59] Copyright (2021) ACS Publications.
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PQDs (IPQDs) obtained by introducing different halogen

elements into CsPbX3 QDs for an anion exchange reaction (Fig.

13 (b)) [68], microwave-assisted [70,71] synthesis of CsPbX3

nanocrystals (NCs) with different morphologies [69,72], and

CsPbX3 microcrystals using chemical vapor deposition [73] have

been introduced. In recent years, the synthesis of various types of

nanocrystals with good homogeneity using a fully automated

microfluidic platform has been actively studied [65,74]. Although

PQDs exhibit a high PLQY, low Auger recombination loss, and

large exciton binding energy, their poor humidity resistance and

thermal stability greatly limit their practical application in the

display field. To improve the performance of PQD-based PeLEDs

(PeQLEDs), ion doping with A-, B-, and X-site doping; multiple

ion doping; typical ligand modification; and coating engineering

have been adopted. Compared with ion doping and ligand

modification strategies, coating is a more straightforward

encapsulation strategy for performance improvement by isolating

as much water and oxygen as possible from the inner-core PQDs.

Attempts have been made to apply PQDs to displays as PQDs

backlight and color conversion layers, and PeLEDs as EL devices.

In the former backlight and color conversion, green and red PQDs

were primarily used as green and red emitters, respectively, in

combination with blue OLED or micro-LEDs. Pan et al. [75]

incorporated Ni2+ ions into CsPbClxBr3−x QDs by a supersaturated

recrystallization synthetic method and modulated the Cl/Br

element ratios to obtain an efficient blue PeQLEDs. The

corresponding device exhibited a maximum luminance of 612 cd

m-2 and EQE of 2.4% (Fig. 14(a)). Fig. 14(b) summarizes the

EQE development of full-color PeQLED devices. To date, the

maximum EQE values of red, green, and blue QLED have

reached 21.6%, 23.4%, and 12.3%, respectively, which is an

increase of approximately 20% since 2015. However, the lifetime

of PeQLEDs is considerably shorter than the commercial standard

of 10,000 h. 

Fig. 12. (a) Electronic band diagram and PL mechanism of ZnO and

ZnO and ZnO/ANSA QDs. Reprinted with permission from

Ref. [62] Copyright (2022) Wiley and (b) those of ZnO and

ZnO/1-PyNH2 QDs. Reprinted with permission from Ref.

[63] Copyright (2022) Wiley. 

Fig. 13. (a) Colloidal perovskite CsPbX3 PQDs (X = Cl, Br, I) cov-

ering a whole visible spectral wavelength. Reprinted with

permission from Ref. [69] Copyright (2015) ACS Publi-

cations. (b) The anion exchange diagram. Reprinted with

permission from Ref. [70] Copyright (2016) Wiley.
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3. CONCLUSIONS

QDs are the most suitable for future flexible and wearable

displays, including formless displays, owing to their high color

purity, brightness, large color gamut, and low driving voltage. The

recent rapid progress in three-dimensional patterning techniques

has facilitated the development of ultrahigh-resolution full-color

QLEDs. To develop QLED-based futuristic displays, highly

efficient and stable inorganic QDs comprising heavy and toxic

metals should be replaced by highly efficient, non-toxic, and eco-

friendly materials, and a mass production process should be well

established in parallel. Both II-VI ZnO and ZnSe QDs are

required to overcome this bottleneck. For ZnO QDs, synthetic

methods (chemical or physical) for producing highly crystalline

and well-passivated ZnO QDs displaying only near-band-edge

emission must be found before applying in UV excitation source

as well as fabricating ZnO(S, Se) alloy for a blue emitter. For

ZnSe QDs, a secure and reproducible process for synthesizing

blue-emissive ZnSe alloys with core-shell-shell structures is

required. The environmental instability of PeQLEDs is the main

obstacle to their commercialization. Consequently, improving the

performance and stability of PQDs and developing passivation

techniques with ultrahigh-barrier films remain the primary goals

for future development.
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