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Abstract
Various display devices utilize colloidal quantum dots (QDs) for photoluminescent (PL) and electroluminescent (EL) appli-
cations owing to their exceptional optical properties, including sharp emission bandwidths, tunable emissions spectra, and 
photoluminescence quantum yields approaching unity. Since the commercialization of PL-based devices, researchers have 
shifted focus to the commercialization of EL-based devices and patterning processes. Over the past decade, the performance 
of EL devices has been dramatically enhanced through the meticulous optimization of the device architecture. In addition, 
solution-based QD patterning techniques have advanced, offering methods that minimize damage to the coated QDs while 
preserving their intrinsic properties effectively. Recent innovations include the development of ink formulations that improve 
the stability of QDs under ambient conditions and the use of photolithographic and soft lithographic techniques to achieve 
high-resolution patterning. This article reviews the recent advancements in various EL-based devices and solution-based 
methods for QD patterning, highlighting their potential to enable more complex, multi-color displays, and their implications 
for next-generation consumer electronics.
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Introduction

In recent years, quantum dots (QDs) have garnered signifi-
cant attention as representative examples of nanoparticles 
owing to their remarkable attributes and versatile applica-
tions [1, 2]. QDs are nanoscale semiconductor particles 
that exhibit quantum confinement effects, which give rise 
to size-tunable electronic and optical properties [3–5]. 
This intrinsic tunability, coupled with their high photolu-
minescence quantum yield and broad absorption spectrum, 
has made QDs promising candidates for diverse optoelec-
tronic devices, including displays, solar cells [6], sensors 
[7–11], and photodetectors [12–16]. In display technology, 
researchers have utilized QDs as conversion materials in 
photoluminescent (PL) devices and as self-emitting layers 

in QD-electroluminescence (EL) devices [17]. Since the 
commercialization of PL-based devices, researchers have 
shifted their focus to EL-based devices [17].

However, a major issue arises because of the low device 
performance caused by limitations in the device architec-
ture and fabrication techniques [18]. Although the external 
quantum efficiency (EQE) approaches the theoretical limit 
of + 20% for RGB based on Cd/Cd-free QDs, the challenge 
remains to further improve the device performance for com-
mercialization [19]. The low efficiency of these devices is 
attributed to the complexity of the multilayer structure of 
QLEDs and poor fabrication techniques [18]. A typical 
QLED structure comprises transport layers for electrons 
and holes and an emission layer [20]. One of the key fac-
tors causing low device performance is the mismatch in the 
energy levels between these layers [21]. Various techniques, 
such as doping transport materials and exploring new mate-
rials, have been employed to address this issue [22].

Related to fabrication, it is imperative to fabricate 
high-resolution pixels based on QLEDs and similar QD-
based light-emitting components [23–31]. However, the 
conventional photolithography processes commonly 
used for patterning can compromise the excellent optical 
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properties of QDs. Therefore, there is a demand for the 
development of new patterning process technologies that 
can maintain the characteristics of quantum dots while 
enabling the fabrication of high-resolution patterns. 
Recent developments in quantum dot patterning technolo-
gies have revealed several trends: (i) methods such as 
quantum dot surface modification to mitigate the draw-
backs of photolithography-based patterning; (ii) direct 
photopatterning techniques that utilize light irradiation 
directly onto quantum dot films with added photosensitive 
materials, inducing selective property changes without 
the need for photoresist (PR); (iii) inkjet printing meth-
ods in which patterns are formed by directly depositing 
solution droplets; and (iv) transfer printing techniques 
in which quantum dots are transferred onto substrates in 
patterned forms.

This review addresses these issues by focusing on 
QLED device architecture and detailing various layers, 
including the emission, electron, and hole transport lay-
ers. The fabrication process includes various techniques, 
including photolithography, photopatterning, inkjet print-
ing, and transfer printing.

Device Structure of QD‑LEDs

The device structures of QLEDs typically fall into two cate-
gories, conventional and inverted [32], as shown in Fig. 1(a). 
In the conventional structure, the arrangement of layers 
involves arranging an ITO anode, a hole injection/trans-
port layer (HIL/HTL), an emission material layer (EML), 
an electron transport layer (ETL), and an Al cathode [21]. 
Conversely, the inverted structure involves the arrangement 
of an ITO cathode, ETL, EML, HTL, HIL, and Al anode, as 
shown in Fig. 1(b). In conventional structures, researchers 
commonly use poly(3,4-ethylenedioxythiophene):poly(styr
enesulfonate) (PEDOT:PSS) as the HIL in Cd-free QLEDs 
[33]. PEDOT:PSS minimizes the energy barrier between the 
HIL and the anode by adjusting the work function [34]. The 
hydrophilic and acidic nature of PEDOT:PSS causes cor-
rosion of the ITO electrodes, which affects device stability 
[35]. To address this issue, Zhao et al. employed inorganic 
metal oxides as HILs for Cd-free QLEDs in 2022, aiming to 
enhance device stability [36]. They used dual HIL by incor-
porating  NiOx and Mg-doped  NiOx that boosted the per-
formance of Cd-free QLEDs; the maximum EQE increased 
from 7.6% to 11.2%, and the device stability was enhanced 
seven times using dual HIL [36]. The device performance 
of inorganic metal oxide-based HIL lags behind that of 

Fig. 1  a QLEDs structure (conventional and inverted) Copyright © 2022 Wiley‐VCH GmbH [32], b tandem QLED structure [42] Copyright © 
2018, American Chemical Society, and c energy levels diagram of the generally used HTL, Copyright © 2020, American Chemical Society [32]
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PEDOT:PSS-based QLEDs, indicating the need for further 
investigations of inorganic metal oxide HILs. In inverted 
device structures, inorganic  MoO3 and organic HATCN are 
commonly used as HIL materials, whereas organic TCTA, 
TAPC (4,4’-cyclohexylidenebis[N,N-bis(4-methylphenyl)-
benzenamine]), and CBP are frequently used as HTL [37]. 
In the inverted device structure, the HIL and HTL were pre-
pared almost exclusively using high vacuum thermal evapo-
ration [38]. This technique prevents solvent erosion during 
film deposition in the multilayer solution process. In 2016, 
Kim et al. enhanced the electroluminescence (EL) perfor-
mance of QLED using double HTL, TAPC, and CBP [39]. 
When CBP was used for the HTL, the EL peaks of the device 
displayed an unwanted spectrum in the dark blue region, pri-
marily because of the significant injection barrier between 
the HTL and EML. In addition, the deep LUMO level 
failed to efficiently prevent electron flow, causing exciton 
recombination within the HTL [40]. Alternatively, substitut-
ing CBP with shallow-level TAPC as the HTL eliminated 
undesired emissions and resolved the issue of uneven car-
rier injection in the device [41]. In addition to conventional 
and inverted structures for enhancing the EQE of QLEDs, 
Zhang et al. [42] developed a tandem structure in red, green, 
and blue QLEDs, achieving a notable EQE of over 21% by 
combining two or more QD-LED units in series, as illus-
trated in Fig. 1b. A transparent interlayer connecting layer 
(ICL) was used to link multiple QD-LED devices [42]. The 
resulting device showed high EQE and current efficiency 
of 23.1% and 41.5 cd/A, 27.6% and 121.5 cd/A, and 21.4% 
and 17.9 cd/A for red, green, and blue QLEDs, respectively. 
Figure 1c shows an energy level diagram of common QLEDs 
[43]. The carrier mobility and energy level were the pri-
mary parameters for the selection of each functional layer. 
Alternatively, the charge transport characteristics of each 
functional layer can be tuned by adjusting the thickness of 
each layer [21].

Recent Progress in Emitting Layer

Initially, different QD materials were studied, including 
CdSe [44, 45], GaAS [46], ZnSe [47], InP [48], and PbS 
[49]. Owing to their high brightness and coverage of the 
entire visible range, CdSe-based QDs are the most promi-
nent [50]. As a restriction from Restriction of Hazard-
ous Substances (RoHS) in 2002, six hazardous materials 
were banned, including cadmium (< 100 ppm). However, 
they offer six different reagents with high reactivities [51]. 
Therefore, alternatives for efficient Cd-based QLEDs have 
attracted the attention of researchers, and InP-based QDs 
are considered the best candidates for displays among all 
alternatives because of their small full width at half maxi-
mum (FWHM) and non-toxicity [51]. However, other than 
InP, some Cd-free QDs are also introduced like perovskite 

quantum dots (PQDs) [52],  CuInS2 [53], and Ag-In-Ga-S 
QDs [54]. PQDs offer excellent luminescence properties, 
they often suffer from poor stability and susceptibility to 
moisture and oxygen, which can degrade their performance 
over time, are known for their low toxicity and tunable emis-
sion spectra [21],  CuInS2 are known for their low toxicity 
and tunable emission spectra, but they generally have lower 
photoluminescence quantum yields (PLQY) compared to 
other QDs, which can limit their brightness and efficiency, 
and Ag-In-Ga-S QDs provide a broad absorption spectrum 
and high PLQY, their synthesis can be complex and costly, 
which may hinder their widespread commercial adop-
tion. All these limitations make the InP more interesting. 
Researchers have consistently reported improvements in 
luminescence and QD-LED applications using InP core/shell 
quantum dots [55–58]. Jiang et al. synthesized multi-shelled 
InP-based QDs using a safe and inexpensive phosphorus 
source (DMA)3P (tris(dimethylamino)phosphine), and post-
treatment with hexanethiol (HT) improved the QY from 71 
to 81.8% [22]. Figure 2a shows that surface treatment with 
HT enhanced the intensity of the PL spectra, demonstrating 
the suppression of surface-defect traps due to the passivation 
of the QDs. In 2020, Kim et al. enhanced the QY of green 
QDs and reported that with zinc oxo clusters, QDs with a 
narrow FWHM of 37 nm and a high PLQY of 95% can be 
synthesized [59]. The analysis results in Fig. 2b show that 
the two different functions of zinc oxo clusters can improve 
the optoelectronic properties: (1) defects were successfully 
controlled by the formation of an oxidized buffer layer, and 
(2) swift injection of a highly reactive phosphorus source 
induced size uniformity of the In(Zn)P core. Similarly, the 
use of reactivity-controlled precursors is an effective method 
for synthesizing well-controlled QDs [60]. Won et al. also 
removed surface defects using HF etching during mid shell 
(ZnSe) growth, which produced a more spherical shape [61]. 
A 100% PLQY was obtained using spherical InP/ZnSe/ZnS 
QDs. The InP-based QLED achieved a theoretical EQE limit 
of approximately 20% and a high operational performance, 
rivaling the performance of the top Cd-based QLEDs, as 
illustrated in (Fig. 2c).

Recent Progress in ETL

Owing to their negligible electron injection barrier and 
high electron mobility, ZnO nanoparticles have become 
the most widely used ETL materials [63, 64]. High elec-
tron mobility causes an unbalanced charge injection in the 
device [65]. Although the transport properties of ETL can 
be varied by optimizing the layer thickness and particle size 
of ZnO, exciton quenching at the layer interface can occur 
because defects on the surface of ZnO nanoparticles can 
trap excitations and cause radiation centers [66]. It has been 
reported that doping ZnO with different materials can adjust 
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the energy levels, which can reduce electron mobility. Fei 
Chen et al. compared the doping effect of different metallic 
components with those of ZnO nanoparticles [61], as shown 
in Fig. 3a. Cd-free QLED devices have been fabricated using 
different ZnO-based ETLs doped with ZnO:In, ZnO:Mg, or 
ZnO:Li. Doping ZnO with Mg metal ions shifted the energy 
level upward, enhancing electron injection and reducing 
electron accumulation at the layer interface. Electron-only 
devices (EODs) data showed that the doping of ZnO with 
different metal ions caused a reduction in electron mobil-
ity, and ZnO:Mg-based ETL showed the best performance. 
The defect states on the surface of ZnO:Mg NPs were 
removed by Cl passivation, which further improved the 
maximum brightness of the device to 5,595 cd/m2 and the 

EQE to 4.24%. The Mg-doped ZnO nanoparticles exhibited 
the best performance. In 2017. Wang et al. determined the 
effect of Mg-doped ZnO nanoparticles on a Cd-free QLED, 
which increased the brightness of the QLED to more than 
10,000 cd/m2 [67]. Moon et al. in 2019 reported that the 
excess of electrons in Cd-free QLEDs is the main reason 
for the non-radiative recombination process, and they found 
the effect of different concentrations of Mg-doped ZnO ETL 
and a maximum brightness of 13,900 cd/m2 and EQE of 
13.6% reported with a 12.5 mol% Mg ZnO ETL [68]. From 
another perspective, Wu et al. argued that the enhancement 
of Cd-free QLED using Mg-doped ZnO as the ETL resulted 
from the passivation of the band gap states and a decrease 
in the electron conductivity. Even the Mg doping reduced 

Fig. 2  a PL and UV–Vis absorption spectra of (DMA)3P-based InP 
QDs with HRTEM images (inset W/O HT treatment), Copyright © 
2020, American Chemical Society [22], b Quality difference of syn-
thesized InP-based QDs with different zinc reagent, along with UV–

Vis absorption and PL spectra, Copyright © 2020 American Chemi-
cal Society [59], and c (left) STEM images of InP cores with different 
shell thickness (Right) PL spectra of QD film, Copyright © 2019, The 
Author(s), under exclusive license to Springer Nature Limited [62]
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the electron mobility of ETL but still there is big, unbal-
anced charge issue which causes the low device performance 
to reduce the electron mobility of Mg-doped ZnO ETL. In 
2020, Wei et al. investigated the ZnMgO doped with Cl [22]. 
Interestingly, Cl doping upshifts the energy level, resulting 
in a better charge balance between the EML and ETL. Wei 
claimed that Cl doping not only reduced charge transport, 
but also reduced exciton quenching and provided a charge 
balance for recombination in the emitting layer. A maximum 
EQE of 4.0% was reported for typical (DMA)3P-based InP 
QLEDs (Fig. 3b), and they claimed that it was the maximum 
reported to date. The limitations of using doped materials 
still exist and Ali et al. utilized some antibiotic materials to 
control the charge balance of Cd-free QLEDs through con-
trolling the ETL [17]. They doped a ZnO-based ETL with 
ampicillin and realized that the formation of an interfacial 
dipole balanced the charge by aligning the energy bands. 
They controlled the polarity of ampicillin by controlling 
the pH of the ampicillin-based ETL. Through the variation 
in the pH of the charge transportation layers in ZnO-based 
ETL, ampicillin acted as an anion around pH 7.5 and cre-
ated a weak interfacial dipole, lowering the conductivity of 
the ETL. A maximum EQE of 4.70% has been reported for 
typical (DMA)3P-based InP QLEDs, as shown in Fig. 3c.

Recent Progress in HTL

Generally, the charge balance required to achieve a high 
device performance was achieved by modifying the ETL. 
Another desirable approach to achieve better charge balance 
is to modify the HIL/HTL [69–71]. Different techniques 
have been used to modify the HIL/HTL, such as using 
multilayer HTLs, doping with other materials to improve 
conductivity, or adding dipole layers between the EML 
and HTL to achieve better energy levels [72]. Kim et al. 
used F4-TCNQ, 2,3,4,6-tetrafluoro-7,7,8,8-tetracyanoqui-
nodimethane as the p-type dopant material and diffused it 
between the HIL and HTL through thermal; annealing this 
p-type dopant improved the charge balance and enhanced 
the hole injection efficiency, resulting in an improvement in 
the EQE of Cd-free QLEDs from 1.6 to 3.78%[73]. Ali et al. 
used HIL doping to improve the charge balance, resulting 
in an increase in the EQE of QLEDs [17]. They found that 
the usage of ampicillin with HIL creates a strong interfacial 
dipole (J-aggregation) which reduced the HOMO levels and 
increased the conductivity of PEDOT:PSS. This reduction 
in energy barrier between the HIL/EML and ETL improved 
the charge balance and enhanced the device performance 
EQE of 4.7% as shown in Fig. 4a. Similarly, Zhong et al. 

Fig. 3  a QLEDs with energy levels (left), J–V characteristics of the 
different EOD (based on different ETLs) (right) Copyright © 2023 
Elsevier B.V. All rights reserved., [49], b QLEDs with energy lev-
els (left), [22], Copyright © 2020, American Chemical Society and c 

QLEDs with energy levels (left), J–V, J-V-L characteristics of the dif-
ferent EOD and QLEDs (based on different ETLs) (right), Copyright 
© 2021 Published by Elsevier B.V. [17]
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modified an HTL using two conjugated polymers, TFB and 
TF-DCF3, to modify the surface energy, energy levels, and 
hole transport mobility [74], as shown in Fig. 4b. Yeom et al. 
suggested that the difference between the electron and hole 
mobilities of the ETL and HTL caused charge imbalance 
and exciton quenching [75]. To overcome this issue, they 
designed a new HTL material, DBTA (N-([1,1′-biphenyl]-
4-yl)-N-(4-(dibenzo-thiophen-2-yl)phenyl)dibenzo[b,d]
thiophen-2-amine), with deep highest occupied molecular 
orbital (HOMO) and high hole mobility. The red InP-based 
QLED, designed with an inverted structure, achieves a cur-
rent efficiency of 23.4 cd/A, a lifespan of 72,848 h at an illu-
mination of 100 cd/m2, and an external quantum efficiency 
(EQE) of 21.8%. This EQE is the highest value recorded 
for red InP QLEDs, as shown in Fig. 4c. Non-radiative 

recombination centers can be generated at the interface of 
organic hole injection/transport materials. The development 
of p-type inorganic materials was proposed to overcome 
the lifespan issue of QD-LED. A hydrophilic NiO mate-
rial with deep HOMO level could be a better replacement 
for inorganic HTL [76]. Other doped inorganic HTL were 
also reported to be Cl-passivated tungsten phosphate (Cl-
TPA), which was reported by Cao et al. [77] and displayed 
enhanced carrier concentration, which improved the EQE 
and lifespan, Fe-doped inorganic HTL reported by Zhang 
et al. [78], which improved its stability and EQE, and a Mg-
doped inorganic HTL was reported by Jiang et al. [79]. Dif-
ferent organic and inorganic HIL/HTL reported are listed 
in Table 1. QLEDs, while known for their excellent color 
reproduction and brightness, struggle with achieving the 

Fig. 4  a Schematic ampicillin and PEDOT:PSS chemical interaction 
(left), energy level and J-V characteristics of different HODs (based 
on different HTL) (right), Copyright © 2021 Published by Elsevier 
B.V., b schematic of TF-DCF3 and TFB with energy level diagram 
(left), J-V characteristics of different HODs (based on different HTL) 

(right), Copyright © 2023, American Chemical Society and c sche-
matic of QLED with different HTLs (left), energy level and J-V char-
acteristics of different HODs (based on different HTL) (right) CC 
BY-NC 3.0 DEED
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high resolution and precise material placement required 
for advanced applications [18]. In addition, the traditional 
deposition methods used in QLEDs fabrication often result 
in significant material wastage and challenges in integrating 
components within complex devices. In contrast, pattern-
ing-based techniques, such as photolithography and nano-
imprinting, offer superior control over material placement, 
enabling the creation of intricate device architectures with 
enhanced performance and reliability [89]. These methods 
also improve material efficiency, reduce production costs, 
and support scalable manufacturing processes. As a result, 
the transition to patterning-based devices opens up new pos-
sibilities for innovation in microelectronics, advanced dis-
play technologies, and other high-tech applications.

Techniques of Quantum Dot Patterning

Previous research on EML, ETL, and HTL has been con-
ducted to achieve high efficiency in QLEDs. However, for 
the realization of next-generation displays, where R/G/B 
subpixels form a main pixel and miniaturization is essen-
tial, advanced patterning technologies are required. These 
technologies are crucial because during the conventional 
photolithography, QDs thin films are often exposed to vari-
ous chemical solvents and can sustain significant damage, 
thereby failing to maintain their pre-patterning efficiency. 
Research on quantum dot patterning, which both advances 
patterning techniques and preserves efficiency, has been 
actively pursued, employing a variety of methods including 
coating and patterning with stability PR, direct patterning 

of QD thin films, patterning through inkjet printing, and 
transfer printing techniques.

Photoresist‑Based Patterning for Quantum Dot 
Applications

In the realm of quantum dots patterning, photolithography 
is a widely adopted technique for pattern formation, owing 
to its capability to generate high-resolution patterns using 
conventional equipment and processes. Nonetheless, when 
quantum dots are synthesized via solution processes, com-
plications emerge because of the presence of organic ligands 
that envelope their surfaces. These ligands pose challenges 
in coating quantum dots with polar solvents, such as PR, 
thereby increasing the risk of quantum dot damage from 
the solvents, developers, and resist removal agents utilized 
during the process [31, 93]. Hence, it is crucial to devise pat-
terning procedures that utilize orthogonal quantum dots and 
process solvents to mitigate the risk of quantum dot damage.

Ji et al. introduced a quantum dot patterning technique 
utilizing bottom-up photolithography (Fig. 5a) [94]. This 
method involves creating sacrificial layer patterns using a 
PR, followed by material deposition to form patterns, elimi-
nating the need for etching quantum dot films, thereby reduc-
ing solvent exposure. AZ5124E PR was employed to fabri-
cate sacrificial layer patterns, with a hexamethyldisilazane 
(HMDS) coating of the substrate during lift-off to prevent 
quantum dot detachment, leading to the successful formation 
of quantum dot pixels. The lithography process was iterated 
to generate red, green, and blue (R/G/B) pixels with a width 

Table 1  QD-LED performance based on different HIL/HTL

(HIL)/HTL HOMO (eV) EQE (%) max. lum (cd/m2) Lifetime Year ref

Organic PEDOT/TFB 5.30 4.70 2445 2022 [17]
PEDOT/cross-link-TFB 8.9 119 600 2017 [77]
PEDOT/TC-PDA-CBP 5.68 8.2 23 895 19.5 h 2020 [78]
PEDOT/PVK/TPD, TCTA, CBP 5.8 6.5 23,900 2013 [79]
PEDOT/PVK/TFB 22.1 98,000 2018 [80]
PEDOT/PVK/TPD 13.4 45 310 2018 [81]
PEDOT/PVK:OXD-7 6.5 0.32 1672 2020 [82]
PEDOT/TFB:CBP 30.0 963,433 2022 [83]
PEDOT/PF8Cz 5.4 28.7 200,000 2 570 000 h 2022 [84]

Inorganic NiO 6.7 0.18 2006 [73]
NiO/p-TPD 2.45 1000 2014 [85]
NiO/Al2O3 20.5 20,000 2017 [86]
NiMgO/MgO 9.1 1.5 4000 24,724 2019 [76]
Fe-NiO/TFB 5.7–6.5 3.8 27,624 11,490 2020 [75]
Cl@TPA 5.39 9.3 32,595 104,000 2021 [74]
V2O5/PVK 7.3 11,908 14,000 2017 [87]
Cu2SnS3–Ga2O3/PVK 5.4 14.9 73,820 2018 [88]
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of 400 µm, confirming the feasibility of quantum dot display 
implementation via bottom-up lithography.

In a previous study, we developed a photolithography-
based patterning technology aimed at minimizing quantum 
dot degradation from solvents during the process through 
ligand engineering (Fig. 5b) [31]. The organic ligands on 
quantum dot surfaces were replaced with dual ligands con-
taining carboxyl and thiol groups. Thiol groups in the dual 
ligands strongly bind to quantum dot surfaces, prevent-
ing solvent-induced degradation during photolithography, 
whereas carboxyl groups react with alkaline substances in 
developers, enabling the simultaneous removal of the PR 
and ligands during development without separate etching 
processes, thus preventing quantum dot damage by develop-
ers. Through this developed photolithography-based quan-
tum dot patterning process, we achieved minimum width, 
10 µm quantum dot patterns (approximately 2540 PPI), with 
QLEDs produced using the patterning process exhibiting 
similar characteristics to those produced without pattern-
ing. In addition, we demonstrate the applicability of our 
patterning technique to multi-color quantum dot patterning 
and flexible substrates such as PET, suggesting the poten-
tial application of ligand engineering and photolithography-
based quantum dot patterning in next-generation high-reso-
lution light-emitting devices.

Kim et al. investigated a quantum dot patterning technol-
ogy that facilitates high-efficiency QLEDs pattern fabrica-
tion by depositing ZnO films on quantum dot surfaces using 
atomic layer deposition (ALD) (Fig. 5c) [95]. Sequential 
exposure of diethylzinc (DEZ) and water molecules on quan-
tum dots resulted in ZnO film formation on the quantum dot 
surfaces, enhancing solvent resistance to organic solvents 
and enabling direct PR coating on quantum dots for high-
resolution patterning via photolithography. Through contin-
uous quantum dot surface ZnO ALD-based photolithography 
processes, they successfully implemented high-resolution 
3-color pattern films (800 PPI), including primary colors 
R/G/B and multi-color QLEDs.

Direct Photopatterning

Direct photopatterning, which proceeds with lithography 
without PR, has garnered attention for preventing quan-
tum dot damage caused by solvents included PR during 
the lithography processes. Direct photopatterning allows 
the formation of high-resolution patterns with fewer pro-
cess steps, making it easily applicable to existing display 
manufacturing processes [96–98]. The development of 
photosensitive ligands attached to QD surfaces is essential 
for direct photopatterning. Many researchers have studied 

Fig. 5  Using a PR-based process to shape quantum dot patterns, a 
R/G/B QLED pattern formed using sacrificial layer patterning, Copy-
right © 2018, Society for Information Display [94], b QLED pattern 
achieved through dual-ligand passivation, Copyright © 2022, Ameri-

can Chemical Society [31], c R/G/B QLED pattern stabilized via zinc 
oxide ALD deposition, Copyright © 2021, American Chemical Soci-
ety [95]
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various crosslinking molecules that form organic and inor-
ganic ligands.

One of the most seminal papers in the field of quantum 
dots direct patterning, Wang et al. addressed these chal-
lenges by developing a patterning method using photosen-
sitive inorganic ligands, termed Direct Optical Lithography 
of Functional Inorganic Nanomaterials (DOLFIN) [98]. 
In this study, quantum dots were passivated with ion pairs 
comprising photoacid generators (PAGs) cations, such as 
 Ph2I+ or  Ph3S+, which possess photoreactive ligands and 
anions that enhance the colloidal stability on the quantum 
dot surface. The PAG molecules decompose upon photon 
absorption, releasing acidic cations that react with anions or 
the quantum dot surface and altering the dissolution rate of 
quantum dots in those regions. Materials containing anions, 
such as  Cs2N3

−, which decompose into  SCN− ions and  N2, 
and S upon photon absorption, can also be used as photore-
active ligands. Quantum dots with inorganic ligands dissolve 
easily in polar solvents such as DMF or DMSO, whereas 
those with altered solubility owing to the photodegradation 
of photoreactive ligands do not dissolve in these solvents, 
allowing the selective removal of unexposed quantum dots 
to form patterns. Various wavelengths ranging from ultravio-
let to visible light can be utilized for direct photopatterning 
by varying the PAG material used in DOLFIN. Successful 
implementation of 10 µm-width quantum dot linear patterns 
using DOLFIN demonstrated that the optical and electrical 
properties of quantum dot pixels formed through pattern-
ing remained similar to those of unpatterning quantum dots, 
proving the feasibility of high-resolution patterning without 
compromising quantum dot characteristics. The research 

group further analyzed the ligands applicable to DOLFIN 
in subsequent studies to develop optimized ligand systems 
for various wavelengths. In addition, they successfully devel-
oped the Direct Electron-Beam Lithography of Functional 
Inorganic Nanomaterials (DELFIN) using E-beam, achiev-
ing high-resolution quantum dot patterns with line widths 
of 30 nm [99].

Kim et  al. discussed direct photopatterning technol-
ogy by adding photo-crosslinking agents to quantum dot 
solutions (Fig. 6a) [100]. In this study, 2,2-bis((14-azido-
2,3,5,6-tetrafluorobenzoyloxy) methyl)propane-1,3-diyl 
bis(4-azido-2,3,5,6-tetrafluorobenzoate) (4Bx) was used 
as a photo-crosslinking agent, which, with four crosslink-
ing units per molecule, allowed patterning with a minimal 
amount (within 5 wt%) to prevent the deterioration of the 
electrical characteristics during the patterning process. 4Bx 
can functions as a photo-crosslinking agent in most materi-
als containing carbon-hydrogen chains, making it applicable 
to the fabrication of patterns in organic ligands, including 
quantum dots.

Yang et al. presented a solution-based processing tech-
nique for creating quantum dot patterns using the light-
induced ligand crosslinker, ethane-1,2-diyl bis(4-azido-
2,3,5,6-tetrafluorobenzoate) (Fig. 6b) [97]. This crosslinker, 
featuring two azide end groups, can bind to neighboring 
quantum dot ligands upon UV exposure to form durable 
quantum dot films. Various CdSe-based core–shell QDs 
of different colors can be patterned photochemically by 
leveraging this light-induced crosslinking process. They 
demonstrate patterns of red, green, and blue primary colors 
with sub-pixel dimensions of 4 μm × 16 μm, achieving a 

Fig. 6  Applying direct photopatterning technology to shape quantum dot patterns, a nano-patterning based on photo-crosslinkable material 4Bx, 
Copyright © 2020, Springer Nature [100], b patterned QLED achieved via dual organic ligands, Copyright © 2020, Springer Nature [97]
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resolution exceeding 1400 pixels per inch. Importantly, this 
process is non-destructive, preserving the photolumines-
cence and electroluminescence properties of quantum dot 
films after crosslinking. Furthermore, they showcase red-
crosslinked QD light-emitting diodes with an impressive 
external quantum efficiency of up to 14.6%.

Hahm et al. devised a dual organic ligand-based direct 
photopatterning method to mitigate quantum dot degra-
dation caused by byproducts, such as acidic substances, 
during the decomposition of inorganic ligands [101]. This 
dual organic ligand consists of photo-crosslinkable ligands 
(PXL) and dispersing ligands (DL), where PXL enables 
patterning by forming covalent bonds with adjacent ligands 
upon exposure to ultraviolet light. To meet the patterning 
requirements, PXL accounts for less than 10 mol% of the 
total ligands, whereas DL, comprising over 90 mol%, can 
be varied to disperse the QDs in solvents with different 
solubilities. By leveraging the excellent photo-crosslinking 
properties of organic ligands and the freedom to disperse 
in different solvents, they successfully dispersed quantum 
dots of different colors in solvents with varying solubilities 

to achieve a high-resolution R/G/B pattern of 15,875 PPI. In 
addition, the production of QLED confirmed that the photo-
crosslinking phenomenon of PXL did not impede the charge 
transport capability of the quantum dots, unlike previous 
photo-crosslinkable ligands.

Inkjet Printing

Unlike photolithography, the technology for forming pat-
terns using inkjet printing requires simple processes with-
out the need for complex procedures, making it a promis-
ing next-generation QD patterning technique because of its 
ability to use QD ink synthesized through solution processes 
[102]. However, conventional inkjet printers have limitations 
in terms of pattern resolution, typically in the range of tens 
of micrometers, owing to the size constraints of the ejected 
droplets. Various studies are currently underway to over-
come this limitation.

Han et al. addressed the resolution limitations of inkjet 
printing by employing aerosol jet printing to form quantum 
dot pixels (Fig. 7a) [103]. The aerosol jet printing technique 

Fig. 7  Researchers have realized quantum dot patterns through inkjet 
printing technology as follows: a R/G/B-patterned QLEDs based on 
aerosol jet printing, Copyright © 2015, Optica Publishing Group 
[103], b a quantum dot patterning technique utilizing ink lithography, 
Copyright © 2021, American Chemical Society [106], c an investiga-

tion into high-resolution patterning employing electrohydrodynamic 
inkjet printing, Copyright © 2022, American Chemical Society [104], 
and d R/G/B-patterned QLEDs fabricated using electrohydrodynamic 
inkjet printing, Copyright © 2015, American Chemical Society [105]
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forms finer patterns by creating a gas flow around the nozzle, 
which is advantageous for quantum dot pattern formation 
because of the high viscosity limits of the inks used. This 
research group successfully produced an R/G/B QLED array 
with a width of 40 µm (approximately 635 PPI) by forming 
quantum dot pixel patterns on a micro-UV LED pixel array, 
demonstrating the potential for high-resolution display fab-
rication using inkjet printing.

Cohen et al. developed a high-resolution perovskite QD 
patterning technology that overcomes the limitations of con-
ventional inkjet printing using electrohydrodynamic (EHD) 
inkjet printing (Fig. 7b) [104]. The minimum droplet size 
generated from printer nozzles is limited by the droplet 
surface energy and viscosity. EHD inkjet printing applies 
an electric field to printer nozzles to overcome these limi-
tations, enabling the creation of smaller droplets. In this 
research, they successfully formed perovskite quantum dot 
patterns with a minimum diameter of 200 nm and a mini-
mum width of 2 µm (approximately 12,700 PPI) through 
EHD inkjet printing, confirming the maintenance of quan-
tum dot characteristics after patterning.

Kim et al. from the University of Illinois optimized the 
operating conditions of EHD inkjet printing to produce high-
resolution quantum dot patterns and implemented QLEDs 
based on them (Fig. 7c) [105]. They managed printing con-
ditions such as nozzle hole size and voltage to effectively 
form various shapes of ultrafine patterns, including circular 
patterns with a diameter of 3.9 µm and linear patterns with 
a width of 250 µm. They also illustrated the implementation 
of single-color and multi-color QLED arrays, indicating that 
the EHD inkjet printing technology could be a powerful tool 
for high-resolution display fabrication.

In our previous study, Ahn et  al. investigated an ink 
lithography technique using inkjet printing by substituting 
ligands of quantum dot films to selectively alter the solubil-
ity (Fig. 7-d) [106]. Parameters such as ink viscosity and 
surface tension must be within certain ranges to fabricate 
high-resolution patterns using inkjet printing. In this study, a 
solution of 0.5 v/v% ethylene glycol (EG)/IPA was prepared 
to dissolve various ligands while ensuring precise pattern 
formation. Through ink lithography, we demonstrated the 
performance of QD-based devices, such as sensors and tran-
sistors, by simultaneously forming QD patterns and ligand 
substitutions, thereby proving the feasibility of using inkjet 
printing to fabricate QD-based devices.

Transfer Printing

Transfer printing is a technique used for forming quan-
tum dot patterns using a substrate on which the patterns 
are formed during the transfer process. This method does 
not use solvents during the process, eliminating the risk of 
quantum dot damage due to chemical exposure and favoring 

large-area pixel fabrication. Typically, in transfer printing, 
a patterned elastomeric stamp is used to transfer quantum 
dots; however, as the pixel size decreases, cracks may occur 
in the transferred quantum dot film, preventing complete 
transfer [107, 108].

To solve this problem, Choi et al. engineered an etching-
transfer printing technique to implement intact high-resolu-
tion quantum dot pixels proficiently (Fig. 8a) [109]. Initially, 
using finite element analysis, they analyzed the causes of 
cracks in the quantum dot film during the transfer process. 
The stress concentrates on the quantum dot film located at 
the edges of the pattern during the elastomeric substrate con-
tacting and detaching, propagating cracks from that point 
and compromising the resolution of the quantum dot pattern. 
In this study, quantum dots coated on a donor substrate were 
transferred to a substrate with etched patterns, and quantum 
dot patterns remaining on polydimethylsiloxane (PDMS) 
were transferred to the target substrate, forming quantum 
dot patterns. Etching transfer printing utilized a flat PDMS 
substrate structure, distributing stress evenly, and resulted 
in intact high-resolution R/G/B quantum dot patterns with 
a minimum pixel size of 6 µm (2460 PPI). Furthermore, 
through repetitive patterning processes, they successfully 
fabricated red/green/blue QLED patterns and white LED 
(WLED), thereby proving the feasibility of high-resolution 
QD-based display fabrication via transfer printing.

Although transfer printing offers excellent optical proper-
ties by avoiding solvent use, maintaining the performance of 
solvent-sensitive materials such as perovskites while achiev-
ing high-resolution patterns is challenging [110–112]. How-
ever, owing to the weak inter-dot interactions in perovskite 
quantum dots, internal cracks easily occur during the film 
transfer process, posing difficulties in forming perovskite 
quantum dot pixels via transfer printing.

Kwon et al. explored an etching-transfer printing tech-
nique combined with organic charge transport layer depo-
sition to prevent internal cracking in perovskite quantum 
dot films during transfer (Fig. 8b) [113]. The cause of 
crack formation in the perovskite films during transfer is 
attributed to the weaker van der Waals forces between the 
perovskite quantum dots compared to the van der Waals 
forces acting between the perovskite quantum dots/PDMS 
stamp. In this study, they enhanced the interactions between 
perovskite quantum dots by replacing surface ligands 
with shorter ligands and reduced the adhesion between 
2,2′,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimida-
zole) (TPBi)/PDMS stamp by depositing an organic electron 
transport layer like TPBi, thereby preventing cracks during 
the transfer process. They successfully fabricated R/G/B 
pixels with a minimum size of 3 µm (2550 PPI) by utilizing 
crack-preventing transfer processes. Moreover, high-density 
perovskite quantum dot films were formed owing to the 
pressure during the transfer process, and they implemented 
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high-efficiency QD-LEDs, demonstrating the advantages of 
display fabrication via transfer printing.

Patterned Quantum Dots Light‑Emitting Diodes

The modification of ETL and HTL materials, along with 
advanced patterning technologies, aims to ultimately fabri-
cate and commercialize quantum dot-based electrolumines-
cent display panels. Patterning processes, whether physical 
or chemical, are employed to pattern quantum dots (QDs), 
thereby preventing damage to QDs during the QLED fab-
rication process. The performance of QLEDs fabricated 
using various patterning processes is presented in Table 2. 
In our previous study, we utilized a dual-ligand approach to 
prevent the PR components from attacking QDs. The pat-
terned QLEDs achieved a luminance of 23,500 cd/m2 and an 
external quantum efficiency (EQE) of 2.95%, with a pattern 
size of less than 100 µm [31]. Without the use of PR, QLEDs 
directly patterned by mixing a photosensitizer within the QD 

compound achieved a luminance of over 100,000 cd/m2 and 
an EQE of over 20% and demonstrated a 10 × 10 array with 
R/G/B patterns [101]. In addition, QLEDs patterned using 
inkjet and transfer printing methods exhibited a luminance 
of over 36,000 cd/m2 and an EQE of over 2.5%, with a pat-
tern size of less than 50 µm [105, 109].

Summary

Researchers have shifted their focus to the commercializa-
tion of EL-based luminance devices since the commerciali-
zation of PL-based luminance devices. Although EL-based 
devices have reached their theoretical performance limit, 
there remains a need for performance improvement. For this 
purpose, both the ZnO-based electron transport layer and 
hole transport layer require enhancements to align the energy 
levels. Compared to other electroluminescent devices, 
QLEDs offer the advantage of easier implementation of 

Fig. 8  For quantum dot patterning, the following techniques based 
on quantum dot transfer technology have been employed: a Uniform 
R/G/B QLED patterns achieved through nanoimprint lithography, 
Copyright © 2015, Springer Nature [109], b research on full-color 

QLED patterning using charge transport layer insertion in the transfer 
process for perovskite, Copyright 2022, The American Association 
for the Advancement of Science [113]

Table 2  QD-LED performance 
based on various quantum dots 
patterning techniques

Patterning
techniques

Compositions
(core/shell/shell)

Luminance
(cd/m2)

EQE
(%)

Pattern size
(µm)

Ref

Photoresist-based CdSe/ZnS 23,500 2.95 100 µm [31]
Direct CdSe/CdxZn1–xSe/ZnSeyS1–y  > 100,000  > 20  < 300 µm [101]
Inkjet CdSe/ZnS 36,000 2.5 50 µm [105]
Transfer print CdSe/ZnS 14,000 2.35 150 µm [109]
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high-resolution patterning due to their solution processabil-
ity. Extensive research efforts aimed at preventing the deg-
radation of QD characteristics due to physical and chemical 
reactions during printing and patterning processes have sig-
nificantly advanced QD-based displays. These advancements 
have not only optimized the fabrication process but also 
paved the way for the seamless integration of cutting-edge 
technologies, such as virtual reality (VR), augmented reality 
(AR), mixed reality (MR), and high-resolution ultra-small 
area displays. Consequently, these next-generation displays 
are poised to transform various industries by delivering 
immersive visual experiences and enhanced functionality, 
driving innovation and opening new possibilities for applica-
tions across diverse fields.
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