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Quantum dot (QD) materials and their patterning technologies play a pivotal role in the full colorization of
next-generation Micro-LED display technology. This article reviews the latest development in QD materials,
including I1-VI group, IlI-V group, and perovskite QDs, along with the state of the art in optimizing QD per-
formance through techniques such as ligand engineering, surface coating, and core-shell structure con-
struction. Additionally, it comprehensively covers the progress in QD patterning methods, such as inkjet
printing, photolithography, electrophoretic deposition, transfer printing, microfluidics, and micropore filling
method, and emphasizes their crucial role in achieving high precision, density, and uniformity in QD depo-
sition. This review delineates the impact of these technologies on the luminance of QD color-conversion
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layers and devices, providing a detailed understanding of their application in enhancing Micro-LED display
technology. Finally, it explores future research directions, offering valuable insights and references for the
continued innovation of full-color Micro-LED displays, thereby providing a comprehensive overview of the
rsc.li/nanoscale potential and scope of QD materials and patterning technologies in this field.

efficient and intuitive interaction with computers."™ High-
resolution displays reveal more details, enhancing image
realism and fidelity, which, in turn, improves user satisfaction

1. Introduction

Displays, one of the ideal interfaces for human-machine inter-
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action, provide clear and accurate images and text, enabling
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with graphical interfaces and overall usability. With the rise of
the “metaverse” concept, there has been growing interest in
both academia and industry towards near-eye displays, particu-
larly those suitable for virtual reality (VR), augmented reality
(AR), and mixed reality.>*> These application domains
demand higher optical quality, resolution, color vividness, and
contrast from modern displays.® To meet these demands, the
development of new display technologies with high resolution
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and image quality is crucial for optimizing visual experience.”
Micro-LED display technology, which constructs self-emissive
pixel units using Micro-LED chips smaller than 50 pm and
assembles these pixels into high-density arrays, is regarded as
the “ultimate display technology” in the realm of flat-panel
displays.®® Owing to its outstanding performance in terms of
brightness, contrast, viewing angles, energy consumption,
response speed, resolution, lifespan, and color rendering,
Micro-LED display technology shows promising applications
in AR/VR, optical communication/optical interconnects, flex-
ible transparent displays, and smart car lighting.'*"?
Consequently, Micro-LED display technology has become a hot
research topic in the fields of optoelectronic materials and
display technologies in recent years.

To achieve superior visual experience, the construction of
full-color Micro-LED displays requires the formation of micro-
scale RGB pixel points. The realization of Micro-LED full-color
displays mainly relies on two approaches: a three-primary-
color chip scheme and color-conversion scheme.'*'
The three-primary-color chip scheme achieves full color by
integrating arrays of RGB three-primary-color Micro-LED chips
onto the display backplane.”*'® This scheme depends on
high-precision massive transfer technology but suffers from
lower transfer precision, lower product yield, and higher
difficulty in repair, leading to higher costs for Micro-LED
display  products.”®  Additionally, voltage differences
between Micro-LEDs of different colors increase the complexity
of the driver circuit design. By contrast, the color-conversion
scheme uses fluorescent materials to emit fluorescence under
the excitation of blue or UV Micro-LED chips to achieve
full color.*'”"'® Currently, the fabrication technology of blue
Micro-LED chips is relatively mature and can realize full-color
display by exciting fluorescent materials that emit red
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and green colors. Although this approach is simple and
straightforward, it needs to address the issue of blue light
leakage to avoid reducing the color purity and gamut of the
display and to protect against potential harm to humans. In
comparison, the color-conversion scheme for full colorization
using UV Micro-LED chips requires the combination of RGB
fluorescent materials. Generally, fluorescent materials exhibit
good absorption properties for UV light, and technology for
addressing the issue of UV light leakage is also relatively
mature.

In color-conversion schemes, fluorescent materials must
possess the following characteristics to ensure the color purity
and color gamut of Micro-LED display devices: small size, high
luminous intensity, narrow full width at half maximum
(FWHM), and high quantum yields.>'® Traditional phosphors
such as calcium halophosphate phosphors and rare-earth tri-
chromatic phosphors are not suitable for fabricating uniformly
emitting micro-scale pixel points due to their larger particle
sizes and slow response.”> In contrast, nanometer-scale
quantum dot (QD) materials are ideal for achieving full-color
Micro-LED displays via color conversion.>>**! QDs are semi-
conductor nanocrystals with quantum confinement effects,
and their characteristic size is typically no larger than twice
the Bohr radius of the exciton in the corresponding semi-
conductor material.>* QDs exhibit unique properties such as
narrow emission spectra, high quantum yield, and tunable
bandgaps, and they can emit light across a broad spectrum
from visible to near-infrared.”® Currently, the QD materials
used in full-color Micro-LED displays primarily include II-VI
group QDs, III-V group QDs, and perovskite QDs. However, the
photoluminescence (PL) performance of QD materials may
degrade under complex conditions such as exposure to light,
heat, water, and oxygen. To make QD materials more suitable
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for color conversion in Micro-LED displays, performance
optimization is often required. These optimization measures
include ligand engineering, coating techniques, and the fabri-
cation of core-shell structures to enhance the luminous inten-
sity and stability of QDs, thereby improving the stability and
longevity of micro-display devices. Additionally, QD materials
should have high ultraviolet or blue light absorption coeffi-
cients to increase the light conversion efficiency.

In addition to high-quality QD materials, developing
reliable QD patterning technologies is crucial for achieving
high precision, high density, and high uniformity in QD depo-
sition on target substrates. The patterning technology signifi-
cantly impacts the resolution and luminous performance of
Micro-LED full-color display devices. Currently, researchers
have developed various QD patterning methods including
inkjet printing,>*>° photolithography,>**?* electrophoretic
deposition,***> microfluidic techniques, micro-transfer
printing,*® and micropore filling method.**"** Each method
has its own advantages and limitations. From the perspective
of QD color conversion for Micro-LED displays, an ideal pat-
terning technology should not only produce uniform and
high-resolution pixel patterns but also be capable of creating
QD films with the required thickness to efficiently absorb
background blue or UV light. This enhancement in light con-
version efficiency reduces background light leakage and
improves color purity. According to Beer-Lambert’s law, the
optical absorbance of QD films is related to the QD absorption
coefficient, film thickness, and QD concentration (including
solid content and porosity). Given that QDs typically have high
absorption coefficients, with molar extinction coefficients gen-
erally in the range of 10°-10° M~ ¢cm™, achieving 99.9% UV
or blue light absorption would require a QD film thickness of
at least several micrometers, assuming the film is composed of
pure QDs.*** QD patterning techniques involve specific
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process conditions that may affect the performance of the QDs
during patterning, thereby influencing the overall performance
and stability of Micro-LED display devices. Therefore, an ideal
QD patterning technology should minimize damage to the
QDs to maintain the optimal performance of the prepared
display devices.

In this review, we will comprehensively explore the latest
advancements in QD materials and their patterning techno-
logies for full-color Micro-LED displays (Fig. 1). First, we will
provide an in-depth introduction to the commonly used QD
materials in Micro-LED color-conversion full-color schemes
including II-VI group QDs, III-V group QDs, and emerging
perovskite QDs. We will also discuss various methods for opti-
mizing QD performance such as ligand engineering, coating
technologies, and core-shell structure fabrication. Next, we
will systematically elaborate on the latest research findings in
QD patterning technologies including inkjet printing, photo-
lithography, electrophoretic deposition, microfluidic tech-
niques, transfer printing, and micropore filling method. Our
focus will be on how these techniques achieve high precision,
high density, and high uniformity in QD deposition on target
substrates, and we will delve into the luminous performance
of QD color-conversion layers and devices fabricated using
these technologies. Finally, based on a comprehensive
summary of recent developments in this field, we will look
ahead to future research directions, aiming to provide valuable
references and insights for the further development and inno-
vation of full-color Micro-LED display technology.

2. Quantum dots for color-
conversion micro-LED displays
2.1. II-VI group quantum dots

Traditional II-VI group semiconductor QDs such as CdS, ZnS,
CdSe, ZnO, and CdTe (Fig. 2A)*® have found extensive appli-
cations in the optoelectronic field. The bandgap of II-VI group
QDs can be precisely tuned through surface modification, size
control, alloying, and ion doping, allowing their fluorescence
emission wavelength to cover the entire visible spectrum.
Fig. 2B presents the PL images and spectra of CdSe/CdS core-
shell QDs with different emission wavelengths under UV exci-
tation.*” Fig. 2C displays the HRTEM image of CdSe/CdS/ZnS
QDs.*® Significant progress has been made in the synthesis
and performance optimization of CdSe QDs. Leading inter-
national companies such as QD Vision, Nanosys, Nanoco, and
Poly OptoElectronics Co. Ltd have achieved large-scale pro-
duction of CdSe-based QDs, which are widely used in the back-
light design for liquid crystal displays. Additionally, electrolu-
minescent QLED display technology based on CdSe QDs is
also rapidly advancing. With the rise of Micro-LED display
technology, CdSe QDs, one of the most mature QD materials,
are emerging as key luminescent materials for color-conver-
sion full-color Micro-LED displays.

The synthesis of QDs involves nucleation and growth,
which significantly influence the size, shape, structure, and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Commonly utilized QDs (inner cycle) and their pattering technologies (outer cycle) for constructing micrometer-scale color conversion pixel
arrays for Micro-LED displays. Reprinted with permission from ref. 18, 56, 24 and 34. Copyright 2020, 2019, 2024, 2024, American Chemical Society.
Reprinted with permission from ref. 30 and 80. Copyright 2022, 2022, Springer Nature. Reprinted with permission from ref. 29. Copyright 2020,
John Wiley and Sons. Reprinted with permission from ref. 37, 38 and 40. Copyright 2023, 2023, 2022, Royal Society of Chemistry.

properties of QDs. Murray et al. developed monodispersed
CdSe, CdS, and CdTe QDs using high-temperature thermal
injection at 300 °C, employing trioctylphosphine oxide (TOPO)
as the solvent and trioctylphosphine (TOP) as the ligand.*’
This method allowed separate nucleation and growth, main-
taining a size distribution within 5% and precise control over
grain size. Peng Xiaogang’s group replaced TOPO with the
non-coordinating solvent 1-octadecene (ODE) to synthesize
Cds and CdSe QDs, providing a “green chemistry” synthetic
route for quantum dots, which is conducive to achieving a
safer and more environmentally friendly synthesis process.’*>"

During the nucleation of QDs, the ligand significantly
influences their growth dynamics. Ligand modification can
reduce surface defects in QDs and improve the quantum
yield, which is essential for efficient light-emitting devices.
Talapin et al. added hexadecylamine (HDA) to the common
trioctylphosphine/trioctylphosphine oxide (TOP/TOPO) system

This journal is © The Royal Society of Chemistry 2025

to accurately control CdSe QD growth. Surface passivation with
inorganic (ZnS) or organic alkyl amine layers improved the
quantum efficiency of CdSe QDs to 40-60%.°> Further
improvements were achieved by using environmentally friendly
cadmium acetate instead of dimethylcadmium, which led to
an increase in the photoluminescence quantum yield (PLQY)
of CdSe QDs to 85%.>*

Coating a shell material on the core of QDs can effectively
passivate the surface defects and reduce non-radiative recom-
bination. Li et al. synthesized CdSe/CdS core-shell QDs using
the successive ion layer adsorption and reaction (SILAR) tech-
nique.’® After applying five monolayers of CdS coating on the
CdSe core, the size distribution remained consistent, with
PLQY between 20% and 40% and FWHM between 23 and
26 nm, showing better optical properties and stability than
bare CdSe nanocrystals. Lv et al. developed a two-step synthesis
strategy with non-coordinating solvents, first creating small-

Nanoscale, 2025,17,1764-1789 | 1767
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Fig. 2 (A) Schematic of II-VI group QDs. Reprinted with permission from ref. 45. Copyright 2016, Bagiyatallah University of Medical Sciences. (B) PL
images and spectra of CdSe/CdS core—shell QDs with different emission wavelengths. Reprinted with permission from ref. 46. Copyright 2012,
American Chemical Society. (C) HRTEM image of CdSe/CdS/ZnS QDs. Reprinted with permission from ref. 47. Copyright 2022, Multidisciplinary
Digital Publishing Institute. (D) Ligand passivation on the (100) facet with and without chloride ions. (E) HRTEM image of cubic CdSe QDs and SAED
images. Reprinted with permission from ref. 54. Copyright 2020, American Chemical Society. (F) Schematic of a two-step epitaxial growth method
for synthesizing CdSe/nZnSe QDs. (G) TEM image of the prepared CdSe/7ZnSe QDs. (H) Relationship between the PLQY and the thickness of ZnSe
shells. Reprinted with permission from ref. 55. Copyright 2023, American Chemical Society.

sized CdSe QDs as seeds, then using chloride ligands to selec-
tively grow cube-shaped dots with six (100) facets.”® These
CdSe dots displayed monodisperse sizes and a quantum yield
of about 90%, with a narrow FWHM of 20 nm. Fig. 2D com-
pares ligand passivation on the (100) facet with and without
chloride ions, showing that smaller chloride ions are more
effective than alkylamide ligands for Cd sites. Fig. 2E shows
the HRTEM images of cubic CdSe QDs with clear (200) and
(220) planes and the selected area electron diffraction (SAED)
images revealing clear square-symmetrical spots, confirming
parallel lattice fringes and six equivalent (100) facets. Zhang
et al. controlled the surface ligand strain and CdSe/ZnSe lattice
strain using a two-step epitaxial growth method and syn-
thesized green CdSe/ZnSe/ZnS core/shell/shell QDs with a
nearly uniform PLQY (Fig. 2F).”° The TEM image in Fig. 2G
shows the uniform size of the prepared QDs with 7 monolayers
of the ZnSe shell. Fig. 2H shows the relationship between the

1768 | Nanoscale, 2025,17,1764-1789

PLQY of QDs and the ZnS and ZnSe shell thickness, and the
maximum PLQY of 92% was achieved when the ZnSe shell
thickness is 7 monolayers.

2.2. Perovskite quantum dots

Perovskite QDs have demonstrated significant potential in the
display industry due to their exceptional PL intensity, narrow
emission peak, and facility of synthesis. The structure of perovs-
kite QDs is typically represented as ABX; (Fig. 3A),>” where A
denotes a monovalent organic cation such as methylammonium
(CH;NH; ", MAY), formamidinium (CH(NHS,),", FA"), phenylethyl-
ammonium (CeH5(CH,),NH;", PEA"), cesium (Cs"), or rubidium
(Rb"); B represents a metal cation, such as lead (Pb**), tin (Sn**

zinc (Zn**), or copper (Cu**) ion; and X stands for a halide anion
such as chloride (Cl17), bromide (Br™), or iodide (I).”® Besides
exploiting the quantum confinement effect by turning the size,
directly shifting the intrinsic band-gap by changing the halide

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Schematic of the structure of perovskite QDs. Reprinted with permission from ref. 56. Copyright 2019, American Chemical Society. (B) PL
images and spectra of perovskite QDs with different emission wavelengths. Reprinted with permission from ref. 58. Copyright 2015, American
Chemical Society. (C) HRTEM images of CsPbCls, CsPbBrs, and CsPbls QDs. Reprinted with permission from ref. 58. Copyright 2015, American
Chemical Society. Reprinted with permission from ref. 59. Copyright 2022, Elsevier. Reprinted with permission from ref. 60. Copyright 2019, John
Wiley and Sons. (D) Schematic of the structure of Ni*-doped CsPbls QDs. (E) TEM and HRTEM images of the Ni*-doped CsPbls QD. (F)
Relationship between the PLQY of the QDs and the Ni/Pb feed ratio. Reprinted with permission from ref. 63. Copyright 2021, Elsevier. (G) Schematic
of dual-ligand (1-DT and lecithin)-stabilized CsPbBrl, QDs. (H) Size distribution of the OA/OAm-passivated QDs and 1-DT/lecithin passivated
CsPbBrl, QDs. (I) PLQY of QDs stabilized by different ligands. Reprinted with permission from ref. 24. Copyright 2024, American Chemical Society.
(J) Schematic illustration of the structure of core shell perovskite QDs with SiO, protection layer. (K) TEM images of the core—shell perovskite QDs.
(L) Quantum yield of QDs under different excitation lights, and different Br concentrations. (M) Comparison of the stability of the SiO,-passivated
QDs compared to that without SiO, protection. Reprinted with permission from ref. 41. Copyright 2023, John Wiley and Sons.

component ratio provides a more convenient way to adjusting oxygen, moisture, temperature, and radiation, which can cause
the PL peak wavelength. By adjusting the halide composition, dissociation or phase transitions, resulting in non-emissive
the emission wavelength of perovskite QDs can span the entire  structures and affecting their optical performance and stability.”®
visible spectrum. Fig. 3B shows the PL images (top) and spectra  Recent research has therefore aimed to enhance the stability and
(bottom) of perovskite QDs with different emission wavelengths PLQY of perovskite QDs, employing strategies such as ion
under ultraviolet excitation.’® Fig. 3C shows the typical TEM doping for lattice stabilization, ligand passivation to minimize
image of CsPbCl;, CsPbBr;, and CsPbl; QDs, respectively.’®®* In  surface defects, and coating with protective layers for surface
practice, perovskite QDs are sensitive to external factors such as  preservation.®>®?

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025,17,1764-1789 | 1769


https://doi.org/10.1039/d4nr03925d

Published on 04 2567. Downloaded on 11/6/2569 10:41:26.

Review

By carefully selecting the ion types and concentrations, the
optical, electrical, and stability properties of perovskite QDs
can be optimized. Li et al. developed a Na* ion doping method
for CsPbBr; QDs, which enhances oxidation and reduction tol-
erance by increasing the Br~ vacancy diffusion barriers and
reducing non-radiative recombination centers.®* Na*-doped
green CsPbBr; QDs show improved emission efficiency, color
purity, PLQY, and stability against optical, thermal, and moist-
ure effects. Liu et al. synthesized Ni**-doped red CsPbl; QDs
by replacing Pb>* with Ni**, which increased lattice formation
energy and improved structural stability, radiative lifetime, and
environmental stability (Fig. 3D).°> TEM and HRTEM images
(Fig. 3E) confirmed the cubic structure and lattice contraction
of Ni**-doped CsPbl;. Fig. 3F shows that the PLQY of the QDs
can be increased to 95%-100% by adjusting the Ni/Pb feed
ratio.

Mir et al. used zwitterionic lecithin as a capping ligand for
CsPbl;, which, compared to traditional ligands OA and OAm,
causes less surface strain and significantly enhances the stabi-
lity.® The modified CsPbl; QDs remain stable in air for over
6 months. Yang et al. reported the passivation of CsPbBr; QDs
by dodecyl-dimethyl-ammonium bromide (DDAB)/PbBr, and
dispersed the QDs in non-polar solvent for preparing perovs-
kite QD colloid inks with a PLQY of 94.06%.°” Xie et al. treated
CsPbI; QDs with hydrobromic acid and then replaced OA
ligands with 1-dodecanethiol. This process reduced halide ion
migration and increased the PLQY of the CsPbl; QDs from
48% to 82%.°® Yang et al. proposed stabilizing strategy for
dual ligands, 1-decanethiol (1-DT) and lecithin, to prepare
mixed halide CsPbBrI, QD (Fig. 3G) colloid ink specialized for
EHD inkjet printing of high-resolution red pixels.>* The 1-DT
and lecithin-passivated CsPbBrI, QDs show a smaller size than
that of control sample OA- and OAm-passivated QDs (Fig. 3H).
The dual-ligand treatment QD ink not only shows the highest
PLQY of 94% (Fig. 3I), but also possesses significantly
improved stability. Li et al. replaced CsPbl; long-chain ligands
with 2-phenethylamine hydrochloride (TEAC), which reduced
the defect density and achieved a PLQY of 92.5%.%° Li et al.
used 2-naphthalenesulfonic acid (NSA) to suppress Ostwald
ripening and ammonium hexafluorophosphate (NH4PF;) to
replace long-chain ligands, achieving pure red CsPbl; QDs
with a quantum yield of 94% and maintaining over 80%
quantum yield after 50 days.”®

Huang et al. coated SiO, shells on the perovskite QDs via a
hydrolysis reaction of tetramethyl orthosilicate (TMOS). The
synthesized CH;NH;PbBr;@SiO, QDs showed a PLQY of 87%
and maintained 94.10% of their initial luminescence after
7 hours of exposure to 470 nm blue light.”* Song et al. replaced
the surface ligands of CsPbBr; QDs with 3-aminopropyl-
triethoxysilane (APTES) and created a SiO, shell via hydro-
lysis.”> These CsPbBr;@SiO, QDs retained 35.8% of their
luminescence after 48 hours in water, demonstrating excellent
PL and water resistance. He et al. developed an iz situ method
to grow QDs within mesoporous silica nanospheres, resulting
in silica-coated QDs with a PLQY of 87% and high stability.”
Fan et al. proposed dual-component core-shell QDs with silica
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coating (Fig. 3]).*> The QDs have red CsPbl; QDs as the shell
and green CsPbBr; as the core. The TEM images in Fig. 3K
show that CsPbl; surrounds the CsPbBr; core. The PL spectra
show a luminescence peak of both bare y-CsPbI; and bicompo-
nent QDs at 688 nm, while the intensity of the bicomponent
QDs is significantly enhanced. The highest PLQY of red-emis-
sive dual-component perovskite QD reached 99.9% (Fig. 3L).
Under continuous blue LED excitation, the silica coated
bicomponent samples showed apparently improved stability
(Fig. 3M), demonstrating the great potential of the prepared
QDs as color-conversion layers with blue micro-LED excitation.

2.3. II-V group quantum dots

Due to the toxicity of Cd-based QDs and Pb-containing perovs-
kite QDs, low-toxicity III-V group QDs, particularly InP QDs,
are emerging as eco-friendly alternatives. InP QDs exhibit a
larger exciton Bohr radius and a direct bandgap, leading to
notable quantum confinement and high stability. They are
theoretically capable of covering the entire visible and near-
infrared spectrum. Typically synthesized via the hot-injection
method, InP QDs face challenges like surface defects and size
uniformity despite their high PLQY and narrow FWHM.
Enhancements in their performance can be achieved through
improved synthesis, surface modifications, and core-shell
design. Fig. 4A shows the schematic of the structure of InP/
ZnSe/ZnS core/shell/shell QDs.”* Fig. 4B displays the PL image
(top) and spectrum (bottom) of InP QD emission across the
visible range under UV excitation.”” Fig. 4C presents the TEM
images of blue InP/ZnS/ZnS, green InP/ZnSe/ZnS, and red InP/
ZnSe/ZnS QDs. Compared to CdSe QDs, InP QDs have nar-
rower spectral linewidths, making them ideal for high color
purity displays.

The synthesis methods for InP QDs primarily involve one-
pot and two-step strategies, differing mainly in precursor
types. The one-pot method uses a single precursor, while the
two-step method employs two precursors to provide indium
and phosphorus separately. Although simpler, the one-pot
method lacks the compositional and size control of the two-
step approach. Jo et al. utilized tri(dimethylamino)phosphine
as a safer phosphorus source instead of the toxic trimethyl-
silane phosphine to create InP/ZnSe,S;_,/ZnS green QDs via
two-step synthesis.”® Fig. 4D illustrates the synthesis flow,
which involves a double-layer shell growth around InP cores.
Initially, a ZnSe,S;_, inner shell is formed with a compo-
sitional gradient, followed by a ZnS outer shell to enhance PL.
As the ZnSe ratio in the inner shell increases, the QDs show
improved uniformity. Fig. 4E displays the TEM image of InP/
ZnSey 18S0.32/ZnS QDs with an average diameter of about
9.1 nm. Fig. 4F presents the PL spectrum, showing a PL peak
at 527 nm, an FWHM of 37 nm, and a PLQY of up to 87%.
Kim et al. synthesized blue InGaP QDs via a cation exchange
strategy, resulting in double-shell InGaP/ZnSeS/ZnS QDs with a
blue shift from 475 to 465 nm and a high PLQY of 80-82%.””
Yu et al. synthesized InP-based QDs using sodium phosphide
(NaOCP), achieving a tunable PL wavelength peak at 620 nm

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) Schematic of the structure of the InP/ZnSe/ZnS core/shell/shell QDs. Reprinted with permission from ref. 72. Copyright 2023, American

Chemical Society. (B) PL image and spectrum of InP QDs emitting across the visible range. (C) TEM images of blue InP/ZnS/ZnS, green InP/ZnSe/
ZnS, and red InP/ZnSe/ZnS QDs. Reprinted with permission from ref. 73. Copyright 2021, American Chemical Society. (D) Schematic of the synthesis
flow of double-layer shell growth around InP cores. (E) TEM image and (F) PL spectrum of the prepared InP/ZnSeq 18S0.82/ZnS QDs. Reprinted with
permission from ref. 74. Copyright 2020, American Chemical Society. (G) Schematic of Br~ and I~ passivated InP/ZnS/ZnS QDs. (H) TEM images of
the InP/ZnS QDs and InP/ZnS/ZnS QDs. (I) PL and UV-visible absorption spectra of bromide-passivated blue InP QDs. Reprinted with permission
from ref. 77. Copyright 2022, John Wiley and Sons. (J) Schematic of the QS strategy and TS strategy for synthesizing green InP/ZnSe/ZnS QDs. (K)
TEM images and (L) absorption and PL spectra of QDs prepared using the two strategies. Reprinted with permission from ref. 78. Copyright 2022,

Wiley-VCH Verlag.

and a maximum PLQY of 97% by adjusting the precursor
ratios and nucleation temperature.””

Ligands greatly enhance the PL of InP QDs by passivating
surface defects. Common ligands for passivating InP QDs
include halide ions, thiols (e.g., 1-octanethiol), phosphides,
carboxylates, amines, and other organics. Calvin et al
employed metal halide salts (ZnCl,, ZnBr,, and InCl;) to facili-
tate ligand exchange on the surface of InP quantum
dots, where more electronegative halogen ions replaced the
less electronegative carboxylate ligands. This substitution
reduced electron trapping caused by surface defects or
miscoordinated environments, thereby enhancing the
quantum yield, with ZnCl, achieving a PLQY over 80%.”%

This journal is © The Royal Society of Chemistry 2025

Zhang et al synthesized blue InP QDs using bromide
passivation with low-temperature nucleation and high-temp-
erature coating methods (Fig. 4G).”° The TEM images in
Fig. 4H (left) show the InP core QDs with a ZnS shell, with a
size of 3.8 + 0.50 nm. Introducing 1-dodecanethiol (DDT) for a
second ZnS shell resulted in InP/ZnS/ZnS QDs, with increased
size of 6.2 + 0.52 nm (Fig. 4H right). Fig. 41 displays the
PL and UV-visible absorption spectra of these bromide-passi-
vated blue InP QDs. The results indicate that the ZnBr, passi-
vation significantly improved the PLQY of the QDs from 54%
to 93%.

Wu et al. introduced a quasi-shell growth strategy (QS strat-
egy) for synthesizing green InP/ZnSe/ZnS QDs (Fig. 4]).%° In the
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traditional strategy (TS), Se precursors form a ZnSe shell at
high temperatures, while in QS, Se precursors form a quasi-
ZnSe (Q-ZnSe) shell at a lower temperature, which gradually
transforms into ZnSe. Fig. 4K shows that the QS strategy
results in more uniform spherical QDs, as the Q-ZnSe shell
reduces Ostwald ripening. Fig. 4L compares the absorption
and PL spectra of QDs prepared using the two strategies. The
results indicate that the InP QDs from the QS strategy show a
higher absorption valley-to-depth ratio, a narrower FWHM of
36 nm, and a high PLQY of 91%. Li et al. prepared red-emit-
ting InP/ZnSe core/shell quantum dots by adjusting the shell
thickness, with an emission peak at 620 nm, an FWHM of
39 nm, and a maximum PLQY of 95%.%' Yu et al. synthesized
green-emitting InP/ZnSe,S;_,/ZnS QDs with an inner
ZnSe,S;_, layer, and the FWHM of the emission peak is
35 nm, and a maximum PLQY of 97% was obtained when the
Se/S ratio was 0.7.5%

3. Patterning technologies of
quantum dots
3.1. Inkjet printing technology

Inkjet printing technology is the precise spraying of QD ink
onto a substrate through a nozzle, where QDs deposit at desig-
nated positions on the substrate to form an array of QD micro-
structures after the solvent evaporates. Optimizing the solvent
system in the ink to match the physical and chemical pro-
perties of the substrate can significantly improve the mor-
phology and dimensions of the printed QD microstructures.
Inkjet printing technology has the advantages of simple
process, low cost, maskless fabrication, non-contact operation,
and high automation. According to the driving principle of ink
droplet ejection, inkjet printing can be divided into three
main types: piezoelectric inkjet printing, aerosol jet printing
(AJP), and electrohydrodynamic (EHD) inkjet printing.

3.1.1. Piezoelectric inkjet printing. Piezoelectric inkjet
printing is one of the most commonly used inkjet printing
technologies. This technique controls the voltage applied to
piezoelectric ceramics to adjust their deformation, thereby pre-
cisely regulating the volume of QD ink ejected from the nozzle
and enabling accurate droplet deposition. Typically, the nozzle
diameter is around 20 pm, and the viscosity of the QD ink is
controlled within the range of 1-25 mPa s, with surface
tension between 25 and 50 mN m™'. Such precise control
allows piezoelectric inkjet printing to effectively fabricate QD
color-conversion arrays with diameters ranging from 10 pm to
220 pm.'H%?

Shi et al. used piezoelectric inkjet printing to deposit a per-
ovskite precursor solution droplet onto a polymer-coated sub-
strate, followed by heating to crystallize the precursor, result-
ing in a perovskite QD microdisk array (Fig. 5A).>° This
method is suitable for various polymer substrates such as poly-
methyl methacrylate (PMMA), polystyrene (PS), polyvinyl chlor-
ide (PVC), and polyacrylonitrile (PAN) (Fig. 5B). PAN-based per-
ovskite QD films achieved the highest brightness with a PLQY
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of up to 80% under 365 nm UV excitation. The heating temp-
erature influences microstructure size, as the temperature
increases from 30 °C to 90 °C, the contact angle of the precur-
sor solution on PAN rises from 10.5° to 23.5°, while the
average microdisk size decreases from 212 pm to 110 pm
(Fig. 5C). By adjusting the halogen ratio in the perovskite pre-
cursor solution, researchers successfully fabricated tunable
emission MAPbBr,Cl;_, perovskite QD patterns ranging from
blue to red (Fig. 5D).

Liu et al. used piezoelectric inkjet printing to deposit per-
ovskite precursor inks with a photoinitiator onto a PDMS-
modified ITO substrate.®* UV light was used to form a polymer
network, and the following heating induced perovskite crystal-
lization in the network, forming 3D perovskite QD microarrays.
This microarray showed excellent brightness and uniformity
under UV light, with no coffee ring effect. PDMS modification
reduced the surface energy of the substrate and increased the
contact angle of the QD precursor ink to 90°. Further adjust-
ment of the photoinitiator content increased the contact angle
of the precursor ink to 100°. By adjusting parameters such as
nozzle diameter, ink release time, and applied voltage, QD
microstructures with a diameter of 30 pm and a height of
10 pm were fabricated, achieving a pixel density of 500 ppi.
The produced RGB QD pixel arrays had peak wavelengths of
472 nm, 526 nm, and 654 nm, with PLQYs of 10%, 35%, and
20%, respectively, and a color gamut of 112% of the NTSC
standard was achieved.

Wei et al. developed a ternary solvent system of naphthene,
dodecane, and heptane for preparing CsPbX; perovskite QD
inks.®® This system significantly improved the printability and
film-forming properties compared to the traditional binary
solvent system. Heptane’s low boiling point reduced QD aggre-
gation and sped up solvent evaporation, minimizing the coffee
ring effect. QD films made with the ternary solvent showed
about 52.14% higher fluorescence intensity and a 17%
increase in PLQY compared to those from binary systems. The
research team successfully printed a QD matrix with a resolu-
tion of 250 ppi using the ternary solvent ink.

Wang et al. used a one-step thermal injection method at
120 °C to prepare CsPbX; QD inks with tunable colors and UV-
curable properties.®® They employed piezoelectric inkjet print-
ing to form color-variable QD arrays. By adjusting QD precur-
sor composition, they tuned the emission spectra from 410 nm
to 710 nm. The perovskite QDs had narrow spectral linewidths,
with the FWHM ranging from 21 to 39 nm. Ultimately, the
researchers successfully fabricated uniform red and green QD
array films with thicknesses of 13.7 pm and 14.7 pm,
respectively.

Cai et al. used PDMS to encapsulate CsPbBr; QDs modified
with dodecylbenzenesulfonic acid (DBSA) and applied piezo-
electric inkjet printing to create color-conversion arrays
(Fig. 5E).*® The high flow resistance of the CsPbBr;/PDMS ink
minimizes the coffee ring effect, leading to more uniform
printing. Using piezoelectric inkjet printing, the researchers
created a QD microstructure with a diameter of 17 pm and a
height of 20 pm (Fig. 5F). These microstructures can be used

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (A) Schematic of the piezoelectric inkjet printing of the perovskite precursor solution droplet on the polymer-coated substrate and the crys-
tallization after. (B) Formed perovskite patterns on different polymer substrates. (C) Photograph of perovskite microdisks and contact angle of the
precursor solution on the PAN substrate at a temperature of 30 °C—-90 °C. (D) Blue-, green- and red-perovskite QD arrays. Reprinted with permission
from ref. 25. Copyright 2019, John Wiley and Sons. (E) Schematic of the piezoelectric inkjet printing of for creating color conversion pattern. (F)
Fluorescent image of the printed PDMS-encapsulated CsPbBrsz QD arrays and the corresponding size profile. (G) Schematic of the color conversion
layer with blue micro-LED excitation, and the comparison of PL intensity and blue light leakage of PDMS-encapsulated CsPbBr; QDs and the control
sample OA-CsPbBr; QD. Reprinted with permission from ref. 26. Copyright 2024, John Wiley and Sons.

as micro-LED color-conversion layers (Fig. 5G). Comparative
tests showed that the CsPbBr;/PDMS pattern has reduced blue
light component and improved stability, as evidenced by shifts
in color coordinates and microscope images.

Lee et al. used piezoelectric inkjet printing to create InP QD
arrays on surface-modified substrates.’” CF, plasma treatment
increased the contact angle of QD droplets on the substrate
from 74.6° to 123.7°, which facilitated the formation of InP QD
structures with a three-dimensional (3D) morphology. By
adjusting the number of ink droplets, the QD thickness was
controlled up to 10 pm, which reduced blue light leakage by
26.38% and improved color-conversion efficiency by 5.71%.

This journal is © The Royal Society of Chemistry 2025

3.1.2. Aerosol jet printing. Traditional piezoelectric inkjet
printing techniques impose strict requirements on ink vis-
cosity.'* In contrast, AJP offers a more versatile solution. In the
AJP process, the QD ink is first atomized using either a pneu-
matic atomizer or an ultrasonic transducer. The atomized ink
is then transported to a virtual impactor under the influence
of a nitrogen gas flow and finally ejected through a nozzle. By
adjusting the flow intensity of the nitrogen gas, the aerosol
jet’s ink mist flow can be precisely controlled. AJP accommo-
dates a broader range of ink viscosities (0.5-1000 mPa s),
enabling the fabrication of QD structures with dimensions less
than 30 pm.%®
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Han et al. applied AJP for depositing blue CdS QDs and
red/green CdSe/ZnS colloidal QDs onto a UV-emitting GaN-
based Micro-LED array, creating a full-color display device.®’
The QD color-conversion layer features 35 pm x 35 pm pixel
size and 40 pm pixel pitch, reaching a resolution of 282 ppi.
The average heights of blue, green, and red QDs are 2.879 pm,
5.581 pm, and 6.462 pm, respectively. To boost the UV photon
use, a distributed Bragg reflector (DBR) was incorporated, sig-
nificantly enhancing the light intensity by reflecting leaked UV
photons back into the QD layer, with improvements in light
intensity of 194%, 173%, and 183% for blue, green, and red
subpixels, respectively. However, QD overflow during printing
caused a significant optical crosstalk in the Micro-LED color-
conversion layer, affecting display performance.

To tackle this issue, Lin et al. improved the process by
adding a black photoresist matrix on the Micro-LED chip
(Fig. 6A top), and then depositing CdSe QD ink within the
matrix using AJP (Fig. 6A bottom).>” The QD color-conversion

Sy
CstBr,(green)
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layer with the black matrix has clearer boundaries (Fig. 6B),
reducing the optical crosstalk between pixels compared to that
without the black matrix (Fig. 6C). Without the black matrix,
the overlap between red and green QD pixels is about 13.4 pm,
resulting in 32.8% optical crosstalk. With the barrier layer,
optical crosstalk drops to nearly 0. Additionally, inkjet printing
within the photolithography structure minimizes the coffee
ring effect, leading to a more uniform thickness distribution.
Kim et al. passivated CsPbBr; and CsPb(Brl); QDs with
trioctylphosphine (TOPO) - zinc complexes and incorporated
scattering metal oxide particles to create green and red perovs-
kite QD inks.?® These inks were deposited onto blue OLED
films using AJP technology (Fig. 6D). The resulting QD color-
conversion structures were well-ordered and uniform, with a
thickness of up to 3 pm. The metal oxides Al,O; and SiO,
enhanced blue light propagation within the structure, leading
to improved excitation absorption. Consequently, red and
green luminescence increased by 37.4% and 42.4%, respect-
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Fig. 6 (A) Schematic of the construction of black matrix on a Micro-LED chip and AJP of QDs in the black matrix. Schematics of the deposition of
QD:s in (B) black matrix and (C) flat substrate, and the images of the patterned RGB color conversion pixels. Reprinted with permission from ref. 27.
Copyright 2017, The Optical Society of America. (D) Schematic of the deposition of perovskite QDs using AJP technology. (E) Fluorescence image of
the green and red perovskite QD arrays on a flexible substrate. Reprinted with permission from ref. 28. Copyright 2022, Elsevier.

1774 | Nanoscale, 2025,17,1764-1789

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr03925d

Published on 04 2567. Downloaded on 11/6/2569 10:41:26.

Nanoscale

ively, with minimal blue light leakage. This method is also
compatible with various patterning processes, enabling the
fabrication of 30 pm diameter green and red QD patterns
(Fig. 6E).

3.1.3. Electrohydrodynamic inkjet printing. EHD inkjet
printing is a technique that utilizes an electric field to drive
ink ejection. In this process, applying a pulsed voltage causes
ions or polarized charges in the ink to relax at the liquid-air
interface, forming a meniscus. When the induced electric field
force overcomes the surface tension, droplets detach from the
meniscus and move downward under gravity. During depo-
sition, large droplets can break into multiple smaller droplets,
which then continuously deposit onto the substrate. After
solvent evaporation, a nanoparticle pattern is formed.
Compared to piezoelectric inkjet printing and AJP, EHD inkjet
printing accommodates a wider range of ink viscosities
(110000 mPa s).'* Furthermore, the EHD inkjet printing
enables the fabrication of QD structures at sub-micron scales,
making it suitable for producing ultra-high-resolution pixel
patterns.

Li et al. dispersed red CdSe/CdS/ZnS QDs in a cyclohexane-
n-heptane mixture to prepare QD inks. Using the EHD inkjet
printing, they created micrometer-scale QD microstructures.
The results indicated that the coffee ring effect was fully sup-
pressed with a cyclohexane-to-n-heptane ratio of 8/2. By opti-
mizing EHD printing parameters, they controlled droplet
volume precisely, achieving a Cd-based QD pixel microarray
with 1 pm diameter and 306 ppi resolution.

Zhu et al. prepared perovskite precursor inks by dissolving
cesium halides (CsCl, CsBr, and CsI), lead halides (PbCl,,
PbBr,, and Pbl,), 2-phenylethylammonium bromide (PEABr),
and crown ether in dimethyl sulfoxide (DMSO).”® Using EHD
inkjet printing, they created full-color QD microarrays with
high luminescence and resolution (Fig. 7A). The PLQY of QD
solutions ranged from 29% to 80%, with CsPbBr; exceeding
75%. The pulse frequency and amplitude of pulsed voltage
influence the QD pixel size. It was observed that the droplet
generation frequency of the QDs was almost synchronized with
the pulse frequency, and the diameter of the QD pixels
decreased with the increase in voltage frequency (Fig. 7B). By
optimizing the printing parameters, the team produced
uniform green QD arrays with a subpixel diameter of 1.5 pm,
and RGB monochromatic and multicolored QD patterns
(Fig. 7C).

Chen et al. used EHD inkjet printing to deposit QD color-
conversion layers on nano-ring structured Micro-LED chips,
creating full-color Micro-LED devices.”’ They achieved a
1.65 pm minimum line width for the QD structures with excel-
lent uniformity. Wang et al. used an eco-friendly high-viscosity
ionic liquid as the solvent to prepare perovskite QD inks. With
EHD inkjet printing, they produced high-resolution, flexible
full-color devices with 1 pm diameter QD structures and a
maximum resolution reaching approximately 5080 ppi.

EHD inkjet printing usually requires polar solvents, which
can quench perovskite QDs and impair performance. Thus,
developing non-polar solvent inks suitable for EHD inkjet

This journal is © The Royal Society of Chemistry 2025
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printing is of significant importance. Yang et al. developed
non-polar inks by dispersing green perovskite QDs, passivated
with DDAB/PbBr,, in a 1:1 mixture of 1,3,5-triisopropyl-
benzene and n-tetradecane.®” Through EHD printing, they pro-
duced high-resolution QD microstructures with uniform thick-
ness and minimized the coffee ring effect, a linewidth of 2 pm
and a resolution up to 22 718 ppi.

Red-perovskite QDs are less stable than green QDs,
especially during EHD printing, where halide ions can migrate
and affect luminescence. Yang et al. used lecithin and 1-DT as
dual ligands to passivate mixed-halide CsPbBrl, and disperse
the QDs in xylene to prepare a non-polar ink.”* The dual-
ligand passivation significantly enhanced the stability of red-
perovskite QDs and enabled high-resolution red QD color-con-
version arrays via EHD inkjet printing. The lecithin reduces
damage to CsPbBrI, under the electric field, while 1-DT passi-
vates halide vacancies. Compared to arrays printed by using an
OA/m-CsPbBrl, ink, the arrays from the dual-ligand passivated
CsPbBrI, ink show higher brightness and a less spectral blue
shift. The dual-ligand passivated CsPbBrl, microarrays also
demonstrate excellent stability during storage and UV
exposure. Ultimately, they achieved a resolution of up to 2540
dpi for CsPbBrl, red QD arrays and successfully fabricated red,
green, and blue color-conversion arrays.

Chen et al. dispersed CsPbX; QDs with polystyrene (PS) in
xylene and used EHD inkjet printing to create 3D perovskite
microstructure arrays.”> The PS-containing ink produced pro-
nounced 3D structures with a height of 3 pm, while the height
is only 100 nm for microstructures printed from QD ink
without PS (Fig. 7E). The 3D structure morphology was control-
lable by adjusting the pulse width and voltage. Increasing the
pulse width resulted in a change in microcolumn diameter
from 2.8 pm to 7.6 pm and height from 7 pm to 24 pm
(Fig. 7F). Fig. 7G shows the EHD-printed RGB monochromic
and multicolor 3D QD color-conversion arrays with high
resolution and excellent uniformity.

3.2. Photolithography

Photolithography is a processing technique that transfers
high-precision patterns from a mask to a substrate by selec-
tively exposing photosensitive materials and developing them
in the developer.®>°* This technology is indispensable in the
field of semiconductor chip manufacturing. When applied to
QD patterning, lithography enables the creation of small-sized,
high-precision, and large-area QD arrays, offering a reliable
approach for fabricating color-conversion Micro-LED full-color
display devices. Based on the variations in lithography pro-
cesses, QD patterning techniques can be categorized into four
types: photoresist-assisted photolithography, QD photoresist
(QDPR) lithography, QD direct lithography, and QD in situ
lithography.

3.2.1. Photoresist-assisted lithography. Photoresist-assisted
lithography can be achieved by two methods. The first method
involves depositing a QD film on a substrate, followed by coating
with a photoresist, exposing, and developing. This process
removes the QDs not protected by the photoresist, thereby pat-
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printed QD structures and droplet generation frequency with the pulse frequency. (C) High-resolution green QD arrays and RGB single-color and
multi-color patterns. Reprinted with permission from ref. 88. Copyright 2019, John Wiley and Sons. (D) Schematic of the construction of 3-dimen-
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with pulse width. (G) Fluorescent images of the printed RGB single color and tri-color pixels with a resolution of 2540 dpi. Reprinted with permission

from ref. 90. Copyright 2024, American Chemical Society.

terning the QD film. The second method involves spin-coating
the substrate with photoresist, exposing and developing it under
a mask to form the photoresist pattern, then spin-coating QDs
on top of the photoresist. After depositing the QDs, the photo-
resist is removed to achieve the patterning of monochromatic
QDs. During the photolithographic patterning processes, the
utilization of chemicals such as photoresist and developer
damages the optical properties of the QDs. Therefore, research
studies were mainly focused on how to reduce the damage of
the patterning processes on the QD performance.

The modification of QD surfaces was adopted to improve
their resistance in chemicals. Bae et al. used the bifunctional
ligand mercaptopropionic acid (MPA) to passivate CdSe/ZnS
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core-shell QDs, minimizing QD damage during photolithogra-
phy.®> This approach was applied to fabricate square and circu-
lar QD microstructure arrays. Compared to untreated CdSe/
ZnS QDs, MPA-treated QD films showed a higher PL intensity
before and after development, with no significant change in
fluorescence lifetime.

Kim et al. used multiple atomic layer deposition (ALD) pro-
cesses to passivate QDs with ZnO, improving their solvent re-
sistance.’® The passivated QD inks were employed in photo-
lithography to create color-conversion layers. This method
achieved full-color QD arrays with a resolution of 3000 ppi and
is versatile for fabricating microstructure arrays of perovskite
QDs, Cd-based QDs, and InP QDs.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr03925d

Published on 04 2567. Downloaded on 11/6/2569 10:41:26.

Nanoscale

Lee et al. used coated a ZnO protective layer on InP QDs by
an ALD technique and employed positive photoresist with a
photoacid generator (PAG) to fabricate high-resolution, multi-
color InP QD films by photolithography (Fig. 8A).** Fig. 8B
shows the changes in the PL spectra of red and green InP QDs
during the patterning processes. ZnO-passivated QD films
exhibited a higher PL intensity than bare QDs, though spin-
coating and developing caused damage, reducing PL intensity
by 19% for red and 22% for green QD films post-patterning.
The height profile in Fig. 8C shows that the thickness of the
prepared QD film is 4 pm. Fig. 8D shows the prepared red and
green InP QD patterns and blue ZnSeTe QD patterns, with a
maximum resolution of 2000 ppi.

Mei et al. combined a sacrificial layer-assisted patterning
method with photolithography to fabricate QD color-conver-
sion layers.”” They used polyvinylpyrrolidone as the sacrificial
layer material, employing negative photoresist and the sacrifi-
cial layer to define the QD pixel positions while protecting the
QDs during the photolithography process. Using this
approach, they achieved RGB full-color QD pixels with dimen-
sions of 39 pm x 5 pm, a resolution of 500 ppi, and a color
gamut reaching 114% of the NTSC standard.

3.2.2. Quantum dot photoresist lithography. The QDPR
Lithography technique involves incorporating QDs into photo-
resist to prepare the QDPR and the formation of patterned QD
arrays through a single-step lithography process. This method
is straightforward, allows for large-area fabrication, and pro-
vides facile control over the thickness and morphology of the
QD array films.

Myeong et al. prepared the QDPR by mixing CdSe/ZnS QDs
with the negative photoresist AZ-5214E and used it to create
QD color-conversion layers by photolithography (Fig. 9A).** To
reduce the light crosstalk between the subpixels, Cr patterns
were prepared on the substrate before lithography of the

>
(v)
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QDPR. Repeat of the lithography of QDPRs with different
colors can form multicolor patterns on the substrate. The
team successfully fabricated red (Fig. 9B) and green pixel
arrays with minimum linewidths down to 7 pm and a QD film
thickness of approximately 5 pm. Fig. 9C shows the prepared
RGB QD structures with different patterns and sizes, and the
minimum linewidth of about 4-5 pm.

Chang et al. mixed SiO,-coated CdSe/ZnS QDs with the
negative photoresist SU-8 3010 to create QDPR for a QD color-
conversion layer.”® The SiO, coating aids in mixing QDs with
polar dispersants and photoresists while protecting the QDs.
They fabricated a red-green dual-color QD array (50 pm X
50 pm) and used it in a full-color display device with blue light
micro-LED backlighting. A DBR reflective layer was added to
reduce blue light leakage by 99.08%. The device showed excel-
lent stability, with less than 15% brightness decay after
500 hours at 85 °C and 90% humidity.

Weng et al. prepared a high-performance QDPR by mixing
CdSe/ZnS QDs, TiO, scattering particles, and negative photo-
resists, and used it to fabricate a full-color QD color-conversion
layer by lithography.”® The scattering effect of TiO, helps
reduce the film’s total internal reflection, enhancing blue light
absorption and light conversion efficiency. Using this QDPR,
the authors fabricated square red and green QD films with
pixel sizes of 80 pm x 80 pm (Fig. 9D), showing improved
color-conversion efficiency (CCE) compared to unpatterned
films. The microscopic images in Fig. 9E show the red and
green two-color QD color-conversion arrays. The authors also
studied the impact of black photoresist structures on color
conversion, and the results showed that the black photoresist
effectively reduces light crosstalk and enhances pattern clarity.
The introduction of black photoresists led to a significant
reduction in the intensity of red, green, and blue light, with
CCE decreases of 3.93% and 5.97% for green and red light,
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Fig. 8 (A) Schematic of the photolithographic patterning of ZnO-passivated InP QDs. (B) Intensity of green and red QDs during the pattering pro-
cesses. (C) Height profile of the pattered QD microstructure. (D) Fluorescence images of the red and green InP QDs and blue ZnSeTe QD patterns.
Reprinted with permission from ref. 31. Copyright 2023, American Chemical Society.
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Reprinted with permission from ref. 97. Copyright 2023, Elsevier.

respectively (Fig. 9F). Upon integrating two-color QD color-
conversion layers with blue light Micro-LEDs, the full-color
display devices achieved a color gamut of 120.53% of the
NTSC standard (Fig. 9G).

Lee et al. used a low-temperature ALD technique for passi-
vating patterned QDPR arrays with TiO,, which enhanced QD
stability under high-temperature and natural conditions.'®
The prepared 7 pm x 7 pm red and green pixel arrays show
uniform light when excited by the bottom blue-UV mixed
micro-LED. After adding a DBR layer, the CCEs of the red and
green QD color-conversion layers reached 96.25% and 92.91%,
respectively, with the full-color display device achieving a color
gamut of 128.2% of the NTSC standard.

Huang et al. prepared a perovskite QDPR by mixing perovs-
kite QDs with propylene glycol methyl ether acetate (PGMEA),

1778 | Nanoscale, 2025,17,1764-1789

photoinitiators, and acrylic monomer resin.'®" Original

ligands, OA, were exchanged by 2-(4-chlorosulfonylphenyl)
ethyltrimethoxysilane (CES) for the growth of homogenous
perovskite QDs with small size and high stability. Using this
perovskite QDPR, the authors achieved QD patterns with sizes
smaller than 5 pm. By combining the as-prepared red and
green QD color-conversion layers with a monolithic integrated
micro-LED chip, the authors prepared a full-color Micro-LED
display panel with a high-resolution of 3300 ppi, and a color
gamut reaching 130.4% of the NTSC standard.

3.2.3. Quantum dot direct lithography. Traditional litho-
graphic methods involving photoresists often entail multiple
baking and developing steps, which increase the process com-
plexity and may adversely affect the PL properties of QDs due
to interactions with chemical substances. In contrast, QD

This journal is © The Royal Society of Chemistry 2025
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direct lithography leverages chemical reactions induced by
light to change the solubility of QDs in specific solvents,
thereby achieving patterning while mitigating the impact of
chemical substances on the optical properties of QDs.

Ko et al. functionalized QD ligands with vinyltriphenyla-
mine-random-azidestyrene and crosslinked QDs using
PTPA-N;-SH. UV irradiation of the azide groups produced
nitrene radicals, creating a crosslinked QD network within the
film.'°> Using the direct lithography method, the authors fab-
ricated microstructured arrays of red CdSe/ZnCdS, green InP/
ZnSeS, and blue CdZnS/ZnS QDs with excellent uniformity.
Yang et al. employed a ligand crosslinking agent, 4-azido-
2,3,5,6-tetrafluorobenzoic acid esters, to react with adjacent
QD ligands under UV light, resulting in robust QD films. They
used this technique to create RGB QD color-conversion pixels,
each 4 pm X 16 pm, achieving a resolution of up to 1400 ppi.
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Ko et al. replaced the original ligands (OA and OAm) of
CsPbX; QDs with photo-crosslinkable cinnamoyl polymer
ligands (PCEMA-NH;X, where X = Cl, Br, and 1).'® This
enabled UV-induced crosslinking and pattern formation after
toluene development (Fig. 10A). They successfully created
defect-free circular arrays with 10 pm diameter (Fig. 10B) and
large-area patterned arrays (2 cm x 8 cm) (Fig. 10C). The pat-
terned structures remained stable after ethanol immersion
(Fig. 10D). Tuning the terminal groups (-NH;Cl, Br, and I) of
PCEMA ligands adjusted the wavelength of QDs across the
visible spectrum. The synthesized blue, green, and red QDs
were used to produce patterned arrays of blue squares (10 pm),
green squares (5 pm), and red circles (10 pm), achieving a
resolution of up to 10465 ppi (Fig. 10E).

Liu et al added bis-azide compounds as light-sensitive
additives to perovskite QD solutions."® UV exposure generated
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Fig. 10 (A) Schematic of the replacement of the OA and OAm of CsPbX; QDs with photo-crosslinkable PCEMA-NHzX for the patterning of QDs by
direct photolithography. (B) Microscopic image of QD circular arrays and the corresponding photomask. (C) Large-area patterned QD arrays. (D)
Immersion of the patterned structures in ethanol. (E) Fluorescence image of the patterned blue, green, and red QD arrays. Reprinted with permission

from ref. 100. Copyright 2021, American Chemical Society.
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nitrile radicals that formed covalent C-N bonds with long alkyl
chains in natural ligands OAm and OA, creating a crosslinked
network between QDs. They achieved patterning with struc-
tural widths as small as 5 pm, with consistent uniformity and
surface roughness before and after lithography. The perovskite
QDs retained their size and crystal structure, and the team
demonstrated successful patterning on flexible substrates,
indicating potential for flexible displays.

Hahm et al. designed and synthesized dual-ligand passi-
vated InP/ZnSe,S;_, QDs, comprising photo-crosslinkable
ligands (PXLs) and dispersing ligands (DLs).'® They used
photoreactive benzoin derivatives as PXLs, which underwent
crosslinking under light (365 nm, 35 mJ cm™2). The authors
achieved a resolution of up to 15000 ppi for QD arrays using
this QD direct lithography method.

Shin et al. employed thiol molecules as ligand crosslinkers
for OA-capped QDs, utilizing thiol-ene click reactions to
achieve direct lithographic patterning of InP QDs.'%® Through
this method, the authors successfully produced patterns with
a minimum size of 5 pm, and the ligand crosslinking process
resulted in a 122.9% increase in the PLQY compared to the
original QD films.

Ong et al synthesized a bidentate photo-crosslinkable
ligand, which contains a photosensitive acrylate group and a
carboxylic acid binding group, for direct photolithographic
patterning of perovskite QDs.'®” By optimizing the solvent
system, concentration, and processing parameters, the authors
achieved an optical density of 1.1 using a fully retained photo-
crosslinked CsPbBr; nanocrystal film with a thickness of
1.4 pm. By using a mask-free direct laser writing technology,
the authors fabricated pixel patterns with a size of 20 pm. By
using direct laser writing, well-defined green and red perovs-
kite nanocrystal arrays with feature sizes down to 20 pm were
obtained.

3.2.4. Quantum dot in situ lithography. In conventional
photolithography methods for QDs, the QDs are typically pre-
fabricated and then patterned using the photolithography
process. However, the chemicals used in photolithography,
such as photoresists, developers, and photosensitive additives,
can adversely affect the performance of pre-fabricated QDs. To
address this issue, researchers have proposed a new approach
where a patterned network structure is first created, confining
the QD precursors within this network structure, and then the
QDs are synthesized in situ. This method aims to avoid the
impact of the patterning process on the performance of the
QDs, potentially leading to high-performance QD color-conver-
sion arrays.

Zhang et al. developed a direct in situ lithography technique
for patterning perovskite QDs using lead bromide complex-
catalyzed photopolymerization.® As shown in Fig. 114, UV
light (365 nm) initiates the photopolymerization of perovskite
precursors, creating high-resolution patterns. This method
integrates lead bromide complex catalysis, eliminating the
need for external initiators or catalysts and avoiding potential
QD damage. The process includes a final annealing step to
synthesize QDs within the polymer matrix. The authors suc-
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cessfully created micrometer-sized patterns with uniform fluo-
rescence intensity (Fig. 11B). The team also prepared red,
green, and blue QD color-conversion patterns, achieving a
minimum feature size of 5 pm, a maximum thickness of
10 pm, and a resolution up to 2450 ppi.

Wei et al developed an enhanced photoresist benzoin-
grafted allyl phenolic resin FROS-BP by grafting photosensitive
benzoin (BP) onto a silicon-modified allyl phenolic resin
FROS, which improves radical confinement and selectivity in
photolithography (Fig. 11C)."°® For in situ photolithography,
they prepared a resist using a solution of perovskite precursor,
photosensitive monomer FROS-BP, and crosslinker in a polar
solvent. Fig. 11D shows that the QD patterns created with
FROS-BP exhibited sharp edges and precise 120° angles, com-
pared to the less defined edges from FROS. The process
enabled the fabrication of multi-color QD patterns with
various sizes, shapes, and uniform thicknesses, with the smal-
lest feature size being 20 pm, and the patterns were transfer-
able to flexible PET substrates (Fig. 11E).

Li et al. replaced traditional DMF and DMSO solvents with
the polymerizable monomer 4-acryloylmorpholine, which also
served as a photopolymerization monomer.'°® This approach
enabled direct in situ fabrication and patterning of perovskite
QDs. Using this QD ink, the authors achieved color QD pat-
terns with a high PLQY of 90%, a minimum feature size of
5 um, a thickness over 3 pm, and excellent fluorescence uni-
formity. Li et al. developed an in situ photolithography tech-
nique based on light-induced halide removal. They blended
perovskite QD precursors with PMMA to create PQD precursor/
polymer films."*® These films were exposed to 254 nm UV light
through a mask, inducing halide removal and generating high-
resolution QD patterns without the need for development or
etching. The team successfully created square dot matrices
with a sub-pixel width of 2 pm, and the QD films remained
stable after 6 months in water.

3.3. Transfer printing technology

Transfer printing technology is an advanced micro-nanofabri-
cation method that uses patterned transfer stamps for trans-
ferring QDs onto substrates with high precision. This tech-
nique is cost-effective, efficient, and achieves exceptionally
high resolution with minimal environmental control."***?
Currently, the precision of transfer printing technology can
reach up to 2 nanometers, demonstrating its significant poten-
tial for nanoscale pattern fabrication. Transfer printing
technology enables the fabrication of QD patterns with extre-
mely high resolutions (ranging from thousands to tens of
thousands of ppi). However, the thickness of these QDs typi-
cally ranges from a few nanometers to tens of nanometers,
making the technology particularly suitable for electrolumines-
cent QLED devices. Yet, fabricating QD patterns with a
micrometer-scale thickness using transfer printing methods
presents great challenges. This difficulty arises from the need
to precisely control the thickness and uniformity of the pat-
terns during the transfer process, which imposes stringent
technical demands on the transfer printing technique.

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (A) Schematic of the in situ lithography of perovskite QDs using lead bromide complex-catalyzed photopolymerization. (B) Fluorescence
images of the RGB single-color and multi-color QD patterns. Reprinted with permission from ref. 30. Copyright 2022, Springer Nature. (C)
Schematic of the in situ photolithographic patterning processes of the benzoin-grafted allyl phenolic resin FROS-BP. (D) Microscopic images of the
QD microstructure arrays created from FROS-BP and FROS. (E) Fluorescence image of the QD patterns with different sizes, shapes, and uniform
thicknesses. Reprinted with permission from ref. 104. Copyright 2024, American Chemical Society.

Zou et al. successfully fabricated high-resolution QD pat-
terns with thicknesses exceeding 10 pm by combining plasma
etching and transfer printing technologies.?® The pixel resolu-
tion and thickness of the QDs can be tuned through the micro-
structure of the transfer printing template and the etching
process (Fig. 12A). In this method, due to the expansion of the
PDMS stamp upon contact with the QD solvent (toluene), pat-
terned recessive silicon was used as the master template, and a
temporary substrate coated with an adhesive layer was
employed to transfer the QDs from the recessive mold. The
temporary substrate was then subjected to plasma etching to
remove residual QDs, and the patterned QD film was finally
transferred to the target substrate. The authors used this trans-
fer printing technique to create QD arrays with varying sizes
(less than 40 pm) and thicknesses (greater than 10 pm).
Fig. 12B shows the fluorescence intensity distribution of 169
subpixels with a diameter of 40 pm and the fluorescence inten-
sity distribution of individual subpixels, indicating good uni-
formity in both pixel arrays and individual pixels. As shown in
the statistical plot, the fluorescence intensity distribution of
85% of the pixels is between 140 and 150.

In this study, the authors incorporated a polystyrene-block-
polyisoprene-block-polystyrene (SPS) polymer into the QD ink.

This journal is © The Royal Society of Chemistry 2025

The polyisoprene block in SPS increases the main chain length
and reduces the proportion of phenyl side chains, making SPS
potentially more flexible than PS. Under the same conditions,
the QD@SPS ink achieved a uniform pillar structure with a
thickness of 12.97 pm, while the columnar structures from the
QD®@SPS ink after transfer exhibited irregularities and frac-
tures. The authors successfully prepared QD patterns with a
pixel resolution of 669 ppi and a maximum thickness of
19.74 pm, and high-resolution red-green CdSe/ZnS QD pat-
terns on flexible substrates (Fig. 12C). QD films with thick-
nesses over 10 pm integrated onto blue Micro-LED chips dis-
played good color-conversion performance (Fig. 12D), revealing
the potential of the transfer printing technology for full-color
Micro-LED displays.

3.4. Electrophoretic deposition

Electrophoretic deposition is an emerging technique for fabri-
cating QD color-conversion layers. This method leverages the
ionizability of QD ligands in solutions, enabling the directed
migration of QD particles under the influence of an electric
field. Specifically, the electric field applied by the electrodes
drives the QD particles toward electrodes with opposite
charges, leading to their deposition and formation of high-

Nanoscale, 2025,17,1764-1789 | 1781


https://doi.org/10.1039/d4nr03925d

Published on 04 2567. Downloaded on 11/6/2569 10:41:26.

Review

A

QD@polymer inks

Adheg

Surface modification
\\ v

& Spin coating

|
0, plasma etching

View Article Online

Nanoscale

254 ppi (40 pm)

20

0
130 135 140 145 150 155 160
PL intensity (a.u.)

scale bar: 100 ym

- Blue micro-LED
—;. 1.0 Blue micro-LED+GQD@SPS
s ~— Blue micro-LED+RQG@SPS
2
7]
c
-}
Zos " /\
— /
@
N
g VAN
S A .
Z 00
300 400 500 600 700

Wavelength (nm)

Fig. 12 (A) Schematic of the transfer printing of high-resolution QD patterns combining with plasma etching technique. (B) Fluorescence images of
the QD arrays and statistical analysis of the PL intensity of the QD pixels. (C) Images of the large-area CdSe/ZnS QD patterns on the flexible sub-
strate. (D) Images of the blue Micro-LED chip, and color conversion red and green Micro-LED chips and their corresponding EL spectra. Reprinted

with permission from ref. 38. Copyright 2023, Royal Society of Chemistry.

quality color-conversion layers on these electrodes. This tech-
nique offers excellent controllability and precise patterning
capabilities, providing an efficient and reproducible method
for manufacturing QD color-conversion layers.

Zhao et al. combined photolithography with electrophoretic
deposition to produce large-area, full-color QD pattern arrays
(Fig. 13A).>* The process involved immersing patterned electro-
des sequentially in solutions of red, green, and blue CdSe/ZnS
QDs in PGMEA. An electric field drove the QDs to oppositely
charged electrodes, creating an RGB array. PEG-COOH-coated
CdSe/ZnS QDs were used, and increasing the PEG-COOH con-
centration raised the zeta potential (Fig. 13B), indicating that
the QD charges come from ligand ionization and can be
adjusted by the ligand concentration. By varying the applied

1782 | Nanoscale, 2025,17,1764-1789

voltage and deposition time, the thickness of the patterned
QDs can be precisely controlled. As the SEM images shown in
Fig. 13C, the QD deposition is very uniform with no noticeable
surface defects. The authors also created QD pixel arrays of
various shapes, sizes, and colors by modifying electrode pat-
terns (Fig. 13D). Using multiple deposition steps, they
achieved RGB QD pixel arrays measuring 14 pm x 14 pm with a
resolution of 1075 ppi.

Li et al. developed a multi-particle electrophoretic deposition
(EPD) technique, combining CdSe/ZnS QDs with SiO, and TiO,.*
SiO, acts as a dispersion matrix, while TiO, provides scattering
effects (Fig. 13E). Prior to deposition, SiO, was modified with
silane-PEG-COOH to match the QD electrical properties. Higher
PEG-COOH grafting rates on SiO, increased both zeta potential

This journal is © The Royal Society of Chemistry 2025
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matrix SiO, and scatter TiO,. (F) SEM images of the co-deposited QD-SiO; films. (G) PL intensity of QD films with and without TiO,. (H) Relationship
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with different thicknesses. (J) Fluorescence image of the red-green two-color co-deposited QD arrays. Reprinted with permission from ref. 34.

Copyright 2024, American Chemical Society.

and electrophoretic mobility, improving the multi-particle assem-
bly. Co-deposited QD-SiO, films were created with varying mobili-
ties and analyzed through SEM, energy-dispersive spectroscopy,
and Si/Cd ratio calculations, showing that 10% grafting resulted
in uniform films (Fig. 13F). However, blue light leakage was
observed due to incomplete excitation absorption. Introducing
TiO, enhanced blue light absorption by increasing the optical
path length and scattering (Fig. 13G), and improving the PLQE
and LCE. The optimal TiO, concentrations led to PLQE values of
46% for red QD films and 43.8% for green QD films (Fig. 13H).
Furthermore, the thickness of the multi-particle films was opti-
mized to achieve better luminous performance (Fig. 13I). The
technique enabled the creation of red-green two-color arrays with
resolutions of 149 ppi, 568 ppi, and 1017 ppi (Fig. 13]), achieving
a theoretical color gamut of 118% of the NTSC standard.

This journal is © The Royal Society of Chemistry 2025

3.5. Microfluidic technology

Microfluidic technology involves the precise manipulation of
fluids within micro- and nanoscale channels and their appli-
cations. This technology has found widespread use in fields
such as chemistry, biology, and medicine."'* The notable
advantages of microfluidic technology include minimal
sample volume, high precision, low cost, and rapid fabrication,
making microfluidic-based QD patterning a viable and practi-
cal solution. By utilizing microfluidic technology, researchers
can precisely control fluid flow on a small scale, achieving
high-precision QD patterning and providing a more efficient
and economical solution for related applications.

Li et al. used microfluidic technology to create QD color-
conversion layers for Micro-LED displays.>® They introduced
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red CsPbBrl, and green CsPbBr; perovskite QDs into micro-
channels via syringe. A volatile solvent, n-hexane, was utilized
to form solid QD films, and the channels were sealed after
evaporation to protect the quantum dots from air and moist-
ure. The resulting QDs emitted at wavelengths of 514 nm and
625 nm have narrow linewidths and high PLQE. The size of
the QD arrays was measured to be 140 pm x 50 pm and the
full-color display device achieved a color gamut of 131% of the
NTSC standard.

In another work, Li et al. fabricated flexible QD color-con-
version layers using microfluidic technology. The sealing layer
and microchannels were both fabricated from PDMS. After
treating with oxygen plasma, the microchannels are aligned
and bonded with the sealing layer to enhance the success rate
of the color-conversion layer fabrication. Subsequently, red
and green perovskite QDs are dispersed in n-hexane and intro-
duced into the microchannels to complete the fabrication of
the color-conversion layer. Further studies investigated the
impact of bending radius on the performance of the microflui-
dic flexible color-conversion layer. At a bending radius of
15 mm, the emission intensity of red and green pixels changed
by 26% and 3%, respectively. After 1000 bending cycles, the
emission intensity changes were 29% and 5% for red and
green pixels, respectively, with color gamut variations of less
than 4%.

Weng et al. used a microfluidic technology to create pat-
terned QD color-conversion films.''® Vacuum suction guides
resin into the microchannel to form the pattern after photo-
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chemical or thermal curing. The addition of polymers to the
QD solution demonstrated to reduce the defect of patterned
QD films after drying. Using this technology, the authors pro-
duced red and green QD patterned films with a linewidth of
8 pm and a thickness of 5 pm.

Due to the lack of complete isolation between the pixels,
the prepared pixels suffered from color crosstalk between the
adjacent subpixels. To solve this, Zhu et al. developed a static
droplet array (SDA) microfluidic technology for creating
separate color-conversion QD arrays (Fig. 14A).>® In this
approach, red and green CdSe/ZnS QD solutions are intro-
duced separately into SDA microchannels. Capillary forces
guide the QDs into circular pixel areas through bridge struc-
tures. Transparent silicone oil, immiscible with the QD solu-
tion, is then injected to remove the QDs, creating a uniformly
sized and separated two-color QD array. The entire process
takes only 257 seconds (Fig. 14B). Using the SDA micro-
fluidic technology, the authors produced droplets from 1 to
100 pm. As shown in Fig. 14C, the 20 pm red-green mono-
chrome and two-color QD arrays demonstrate high optical
uniformity and minimal crosstalk. The uniformity of 20 pm
QD pixels is 98.58% and 98.72% for red and green,
respectively.

3.6. Micropore filling method

The micropore filling method involves the creation of pat-
terned arrays with micrometer-scale thickness and filling of
QDs into these patterned arrays. This method allows for the

0
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Fig. 14 (A) Schematic of the SDA system for creating color conversion layers by using microfluidic technology. (B) Processes of the injection of red
QD solution, green QD solution, and silicone oil for generating separate two-color QD arrays. (C) Green and red monochrome and two-color QD
arrays and the corresponding PL intensity. Reprinted with permission from ref. 37. Copyright 2023, Royal Society of Chemistry.
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construction of color-conversion arrays of a single color with a
single filling step. To fabricate multicolor QD color-conversion
layers, this filling process can be repeated. Notably, the micro-
pore filling method causes minimal damage to the QDs, which
helps to maintain their excellent photoluminescence pro-
perties, making it a valuable approach for preserving the QD
performance.

Huang et al. used the micropore filling method to fabricate
QD color-conversion layers.’® They created a patterned micro-
pore array on a substrate via photolithography and then spin-
coated CdSe QDs and removed excess materials to complete
the layer. Additionally, the QDs can be further protected by
SiO, or SizN, dielectric layers. The team produced rectangular
QD arrays with widths of 5 pm, 10 pm, 15 pm, and 20 pm.
Long-term stability tests showed that the CCE of arrays
decreased by only 14.9% over 5980 hours, suggesting a device
lifetime of approximately 12 830 hours.

View Article Online

Review

Sun et al. employed the micropore filling method to
deposit perovskite QDs with pixel sizes from 2 pm to
100 pm."" They created a micropore array on an SU-8 film via
photolithography, filled it with QDs using spin-coating and
polished away excess QDs (Fig. 15A). This method supports
diverse perovskite QD patterns and adjustable pixel thick-
nesses by altering the SU-8 mold. The authors achieved
green pixel arrays with up to 849 ppi resolution on a 2-inch
glass substrate (Fig. 15B), with the smallest pixel size of
2 pm. Fluorescence analysis of 3136 pixels showed a uniform-
ity of 3.22 + 0.61%, indicating excellent optical consistency
(Fig. 15C). Finally, the authors created red-green dual-color QD
layers, with pixel sizes of 10 pm x 10 pm and 10 pm % 30 pm
(Fig. 15D).

Fan et al. combined dual-component red perovskite QDs
with the micropore filling method to fabricate QD color-con-
version layers (Fig. 15E).*> The team deposited CsPbBr; QDs
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Fig. 15 (A) Schematic of the preparation of QD arrays by filling the SU-8 micropore arrays with QDs, scraping the excess QD film and polishing the
composite. (B) Fluorescence image of the prepared green QD pixel arrays. (c) Statistical analysis of the PL intensity of the prepared pixels. (D) Red-
green dual-color QD arrays after repeating the micropore filling, scraping and polishing processes. Reprinted with permission from ref. 40.
Copyright 2022, Royal Society of Chemistry. (E) Schematic and the fluorescence images of the perovskite color conversion layers in the glass micro-
pore arrays on blue Micro-LED chip. (F) Color gamut of the full-color Micro-LED display device prepared from blue Micro-LED, green QDs arrays,
and bi-component red emissive QD. Reprinted with permission from ref. 41. Copyright 2023, John Wiley and Sons.
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and dual-component red QDs into a glass micropore array
with a pixel size of 10 pm, and used a corresponding-sized
Micro-LEDs as the excitation source. Fig. 15E shows the
microscopy images of the color-conversion layer and the blue
Micro-LED arrays. The color theoretical gamut of the Micro-
LED device made from the blue LED, green perovskite QD, and
dual-component red QDs reached 135.90% of the NTSC stan-
dard (Fig. 15F).

4. Conclusions and perspective

In this article, we comprehensively reviewed the latest achieve-
ments in QD materials and their patterning technologies for
full-color Micro-LED displays. First, we talked the commonly
used II-VI group QD, II-V group QD, and perovskite QD
materials in Micro-LED display applications, and generally uti-
lized ligand engineering, coating technologies, and construc-
tion of core-shell structures for improving the luminescence
intensity and stability of these QDs. Then, we systematically
elaborated on the latest research in QD patterning techno-
logies including inkjet printing, photolithography, electro-
phoretic deposition, microfluidic techniques, transfer print-
ing, and micropore filling method. These patterning methods
all possess their advantages and limitations. With the advance-
ment of QD color-conversion Micro-LED technology, future
research will focus on enhancing the display quality, reducing
costs, and improving the production efficiency. The following
is our outlook upon the future development of the QD pattern-
ing technique specialized at color-conversion Micro-LED
displays.

(1) Inkjet printing provides a high-resolution and high-
material-utilization technique for patterning QDs. In particu-
lar, the EHD printing technique can be used to prepare QD
pixels with a resolution over 20000 dpi. However, the QD
arrays are prepared by inkjet printing usually with a height of
hundreds of nanometres, which lead to relatively low CCE and
severe excitation light leakage. Therefore, the optimization of
QD inks specialized for inkjet printing and printing para-
meters is essential to prepare high-resolution and 3-dimen-
sional QD pixels with a height of several micrometers and
enough QD concentration. For the construction of high-resolu-
tion patterned black matrix, accurate and continuous inkjet
printing of QD is helpful to reduce the excitation light leakage
and color crosstalk between the pixels.

(2) Photolithography can be used to prepare high-resolution
QD color-conversion structures in large areas in a high-
throughput manner. The direct photolithography can reduce
the damage of lithographic patterning processes on the QDs,
which is vital in practical applications. However, the mass util-
ization of the QDs in lithographic patterning is low, which
increases the display production costs. Combining with other
patterning techniques such as inkjet printing to pre-deposit
the QDs on the substrate and further pattering them with
lithography may provide alternative solutions for increasing
the QD utilization ratio.
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(3) Electrophoretic deposition provides a fast deposition
technique for QD patterns with controllable thickness. This
technique requires the construction of electrodes on the sub-
strate through photolithography and metal or metal oxide
deposition. Although the microscopy images of the QDs show
regular shapes, the neighbor pixels with the same color were
connected by QDs with narrow linewidth due to the existence
of underlying electrode. Therefore, a more rational design of
the electrodes is required for depositing absolutely separated
QD pixels for decreasing the potential color-crosstalk.

(4) Microfluidic technology shows its potential for con-
structing QD color-conversion arrays with a high material util-
ization efficiency. However, this technique needs to prepare
mold and microfluidic chips, which makes this method ben-
eficial if the microfluidic chips can be utilized repeatedly to
reduce the cost. In addition, this method needs to prove its
potential in patterning QDs in a large area, which requires the
optimization of the physicochemical properties of the micro-
fluidic chips and rheological properties of the QD inks.

(5) Transfer printing has shown its potential in the patterning
of single-color and multi-color QDs with a micrometer thickness.
To date, the highest resolution of the transfer printed QD arrays
with high thickness is limited to several hundred ppi. With the
aim to apply Micro-LED displays in AR, VR, etc., the resolution
of the transfer printed QD arrays needs to be further increased.

(6) Micropore filling method provides a straightforward and
simple method to prepare large-area QD patterns. The damage
of this patterning technique for QDs is low, but only color-
conversion structures were demonstrated. In the future, the accu-
rate alignment and bonding of the large-area multi-color QD
color-conversion layer and Micro-LED chip are required to prove
the commercial potential of the micropore filling method.

Besides the high PL intensity, PLQY, and the stability of
QDs, the patterning techniques require the QDs to possess
some specific properties such as the rheological properties for
inkjet printing, photoactivity of the ligands for lithography,
and charge of the QDs for electrophoretic deposition.
Therefore, the preparation of high-quality QDs and patterning
techniques are highly correlated. Through continuous techno-
logical innovation and improvement in QD synthesis and pat-
tering techniques, QD-based color-conversion Micro-LED dis-
plays are expected to play a more significant role in the future
display technology.
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