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ABSTRACT: Micro-light-emitting diodes (micro-LEDs) have
emerged as a promising display technology featuring high
resolution, wide color gamut, high contrast, flexibility, and long
lifetime. However, there are severe challenges in full-color micro-
LED, such as low efficiencies of red and green micro-LEDs,
complex driving circuits for three-color micro-LEDs, and
challenging mass transfer. Thus, converting blue light into red
and green light by coupling color converters with blue LEDs is a
reasonable strategy. Colloidal quantum dots (QDs) are an
optimal candidate for color converters due to their high
photoluminescence quantum yield, narrow emission peaks,
small particle sizes, and solution processibility. Therefore, full-
color micro-LEDs based on quantum dot color converters are
attracting increasing attention. This review introduces micro-
LED technology and the research progress of the full-color
realization, and describes the associated technical challenges.
Furthermore, it outlines the properties of QDs, patterning
techniques, integration with micro-LEDs for achieving full color,
and finally analyzes the challenges of applying QDs to micro-
LEDs, demonstrating the application potential of QDs in
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achieving full-color of micro-LEDs, along with prospects for addressing current challenges.

KEYWORDS: micro-light-emitting diode (micro-LED), quantum dot, patterning technology, full-color, color converter

1 Introduction of micro-light-emitting diode
(micro-LED)

With the continuous improvement of manufacturing technology,
display chips are increasingly developing in the direction of
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miniaturization. In addition to the current mainstream liquid
crystal display (LCD) and organic light-emitting diode (OLED)
displays, mini-light-emitting diodes (mini-LEDs) and micro-LEDs
have emerged as a new generation of display technology. Micro-
LEDs are typically less than 50 pm and rely on a single independent
pixel to realize self-illumination to control the display effect, which
do not have structures such as liquid crystals and backlight panels.
The display panel typically comprises numerous independent micro-
LED units transferred to the driver circuit substrate. Therefore,
micro-LEDs are thin and can achieve flexible displays. Moreover,
they have high resolutions, wide color gamuts, high contrast, great
stability, and prolonged lifespan, integrating the advantages of
mainstream  display technologies [1-4]. Numerous excellent

16) Nano Research, 2025, 18, 94907390
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characteristics significantly broaden the application scope of micro-
LEDs. For instance, a high Pixel Per Inch (PPI) is imperative for
augmented reality/virtual reality (AR/VR) displays. Micro-LEDs
not only meet this criterion but also offer additional performance
advantages [5], making them a preferred choice for AR/VR displays
[6]. What's more, high contrast and color reproduction qualities
render them suitable for outdoor and semi-outdoor display scenes
such as in-vehicle displays. The independent design of the LED unit
allows micro-LED to be flexible in size, which can not only realize
large-screen display but also produce curved screens [7].
Furthermore, micro-LEDs are also applied in diverse fields
including biological [8, 9] and optical communications [10, 11], etc.
The history of micro-LED can be traced back to 2000, when
Jiang’s group reported the micro-LED display technology, put
forward the relevant concepts and structural schematics [12], and
triggered the micro-LED research boom. In terms of full-color
realization, in 2011, Liu et al. used red, green, and blue phosphors
as the color converting materials for ultraviolet (UV) lights to
realize a full-color display of micro-LEDs [13]. In 2013, Liu et al.
used a trichroic prism to combine the light from the three light
emitting diodes on silicon (LEDoS) chips and prepared a full-color
de-backlighted micro-LED projector, which has fewer optical
components and high light utilization compared to the traditional
projected structure [14]. In 2015, Han et al. used aerosol jet printing
technology to achieve a full-color display of micro-LEDs by
spraying quantum dots (QDs) on UV micro-LED arrays and using
UV light to excite red, green, and blue QDs to achieve full-color,
and also using distributed Bragg reflectors (DBRs) to enhance the
utilization of UV light [15], Additionally, in 2017, they used
photoresist molds to address the optical crosstalk issue [16]. In 2018
Chen et al. combined hybrid Bragg reflector (HBR), DBR, and
black matrix simultaneously to further improve the color purity
[17]. In 2019, Kuo’s group achieved a full-color display in
combination with QDs by constructing a nanoring (NR) structure
and adjusting the width of the NR-micro-LED [18]. In 2020,

Schematic diagram of
micro-LED concept and array .
Full-color de-backlighted

“' = é;.,..

micro-LED projector

Adding black matrix and
HBR to improve the color purity

Hsiang et al. designed a cholesteric liquid crystal (CLC) polymer
film to enhance the color conversion efficiency (CCE) of QDs,
increasing the CCE of the display system by about 143% [19]. The
development history of micro-LED full-colorization is shown in
Fig. 1. These achievements reflect that QDs show great potential for
development in micro-LED full-colorization applications.

2 Challenges in full-colorization of micro-LEDs

Although micro-LED has many advantages, there are still many
challenges in achieving its full-color display. In the field of direct
display, the prevalent method for achieving full-colorization
involves using III-V compound semiconductors to produce the
three primary colors: red, green, and blue (RGB). The three-color
LEDs are arranged on the substrate in sequence, and single-color
control is achieved through different bias voltages. However, this
full-colorization method has the following challenges.

2.1 The efficiency of red and green micro-LEDs decreases
significantly as their size is reduced

Micro-LED devices are typically manufactured through the dry
etching of LED films. As the chip size decreases, inductively
coupled plasma etching causes damage to the sidewalls of the micro-
LED chip during the device fabrication, which results in an
increased ratio of the damaged area to the active area, leading to a
rise in defects and subsequently more Shockley-Read-Hall (SRH)
non-radiative recombination and requiring higher current densities
to achieve peak internal quantum efficiency (IQE) [22-25].
Furthermore, as the size of LEDs continues to decrease, the
luminous efficiency also decreases to varying degrees. For InGaN
semiconductors, longer wavelength quantum wells (QWs) require
higher indium content and lower growth temperatures. The
increase in indium content leads to the generation of a strong
polarization field in multiple quantum wells (MQWs), resulting in a
pronounced quantum-confined Stark effect, which reduces the

Improving color conversion
efficiency with CLC film
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Figure1 Micro-LED full-color development history. First row of images, left to right: reproduced with permission from Ref. [12], © AIP Publishing 2000; reproduced
with permission from Ref. [14], © IEEE 2013; reproduced with permission from Ref. [17], © IEEE 2018; reproduced with permission from Ref. [20], © Society for
Information Display 2021. Second row of images, left to right: reproduced with permission from Ref. [21], © IEEE 2009; reproduced with permission from Ref. [13], ©
Society for Information Display 2011; reproduced with permission from Ref. [15], © Optical Society of America 2015; reproduced with permission from Ref. [18], ©
Chinese Laser Press 2019.
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recombination efficiency and forms more dislocations, point
defects, and severe phase segregation, ultimately causing an increase
in non-radiative recombination and a decrease in efficiency [26,
27]. Consequently, the luminescence efficiency of green LEDs is
low. Furthermore, for red LEDs, due to the high surface
recombination rate and long carrier diffusion length of AlGaInP
micro-LEDs [28, 29], the luminescence efficiency decreases even
more severely as the size decreases. Typically, the external quantum
efficiency of red and green LEDs is lower than that of blue LEDs of
the same size, as depicted in Fig. 2 [7].

2.2 Driving circuits are complex

For LEDs of different colors, their threshold voltages are different
(approximately 3.3 V for blue LEDs, 1.7 V for red LEDs and 2.2 V
for green LEDs). Additionally, the performance of LEDs made of
different materials varies in the same environment, which needs to
be considered separately when designing the driving circuit,
increasing the complexity of the circuit [30].

2.3 Mass transfer is a big challenge

To integrate individual micro-LEDs into a display panel, a mass
transfer process is usually required. Mass transfer refers to growing
chips on a substrate, then separating a large number of micro-LED
chips from the source substrate and transferring them onto a target
substrate or driver circuit board. Mainstream mass transfer
techniques include pick-and-place transfer [31-35], roll-to-roll
transfer [36], fluidic self-assembly transfer [37-39], laser-assisted lift-
off transfer [40—44], and chemical bonding technology [45]. For
large-screen displays, there are a large number of micro-LED chips.
For example, for an 8K display, the number of chips can even reach
hundreds of millions. Therefore, the transfer speed requirement is
very high. In order to ensure correct interconnection, the transfer
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Figure2 Comparison of the decrease in external quantum efficiency of RGB
LEDs with the reduction of chip size. Reproduced with permission from Ref. [7],
© Nanjing Electronic Devices Institute 2023.
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accuracy is usually required to be within +1 pum [46], and the
industry’s yield requirement is > 99.9999%. However, due to the
extremely small size of micro-LED, it is very difficult to achieve
accurate grasping and positioning. In addition, micro-LED chips
are very fragile and easily damaged during the transfer process.
Moreover, the mass transfer of three colors of micro-LEDs in
sequence, as shown in Fig. 3(a), further increases the difficulty.

Full-color micro-LEDs based on color converters are a
promising strategy to avoid the above challenges. To address the
aforementioned issues, full colorization can be achieved by
combining with a quantum dot color converter (QDCC). In this
approach, the color conversion material is deposited onto the
monochromatic blue LED, and the red and green colors are
realized by exciting the color conversion materials with blue light as
shown in Fig. 3(b). In this way, only blue LEDs are mass
transferred, thereby reducing engineering complexity and only one
type of driving circuit is needed. Common color conversion
materials include phosphor and QDs, etc. Traditional phosphors
are widespread and cost-effective, offering high thermal and
chemical stabilities [47], making them commonly used in daily
lighting [1]. However, they have a broad yellow emission spectrum,
large particle sizes, and coating thicknesses [48], which leads to
uneven color deposition and pixel crosstalk when applied to small-
sized pixels such as micro-LEDs. Additionally, the small absorption
cross-section of traditional phosphors limits their effectiveness in
absorbing blue light, which in turn affects the CCE [49]. In contrast,
QDs have dimensions at the nanometer scale [50], making them
more suitable for application to micro-LED displays. Furthermore,
QDs exhibit several outstanding optoelectronic properties, which
will be described in detail below, and demonstrate their
combination with micro-LEDs. Table 1 compares the
characteristics of QDs with other emitting materials (such as
organic fluorescent materials and inorganic phosphors) in the
applications of micro-LEDs.

3 Application of quantum dots in micro-LEDs

3.1 Introduction of QDs

QDs are semiconductor nanocrystals synthesized by wet chemical
methods [50]. In QDs, the exciton Bohr radius is confined by the
size, differing from that at macroscopic scales. This confinement
prevents the electrons and holes in QDs from forming collective
motion or quasi-continuous conduction and valence bands,
resulting in discrete quantized energy levels rather than a

R/G/B LED

Color converter

Blue/UV LED

Full color

—)

Figure 3 (a) Full-color strategy using RGB three-color LEDs. (b) Full-color strategy of combining blue micro-LEDs with red and green color converters.
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Table1 Performance comparison of QDs with other emitting materials

Quantum Organic
Performance metric d fluorescent Phosphors
ots .
material
Wavelength tunability ~ High Low Low
Color purity High Medium Low
Stability High Low High
Fabrication process  Solution Vacuum or ngh-'temperature
solution sintering
Pixel uniformity High High Low
Particle size Small Small Large
Absorption coefficient  High Medium Low

continuous band structure. Typically, the bandgap of a QD
increases as its size decreases due to the quantum confinement
effect, rendering it adjustable. Consequently, QDs with different
bandgaps emit light of corresponding wavelengths. By flexibly
adjusting the QD size, any desired luminescence wavelength can be
achieved [51-54]. Typically, QDs are composed of a core-shell
structure as well as external ligands, which significantly influence
their properties. These ligands reside on the high surface area of
QDs and make passivation of QDs, confining carriers within the
core and enhancing optical characteristics. With a narrow light-
emitting half-peak width of approximately 20-30 nm, QDs produce
high-purity monochromatic light. This allows it to display richer
and more accurate color representation across a broader gamut,
meeting the demands of applications requiring superior color
performance in displays. Moreover, QDs can be synthesized at a
low cost using a straightforward solution method, which is easy to
mass-produce. And they are compatible with various substrates
[55]. With these exceptional characteristics, QDs find extensive
applications in LED displays as color converting materials,
enhancing color gamut and brightness [56]. For the application of
QDs in micro-LED, the QDs need to be patterned to couple with
the blue LED array.

3.2 Quantum dot patterning technique

The patterning of the QDCC in micro-LEDs presents a significant
technical challenge in achieving high-resolution full-color displays.
This necessitates the accurate patterning of red and green colors
within each micro-LED pixel and the integration or encapsulation
of the color converter with blue LED arrays to form a functional
device. Therefore, it is essential to develop techniques for fabricating
micrometer-scale patterns of QDs with different light-emitting
colors [57]. In the process of patterning the QDCC, it is necessary
to consider the compatibility between different materials, improve
the effective absorption and conversion efficiency of the QDCC for
blue LEDs, and ensure the optical and thermal stability of the QD
material and the entire LED array when working in an integrated
manner. Current research progress indicates that patterning
techniques for QDCC include inkjet printing [58],
photolithography [59], transfer printing [60], etc. These studies
provide various promising patterning methods for the preparation
of QDCC, thereby providing robust support for advancements in
this field.

3.2.1 Inkjet printing

Inkjet printing technology stands as the current mainstream QD
patterning technique, including aerosol jet printing (AJP) and

Nano Research, 2025, 18, 94907390
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electrohydrodynamic (EHD) jet printing. The principle is to spray
ink dissolved with red, green, or blue QDs through nozzles to form
the desired pattern via precise spraying onto the substrate [61, 62].
QDs are typically synthesized via solution methods, which are
highly process-compatible with inkjet printing technology, having
the advantages of low cost, non-contact application, and minimal
material loss.

Conventional inkjet printing is limited by the nozzle size and the
viscosity of the ink, which restricts its ability to prepare QDCCs
with high pixel density. In the quest for more precise and smaller-
scale QD patterning methods, AJP and EHD printing have
emerged [63-65]. AJP employs ultrasonic or pneumatic
atomization to convert ink into minute droplets, and then the ink is
transferred to the substrate via high-pressure airflow, as depicted in
Fig. 4(a). In 2015, Kuo’s group utilized AJP to deposit red, green,
and blue QDs onto the surfaces of UV micro-LED arrays and
successfully fabricated a QD full-color micro-LED array featured
with a pixel size of 40 um, and a luminous efficiency of 32 Im-W™.
However, there was an optical crosstalk problem between its
adjacent QD pixels [15]. Building upon this work, in 2017, they
introduced a black photoresist and employed photolithography to
create a 35 um x 35 um black matrix serving as an enclosing dam.
Subsequently, red, green, and blue QDs were individually injected
into the matrix. The integration of the black matrix effectively
constrained the QD ink to fixed positions, significantly reducing
optical crosstalk between neighboring pixels. The crosstalk rate was
reduced from 32.8% to almost 0 compared to the previous device
without the black matrix. Furthermore, a DBR centered at 395 nm
was incorporated to optimize the UV micro-LEDs’ absorption and
conversion, further enhancing the device’s luminescence
intensity [16].

EHD printing uses electric field forces to drive the deposition of
QD ink droplets onto the substrate, which is not limited by the
nozzle diameter and can further improve the precision of QD
patterning [67]. During printing, a small amount of free charge
exists in the solution at the nozzle, which, in the presence of an
electric field, is collected at the gas-liquid interface, subjecting it to
normal and tangential electric field forces, as demonstrated in
Fig. 4(c). Consequently, under the force, the liquid tip at the nozzle
deforms, forming a Taylor cone and ejecting fine jets to deposit the
QD ink droplets onto the substrate, which can be controlled to
achieve submicron accuracy in QD patterning [68].

However, a common issue of EHD printing and AJP is that the
QDCC forms unevenly during the evaporation and drying process
of QD ink, known as the coffee-ring effect [69]. Due to the specific
viscosity and wettability of QD ink, the edge of the droplet
deposited on the substrate exhibits a thinner thickness compared to
the center. Consequently, the evaporation rate at the droplet edge
surpasses that of the center, leading to the formation of capillary
flow within the droplet induced by surface tension and capillarity.
This flow transports the QD particles to the edge, ultimately
resulting in an uneven pattern similar to a coffee ring, which
adversely affects the final display quality. To solve this problem, Li
et al. prepared high-resolution pixel dot arrays with a diameter of
1 pm by optimizing and improving the solvent of the QD ink by
EHD printing, as shown in Fig. 4(d), the coffee-ring effect can be
effectively suppressed by controlling the volume ratio of
cyclohexylbenzene (CHB) to nonane at 8:2 in the mixed solvent
[66]. The coffee-ring effect can also be suppressed by introducing a
black matrix as an enclosing dam, as shown in Fig. 4(b), where a
black photoresist mold is designed to match the height of the QD

B) 72w | Sci@pen
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Figure4 (a) Schematic diagram of aerosol spraying. Reproduced with permission from Ref. [15], © Optical Society of America 2015. (b) Introduction of photoresist
surround dam to suppress the coffee ring effect. Reproduced with permission from Ref. [16], © Chinese Laser Press 2017. (c) Schematic diagram of EHD printing. (d)
Adjustment of solvent ratio to suppress the coffee ring effect. Reproduced with permission from Ref. [66], © WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim

2020.

ink droplet, ensuring similar liquid thicknesses at both the edges
and in the middle of the droplet. Maintaining uniform liquid
thicknesses results in comparable evaporation rates, thereby
preventing the capillary flow induced by evaporation from
transporting QDs to the edge [16].

In summary, inkjet printing technology offers a broad
application scope in the QD patterning process owing to its
advantages of controllable process, simple method, low cost, non-
contact, and high material utilization. Emphasis is placed on
manipulating the physical properties of QD ink and enhancing the
precision and productivity of printing equipment. In scenarios such
as micro-LED display manufacturing, which demands mass
production of high-resolution panels (like the common 1080P
(1920 x 1080) resolution, which requires millions of pixel points
with uniformity), posing a significant current challenge for inkjet
printing technology.

3.2.2  Photolithography

Photolithography stands also as one of the prevailing techniques for
QD patterning, including the photolithographic lift-off process,
sacrificial layer-assisted lithography, photosensitive ligand-assisted
lithography, and hybrid QD and photoresist lithography schemes
[70-72]. The fundamental principles can be categorized into two
types. One is to use a photoresist to create a mold or mask for QD
patterning via photolithography, and then fill or remove the
designated area of QDs to form the patterning; the other method
involves engineering QD materials with photosensitive ligands on
the surface, and then directly form the QD patterns through
photolithography process [73]. Compared with inkjet printing
technology, photolithography can achieve ultra-high-precision QD
patterns and is highly compatibility with existing semiconductor
fabrication processes, rendering it suitable for large-scale
production.
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In 2016, Park et al. prepared full-color QD patterns with a sub-
pixel size of 10 um x 40 pm using a photolithographic lift-off
process that combines conventional lithography with charge-
assisted layer-by-layer (LbL) deposition technique [71]. Photoresist
mask patterns were created on Si(100) wafers with a 1 um thickness
of SiO, on the surface using a conventional lithography process,
and the photoresist surface was charged via plasma treatment.
Subsequently, a layer of red QDs was deposited on the surface, and
the photoresist layer was subsequently peeled off by immersion in
acetone and methanol and ultrasonic cleaning, respectively, to
obtain patterned red QDs, as depicted in Fig. 5(a). Through
repetition of the aforementioned process, red, green, and blue QD
patterns can be prepared, yielding a pixelated full-color QD layer.
However, the photolithographic lift-off process requires multiple
removals of the photoresist mask pattern, resulting in issues such as
incomplete removal of the photoresist and potential damage to the
QDs within the patterned region [74]. To reduce the damage to the
QD layer from the photolithographic lift-off process, BOE
Technology Group proposed to prepare the pattern of the QDCC
with the assistance of a negative photoresist and a sacrificial layer.
The introduction of the sacrificial layer maintains the integrity of
the QD layer and facilitates the removal of the photoresist. Initially,
a sacrificial layer of polyvinylpyrrolidone (PVP) was applied onto
the substrate, then photoresist was spin-coated on the sacrificial
layer. Subsequently, the sacrificial layer in the patterned region was
removed through inductively coupled plasma etching after
exposure and development of the pattern, and then deposited QDs.
This process effectively separates the QD layer from the photoresist
layer within the patterned area, enabling straightforward removal of
the sacrificial layer when peeling off the photoresist, thus
minimizing damage to the QD pattern [75]. In 2019, Kim et al.
mixed QDs with photoresists for lithography. They used a solvent
called propylene glycol monomethyl ether acetate (PGMEA) to mix
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Figure5 (a) Schematic diagram of patterning QDs layers using the photolithographic lift-off process. Reproduced with permission from Ref. [71], © American Chemical
Society 2016. (b) Process of hybrid lithography of QDs and photoresist. Reproduced with permission from Ref. [76], © Society for Information Display 2019.

a QD solution with photoresist. Subsequently, this mixture was
cured through a photolithography process and then developed
using a tetramethylammonium hydroxide (TMAH) solution, as
depicted in Fig. 5(b). In this process, PGMEA plays an important
role as a solvent, making the mixing of the QD solution and
photoresist efficient, as well as aiding in the coating and curing
process of the photoresist. By precisely controlling the conditions of
the photolithography process, the research team successfully
prepared QD pattern arrays with a pixel size of 15 pm x 10 um
[76].

All of the aforementioned works accomplished QD patterning
through physical lithography masks or photolithography methods
by mixing QDs with photoresists. However, the compatibility of
QDs with photoresist and organic polymer residues had an impact
on the device performance [77]. Therefore, photolithography
processes that introduce photosensitive ligands through ligand
engineering have been developed to avoid these problems [73]. In
2020, Cho et al. utilized ligand engineering to create QD inks

Nano Research, 2025, 18, 94907390

94907390 (6 of 16)

capped by long-chain organic surface ligands and a photoacid
generator (PAG). Upon exposure to UV light, QDs of designated
regions undergo a series of photochemical activation reactions with
the PAG, leading to in situ ligand removal in the QD film (as
shown in Fig. 6(a)), This leads to a significant change in the
dissolution of the QDs, facilitating the formation of a QD pattern.
Due to the high photosensitivity of PAG to UV (365 nm) or blue
light (405 nm), high-resolution QD patterns with linewidths of
1.5 um can be produced using small amounts of PAG (1 wt.%—
3 wt%) [78]. In 2020, Yang et al. constructed a QD with
photosensitive ligands. This involved crosslinking and interlocking
the ligands of neighboring QDs using cross-linking agents and
photolithography, resulting in the curing of a QD pattern in a
specified region, and the QDs in the non-patterned region were
removed during the development process, as depicted in Fig. 6(b).
Based on the light-driven cross-linking, they photopatterned CdSe-
based core-shell QDs of different colors and prepared red, green,
and blue QD patterns with sub-pixel sizes of 4 um x 16 pm [79].
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The use of photosensitive ligand-assisted lithography and hybrid
lithography for QDs and photoresists simplifies the process, but
QDs have poor solubility in photoresists, necessitating ligand
modification for compatibility [81-83]. Ligand modification and
the introduction of photosensitive ligands usually reduce the
fluorescence yield of QDs [84], impacting their stability, which
remains a significant challenge in QD patterning. In 2023, our
group developed a strategy to fabricate high-resolution QDCCs
using a photolithographic process, which prepared highly
luminescent and uniformly patterned QD layers through ligand
engineering. The QDs were modified by replacing the native oleic
acid ligand on the surface with succinic acid mono-2-
(methacryloyloxy)ethyl succinate (MMES). Then a new ligand,
diphenylphosphine oxide (DPPO), is introduced to repair the
surface defects, as shown in Fig. 6(c). The passivation of DPPO is
crucial for the luminescence performance of the QD film, which
can significantly improve the photoluminescence quantum yield
(PLQY) of QD films, achieving a value of 71.7% for green QD
films [80].
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In the case of perovskite QDs, since they are very sensitive to
polar solvents, leading to a degradation of their performance [85],
there is a need to coat the surface of perovskite QDs with a SiO,
layer to improve their stability and make them compatible with
conventional lithography processes. Zhang et al. proposed an in situ
lithography  technique for perovskite QDs based on
photopolymerization catalyzed by lead bromide complexes.
Perovskite QDs were successfully patterned by directly
lithographing the precursor solution and synthesizing the PQDs in
situ after exposure, avoiding the stripping process and the
destruction of perovskite QDs by solvents or high-energy UV light.
The pixel resolution can reach 2450 PPI and with high stability by
controlling the polymerization and in situ fabrication conditions.
What’s more, patterns can be achieved on flexible substrates, which
suggests a wider range of applications [86].

In summary, photolithography can achieve ultra-high-precision
QD patterns and is highly compatible with existing semiconductor
preparation processes and the possibility of large-scale preparation.
However, hurdles exist, such as poor compatibility between QDs
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and photoresists, modification of QD ligands results in decreased
fluorescence yield of the QDs themselves, and the complex
photolithographic  lift-off process damages the QD layer.
Furthermore, achieving high optical density (OD) values for QD
films mixed with photoresist is challenging, which leads to
insufficient absorption of blue light in the QDCC. Consequently,
the addition of filter structures is required to eliminate unabsorbed

blue light.

3.2.3 Other QD patterning technologies

In addition to inkjet printing and photolithography, researchers
have proposed other ways to achieve QD patterning, which provide
novel approaches for exploring the application of QDs in the realms
of displays and optoelectronics.

Transfer technique. The transfer technique enables the transfer
of a pre-prepared QD pattern from one substrate to another, as
illustrated in Fig. 7(a). This technique typically transfers the QD
pattern onto an elastic template or rubber film first with an
appropriate transfer and then transfers it to the target substrate
[87-89]. The transfer technique possesses advantages of high
resolution, precision, and scalability, and is therefore widely used
for preparing micro- and nanostructures as well as devices. Kim et
al. prepared a full-color QD display with a sub-pixel size of 46 pm x
96 um using transfer printing technology. They first spin-coated a
layer of QDs on a donor substrate, which was subsequently picked
up onto a letterpress elastic polydimethylsiloxane impression using
surface energy and van der Waals forces. The picked-up QDs were
then transferred to the acceptor substrate utilizing weak interactions
between the alkane groups on its surface and the aliphatic ligands
on the QD surface, thereby forming a large-area patterned,
pixelated, and full-color QD layer through the repetition of the
transfer printing process [60]. Currently, transfer printing
technology can achieve high-speed and large-scale high-resolution

QD patterning [90], but the deformation and loss of the stamp
structure during multiple transfers reduce the precision and
reliability of its production process.

Microporous filling. Microporous filling is a method that fills
QD solution into micron-scale pore structures, as depicted in
Fig. 7(b). Micropores can be prepared from templates or formed by
the self-assembly of nanoparticles. The directional self-assembly
and alignment of QDs within the micropores can be achieved by
controlling parameters such as the wettability and surface tension of
the solution, leading to the formation of patterned QD structures.
In 2023, Sun et al. prepared a pixel-size 6 pm circular green QD
color conversion array using the micropore filling fabrication. The
desired pixel patterns were fabricated on a glass substrate via the
standard photoresist process on SU-8 photoresist to form an SU-8
micropore mold. Subsequently, a certain amount of QD gel was
dripped onto the SU8 micropore mold, and the QDs were applied
by scraping to fill the micropores and remove the excess QDs on
the surface. After curing, a pixelated QD pattern was formed, and
the residual QDs outside the pores were removed by a polishing
process [91].

Electrophoretic deposition. In electrophoretic deposition, the
directional deposition of QDs on a conductive substrate is driven by
an electric field. When subjected to an appropriate electric field,
QDs can form patterns on the surface of the substrate, as depicted
in Fig. 7(c), which is simple, fast, low-cost, and can prepare QD
patterns over large areas. In 2021, Zhao et al. used electrophoretic
deposition to prepare QD arrays with pixel dimensions of 14.6 um
x 30.5 pm. The colloidal CdSe/ZnS core/shell QDs were capped
with polyethylene glycol (PEG)-COOH in PGMEA to make the
carboxyl groups on their ligands negatively charged after ionization.
Subsequently, the QDs were deposited onto electrodes of the
opposite electrical properties through the action of an electric field
to form a patterned QDCC [92]. While electrophoretic deposition
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Figure7 (a) Flow of patterning QDs using the transfer technique. Reproduced with permission from Ref. [60], © Springer Nature Limited 2011. (b) Flow of preparing
QD patterns using microporous filling method. Reproduced with permission from Ref. [91], © The Royal Society of Chemistry 2022. (c) Flow of depositing QDs on a
substrate by electrophoretic deposition. Reproduced with permission from Ref. [92], © Zhao, ]. Y. et al. 2021.
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offers a rapid means of achieving large-area QD deposition, it
imposes higher requirements on the preparation process of
patterned microelectrodes.

Three-dimensional (3D) printing. QD patterning can also be
achieved through 3D printing [93]. Kong et al. demonstrated the
potential of 3D printing in QDs patterning by preparing QDs-based
light-emitting diodes with pure and tunable color-emission
properties, demonstrating the potential of 3D printing in QDs
patterning in the context of integrating different materials in
QLEDs [94]. In 2022, Zhao et al. proposed a laser direct writing
technique for photoexcitation-induced chemical bonding, enabling
laser 3D assembly of QDs. This process is capable of 3D printing
arbitrary QD structures at resolutions beyond the diffraction limit,
thus establishing it as a promising approach for developing 3D
QLEDs [95].

Laser direct writing. Xu et al. used a continuous wave laser to
directly induce the in situ synthesis of perovskite in a poly(methyl
methacrylate) matrix. By adjusting the type and content of halogen
ions in the precursor solution, tunable perovskite with PL spectrum
in the range of 475 to 667 nm is achieved. Under the combined
influence of the photonic effect and thermal quenching in
perovskite, they achieved ultrahigh-precision patterning, with a
minimum linewidth of 750 nm and a maximum pixel density of
5684 PPI, and the patterning film can be utilized for flexible
displays [96].

In summary, the study shows that diverse QD patterning
techniques, such as inkjet printing, photolithography, transfer
printing, 3D printing, and Laser direct writing, have their own
advantages and shortcomings, and they are summarized in Table 2.
Efforts are being made by researchers to further explore and
enhance these methods for achieving more efficient and precise QD
patterning. These innovative technological solutions provide
expanded possibilities for the application of QDs in display,
optoelectronics, and micro-LEDs, thereby fostering the
development and progress of related fields.

From a material perspective, QDs used as color converters can be
classified into Cd-based QDs, [80] perovskite QDs [97], and heavy-
metal-free QDs [98-100]. In terms of forms of QD color
converters, they can be classified into mainly three types: (i)
encapsulating QDs within microspheres to improve stability [49,
101]; (ii) QD-dominated films that are achieved by crosslinking the
ligands [78, 79]. (iii) QDs in a polymer matrix enabled by
photolithography or inkjet printing techniques [15, 16, 75, 76].

3.3 QD micro-LED display configuration

From a practical application perspective, QDs are commonly used

Table2 Comparison of QD patterning technologies

in micro-LEDs as a color converter on blue/UV LEDs or combing
them with nanostructures to achieve full-color through blue/UV
excitation of color conversion materials. Filter structures can be
integrated into the device to effectively absorb blue light. DBRs are
several pairs of semiconductor or dielectric materials grown in a
staggered fashion to achieve high reflectivity within a specific
optical band. The DBR structure can be incorporated on top of the
QDCC to enhance the reflection of blue light, reflecting any blue
light that is not sufficiently absorbed by QDs. This process
enhances the absorption of blue light by QDs, thus improving
luminous efficiency and color purity. Han et al. used aerosol inkjet
printing to spray QDs on UV LEDs and encapsulated a DBR on the
top to reflect the UV light [15]. The highest reflectivity of DBR is at
400 nm, to transmit red, green, and blue light, enhancing UV light
utilization and increasing color purity. The addition of DBR
resulted in a 194% increase in visible light OD values for blue, and
173% and 183% increases for green and red, respectively. The
device is schematically depicted in Fig. 8(a). Chen et al
simultaneously deposited HBR at the bottom, in addition to using
DBR at the top, to further reflect downward-transmitted red and
green light [17]. The use of HBR and DBR increased the OD value
of red and green light in micro-LEDs by 27%. Additionally, black
photoresist was used to wrap every pixel point to prevent color
crosstalk, and this approach improved the micro-LED contrast ratio
from 11 to 22. Chu et al. deposited a blue-light absorbing layer on
the DBR of the above structure, resulting in an improvement of red-
green color purity to 90.9% and 90.3% [102], as illustrated in Fig.
8(b).

In addition to the use of DBR, blue light absorption and color
purity can be improved in other ways. Hsiang et al. designed a CLC
polymer film, employing a patterned photomask to create two
kinds of textures on the CLC film, focal conic texture (FC-CLC)
and planar texture (P-CLC) during the UV curing process [19]. The
P-CLC, acting as a DBR, is on the red and green sub-pixels to
efficiently reflect leaked blue light. While the FC-CLC is on the blue
sub-pixels, serving as a scattering medium to replace traditional
scattering particles, reducing the mismatched angular radiation
patterns of RGB sub-pixels and the color shift. The device structure,
as depicted in Fig. 8(c), involved depositing a QDCC on the blue
micro-LED, followed by the application of the CLC film and a color
filter to further enhance color purity. The design can improve the
CCE of the display system by about 143%. Moreover, the polymer
film design offered cost-efficiency and simplicity in manufacturing
compared to traditional DBR techniques.

The QDCCs can also be used with nanostructures. This
approach reduces the energy loss and improves the CCE and

Patterning technology Advantages

Disadvantages

Inkjet printing Low-cost, non-contact, small material loss

High precision, compatible with semiconductor

Photolithography processes

Transfer technique High precision, without organic additives

Microporous filling Low-cost, high processing efficiency

Electrophoretic
deposition

3D printing

Laser direct writing High precision, applicable to flexible displays

High degree of flexibility, low material consumption

Coffee-ring effect\low production efficiency of inkjet printing
equipment

High-cost, residues affect device performance

The seal structure deformation\contact wear

Relatively low precision\low device performance

Rapid fabrication rate, simplified manufacturing process The fabrication process of microelectrodes is complex

High-cost\low processing efficiency

High-cost\complex fabrication process
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Figure 8 (a) Device structure of QD-based micro-LED display. Reproduced with permission from Ref. [15], © Optical Society of America 2015. (b) Schematic structure
of monolithic full-color micro-LED using QDCCs. Reproduced with permission from Ref. [102], © Chu, S. Y. et al,, Licensee MDPI, Basel, Switzerland 2020. (c)
Schematic structure of QD-micro-LED device with CLC polymer film. Reproduced with permission from Ref. [20], © Society for Information Display 2021.

quantum yield by non-radiative energy transfer (NRET), mainly
through the close contact between the donor and the acceptor [18].
Krishnan et al, designed a nanohole structure (Fig. 9(a)) and
fabricated a hybrid 12-fold photonic quasi-crystal (PQC) by
nanolithography as well as plasma etching, where the PQC
structure penetrated the MQW active region to create a cylindrical
array of holes with a radius of 480 nm and a lattice spacing of
750 nm [103]. Since the QDs are very close to the active region, the
PLQY can be well enhanced. Subsequently, QDs with emission
wavelengths of 535, 585, and 630 nm were spin-coated into the
nanohole arrays, and the devices were engineered to emit white
light by adjusting the mixing ratio of the QDs. The effective
quantum vyield (EQY) of monochromatic and mixed-color white
light was investigated, revealing an EQY of up to 123% for
monochromatic light, while for mixed-color light, the EQY
decreased compared to monochromatic light due to the existence of
radiative and non-radiative energy transfer between the different
colors, reaching up to 110%, a more than 30% improvement
compared to previously reported values. Song et al. investigated the
EQY of white light in a nanohole array of nanoporous GaN (NP-
GaN) embedded QDs and achieved full color [104]. This structure
significantly increased light scattering, and thus dramatically
improved the absorption of blue light by the QDs within NP-GaN,
as depicted in Fig. 9(b). A monolithic full-color micro-LED was
fabricated on the same epitaxial wafer, with each micro-LED matrix
measuring approximately 35 pm x 35 pm. The light conversion
efficiencies of the NPQDs were up to 94% for the red NPQDs and
about 63% for the green ones. Yang’s group, discovered that when
QDs are inserted into a GaN porous structure (PS), the Forster
resonance energy transfer (FRET) efficiency is enhanced, indicating
that the nanoscale-cavity effect can improve FRET efficiency [105].

Nano Research, 2025, 18, 94907390
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They designed a device structure in which QDs are integrated into a
GaN PS, leveraging surface plasmon (SP) coupling effects to achieve
a favorable nanoscale-cavity effect, and deposited surface Ag
nanoparticles to induced SP coupling, significantly enhancing the
FRET efficiency of the QWs to QDs [106].

Chen et al. designed micro-LEDs with NR structures, as
illustrated in Fig. 9(c) [18]. In this design, each pixel measured
3 um x 10 pm, and every colored pixel comprised a green pixel and
two NR array pixels. The width of the nanoring wall was adjusted
through strain-induced engineering, with an outer diameter of
700 nm and an inner diameter of 900 nm of the NR, and the color
of the NR-micro-LED was modified from green to blue.
Subsequently, the red pixel display was achieved by applying
CdSe/ZnS red QDs onto the blue LEDs, resulting in a linewidth of
2 pm, which is a significant improvement in accuracy compared to
the previous linewidth range of 30-40 um. Meanwhile, an atomic
layer deposition passivation layer was deposited on the side wall to
enhance the display lifespan and performance stability, leading to a
143.7% increase in luminous intensity. In addition, a layer of DBR
was applied to the red pixel to further enhance the efficiency of red-
light emission, realizing a broad color gamut for the QD-NR-micro-
LEDs.

4 Main challenges

Despite the variety of patterning techniques and device
configurations available for QDs in micro-LED displays, there are
still several challenges that must be addressed, including the
enhancement of blue light absorption, the improvement of device
stability device stability, and the development of environment-
friendly QD materials.
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Figure9 (a) Schematic diagram of nanohole QD-micro-LED with PQC structure. Reproduced with permission from Ref. [103], © Optical Society of America 2016. (b)
Schematic cross-sectional view of monolithic full-color NPQD-micro-LED. Reproduced with permission from Ref. [104], © American Chemical Society 2021. (c)
Schematic diagram of NR-QD-micro-LED fabrication process and structure. Reproduced with permission from Ref. [18], © Chinese Laser Press 2019.

4.1 Blue light absorption

QD-micro-LEDs operate by converting received short-wavelength
blue light into long-wavelength red and green light. Incomplete
absorption of blue light will result in the leakage of blue light,
thereby impacting color purity and the final display effect.
According to the Beer-Lambert law analysis, achieving full
absorption of blue light typically requires an OD value of the
QDCC over 3, and the QD film thickness needs to reach
approximately 10 um [76]. During the photolithography process, to
increase the OD value of the QDCC, the concentration of QDs in
the photoresist should be increased, which imposes higher demands
on the solubility of both QDs and photoresist. However, excessive
QD concentration in the photoresist will affect the photosensitive
properties of the photoresist, consequently affecting
photolithography process parameters. In addition to increasing the
concentration of quantum dots, the absorption effect of blue light
can also be enhanced by increasing the thickness of the color
converter. However, the achievable thickness of the photoresist is
limited by the spin coating process, and the uniformity will also be
affected as the thickness increases. Furthermore, an excessively
thick film can also aggravate the self-absorption effect of quantum
dots.

The optical properties and blue light absorption can also be
enhanced by adding scattering particles such as SiO,, TiO,, and
other nanoparticles. Adding scattering particles uses the scattering
effect of the material on light, altering the optical path of blue light
within the QDCC and extending the optical range, thus increasing
the likelihood of exciting the QD material and improving
conversion efficiency. In 2020, Theobald et al. incorporated
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nanoparticles into a QD layer based on a light-scattering design.
This design acted as a selective reflector to extract the conversion
light while boosting the absorption of incident excitation light by
more than fourfold [107]. These schemes offer valuable insights for
the development of QD-micro-LEDs. They provide methods to
enhance blue light absorption by increasing the thickness of the
QDCC and designing the optical structure to meet practical
applications. However, the addition of an excessive amount of
scattering particles is prone to causing agglomeration. When
particle concentration becomes too high, it negatively impacts the
diffraction effect, resulting in a loss of light output [108].
Additionally, the addition of scattering particles might also reduce
the resolution that can be achieved by photolithography. Therefore,
simply increasing the concentration of scattering particles is not
recommended.

42 Stability

Considering the advantages of the high color gamut and resolution
offered by QD-micro-LEDs, they are expected to be applied in near-
eye display scenarios such as VR & AR is feasible [109]. QDs used
in micro-LED device fabrication must endure temperatures over
100 °C and intense blue light exposure of thousands of nits,
indicating a harsh working environment. The optical display system
of AR devices typically comprises a miniature display and optical
waveguide elements, and the conversion efficiency of the optical
waveguide is < 10%. Consequently, the demand for micro-LED
display brightness is substantially high (~ 100,000 nits), and the
QDCC must withstand very high blue radiant power (~ 6 W/cm’)
[110]. QDs are sensitive to environmental conditions. Under
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illumination, a brief exposure to water and oxygen will lead to
photoactivation of the QDs. Over time, however, the QDs will be
quenched due to corrosion caused by water and oxygen [111-113].
Although some QDs tend to exhibit better stability in pure water or
pure oxygen environments due to the difference in the core-shell
structures, they are still difficult to maintain stability when
simultaneously exposed to both water and oxygen [114, 115].
Additionally, high-temperature environments can lead to
irreversible defects in the QDs and negatively impact their
luminescent efficiency [116-118]. In recent years, the stability of
QDs has been significantly improved through strategies such as
dual-ligand synergistic effects [119], lattice stress regulation [120],
and packaging of QDs [49, 101]. For example, in 2024, Wang et al.
employed a dual-ligand strategy to create long-range ordered,
dense, and defect-free perovskite QD films, greatly boosting device
performance and stability [119]. In 2022, He et al. wrapped CsPbBr;
QDs inside the SiO, spheres by using the selective sintering
characteristics of K,CO; inside SiO, spheres. Isolating the QDs
from oxygen and moisture improves the stability and lifetime of the
QDs. In stability testing, up to 94% of the initial emission intensity
was preserved after 1000 h of continuous illumination from a blue
LED (450 nm, 3500 cd/m®). Additionally, encapsulation within SiO,
spheres improves the dispersion of QDs, facilitating uniform
dispersion in liquids or solids without causing cross-linking and
aggregation of the particles. Consequently, this method is also
suitable for lithography processes mixed with photoresists [49]. In
2025, Gong et al. synthesized QD@dMS@PMAO@SiO,
microspheres via a wet chemical process. These microspheres not
only preserved the optical properties of QDs but also exhibited high
stability against environmental factors like water, oxygen, blue light,
and heat without water-oxygen barrier layers [101]. Furthermore,
functional nanomaterials with higher surface energy (calcium
nanoparticles, barium nanoparticles, etc.) can be employed as
desiccants. Due to their smaller size, nanoparticles have higher
surface energy and are more likely to combine and react with
oxygen and water. Consequently, they absorb oxygen and water
within the functional layer of the QDs, avoiding potential damage
and augmenting device stability. Moreover, the oxides generated
from these functional nanomaterials can serve as light-scattering
particles, thereby enhancing light scattering and further improving
the optical characteristics of the QDs [121].

4.3 Environment-friendly

Current research on QD-micro-LEDs is mainly based on Cd-based
QDs or Pb-containing perovskite QDs, which possess high toxicity.
Despite the superior photoelectric performance and chemical
stability of Cd-based core-shell structure QDs, the presence of the
heavy metal Cd raises toxicity concerns. Currently, the toxicity of
CdSe QDs can be mitigated through surface modification, shell
layer coating, functionalization, etc. However, it is still necessary to
develop Cd-free QD materials exhibiting high PLQY, narrow
emission width, and well stability to fulfill the requirements of
practical applications for QD-micro-LEDs. ZnSe, InP, and
CulnSe,_,S, are all green and environment-friendly QDs suitable
for display applications. However, ZnSe QDs possess a large
bandgap and emit violet light, need to be doped with Te, etc. to
expand their emission to a longer wavelength, which will inevitably
introduce defects and reduce luminescence efficiency [122, 123].
CulnSe,_,S, has a broader emission spectrum and low color purity.
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InP, on the other hand, shows promise as a Cd-free alternative due
to its visible-range luminescence and narrower peak width [124].
Nevertheless, InP QDs are prone to surface defects, which lead to
non-radiative recombination, affect the luminescence efficiency,
and need to be coated with ZnSe or ZnS shells to improve their
PLQY [125]. Practical applications still face technological and
material challenges that must be addressed to enhance optical
properties, stability, and control over the preparation process,
aligning better with the requirements of display technologies.

5 Conclusion and perspective

With the increasing demands for improved display performance,
micro-LED, as a new generation of display technology, has attracted
much attention for its wide color gamut, extended lifespan, and
wide range of applications. QDs, with their advantages of small size,
narrow full width at half maximum, high color purity, etc., can be
used as the main medium to achieve full-color micro-displays.

Although many studies have investigated the use of QDs in
micro-LED technology, there are still many challenges in applying
QDs to micro-LED displays. One significant obstacle is the
complexity of patterning technology, while the use of high-
precision and compatibility with semiconductor processes
photolithography is preferred. To enhance the absorption of blue
light, incorporating scattering particles and adding the DBR
structure can effectively improve the excitation of QDs for better
CCE. Despite relatively minimal concerns regarding the stability of
QDs, the application of micro-LEDs inevitably has to face the
impact of strong blue light and high temperatures, to ensure the
stability of QDs in the strict environment presents a major
challenge.

In short, from QD patterning technology to conversion
efficiency to luminous stability and other aspects, there is still a long
way to go to realize the commercial application of quantum dots in
micro-LED  displays. Owning to the unresolved technical
complexities, micro-LEDs cannot replace LCD and OLED displays
in the short term, but they exhibit significant advantages within the
realm of VR/AR applications. Moreover, the combination of QD
and micro-LED will be further developed to achieve higher CCE
and light output efficiency, expediting to prompt widespread
adoption of micro-LED technology.
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