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Photocrosslinking chemistry for direct photopatterning of 
colloidal nanocrystals: Toward pixelated light emitting diodes 
and beyond 

Wenyue Qing1, Hao Zhang1*

Colloidal quantum dots (QDs) exhibit outstanding optoelectronic properties and solution processability, making them 
promising candidates for devices such as quantum dot light emitting diodes (QLEDs). The realization of integrated QD‑based 
devices, particularly in QLED displays, necessitates patterning techniques that offer high resolution, high fidelity, and 
preserved luminescence. Direct photopatterning via photocrosslinking chemistry has emerged as a promising strategy, which 
achieves microscale to nanoscale patterning by using light‑triggered reactions of surface ligands to modulate QD colloidal 
stability without compromising their optical properties. This review outlines recent advances in photocrosslinking‑enabled 
direct photopatterning of QDs for QLED applications. We begin by introducing the underlying mechanisms and representative 
photochemistries for direct patterning. Subsequently, we survey various photocrosslinking chemistries and their applications 
in QD patterning. Drawing on case studies of representative photocrosslinking mechanisms, we discuss key molecular design 
principles for crosslinkers toward high‑performance QLEDs. Furthermore, we extend the discussion to patterning of other 
functional nanomaterials, such as metal‑organic frameworks, and to three‑dimensional QD printing. Finally, we conclude with 
an outlook on future developments and the broadening applications of photocrosslinking‑enabled patterning technologies.

1 Introduction

QDs are promising nanomaterials for next-generation electronic 
and photonic devices, owing to their outstanding optoelectronic 
properties and solution processability.1−7 For instance, combined 
attributes of wide colour gamut, narrow spectral bandwidths, and 
near-unity photoluminescent quantum yield (PLQY) of QDs enables 
the rapid developments of QLEDs and commercialization of QD 
televisions, among others.8−20 However, the integration of QDs, or 
more generally functional nanocrystals (NCs), into system-level 
devices requires precise deposition of QD patterns with micro- or even 
nanoscale precision, which necessitates high-resolution and high-
fidelity patterning techniques.20, 21 Over the past few decades, various 
QD patterning methods have been developed, including inkjet 
printing, transfer printing, and lithography.17, 20, 22−29

Conventional lithography typically involves complex, multi-
step processes and the use of photoresists whose solvents and 
chemicals could degrade the optoelectronic properties of QDs, 
presenting a significant bottleneck for device performance.28, 29 Inkjet 
printing technology could achieve large-area, high-throughput, and 
low-cost patterning, but it is limited by nozzle size and the coffee-ring 
effect, typically restricting its resolution to tens to hundreds of 
micrometers.22, 23 Transfer printing technology, by constructing 
micro- and nano-scale stamps, has demonstrated significant potential 

in achieving sub-micron-level high resolution. Recent research 
advances in this field have been quite encouraging, showcasing 
improved techniques and material compatibility.24−26 However, it is 
generally acknowledged that scaling these promising developments 
for large-scale industrial production remains a considerable challenge. 
In this context, the emergence of direct optical lithography of 
functional inorganic nanomaterials (DOLFIN), proposed by Talapin 
group in 2017, offers a ground breaking photoresist-free strategy for 
QD patterning and their integrated device applications.31 The core 
mechanism of this approach is altering the QD dispersibility through 
surface photochemical reactions of ligands via UV light stimulus. 
Compared to traditional lithography, DOLFIN, or more generally 
direct photopatterning process, is greatly simplified by consisting of 
only film deposition, UV exposure, and developing steps. This 
straightforward procedure, along with the elimination of harsh 
irradiation, unfavourable chemicals, and other detrimental processes, 
has established direct photopatterning as a highly promising method 
for QD patterning. Over the past years, a variety of photochemical 
mechanisms and designs for direct photopatterning have been 
developed by researchers across the world, utilizing ligand 
decomposition, desorption, crosslinking, and stripping 
mechanisms.31−67 These advancements have led to direct 
photopatterning techniques that preserve the optoelectronic properties 
of QDs and enabled the fabrication of high-performance QLED 
arrays. 

Among these photochemistries, the ligand crosslinking 
approach is particularly noteworthy for making patterned QDs with 
high photoluminescent (PL) and electroluminescent (EL) 
performance.32−40 First, these ligand crosslinking chemistries involve 
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QDs with well-passivated surface by their original or 
photocrosslinkable ligands, representing a nondestructive approach to 
preserve the luminescent properties of the QDs. Second, many groups 
including us have developed various ligand crosslinking methods for 
direct photopatterning of QDs and relevant pixelated devices. These 
studies include the use of crosslinkable ligands, dual ligands, and 
additive, nonspecific or specific crosslinkers. Data from these studies 
and rich chemical designs are critical for providing an in-depth 
summary of representative advances and key design principles of the 
photochemistries for direct photopatterning of QDs. Last but not least, 
rationally designed photocrosslinking chemistries have enabled full-
colour, high-resolution (over 15,875 ppi),34 and precise patterning of 
luminescent QDs and NCs (II–VI, III–V, and lead halide based 
perovskites) with fully preserved PLQYs.33,34, 36−38 The EL 
characteristics of patterned QLEDs made with these chemistries have 
also reached the stage of being comparable with their nonpatterned 
counterparts, with encouraging demos in passive- or active-matrix-
driven QLED displays.34, 36, 38

In this review, we highlight the remarkable progress made 
during the past five years in photocrosslinking-enabled direct 
photopatterning of QDs and their applications in QLEDs. Recently, 
several representative reviews and perspectives have been dedicated 
to summarizing these developments and elaborating on the 
relationship between patterning chemistry and device 
performance.41−48 Distinguished from previous work, this review 
offers a focused analysis in three key aspects: (1) A focused 
photocrosslinking pathway analysis. While covering representative 
types of direct photopatterning chemistries, we place particular 
emphasis on photocrosslinking pathways, which have demonstrated 
strong compatibility with passive- and active-matrix backplanes and 
enabled the fabrication of high-performance pixelated QLEDs. (2) 
From mechanism to patterned QLEDs. We systematically summarize 
design principles for photocrosslinkers toward highly luminescent QD 
patterns, review recent progress in directly photopatterned QLED 
performance, and provide guidelines for further development of 
patterning chemistries. (3) Extended applications and outlook. 
Beyond conventional 2D patterning, we also discuss the emerging role 
of photochemistry in 3D printing and offer perspectives on next-
generation photocrosslinkers with functionalities that extend beyond 
patterning. In this review, we start by briefly introducing the 
mechanisms of photopatterning and representative types of 
photochemistries involved. Second, we provide a comprehensive 
survey of different types of photocrosslinking chemistries and their 
applications in QD patterning. Third, we propose key molecular 
design principles for photocrosslinkers toward high-performance 
QLEDs based on the data from studies on representative crosslinkers. 
Fourth, we extend the discussion to more recent advances on the 
crosslinking-based patterning of other functional nanomaterials (e.g. 
MOFs) and QD printing in three dimensions. Finally, we conclude 
with an outlook on future developments and the expanding 
applications of photocrosslinking-enabled patterning technique.

2 Fundamentals of direct photopatterning of 
colloidal NCs

2.1 Comparison of traditional and resist-free direct 
photolithography of NCs.

Direct photopatterning relies on the interplay of surface 
photochemistry and colloidal stability of QDs. Photochemical 
reactions taken place on QD surface upon light or other stimuli change 
the QD dispersibility. The irradiation-induced solubility changes, as 
with traditional photolithography, set the basis of direct 
photopatterning. However, direct photopatterning does not involve 
photoresists, leading to much fewer steps than traditional 
photolithography, as shown in Scheme 1. Direct photolithography 
effectively preserves the intrinsic physicochemical and luminescent 
properties of patterned QDs by fundamentally avoiding the 
detrimental chemical exposures inherent in conventional 
photolithography—such as those from photoresists, developers, and 
etching agents.30

2.2 Various photochemistries for NC patterning.

The advancement of direct photopatterning for NCs is 
fundamentally rooted in the exploitation of specific photochemical 
reactions that modulate colloidal stability. These methods can be 
broadly categorized into four representative mechanistic classes 
(Scheme 2): ligand decomposition, ligand desorption, ligand 
crosslinking, and ligand binding, each employing a distinct pathway 
to cause solubility contrast of NCs between exposed and unexposed 
regions.

2.2.1 Ligand decomposition

The strategy of ligand decomposition relies on the photolytic 
cleavage of specially designed, photosensitive ligands that are 
anchored to the NC surface. Upon light exposure, the decomposition 
of these ligands alters the surface chemistry, leading to a reduction in 
interparticle repulsive forces and subsequent colloidal destabilization. 
A seminal example is the work by the Talapin group, which 
introduced 1,2,3,4-thiatriazole-5-thiolate (TTT) as a photo-
decomposable ligand.31 Under 254 nm UV irradiation, TTT ligands 
on the QD surface decompose into SCN⁻, N2, and sulfur. The 
generated SCN⁻, compared to the TTT ligands, provided poorer 
electrostatic repulsion, leading to QDs with much lower solubility. 
Therefore, QD films in the UV-exposed regions remained insoluble 
during solvent development, forming well-defined QD patterns. 
Subsequently, Wang et al. expanded the toolbox of photo-
decomposable ligands to include dithiocarbamates, azoles, xanthates, 
and thiooxalates, thereby extending the operational spectral range 
from deep UV (254 nm) to the visible region (450 nm).49 These 
decomposable ligands provide a negative-tone patterning mechanism 
where the irradiated regions become insoluble, and its effectiveness is 
directly related to the reaction rate of the photodecomposition of 
ligands.

2.2.2 Ligand desorption

The mechanism of ligand desorption centers on the light-
triggered removal of stabilizing ligands from the NC surface, thereby 
decreasing the ligand density and diminishing the steric or 
electrostatic repulsion that maintains colloidal stability. A prominent
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Scheme 1. Comparison of patterning steps between traditional and resist-free direct photolithography. Both cases show the negative-tone patterning.

method involves the use of photoacid generators (PAGs). For 
instance, 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine 
(MBT), upon UV exposure, releases strong acids (e.g., HCl) which 
protonate the native Lewis basic ligands (e.g., oleic acid), prompting 
their desorption from NC surface.31,50 NCs with reduced ligand 
coverage in the exposed regions then remain in patterned layers after 
solvent development. Beside PAGs, certain ligands themselves are 
designed to detach upon irradiation. Methacrylate-based ligands, for 
example, can detach from the QD surface under UV light exposure.51 
The ligand desorption pathway effectively transforms a stable 
colloidal dispersion into an unstable one in the exposed zones, 
enabling high-fidelity patterning. Its versatility allows it to be applied 
to a broad class of NCs stabilized by weakly coordinating organic 
ligands. Moreover, our group employed triphenylchloromethane 
(TPCl) as a photosensitive stripping agent. Upon irradiation, the 
Lewis acidic triphenyl carbocation generated from TPCl photolysis 
can effectively strip the native ligands from QD surfaces via a Lewis 
acid-base reaction, thereby reducing the solubility of QDs in nonpolar 
solvents. Meanwhile, the chloride ions produced from TPCl 
photolysis can passivate the uncoordinated surface sites, thus 
effectively preserving the optoelectronic properties of the QDs.39

2.2.3 Ligand crosslinking

Crosslinkable ligands or crosslinker additives connect surface 
aliphatic ligands on neighbouring QDs upon light exposure and create 
insoluble network of crosslinked QDs in the exposed region. QDs 
with native ligands can be crosslinked upon high-energy irradiation 
source such as e-beam or X-ray. However, this approach often suffers 
from limited scalability and can degrade the optoelectronic properties 
of QDs due to radiation damage.52−54 Recent studies have thus focused 
on developing milder, UV light-driven crosslinking schemes.32−40, 

55−64 This is achieved by incorporating crosslinkable functional groups 
into the surface ligands or adding small molecular crosslinkers. 
Examples of such photocrosslinkable moieties include azides, 
diazirines, acrylates, thiols, and benzophenones, all of which can 
efficiently bridge native aliphatic ligands under benign conditions. As 
mentioned in the Introduction, this strategy can preserve the degree of 
surface passivation and is particularly advantageous for creating 
patterned QD layers and devices with excellent luminescent 
properties.

2.2.4 Ligand binding

The ligand binding mechanism is mostly applicable to 
electrostatically stabilized QDs. This process introduces 
photogenerated strongly coordinating species, which bind to the QD 
surface and neutralize the charges, thereby screening electrostatic 
repulsion and reducing colloidal stability. For example, 
diazonaphthosulfonic acid (DNS),58 when introduced to bare QDs 
stabilized with positive surface charges, can photodecompose to 
produce carboxylic acid derivatives that possess a high affinity to the 
QD surface. This photo-induced ligand binding process effectively 
neutralizes the positively charged surface, leading to QD 
destabilization. Similarly, PAGs are employed in this context 
releasing a high concentration of photogenerated protons that directly 
neutralize negatively charged NC surfaces.31 This ion-binding 
mechanism offers a direct and efficient route for patterning QDs 
stabilized by ionic forces, complementing the strategies designed for 
sterically stabilized systems. 

3 Photocrosslinking chemistries for direct 
photopatterning of NCs

Photocrosslinking-enabled direct patterning has emerged as an 
effective strategy to achieve nondestructive, high-definition, and 
high-throughput NC patterns. The core mechanism is to form covalent 
bonds between the ligands of neighbouring QDs upon photochemical 
reactions of crosslinkable ligands or additive crosslinkers. Here, three 
categories of representative photocrosslinking chemistries will be 
discussed and compared, including crosslinkable ligands, dual 
ligands, and additive crosslinkers.

3.1 Rationale of photocrosslinking chemistry as an adaptive 
strategy

Ligand surface passivation is a critical determinant for both the 
high PLQY and the stability of QDs, serving as a key factor for their 
optoelectronic performance in device applications. Several patterning 
methods involve ligand exchange or ligand removal, processes that 
inevitably introduce surface defect states and trap sites, leading to
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Scheme 2. Four representative photochemistries for direct patterning, including ligand decomposition, ligand desorption, ligand crosslinking, and ligand 

binding.

pronounced PLQY degradation through nonradiative recombination. 
In contrast, photocrosslinking-enabled patterning, typically 
implemented via additive crosslinkers or photosensitive long-chain 
ligands, maintains high surface ligand coverage and effective 
passivation. More specifically, additive-crosslinker-based approach 
can retain the native ligands, which are already optimized for effective 
surface passivation during synthesis, thereby preserving the high 
luminescent properties of the as-prepared QDs. 

Beyond optical performance, photocrosslinking also offers 
distinct practical advantages for scalable manufacturing: (1) Process 
compatibility and ease of operation. When using additive crosslinkers, 
the method requires no ligand exchange—only the direct addition of 
crosslinker to the original QD solution. This seamlessly integrates 
with existing commercial QD inks and established QLED fabrication 
processes. (2) Material stability and scalability. In crosslinking 
approaches, QDs remain protected either by their original organic 
ligands or by designed long‑chain photocrosslinkable ligands, 
ensuring excellent colloidal stability and extended shelf lifetime—key 
attributes for reproducible large‑scale production. (3) Solvent 
versatility and environmental adaptability. Through rational design of 
dispersing ligands or photocrosslinkable ligands, QDs can be 
dispersed in solvents spanning a wide polarity range, including 
environmentally friendly options.34, 61 This tuneable solubility 
enhances compatibility with industrial printing and coating processes, 
further supporting the transition toward scalable manufacturing.

3.2 Different classes of photocrosslinking chemistry

3.2.1 Crosslinkable ligands

Early studies revealed that high-energy stimuli (e.g., electron 
beams) can cleave C−H or C=C bonds in native ligands (e.g., 
oleylamine or oleic acid) on QDs, thereby promoting the formation of 
new C=C or C−C bonds between adjacent ligands and ultimately 
leading to QD crosslinking.52−54 However, the reliance on high-energy 
sources limits its application in large-scale, low-cost patterning, and 
the irradiation can severely quench the luminescence of QDs. In 
comparison, photochemically initiated ligand crosslinking operates 
under much gentler exposure conditions and demonstrates superior 

compatibility with standard photolithographic methods. Bang and co-
workers developed a random semiconducting polymer ligand, PTPA-
N3-SH, which integrates a triphenylamine-based hole-transporting 
moiety with a UV-crosslinkable azide group (Figure 1a).59 The 
patterning capability of the method enables the fabrication of features 
as small as 5 μm. QLED devices based on the resulting patterned QDs 
achieved a maximum external quantum efficiency (EQEmax) of 6% 
and a maximum luminance (Lmax) exceeding 11,000 cd m–2, 
demonstrating both high resolution and promising electroluminescent 
performance. They further designed a poly(2-cinnamoyloxyethyl) 
methacrylate crosslinkable ligand which enables perovskite NC 
patterning by utilizing [2+2] cycloaddition reaction between adjacent 
olefin groups upon 365 nm UV irradiation.60 This photocyclization 
mechanism directly connects individual NCs into a crosslinked 
network structure. This dual-functional ligand enables direct 
photopatterning of lead halide-based perovskite NC films under UV 
light irradiation, achieving microscale feature sizes (< 10 μm) while 
fully preserving their high luminescence. The resulting patterned NC 
films can be further integrated into functional EL devices, delivering 
competitive performance metrics such as high EQE and luminance 
suitable for display applications.

3.2.2 Dual ligands

Hahm et al. developed a new crosslinking-enabled patterning 
method that employs QDs passivated with dual ligands (Fig. 1b).34 In 
this approach, a dual-ligand system is employed, comprising a small 
fraction (< 10 mol%) of photocrosslinkable ligands (PXLs) and a 
predominant proportion (> 90 mol%) of dispersing ligands (DLs). 
Under UV irradiation, the PXLs undergo covalent crosslinking, 
enabling high-resolution photopatterning while preserving the optical 
properties of the QDs. Concurrently, the DLs maintain colloidal 
stability and tailor solvent compatibility, ensuring the QD inks are 
adaptable to various solution-processing techniques. Specifically, in 
Hahm’s system, the PXLs are benzophenone derivatives 
functionalized at the para position with groups such as pyrrolidinyl (–
N(CH2)4), oxy (–O–), or thio (–S–) to fine-tune their photochemical 
reactivity. The DLs include oleic acid (OA), mono-2-
(methacryloyloxy) ethyl succinate (MMES), or 4-(trifluoromethyl)
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Figure 1. Representative photocrosslinking chemistries for QD direct photopatterning. (a) Crosslinkable ligands.59 Adapted with permission from ref. 59. 
Copyright 2020 American Chemical Society. (b) Dual ligands, including crosslinking ligands and dispersing ligands.34 Adapted with permission from ref. 34. 
Copyright 2022 Springer Nature. (c) Nonspecific nitrene-based crosslinker additives.35, 55 Adapted with permission from ref. 35 and ref. 55. Copyright 2022 
American Association for the Advancement of Science and 2020 Springer Nature. (d) Nonspecific carbene-based crosslinker additives.37 Adapted with 
permission from ref. 37. Copyright 2024 American Chemical Society. (e) Specific thiol-based crosslinker additives.56 Adapted with permission from ref. 56. 
Copyright 2023 American Association for the Advancement of Science.

benzenethiolate (TFMBT), each providing tailored colloidal stability 
and solvent adaptability that enables processing in media ranging 
from polar organic solvents like propylene glycol methyl ether acetate 
(PGMEA) and diethylene glycol monoethyl ether acetate (DGMEA) 
to fluorinated solvents such as trifluorotoluene. Upon 365 nm 
irradiation, the benzophenone derivatives generate reactive carbonyl 
radicals that drive C−H insertion into the aliphatic chains of 
neighbouring ligands, forming a crosslinked network. This strategy 
enables the fabrication of full-colour, high-resolution QD patterns (> 
15,000 ppi) under mild UV doses and with minimal photocrosslinker 
content, seamlessly integrating into industrial-standard 
microfabrication processes. The patterned QDs exhibit virtually no 
loss in intrinsic optical properties, while the fabricated QLEDs 
achieve high device performance, with EQE approaching 20% for red-
emitting CdSe QLED devices. The approach further demonstrates 
excellent compatibility with scalable, large-area processing 
techniques, as exemplified by the uniform patterning of multicolour 
QDs across six-inch silicon wafers, underscoring its effectiveness for 
advanced photonic and display applications.

Lately, Lee et al. introduces a bifunctional ligand/crosslinker, 4-
(3-trifluoromethyl)-3H-diazirin-3-yl) benzoic acid (TDBA), which 
integrates both a carboxylate anchoring group and a photoactive 
diazirine moiety.63 By enabling a surface-anchored, direct 
crosslinking mechanism, this strategy not only circumvents the optical 
deterioration associated with ligand exchange but also significantly 
enhances crosslinking density and pattern fidelity. Moreover, Wang 
group recently developed a class of photosensitive ligands 
incorporating methacrylate and carboxyl groups that enable direct 
photopatterning of QDs in industrial compatible solvents such as 
PGMEA.61 Through ligand exchange, these dual-functional 
molecules anchor onto QD surfaces via their carboxyl groups, 
conferring colloidal stability in PGMEA while rendering the QDs 
photosensitive. Upon exposure to 365  or 405 nm light, the 
methacrylate units undergo crosslinking, enabling high-resolution 
patterning without the need for additional photo-polymerizable 
additives.

Replacing the original ligands on the QD surface with functional 
new ligands requires repeated solvent/anti-solvent washing steps and 
exposes the QDs to air, readily leading to a decline in colloidal 
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stability and a reduction in luminescent performance. Thus Kwak et 
al. designed a bifunctional FPA-S ligand that integrates both photo-
induced ligand exchange and photo-crosslinking capabilities.64 With 
a dihydrolipoic acid (DHLA) moiety at one end for robust anchoring 
onto QD surfaces via photoligation, and an azide group at the other 
end for photocrosslinking, this ligand enables rapid and stable in-situ 
ligand exchange for InP-based QDs, realizing high-resolution QD 
patterning and enhanced performance in QLEDs.

3.2.3 Crosslinker additives

The aforementioned two photocrosslinking approaches are 
limited by their reliance on ligand exchange for QDs, which requires 
careful control to prevent degradation of their optoelectronic 
properties. Furthermore, they may suffer from inherent batch‑to‑batch 
variations in ligand‑exchange extent and resulting ligand ratios on QD 
surface, making it difficult to achieve reproducible and uniform 
device performance in large‑scale manufacturing. To circumvent 
issues associated with ligand exchange—including the introduction of 
surface defects and inconsistent ligand replacement—researchers 
have developed strategies involving the introduction of photosensitive 
crosslinkers. In this mechanism, crosslinker additives bearing at least 
two reactive sites are incorporated into the system to bridge the native 
long-chain ligands of adjacent QDs. Based on whether the 
crosslinking reaction requires the QD ligands to possess particular 
functional groups beyond nonspecific saturated bonds such as C−H or 
C−C, photocrosslinkers can be classified into specific and nonspecific 
types. 

Nonspecific crosslinkers offer broad compatibility with native 
ligand shells, enabling patterning across diverse QD compositions 
without requiring surface pre-modification. Certain nonspecific 
crosslinking strategies—such as those based on benzophenone or 
carbene chemistry—have been shown to be nondestructive, 
preserving QD luminescence without compromising efficiency. 
However, this generality often comes at the cost of lower reaction 
selectivity, which can lead to side reactions and potential quenching 
of QD luminescence, as noted in Section 4.1.4. In contrast, specific 
crosslinkers (e.g., thiol-ene click chemistry) provide high reaction 
selectivity and efficiency, which minimizes side reactions and 
byproducts. Nevertheless, their application usually necessitates QD 
surfaces to be pre-functionalized with complementary reactive 
groups, adding complexity to material synthesis and processing.

Common nonspecific crosslinker additives include nitrene- and 
carbene-based crosslinkers. Kang group reported a nitrene-based 
crosslinker, ethane-1,2-diyl bis(4-azido-2,3,5,6-tetrafluorobenzoate) 
(abbreviated as EBT), to achieve crosslinking QD patterns (Fig. 1c, 
left)55. EBT crosslinkers generate reactive nitrene intermediates upon 
254 nm irradiation, which then undergo nonspecific C−H insertion 
reactions with the native long-chain ligands (such as oleylamines and 
oleic acids), thereby connecting adjacent QDs. This crosslinking 
mechanism enables photopatterning at ultralow exposure doses of 
only 2–3 mJ cm–2 while reaching a fine resolution of 2 μm. 
Importantly, the patterned QDs retain nearly complete PLQY, and 
red‑emitting devices fabricated with the crosslinked CdSe/CdZnS QD 
layers exhibit EQE as high as 14.6%, matching the performance of 
devices prepared from pristine QDs.

EBT crosslinkers can also enable direct photopatterning of 
perovskite NCs. Liu et al. developed a method named DOPPLCER, 
which achieved high‑resolution patterning of perovskite NCs down to 
5 μm (Fig. 1c, right).35 Upon exposure to 254 nm light at 60 mJ cm–2, 
the patterned perovskite NC film retained 63% of its original PLQY. 
Importantly, a post‑treatment step further enhanced the PLQY 
retention to approximately 125%. When incorporated into 
light‑emitting devices, the crosslinked FAPbBr3 perovskite LEDs 
realized a record EQE of 6.8% and luminance over 2 × 104 cd m–2, 
establishing new performance benchmarks for patterned perovskite 
LEDs at the time. 

In parallel, our group developed a photosensitive carbene-based 
crosslinker 3,3’-(4,4’-(perfluorobutane-1,4-diyl) bis(4,1-phenylene)) 
bis(3-(trifluoromethyl)-3H-diazirine, which effectively undergo C−H 
insertion with neighbouring long-chain ligands under 365 nm 
exposure in nitrogen atmosphere (Fig. 1d).37 Compared to nitrene-
based crosslinker, this carbene-based crosslinker is much milder and 
thus suitable for more fragile NCs such as perovskites. Thus this 
approach based on carbene-based crosslinker could retain 90% PLQY 
of pristine CsPbBr3 films. Crosslinked FAPbBr3 LEDs achieved a 
Lmax exceeding 60,000 cd m–2 and an EQEmax of 16%. This represents 
a significant improvement of PL and EL performance over the 
DOPPLCER method using nitrene-based crosslinkers.

Specific crosslinkers react exclusively with particular functional 
groups (e.g., C=C bonds) of surface ligands on QDs. A common 
strategy employs thiol-terminated crosslinkers that, under UV light, 
undergo a thiol-ene reaction with C=C groups of the native ligands to 
form C−S covalent bonds. Cho group employed pentaerythritol 
tetrakis(3-mercaptopropionate) as a dual‑role crosslinker, whose four 
terminal thiol groups generate radicals upon UV irradiation (Fig. 
1e)56. These thiol radicals rapidly undergo photo‑induced thiol‑ene 
click reactions with the C=C bonds of native ligands on the perovskite 
NC surface, forming stable C−S linkages. By leveraging the inherent 
photocatalytic activity of the perovskite material itself, this system 
significantly enhances the reaction efficiency and lowers the required 
exposure dose to only ≈30 mJ cm–2 under 275 nm irradiation. 
Consequently, high‑resolution multicolour patterning (< 1 μm) is 
achieved with complete preservation of the luminescent properties. 
Moreover, the crosslinkers concurrently serve as a surface‑passivating 
agent, further improving the PLQY and photo-stability of the 
patterned perovskite NCs. These thiol additives are also demonstrated 
to be applied to nondestructive patterning of InP QDs as well.62

More recently, Lee group systematically compared dithiol 
crosslinkers TBBT and BPDT for patterning Cd-based QDs.65 
Although both maintained high PLQY, BPDT-based devices achieved 
higher EQE (9.73% vs 6.83%). DFT calculations revealed that 
BPDT’s biphenyl structure enhances π-orbital overlap and charge 
injection, providing molecular-level insights for crosslinker design. 
Maeng et al. screened dithiol crosslinkers for perovskite NC 
patterning, finding that longer carbon chains (C8−C12) reduced the 
required concentrations of crosslinkers by two orders of magnitude.66 
1,8-octanedithiol and 1,10-decanedithiol emerged as optimal due to 
their solvent compatibility and stability. Combined with post-
patterning exchanges, efficient perovskite NC LEDs were fabricated. 

Page 6 of 24Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/3

1/
20

26
 8

:4
5:

13
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SC10169G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc10169g


Please do not adjust margins

Please do not adjust margins

Figure 2. Representative patterns achieved via different photocrosslinking mechanisms, showing the patterning resolution, scalability, and fidelity. (a) 
Patterned via crosslinkable ligands containing azide or cinnamoyl groups.59, 60 Adapted with permission from ref. 59 and ref. 60. Copyright 2020 American 
Chemical Society and 2021 American Chemical Society. (b) Patterned via dual ligands, with crosslinking ligands containing benzophenone or methacrylate 
groups.34, 38 Adapted with permission from ref. 34 and ref. 38. Copyright 2022 Springer Nature and 2025 Springer Nature. (c) Patterned via nonspecific nitrene- 
or carbene-based crosslinkers.33, 36, 37, 55, 57 Adapted with permission from ref. 33, ref. 36, ref. 37, ref. 55, and ref. 57. Copyright 2022 Wiley-VCH, 2024 American 
Chemical Society, 2024 American Chemical Society, 2020 Springer Nature, and 2024 Springer Nature. (d) Patterned via specific thiol-based crosslinkers.56 
Adapted with permission from ref. 56. Copyright 2023 American Association for the Advancement of Science.
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The CsPbBr3 patterned devices reached a EQEmax of 14.7% and 
luminescence over 25,400 cd m–2, while CsPbBrxI3−x patterned 
devices achieved a EQEmax of 13.1% and Lmax of 637 cd m–2.

3.2.4 Metrics for evaluating patterning quality

The performance of devices based on patterned QD films is 
profoundly influenced by the quality of the patterned films. A 
representative set of key metrics for evaluating patterning efficacy 
consists of resolution, which dictates both image clarity and device 
integration density; scalability, which determines the throughput and 
industrial compatibility; and pattern quality, which governs the 
fidelity. These criteria collectively form a foundational standard for 
assessing and comparing different patterning methods. Figure 2 shows 
QD patterns formed via different photocrosslinking approaches, 
namely crosslinkable ligands (Fig. 2a), dual ligands (Fig. 2b), 
nonspecific crosslinker (Fig. 2c), and specific crosslinkers (Fig. 2d).

4. Design principles for photocrosslinkers toward 
high-performance pixelated QLEDs

The pursuit of high-performance patterned QLEDs requires 
photolithographic strategies that are effective in patterning while 
nondestructive toward the intrinsic optoelectronic properties of QDs. 
A central challenge is that the introduced photosensitive crosslinkers 
could trigger nonradiative recombination pathways at the QD surface 
and induce undesirable side reactions, compromising luminescent 
efficiency and charge transport properties. This section focuses on key 
chemical design principles for photocrosslinkers that minimize 
damage to QDs, preserve or even enhance QD properties, and enable 
the fabrication of high-performance, patterned QLEDs (Scheme 3). In 
the following, we take the widely studied nitrene- and carbene-based 
crosslinkers as examples to explain each of the design principles in 
detail and illustrate how chemical design addresses associated 
challenges and requirements with case studies.

4.1 Design principles for photocrosslinkers

4.1.1 Spectral response

The spectral response of the photochemical process is a critical 
consideration in direct optical patterning of QDs, as deep UV 
exposure—typically required to trigger the crosslinking reaction—
can induce severe photodamage to the QD surface. This includes 
photo-oxidation, the formation of dangling bonds and the creation of 
trap states, all of which significantly degrade luminescent properties 
of QDs.68, 69 This highlights the importance of rationally manipulating 
the spectral response of photocrosslinkers, as patterning with longer-
wavelength, lower-energy light significantly reduces the risk of 
photodamage to QDs (Scheme 3a, b). Based on previous experiments, 
the use of nitrene-based crosslinkers such as EBT requires exposure 
to deep UV irradiation at 254 nm, which significantly reduces the 
PLQY retention of crosslinked QD films.32 Here, we will discuss three 
strategies for red-shifting the spectral response of photocrosslinkers 
and reducing photodamages.

(1) Conjugated group functionalization. In our earlier work, 

structural functionalization was attempted on nitrene-based 
crosslinkers by introducing conjugated groups to red-shift their 
absorption wavelength (Fig. 3a).32 Although this approach 
successfully shifted the absorption maximum from 254 nm to 365 nm, 
it concurrently lowered the electronic energy levels of the 
crosslinkers, which facilitated electron transfer from the QDs, thereby 
inducing luminescence quenching. 

(2) Photocrosslinkers with extended absorption. Beyond 
functionalizing deep UV-sensitive crosslinkers towards longer-
wavelength absorption, an alternative approach involves exploring 
other classes of photocrosslinkers. For instance, our group developed 
carbene-based crosslinkers for nondestructive QD patterning and 
systematically investigated their photochemical process and impacts 
on QD properties (Fig. 3a, b).32 Upon light irradiation, carbene-based 
crosslinkers generate reactive carbene intermediates, which undergo 
nonspecific C−H insertion with the native ligands of QDs to achieve 
crosslinked patterns. Compared to nitrene-based crosslinkers, 
carbene-based crosslinkers possess longer-wavelength spectral 
response. The extended absorption spectrum of carbene-based 
crosslinkers (200−400 nm) enables QD patterning at longer 
wavelengths (e.g., 365 nm, i-line), thereby reducing UV-induced 
photodamage to QDs. This also aligns with optoelectronic 
characterization results. Carbene-based patterning of Cd-based QD 
films achieves ≈90% PLQY retention, whereas azide-based patterning 
only retains ≈55% PLQY (Fig. 3c).

(3) Photosensitizing. We proposed another photosensitizer-
assisted approach for direct QD photopatterning, which employs 
Ir(tBu-ppy)3 to absorb h-line (405 nm) light and activate nitrene-based 
crosslinkers via Dexter energy transfer, generating nitrene 
intermediates for ligand crosslinking (Scheme 3c, Fig. 4a, right).57 
This approach successfully red-shifted the required wavelength of 
nitrene-based crosslinkers from deep ultraviolet (254 nm) to the h-line 
(405 nm), enabling high-efficiency and high-resolution patterning 
with a minimum pixel size of 2 μm. The patterned QD film retained 
approximately 90% of its pristine PLQY with an improvement of over 
30% in PLQY retention compared to samples patterned upon deep UV 
irradiation.

4.1.2 Energy alignment

After photochemical crosslinking patterning, reacted 
crosslinker molecules remain in the patterned QD film, thereby 
influencing charge transport and recombination processes in QDs. 
The highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of crosslinkers should reside 
outside the conduction and valence bands of QDs, thus avoiding 
introduction of additional electron or hole traps and minimizing 
adverse effects on charge carrier transport and recombination 
(Scheme 3d). Recently, Tang's research team engineered bisazide 
crosslinkers that incorporate a rigid cyclopentane bridge (Fig. 4a, 
bottom).70 This structural rigidity effectively raises the LUMO of the 
bisazides and consequently unwanted electron transfer from the QDs 
to the crosslinkers is suppressed, leading to enhanced performance in 
the final QLED device.
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Scheme 3. Design principles for photocrosslinkers. Key chemical design principles for photocrosslinkers includes spectral response of longer wavelengths, 
energy alignment between photocrosslinkers and QDs, faster main reaction rate, and minimized side reactions.

4.1.3 Main reaction rate

A high main reaction (e.g., C−H insertion for nitrenes and 
carbenes) rate is a critical design criterion for crosslinkers. Here, we 
take nitrene- and carbene-based crosslinkers as examples (Fig. 3b). 
Singlet nitrene intermediates (1PN) adopt an open-shell (σ1π1) 
electronic configuration, with two unpaired electrons occupying 
different p orbitals with opposite spins. In contrast, singlet carbene 
intermediates (1PC) preferentially adopt a closed-shell (σ2) 
configuration, where the two electrons occupy the same p orbital with 
opposite spins. This electronic configuration difference endows 
carbene intermediates with an empty p-π orbital capable of 
accommodating new electron pairs, thereby promoting C−H insertion. 
According to previous studies, the C−H insertion rate of carbenes is 
2−3 orders of magnitude higher than that of nitrenes.71, 72 This allows 
carbene-based crosslinkers to effectively achieve QD patterning even 
with relatively low molar absorption. Another strategy to improve 
main reaction efficiency is to endowing multiple crosslinkable units 
in photocrosslinkers (Scheme 3e). For effective crosslinking, each 
crosslinker must activate at least two photoactive units. The 
nitrene‑based IP‑6‑LiXer, containing six azide units per molecule, 
significantly enhances the probability of multi‑unit activation, 
enabling efficient QD crosslinking at reduced dosages (Fig. 4a, top 
left).33 This design facilitates effective patterning under ultralow UV 
exposure while minimizing loss in PLQY. At a film‑thickness 
retention ratio of ≈80%, IP‑6‑LiXer preserves nearly complete PLQY 
in InP/ZnSeS QD films, whereas the 2‑LiXer featuring only two azide 
units per molecule retains only ≈65%. Similar principle applies to 
carbene‑based crosslinkers. When exposed to 365 nm light at a dose 
of 100 mJ cm‒2, Tris‑TAD crosslinkers—which contain three 
diazirine units per molecule—achieve a film retention ratio of 80%. 
In contrast, O‑TAD or E‑TAD crosslinkers, each with only two 
diazirine units per molecule, reach a retention ratio of only 60%.36

4.1.4 Side reactions

Occurrence of side reactions also compromises crosslinking 
efficiency and could adversely affects luminescent properties of QDs. 
Here, side reactions refer to unintended chemical pathways that 
compete with the desired crosslinking process. These reactions may 
either consume the crosslinker without contributing to covalent 
crosslinking or generate reactive intermediates/byproducts that 
subsequently interact with the surface sites of QDs (Scheme 3f). As 
for nitrene-based crosslinkers, the photogenerated nitrene 
intermediates may convert into Lewis acidic byproducts such as 
azocompounds and aromatic amines via side reactions.72 These 
byproducts readily react with surface ligands (e.g., oleylamine, 
thiols), leading to ligand loss and introduction of surface defects in 
QDs.73 Moreover, Fourier transform infrared (FTIR) characterization 
revealed that the decline in PLQY of QDs during nitrene-based 
patterning coincides with extensive generation of nitrene 
intermediates.35 This indicates that excess nitrene intermediates not 
only undergo C−H insertion but also attack QD surface sites, 
introducing non-radiative recombination defects. To address this 
issue, Kang group introduced sterically bulky isopropyl groups—to 
lower the probability of nitrene interactions with the QD surface, thus 
mitigating the formation of photochemical defects (Fig. 4a, left).33

In contrast, carbene intermediates, due to high energy 
barriers, are less prone to such side reactions. Carbene-based 
ligands have been reported to effectively passivate the QD 
surfaces, thereby maintaining the optical properties of QD films 
throughout the patterning process.74, 75 Although carbene‑based 
crosslinkers do not produce harmful byproducts, their propensity 
for side reactions with oxygen substantially limits their practical 
applicability in QLED manufacturing. As shown in Fig. 3b, 
singlet carbene intermediates (1PC) are generated upon UV 
irradiation and further undergo C−H insertion between surface 
ligands to achieve patterning of QDs. Nevertheless, due to the 
small singlet-triplet energy gap, 1PC undergoes rapid intersystem 
crossing to the triplet state (3PC). The resulting 3PC is readily 
quenched by oxygen (3O2). In ambient air, this side reaction 
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Figure 3. Comparison of nitrene- and carbene-based crosslinkers. (a) Molecular structures of nitrene- and carbene-based crosslinkers designed for spectral 
shifting.32 (b) Different photochemitries of nitrene- and carbene-based crosslinkers.32 (c) Efficacy of nitrene- and carbene-based crosslinkers in maintaining the 
PL properties of QDs.32 Adapted with permission from ref. 32. Copyright 2022 Wiley-VCH.

Figure 4. Optimization of nitrene- and carbene-based crosslinkers to address the proposed design principles. (a, b) Optimization for (a) nitrene- and (b) 
carbene-based crosslinkers for minimizing damages to QDs.33, 36, 57, 70 Adapted with permission from ref. 33, ref. 36, ref. 57, and ref. 70. Copyright 2022 Wiley-
VCH, 2024 American Chemical Society, 2024 Springer Nature, and 2025 Springer Nature.
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becomes the dominant pathway, which depletes the 1PC 
population and leads to an unacceptably low efficiency of the 
C−H insertion reaction. The results of DFT calculations, 
Hammett substituent parameter analysis, and electron 
paramagnetic resonance (EPR) experiments revealed that 
introducing electron-donating groups (EDGs) at the para-
position of the diazirine moiety effectively lowers the energy of 
1PC and induces an inversion of the singlet-triplet energy (Fig. 
4b).36 Consequently, 3PC becomes the excited state, which 
means the photogenerated 1PC no longer readily converts to the 
oxygen-sensitive 3PC. Instead, it preferentially undergoes the 
desired C−H insertion reaction for QD patterning. Based on this 
mechanism, carbene‑based crosslinkers functionalized with 
electron‑donating alkoxy substituents were designed. This 
enabled the nondestructive patterning of both Cd-based and Cd-
free QD films under 365 nm irradiation in an ambient 
atmosphere, without compromising their optoelectronic 
performance.

The discussions of above principles primarily use nitrene- and 
carbene-based crosslinkers as examples. However, these outlined 
principles and chemical modification strategies are also applicable to 
other types of crosslinkers. Based on DFT-guided design, Kang and 
co-workers structurally engineered benzophenone-based crosslinkers 
by substituting EDGs (–N(CH2)4 and –S–) at the para‑positions. This 
modification resulted in a red‑shifted absorption into the UV‑A region 
and a significantly enhanced extinction coefficient from 60 M–1 cm–1 
to 2.02 × 104 M–1 cm–1 at 365 nm.34 As for design of thiol-based 
crosslinkers, guided by DFT calculations, Lee and co-workers 
revealed that conjugation extension could enhance orbital overlap and 
reduce the bandgap of the crosslinker, leading to improved charge 
transport within the QD film. Meanwhile, frontier energy‑level 
alignment lowers the injection barrier between the crosslinker and the 
QDs by matching their HOMO/LUMO levels, thereby facilitating 
efficient carrier injection. Together, these two design strategies 
synergistically preserve the PLQY while substantially boosting the EL 
efficiency of the resulting devices, as evidenced by the higher EQE 
achieved with BPDT‑based crosslinkers compared to TBBT‑based 
ones.65 Moreover, as demonstrated in the work of Cho’s group, 
systematic molecular engineering—including the selection of dithiol 
functionalities, optimization of alkyl chain length, and modulation of 
polarity—led to the design of ODT and DDT as efficient thiol 
crosslinkers. Their tailored structure ensures high colloidal stability in 
formulated inks, enables effective liquid‑crystal‑assisted patterning, 
and promotes photocatalytic crosslinking under low UV doses.66

4.2 State-of-the-art of direct photopatterned QLEDs using 
photocrosslinkers

Based on the systematic understanding of molecular design 
principles and optimization strategies for crosslinkers, research 
has progressively advanced toward developing designs of 
crosslinkers that are better aligned with luminescent properties 
of QDs and their practical application requirements. This 

progress has enabled photocrosslinking-based patterned QLEDs 
to achieve significant performance enhancements, gradually 
approaching state-of-the-art non-patterned device performance. 
The latest advancements have further applied these 
photocrosslinking patterning techniques to QLED fabrication, 
successfully realizing high-performance patterned devices 
(Table 1).

4.2.1 Patterned II−VI QLEDs.

Kang, Bae, and co-workers have utilized EBT nitrene-based 
non-specific crosslinkers to construct red-emitting 
CdSe/CdZnSe/ZnSeS patterned QLED, achieving a EQEmax of 14.6% 
(Fig. 5a).55 This marks the first reported achievement of an EQE 
exceeding 10% in patterned QLEDs. Furthermore, they successfully 
fabricated red and green dual-colour pixelated QLED with a minimum 
pixel size of 10 × 38 μm. Zhang group demonstrated that the choice 
of photocrosslinkers determined the EL performance of patterned 
QLEDs. Using red‑emitting CdZnSe/CdZnS/ZnS devices as a case 
study, devices patterned with carbene‑based crosslinkers maintained 
identical EQE and operational lifetime, achieving an EQE of about 
12%, while those patterned with nitrene‑based crosslinkers showed 
clear degradation in both performance metrics (Fig. 6a).32 More 
recently, Tang group designed bisazide crosslinkers featuring a rigid 
cyclopentane moiety. The rigidity of this linker elevates the LUMO 
level of the bisazides, which suppresses electron transfer from QDs to 
the crosslinker and enhances device performance. As a result, red-
emitting CdSe‑based patterned QLEDs fabricated with these 
crosslinkers achieved a EQEmax of about 21% and Lmax approaching 
18,000 cd m–2.70

As for specific crosslinkers, Lee’s group employed BPDT based 
on thiol‑ene click chemistry to fabricate high‑performance patterned 
CdSe‑based QLEDs.65 The resulting devices retained the intrinsic 
optoelectronic properties of the QDs while achieving an EQEmax of 
9.73% and a high luminance of 10, 000 cd m–2. Notably, the current 
efficiency and power efficiency of the BPDT-patterned QLEDs were 
nearly identical to those of the non‑patterned reference devices, 
demonstrating that this crosslinking strategy enables high‑resolution 
patterning without compromising device performance. Besides, 
Zhang and colleagues developed red, green, and blue monochromatic 
patterned QLEDs based on the light‑triggered azide‑alkyne 
cycloaddition reaction.40 In this system, 10‑undecynoic acid was used 
as the alkyne‑functionalized photosensitive ligand to replace native 
oleic acid, while 4,4’‑bis(azidomethyl)biphenyl served as the 
photocrosslinkers. The resulting patterned devices outperformed their 
non‑patterned counterparts, achieving a EQEmax of 20.05% (red, 
CdZnSe/ZnSe), 15.37% (green, CdSe/ZnSe/ZnS), and 8.49% (blue, 
CdZnSe/ZnSe/ZnS), compared to 18.15%, 14.15%, and 7.02% for the 
corresponding prototype devices, respectively.

Similarly, dual-ligand strategy has also enabled high-
performance patterned QLEDs. Hahm et al. constructed patterned 
QLEDs using dual-ligand CdSe/CdxZn1−xSe/ZnSeySy−1 QDs,
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Figure 5. Representative examples of patterned QLEDs achieved by nitrene-based crosslinkers. (a) Cd-based patterned QLED via nitrene-based 
crosslinkers.55 Adapted with permission from ref. 55. Copyright 2020 Springer Nature. (b) CsPbBr3 LED via nitrene-based crosslinkers.35 Adapted with 
permission from ref. 35. Copyright 2022 American Association for the Advancement of Science. (c) InP-based patterned QLED via structurally optimized 
nitrene-based crosslinkers.33 Adapted with permission from ref. 33. Copyright 2022 Wiley-VCH.

Figure 6. Representative examples of patterned QLEDs achieved by carbine-based crosslinkers. (a) Cd-based QLED via carbene-based crosslinkers under 
inert atmosphere.32 Adapted with permission from ref. 32. Copyright 2022 Wiley-VCH. (b) FAPbBr3 LED via carbene-based crosslinkers under inert 
atmosphere.37 Adapted with permission from ref. 37. Copyright 2024 American Chemical Society. (c) InP-based QLED via electronically optimized carbene-
based crosslinkers under ambient atmosphere.36 Adapted with permission from ref. 36. Copyright 2024 American Chemical Society.
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Figure 7. Representative examples of patterned QLEDs achieved by thiol-based crosslinkers and dual ligand strategy. (a) InP-based QLED via thiol-
based crosslinkers.62 Adapted with permission from ref. 62. Copyright 2023 Wiley-VCH. (b) CsPbBr3 LED via thiol-based crosslinkers.56 Adapted with 
permission from ref. 56. Copyright 2023 American Association for the Advancement of Science. (c, d) Cd-based QLEDs via dual ligand strategy.34, 61 Adapted 
with permission from ref. 34 and ref. 61. Copyright 2022 Springer Nature and 2025 American Chemical Society.

Figure 8. Active- and passive-matrix displays of photocrosslinked QD patterns. (a) PM-QLED of CdSe-based QDs via dual ligands.34 Adapted with 
permission from ref. 34. Copyright 2022 Springer Nature. (b) AM-QLED of InP-based QDs via carbene-based crosslinkers.36 Adapted with permission from 
ref. 36. Copyright 2024 American Chemical Society. (c) AM-QLED of RGB QDs via TPP ligands.38 Adapted with permission from ref. 38. Copyright 2025 
Springer Nature.
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achieving device performance comparable to that of prototype devices 
with an EQEmax of approximately 20% (Fig. 7c).34 Furthermore, they 
fabricated a 10 × 10 passive matrix full-colour RGB display prototype 
(PM-QLED), demonstrating the practical application potential of this 
patterning method in the field of optoelectronic displays (Fig. 8a). In 
recent work, Lee and colleagues employed TDBA as PXLs.63 Using 
this bifunctional molecule, high‑resolution (≈2 μm) CdZnSe-based 
patterned QLEDs were successfully fabricated, achieving a Lmax of 
99,369 cd m−2 and a peak EQE of 10.3%. These results demonstrate 
the effectiveness of TDBA‑based ligand design for producing 
high‑performance patterned QLEDs. The Wang group developed 
red‑emitting patterned QLEDs using methacrylate‑anchored 
CdSe/ZnS QDs that are processable in the industry‑standard solvent 
PGMEA, achieving a peak EQE of 22% and a Lmax exceeding 
40,000 cd m−2 (Fig. 7d).61 More recently, they reported another 
strategy using TPP ligand as photoinitiator to initiate a chain-
propagation reaction, leading to the crosslinking of the QDs. The 
resulted red-, green-, and blue-emitting CdSe/ZnS patterned QLED 
achieves EQEmax of 20.2%, 25.6%, and 21.6% respectively.38 As 
shown in Fig. 5c, this method was further demonstrated in fabrication 
of an active-matrix QD display prototype (AM-QLED).

Photocrosslinking approach is also a compatible patterning 
method for charge-transport layers in devices. For instance, Li et al. 
fabricated full-color pixelated CdSe-based QLEDs with an EQE of 
11% by combining a region-selective assembly process with 
photocrosslinking lithography, using the nitrene-based crosslinker 
4,4’-dithiobis(phenylazide).26 Instead of patterning QD films, Zhang 
also presented an alternative strategy of creating high-quality 
photocrosslinked TFB films with ordered molecular arrangement 
using a nitrene-based crosslinker 2,6-bis(4-azidobenzylidene)-4-
methylcyclohexanone (AMBK).19 Red-emitting CdSe/ZnS QLED 
devices incorporating the photocrosslinked TFB layers demonstrated 
significantly enhanced performance, achieving an EQEmax of 24.6% 
and a current efficiency (CE) of 24.3 cd A−1. The device lifetime (T95) 
was markedly improved from 460 to 1,256 hours. Furthermore, the 
feasibility of this approach was also demonstrated by the successful 
fabrication of pixelated QLED devices using patterned TFB layers.

4.2.2 Patterned III−V QLEDs.

The development of cadmium‑free QLED devices is important 
due to their low toxicity, environmental compatibility, and alignment 
with global sustainability goals. However, achieving high 
performance in such systems remains challenging, as the 
photochemical processes required for direct patterning, including UV 
exposure and the generation of reactive intermediates such as radicals 
or protons, can induce photo‑oxidation, introduce surface defects, and 
degrade the optical and electrical properties of QDs. These adverse 
effects are particularly pronounced in chemically more fragile 
heavy‑metal‑free QDs, thereby constraining the EQE of patterned 
III‑V QLEDs to values generally below 10%.69, 79, 80 Overcoming 
these material and process‑related vulnerabilities is therefore essential 
for advancing the practical performance of cadmium‑free QLED 
technologies. 

Kang group developed structurally optimized nitrene-based 
non-specific crosslinkers IP-6-Lixer to construct green-emitting 
InP/ZnSeS patterned devices, with an EQEmax of 8.3% and a 
luminance over 1,000 cd m−2 (Fig. 5c).33 Oh group utilized thiol-based 
specific crosslinkers PTMP to build InP/ZnSe/ZnS patterned devices 
via a thiol-ene reaction (Fig. 7a).62 The resulted devices achieved a 
Lmax of 8,463 cd m−2 and a peak current efficiency of 23 cd A−1. 
Besides, Seo et al. has utilized FPA-S as PXLs to successfully 
fabricate red-emitting InP/ZnSe/ZnS patterned QLED featuring a 
CEmax of 4.3 and a Lmax over 105−106 cd m−2.64

Recently, our group developed electronically optimized 
carbene‑based crosslinkers, Tris‑TAD, which are activated by i‑line 
UV irradiation to generate air‑stable singlet carbenes that directly link 
adjacent QDs via concerted C–H insertion into the surface ligands. 
The fabricated InP/ZnSe/ZnS patterned QLEDs achieved a EQEmax of 
15.3% and Lmax over 39,590 cd m−2, establishing a record performance 
for patterned InP‑based QLEDs (Fig. 6c).36 Based on this method, we 
further fabricated an AM-QLED using Tris-TAD (Fig. 8b). The InP-
based QD film was integrated with a pixelated thin-film transistor 
(TFT) array (backplane: 16 × 16 TFT array), where each patterned 
QD film was aligned precisely with its underlying TFT. This 
architecture enabled precise selective control of charge injection into 
individual pixels (size: 380 × 650 μm) via Bluetooth from a mobile 
device, without interference from adjacent pixels or leakage current. 
Importantly, the performance of individual pixels of AM-QLED was 
also characterized, exhibiting a CE of 20.8 cd A−1 and an estimated 
peak EQE of 13.3%. These values closely match those obtained from 
QLED devices based on full crosslinked film. This consistency of 
pixel-level device has validated the technical feasibility of a transition 
path for QD-integrated devices to industrial applications.

4.2.3 Patterned perovskite NC LEDs.

Perovskite NCs have emerged as highly promising 
optoelectronic materials owing to their unique properties. 81−83 
However, the development of patterned perovskite devices faces 
distinct and severe challenges that are not encountered in conventional 
II‑VI or III‑V QD systems. The ionic nature of perovskite NCs makes 
them exceptionally sensitive to polar solvents, limiting the choice of 
processable inks and complicating multilayer integration. Besides, 
their fragile crystal structures are prone to degradation under mild air 
and moisture, as well as phase transitions triggered by temperature 
fluctuations or chemical perturbations. 84, 85 Furthermore, perovskite 
NCs exhibit pronounced photo‑ and chemo‑instability. UV exposure 
and photogenerated species during patterning can accelerate ion 
migration, induce surface defects, and quench luminescence. 
Consequently, many crosslinking strategies successful for II–VI or 
III–V QDs cannot be directly transferred to perovskite systems. In this 
context, photocrosslinking‑based approaches have attracted growing 
research attention due to their potential for benign processing and 
pattern fidelity, leading to notable progress in patterned perovskite 
NCs light‑emitting diodes (PeLEDs) in recent years.

In 2022, our group has developed DOPPLCER method using 
nitrene-based crosslinkers for perovskite NCs patterning and further 
demonstrated patterned PeLEDs employing CsPbBr3 which 
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Table 1. Reported device characteristics for patterned QLEDs.

Photochemistries QDs (color) Lmax
(cd m−2) EQEmax

CEmax
(cd A−1)

Lifetime
(h) Ref.

Patterned II−VI QLEDs
PTPA-N3-SH

Crosslinkable ligands CdSe/ZnCdS (R) 11,720 6.3% 5.7 N/A 59

MMPE/MEMA/MMES
Crosslinkable ligands

CdSe/ZnS (R)
CdSe/ZnS (G)
CdSe/ZnS (B)

104−105

104−105

103−104

22.0%
14.4%
11.4%

N/A N/A 61

Dual ligands
(benzophenone)

CdSe/CdZnSe/ZnSeS (R)
CdSe/CdZnSe/ZnSeS (G)

≈105

≈105
≈20%
≈15% N/A N/A 34

Dual ligands
(TPP)

CdSe/ZnS(R)
CdSe/ZnS(G)
CdSe/ZnS(B)

15,103
57,326
7,472

20.2%
25.6%
21.6%

25.1
94.7
12.5

T95@1k=9,280
T95@1k=18,261

T95@1k=135
38

Dual ligands
(diazirines) CdZnSe (R) 99,369 10.3% N/A N/A 63

Dual ligands
(azobenzene) CdZnSe/CdZnS/ZnS (R) ≈3×103 8.2% N/A T95@1k=970 102

Nitrene-based
crosslinkers

CdSe/CdZnSe/ZnSeS (R)
CdSe/CdZnSeS (G)

CdZnS/ZnS (B)

105−106

≈105

103−104

14.6%
≈6%
≈3%

N/A
T95@10k=10

N/A
N/A

55

Nitrene-based
crosslinkers CdZnSe/CdZnS/ZnS (R) 6,693 12.6% N/A T95@1k=1,823 32

Rigid nitrene-based 
crosslinkers

CdSe QDs (R)
CdSe QDs (G)
CdSe QDs (B)

179,872
244,884
4,939

21.1%
9.6%
≈2%

23.3
40.9
1.47

T95@10k=3.1
N/A
N/A

70

Carbene-based
crosslinkers CdZnSe/CdZnS/ZnS (R) 11,300 11.7% N/A T95@1k=4,852 32

Benzonphenone-based 
crosslinkers CdSe/ZnS (R) 109,879 16.5% N/A T95@1k=2,258 76

Azide-alkyne 
click chemistry

CdZnSe/ZnSe (R)
CdSe/ZnSe/ZnS (G)

CdZnSe/ZnSe/ZnS (B)

166,612
105−106

104−105

20.1%
15.4%
8.5%

N/A
T95@1k=582

N/A
N/A

40

Azide-alkyne 
click chemistry

CdZnSe/ZnSe (R)
CdSe/ZnSe/ZnS (G)

CdZnSe/ZnSe/ZnS (B)

104−105

≈105

≈104

≈9%
≈6%
≈3%

N/A N/A 40

Patterned III−V QLEDs
Dual ligands

(FPA-S) InP/ZnSe/ZnS (R) 105−106 N/A 4.3 T95@150=950 64

Nitrene-based crosslinkers InP/ZnSeS (G) ≈4,000 8.3% N/A T90@1k=156 33

EDG-modified carbene-
based crosslinkers InP/ZnSe/ZnS (R) 39,590 15.3% 20.2 N/A 36

EDG-modified carbene-
based crosslinkers InP/ZnSe/ZnS (R) ≈4,000 13.3% 20.8 N/A 36

Thiol-ene
click chemistry InP/ZnS (G) 8,463 N/A 23.0 N/A 62

Patterned perovskite NC LEDs
Dual ligands

(methacrylate) CsPbBr3 (G) 51,181 18.6% N/A T50=1.95 77

Dual ligands
(acrylate) CsPbBr3 (G) <100 1% N/A N/A 86

Nitrene-based
crosslinkers

FAPbBr3 (G)
CsPbBr3 (G)

20,900
1,929

6.8%
1.8%

28.5
5.6 N/A 35

Carbene-based
crosslinkers FAPbBr3 (G) 64,726 16% 60 T50@100=26 37

Thiol-ene
click chemistry CsPbBr3 (G) ≈100 ≈2.5% N/A N/A 56

Thiol-ene
click chemistry CsPbBr3 (G) 29,968 13.1% N/A N/A 78

*Contents highlighted in red represents data measured from pixelated QLEDs. Device performance is co-determined by materials chemistry (QDs, ligands, 
crosslinkers) and device engineering (charge transport layers, interfaces, device architecture) and thus emphasizing performance improvement within the same 
method is more meaningful than making absolute comparisons across different methods and device systems.
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Figure 9. Photocrosslinking chemistries in patterning of colloidal MOFs and 3D nanoprinting of QDs. (a) Direct patterning of MOFs via nitrene-based 
crosslinkers.91 Adapted with permission from ref. 91. Copyright 2024 Springer Nature. (b) Direct patterning of ZIFs via photoinduced fluorination.93 Adapted 
with permission from ref. 93. Copyright 2025 Wiley-VCH. (c, d) 3D printing of QDs via PEB (c) and 3D Pin (d).99, 100 Adapted with permission from ref. 99 
and ref. 100. Copyright 2022 American Association for the Advancement of Science and 2023 American Association for the Advancement of Science.

established then‑record performance metrics with an EQEmax of 6.8% 
and Lmax over 20,000 cd m−2 (Fig. 5b).35 To further enhance the 
performance of PeLEDs, we employed carbene‑based crosslinkers to 
fabricate patterned FAPbBr3 PeLEDs (Fig. 6b).37 These devices 
achieved an EQEmax of 16% and a Lmax over 60,000 cd m−2, 
representing a significant improvement over counterparts patterned 
using nitrene‑based crosslinkers. The results underscore the milder 
reactivity and enhanced compatibility of carbene‑based crosslinking 
with fragile perovskite NCs.

Maeng et al. presented a photocatalytic patterning method based 
on thiol-ene click reaction to fabricate CsPbBr3 patterned LED, 
achieving EQEmax of ≈2.5% and Lmax≈100 cd m−2 (Fig. 7b).56 More 
recently, they reported a dual strategy combining ligand 
re‑engineering and anion exchange to achieve high‑performance 
patterned PeLEDs.66 High‑resolution, nondestructive photocatalytic 
patterning was first realized using optimized thiol‑based crosslinkers 

(ODT/DDT), followed by a film‑state ligand‑exchange process that 
further enhanced the optoelectronic properties of the patterned films. 
As a result, green CsPbBr₃ patterned devices reached a peak EQE of 
14.7% with a luminance of ≈25,400 cd m−2, while red CsPbBrxI3−x 
patterned devices achieved an EQE exceeding 13.1%, marking the 
first demonstration of directly photopatterned red perovskite LEDs. 

5. Extension of photocrosslinking to other types 
of nanomaterials and 3D printing

Beyond QDs, photocrosslinking-enabled patterning also 
provides an effective pathway for the patterning of other types of 
nanomaterials, such as MOFs, and offers viable solutions for 3D 
printing of inorganic nanomaterials.

5.1 Direct photopatterning of MOFs
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MOFs are a class of porous crystalline materials formed by the 
self-assembly of metal ions/clusters and organic linkers. They possess 
exceptional surface areas, tuneable pore architectures, and 
compositional diversity.87 These properties have spurred their recent 
adoption in microelectronics and nanophotonics.88−90 Integrating 
photocrosslinking chemistry with colloidal MOFs processing, we 
developed a universal methodology for patterning MOFs (CLIP-
MOF).91 This technique enables large-area (e.g., 4-inch wafer) 
patterning of diverse MOFs (including ZIF-8, ZIF-7, HKUST-1, and 
UiO-66) with micro- to nanoscale resolution (≈5 μm with UV; ≈70 
nm with electron-beam lithography) on rigid and flexible substrates, 
in both single- and multi-component configurations (Fig. 9a).

The mechanism of CLIP-MOF is similar with direct 
photopatterning of QDs: both exploit photo-induced changes in 
colloidal stability. Alternatively, the inherent chemical lability of 
MOFs towards stimuli like acids, bases, or water can also be 
harnessed for direct lithography. Leveraging this, Tu group introduced 
a method using photoacid generators (PAGs).92 UV exposure liberates 
protons from PAGs, which subsequently decompose the MOFs in 
irradiated areas—functioning as a positive-tone photoresist—to yield 
patterns with a resolution of ≈2 μm while preserving the material's 
intrinsic properties. Our group devised a complementary, negative-
tone strategy based on photo-induced fluorination of zeolitic 
imidazolate frameworks (ZIFs) using methyl 4-azido-2,3,5,6-
tetrafluorobenzoate (ATFB).93 Rather than destructively 
decomposing MOFs with high-dose radiation, this method uses an 
ultra-low dose (254 nm, 10 mJ cm−2) to covalently graft ATFB onto 
the ZIF ligands. This fluorination enhances the water stability of the 
exposed regions, allowing the unexposed, pristine ZIFs to be 
developed away with water/ammonia solution (Fig. 9b). This 
technique is generalizable across several water-labile ZIFs (ZIF-8, 
ZIF-7, ZIF-67, ZIF-L), achieving feature sizes of ≈2 μm.

Critically, these direct lithographic methods maintain the 
structural integrity, chemical composition, and porosity of the original 
MOFs. The resulting patterned MOF films show promise for 
transformative applications in diffraction-based gas sensing, pixelated 
electrochromic devices, fluorescent sensor arrays, information 
encryption, and intelligent, multiplexed sensing platforms.

5.2 3D nanoprinting of QDs.

3D printing is a transformative fabrication technology that 
enables the creation of complex three‑dimensional structures with 
customizable material compositions, thereby unlocking new 
functionalities across advanced fields such as aerospace, energy 
materials, bioengineering, and personalized manufacturing.94–97 
Particularly, the introduction of femtosecond laser‑based techniques 
has pushed the resolution into the nanoscale, allowing the fabrication 
of intricate 3D architectures with nanoscale precision and 
unprecedented functional integration.

Semiconductor inorganic materials are indispensable in 
integrated circuits and photonic chips due to their superior 
optoelectronic properties. The ability to 3D print semiconductors and 
other inorganics could offer a viable pathway for out-of-plane 

processing of integrated chips. However, current 3D printing is 
largely confined to polymers and metals, lacking effective methods 
for micro/nano-scale printing of semiconductors and many other 
inorganic materials.98 To address this challenge, Liu et al. presented a 
strategy termed photoexcitation-induced chemical bonding (PEB), 
which utilizes electron-hole pairs generated by photoexcitation to 
modify QD surface chemistry and further trigger interparticle 
chemical bonding (Fig. 9c).99 In this process, mercaptopropionic acid 
(MPA) ligands are attached to CdSe/ZnS core/shell QDs via thiol 
coordination, leaving their carboxylic acid groups exposed to the 
solvent. When irradiated with a femtosecond laser at 780 nm through 
two‑photon absorption, the excited QDs produce charge carriers 
whose energy levels promote the oxidation and removal of the bound 
MPA ligands. The newly created coordination‑deficient sites on the 
QD surface then selectively bind to carboxylate terminals from MPA 
ligands anchored on adjacent QDs, forming robust inter‑dot bridges 
that lock the assembly into a precise 3D network. As a result, high-
accuracy, high-resolution 3D structures (feature sizes down to 80 nm) 
of QDs with photonic properties maintained were achieved using this 
method.

Furthermore, Li et al. has leveraged photo-crosslinking 
chemistry to develop a universal 3D printing method for inorganic 
nanomaterials (3D Pin).100 The 3D Pin process employs NC solutions 
as inks, into which an azide-based crosslinker is incorporated. Under 
femtosecond laser irradiation, the decomposition of the crosslinker 
generates nonspecific C–H insertion reactions, leading to covalent 
crosslinking between the organic ligands capping the NCs (Fig. 9d). 
The nonspecificity of the nitrene intermediate insertion renders this 
method universally applicable to diverse materials, including 
semiconductors (e.g., II-VI, III-V, metal halide perovskites), metals 
(e.g., Au), and metal oxides (e.g., In2O3, TiO2). Furthermore, by 
blending different NC solutions, hybrid tetrahedral structures 
comprising CdSe/ZnS, TiO2, PbS/CdS, and In2O3 have been 
successfully printed. The 3D Pin technique achieves nanoscale 
resolution (≈150 nm), enabling the fabrication of arbitrarily complex 
3D architectures. The printed structures exhibit a high inorganic mass 
fraction of approximately 90%, paving a promising fabrication route 
for applications in 3D holographic displays and integrated 3D 
optoelectronic devices.

6. Conclusion and outlook

6.1 Conclusion

This review surveys the progress of photocrosslinking 
chemistry for directly patterning colloidal QDs. We focus on the key 
design principles driving this field toward a critical application of 
high-performance, pixelated QLEDs. The evolution from simple 
proof-of-concept to advanced patterning methods is rooted in a deeper 
understanding of the underlying photochemistry. The field now 
recognizes that the molecular design of ligands and crosslinkers must 
achieve dual objectives: ensuring high-resolution patterning while 
preserving the optoelectronic properties of the QDs. This dedicated 
focus on "nondestructive" photocrosslinking chemistry has 
contributed to the successful fabrication of patterned QLEDs with 
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Scheme 4. Ligands modified with reversible/cleavable or functional moieties.

continuously improving optoelectronic performance. These 
encouraging advances suggest the great promise of photocrosslinking-
based approaches for incorporating QDs into integrated 
optoelectronic platforms, such as high-resolution displays and 
advanced photonics.

6.2 Outlook

6.2.1 From the application perspective

Looking forward, the field of direct photopatterning via 
photocrosslinking is poised to transition from laboratory-scale 
demonstrations toward integrated system fabrication and practical 
manufacturing for high-resolution display. Several key challenges, 
however, must be addressed. The fabrication and performance 
evaluation of fully pixelated devices, such as high-resolution QLED 
displays, will be a critical milestone, moving to functional pixelated 
displays.20, 21 In this endeavour, mitigating issues like current leakage 
between adjacent pixels remains a priority, as such leakage becomes 
increasingly severe with diminishing pixel sizes. It is worth noting 
that in high-resolution architectures, leakage issues are often 
exacerbated by the absence of a robust pixel define layer (PDL) and 
insufficient process compatibility between crosslinked QD layers and 
conventional PDL materials. Unlike inkjet printing, where bank 
structures inherently define the pixelated architecture, many 
photolithography-based patterning studies focus solely on thin film 
devices without integrating these critical PDL components to achieve 
fully pixelated displays. To address this issue, future research could 
focus not only on novel patterning chemistries but also on the 
integration of insulating barriers. Promising strategies have recently 
been demonstrated, including the incorporation of honeycomb-
patterned insulating PMMA films to separate charge transport layers 
101, the introduction of fluorosilane (PFTS) barriers between pixels via 
electrostatic force-induced deposition102, and the use of an ultrathin 
photoresist layer (20 nm) 103 or lithographically patterned SiO₂ 
insulating layers104 to suppress current leakage. These examples 
underscore that advancing PDL materials and integration strategies 
capable of coexisting with crosslinked QD films represents a 
promising pathway to suppress leakage current and enhance the 
performance of next-generation pixelated displays. Key 
considerations include ensuring solvent resistance of the QD layer 
during PDL processing, controlling surface energy for defect-free 
PDL coating, and matching thermal budgets. Advancing PDL 
materials and integration strategies that can coexist with crosslinked 

QD films represents a promising path to suppress leakage and enhance 
performance of pixelated devices. Furthermore, achieving 
compatibility with established industrial workflows is indispensable 
for large-scale adoption.105 This necessitates a shift toward 
environmentally benign and process-compatible solvents, moving 
beyond the conventional, often hazardous solvents used in research 
labs. Finally, the molecular design of photocrosslinkers and ligands is 
inherently complex. Here, artificial intelligence -assisted 
computational screening and optimization may serve as powerful 
tools to accelerate the discovery of next-generation crosslinkers with 
tailored properties, such as high photosensitivity and reactivity and 
minimal impact on QD luminescence. The successful convergence of 
these parallel efforts—in device engineering, industrial compatibility, 
and data-driven material science—is expected to play a decisive role 
in advancing the commercial viability and broadening the 
technological impact of direct photocrosslinking patterning.

6.2.2 From the chemistry perspective.

There are several research directions with the potential to deepen 
the fundamental understanding and expand the functional utility 
of direct photopatterning. Firstly, moving beyond qualitative 
demonstrations toward a more rigorous quantitative framework 
is desirable. A critical challenge lies in the limited mechanistic 
and quantitative understanding of the photochemical 
crosslinking processes involved in QD patterning. Therefore, a 
systematic investigation employing precise chemical 
characterization is imperative to establish this quantitative 
relationship. This entails utilizing advanced analytical 
techniques to accurately quantify the density of crosslinked 
ligands and correlate it with the corresponding alterations in the 
solubility of QDs. Such research is crucial for constructing 
predictive models that could guide the rational design of 
photocrosslinking chemistries. Beyond the primary goal of 
forming covalent bonds between ligands on neighbouring QDs, 
future molecular designs should explore dynamic crosslinking 
motifs. The introduction of reversible or cleavable bonds would 
enable pattern reconfigurability and facilitate device repair or 
recycling, adding a new dimension of versatility.106 Furthermore, 
moving beyond inert linkers, the strategic design of functional 
crosslinkers that can introduce or modulate optical and electrical 
properties within the patterned film presents a transformative 
opportunity. This shift from viewing crosslinkers as mere 
structural agents to utilizing them as active components could 
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unlock novel functionalities in patterned optoelectronic devices 
and sensing arrays.
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