Open Access Article. Published on 15 2023. Downloaded on 2025/11/1 01:03:07.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CHEMISTRY  [E&] cidvica

(olel &! ROYAL SOCIETY

PEfER OF CHEMISTRY

FRONTIERS

W) Check for updates ‘

Cite this: Mater. Chem. Front.,
2023,7, 6130

Received 26th July 2023,
Accepted 21st August 2023

DOI: 10.1039/d3gm00831b

Cross-linking strategies for hole
transport/emissive layers in quantum-dot
light-emitting diodes
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Due to their excellent features of high efficiency, stability, and high color purity, quantum-dot light-
(QD-LEDs)
technologies. A device should consist of multi-color pixel arrays and corresponding subpixels to fulfill

emitting diodes are considered to have great potential as next-generation display
the requirements for high-resolution (HR) QD-LED display panels. Due to the intrinsic solution
processability of core—shell structured QDs, the fabrication processes for multi-pixelated HR QD-LED
panels are usually transfer printing, inkjet printing (IJP), or photolithography. To avoid the interlayer
erosion challenge in the IJP process and direct patterning process of the QD emissive layer (EML),
cross-linking strategies have been introduced to construct solvent-resistant films (hole transport layers
or QD EMLs) upon exposure to heat or light. This review introduces the recent progress of cross-linking
strategies used in hole transport/QD layers of QD-LEDs. Specifically, we present the fundamental
chemistries of these cross-linking strategies. We also discuss how these cross-linking methods have
been investigated in solution-processed QD-LED devices, especially for I[JP/photolithography-based HR

rsc.li/frontiers-materials QD-LEDs.

Introduction

Display devices are indispensable in our daily life for obtaining
visual information.”* With the rapid development of augmen-
ted/mixed/virtual reality display technologies, the requirements
for high-resolution (HR) display devices have also significantly
increased with higher standards.”® Among different self-
emissive technologies, quantum dot (QD) light-emitting diodes
(LEDs) are thought to be one of the most promising candidates
for HR LED displays, mainly due to their excellent features of
tunable spectrum, high color purity, fast response, low energy
consumption, and high efficiency.'®'" The inherent core-shell
structure and abundant surface ligands of colloidal QD nano-
crystals (NCs) have enabled them with cost-effective solution
processability for LED fabrications, which also allows for
fabricating large-area even flexible electroluminescent (EL)
devices.”* ™

Generally, HR QD-LED displays consist of multi-pixelated
arrays, and each pixel unit is typically comprised of subpixels
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with three primary colors, i.e., red, green, and blue (RGB) QDs.
Currently, producing pixel arrays mainly relies on area-selective
deposition, transfer printing, inkjet printing (IJP), and photo-
lithography printing."*™°

Among them, IJP technology as a mask-free method has the
tremendous advantage of high material utilization, accessible
operation, low cost, and individual pixel deposition capabili-
ties, ideally suited to offer high-resolution patterning of large-
area films.**>* However, IJP requires direct deposition of ink
droplets onto the underneath layer, which could cause severe
interlayer erosion problems and thus deteriorate device
performance.”® This raises the challenge of constructing a
robust hole transport layer (HTL) against ink solvents. As such,
using a thermal or photo cross-linkable HTL became a main-
stream choice, which can, once and for all, exhibit full resis-
tance toward various solvents.**?

In addition to IJP technology, direct photolithography can
provide QDs with a fast process toward a patterned emissive
layer (EML) with a HR.>*® Traditionally, photolithography
would inevitably use photoresist resins (PRs) while taking
complex and lengthy processes to obtain a patterned QD
emissive layer and also causing device performance degrada-
tion induced by the residual PRs. Direct photo-cross-linking of
the QD concept would significantly make the patterning pro-
cess free of PRs, benefitting from fewer process steps and
enabling the QD-LED with a stable device performance.
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This review will briefly introduce the various cross-linking
strategies behind the construction of solvent-resistant HTLs in
IJP QD-LEDs and the photo-induced direct patterning of QD
EML with cross-linkers. Also, the fundamental chemistry of
these cross-linking strategies will be reviewed.

The fundamental chemistries of cross-
linking strategies

One of the most efficient ways to tackle the challenges of
interlayer erosion in the IJP process or reduce fabrication
process steps for photolithography based QD-LED display
panels, is to use a cross-linking strategy to afford the corres-
ponding HTLs or QD layers with solvent resistance. Both the
cross-linking strategies share the same fundamental chemistry,
adopting thermal or photo-sensitive cross-linkable moieties
integrated into their material (HTL or QDs) matrix. The cross-
linking functional groups can be categorized into two types, as
shown in Fig. 1. The self-cross-linkable moieties, such as vinyl
and diacetylene groups, can achieve in situ reactions with each
other and thus afford a three-dimensional (3D) cross-linked
polymeric network. Alternatively, thanks to the rich aliphatic
C-H bond in solution processable hole transport materials
(HTMs) and QDs or the carbon-carbon double bond in the
surface ligand of QDs, photo-sensitive groups can react with
them generating new chemical bonds through carbene,
nitrene, or radical mechanisms.

Cross-linked hole transport layer

Due to the core-shell structure of QDs with abundant surface
ligands, one of the most attractive features of QDs is the
solution-processability, which can achieve QLED device fabri-
cation at a comparatively low cost and even be compatible with
inkjet-printing (IJP) technology for large-area display panels. To
date, most of the thin films in QLEDs are solution-processed,
which would inevitably cause some interlayer erosion and
mixing when coating one material on the underneath one.
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The interlayer erosion problem can be minimized or even ignored
using spin-coating technology with a fast material deposition
process. However, when it comes to the IJP-QLEDs, the hole
transport layer is usually underneath the emissive QD layer.
Considering the comparatively long evaporation process of ink
solvents, it is inevitably accompanied by interlayer erosion to the
underneath HTL, which could severely damage the HTL morpho-
logy to a deteriorated state, thus significantly affecting the QLED
performance and stability (Fig. 2).

Generally, two methods are available for tackling the inter-
layer erosion problem between the QD layer and HTL. One is to
develop an orthogonal solvent system against the HTL, which is
not a universal strategy for all the HTLs and would still bring a
considerable challenge for ink formula investigations. The
other is to achieve solvent resistance of the HTLs against all
common solvents used in the QD ink formula. To achieve
solvent resistance of solution-processable HTLs, the in situ
cross-linking strategy of the HTL film is the most widely used
method, requiring there to be some cross-linkable moieties in
their as-cast films.

To date, the cross-linking strategy for HTL films can be
generally categorized into four types: (1) cross-linkable small-
molecule (SM) HTMs, (2) cross-linkable polymeric HTMs,
(3) polymeric HTMs blended with cross-linkers, and (4) poly-
meric HTM blended with the cross-linkable SM-HTM. It should
be noted that the strategy core is to use cross-linkable func-
tional groups in SM, which can be stimulated by heat, light, or
their combinations, and subsequently form new covalent
bonds as in the HTL film.

In addition to the solvent resistance enabled by cross-
linking, which is critical in IJP-QLED, there are some other
basic requirements for the HTL materials used in the QLED
fabrications, such as (1) enough thermal stability with a high
glass-transition temperature, (2) matched hole transport mobi-
lity with that of the electron transport layer (ETL), (3) a suitable
highest occupied molecular orbital (HOMO) level for efficient
hole injection and transport, and (4) a shallow lowest unoccu-
pied molecular orbital (LUMO) level for blocking electrons to
eliminate excitons formed in the HTL.

Two-component Cross-linking
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Fig. 1 The fundamental chemistries of the current cross-linking strategies used in QD-LEDs.
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Fig. 2 Challenges in solution-processable HTM-based [JP QD-LEDs.

Due to the definitive molecular weight and thus without
the batch problem, organic SM-HTMs have served as HTLs
in QD-LEDs since its early development stage (Fig. 3), such as
spiro-N,N’-diphenyl-N,N’-bis(3-methylphenyl)(1,1’-biphenyl)-
4,4'-diamine (spiroTPD),>® N,N’-bis(3-methylphenyl)-N,N'-bis-
(phenyl)-benzidine (TPD), N,N'-bis(3-methylphenyl)-N,N'-bis-(phe-
nyl)-9,9-spiro-bifluorene (sp-TPD), and N,N’-bis(naphthalen-1-yl)-
N,N’-bis(phenyl)-2,2-dimethylbenzidine (NPD).*° As such,
cross-linkable SM-HTMs for QD-LEDs were also developed as
early as 2006. Zhao et al. built a double-HTL QD-LED by combi-
ning a small-molecule cross-linkable HTM (TCTA-BVB) with a
cross-linkable polymeric HTM (PS-TPD-PFCB) to enable cascad-
ing HOMO level alignment in the device and therefore a more
effective hole transport process.”’ Due to the high turn-on
voltage and low power efficiency (PE) of this QD-LED, the same
group continued to design and synthesize a new thermally cross-
linkable HTM, namely BiVB-MeTPD, which improved the EL
performance despite a decrease in photoluminescence efficiency
(PL).*>> The QD-LEDs based on these thermally cross-linkable
SM-HTMs showed unsatisfactory device performances, mainly
limited by the lack of high-quality QDs and immature device
structures in the early development stage of the QD-LEDs.

With the continuing development of QDs and the innova-
tions in the device architecture of QD-LEDs,**™ the red-green-
blue (RGB) QD-LEDs have achieved significant improvements
in terms of efficiency and stability, which prompts the industry
to consider their applications in display panels. To achieve this
goal, there is a need to make RGB pixels efficiently from the QD
solutions, in which IJP technology can exactly meet the fabrica-
tion requirements to deposit the QD ink into pixels on the
substrate directly. However, due to the long evaporation pro-
cess of ink solvents, the deposition usually causes interfacial
erosion and mixing problems. Compared with the use of an
orthogonal solvent system, constructing a solvent-resistance
HTL from its soluble precursor in the thin film state is a more
feasible way to make solution-processable multi-layer QD-LEDs,
especially when it comes to IJP QD-LEDs.

In 2017, Xing et al. reported an air-stable thermally cross-
linkable HTM for QD-LED, namely N,N’-(9,9’-spirobi[fluorene]-
2,7-diylbis[4,1-phenylene])bis(N-phenyl-4’-vinyl[1,1’-biphenyl]-
4-amine) (SDTF).*® An IJP QD-LED was successfully fabricated

using the cross-linked SDTF with an EQE of 5.54%, slightly
better than its spin-coating counterpart. Due to the bulky central
core of spiro-fluorene, the cross-linking condition is com-
paratively harsh, requiring a temperature as high as 230 °C.
Considering this, the same group further developed another
cross-linkable hole transport material, 4,4’-bis(3-vinyl-9H-
carbazol-9-yl)1,1’-biphenyl (CBP-V), which can achieve full resis-
tance to various solvents in a shorter time of 30 minutes.*” A red
QD-LED was successfully fabricated by inkjet-printing a CBP-V
HTL and QD emissive layer and achieved a maximum EQE of
11.6%, which was 92% of a reference spin-coated QLED (12.6%).
However, replacing the central core to a biphenyl group and the
active hole transport group to a carbazole successfully deepened
the HOMO level of cross-linker CBP-V to —6.2 eV but also caused
a high turn-on voltage over 3.2 V in the cross-linked CBP-V based
QD-LEDs. A further molecular design was investigated to replace
the central unit from spiro-fluorene with less sterically bulky
fluorene.*® In combination with the carbazole group, they
synthesized two new cross-linkable SM-HTMs: DV-SFCZ and
DV-FLCZ. The cross-linking temperature of fluorene based
DV-FLCZ is 75 °C lower than that of DV-SFCZ. Notably, the
spin-coated RGB QD-LEDs with the cross-linked DV-FLCZ
obtained a maximum EQE of 20.5%, 16.6%, and 8.5%, respec-
tively. In order to decrease the cross-linking temperature, a
universal synergistic photothermal approach was proposed,
dramatically facilitating a drop of 75 °C while maintaining an
almost unchanged efficiency.*® In addition to designing new
cross-linkable SM-HTMs, borrowing some from organic LEDs
also works well in QD-LEDs. For example, the thermally cross-
linkable 9,9-bis[4-[(4-ethenylphenyl)methoxy]phenyl]-N*,N”-di-
1-naphthalenyl-N*,N’-diphenyl-9H-fluorene-2,7-diamine (VB-FNPD)
was introduced to boost the operational stability of QD-LEDs.*
Also, to balance the electron mobility of SM-ETLs, Yang et al.
used N* N*-Bis(4-ethenylphenyl)-N*,N*-di-1-naphthalenyl-{1,1'-
biphenyl]-4,4’-diamine (VNPB) as the HTL, which favored
successful all small-molecule organic transport material-
based QD-LEDs.** Due to the huge successes achieved by TFB
in QD-LEDs, Xie et al. reported a cross-linkable 4,4'-(9,9-
dimethyl-9H-fluorene-2,7-diyl)bis(N-phenyl-N-(4-vinylphenyl)aniline)
(FLTA-V) based on the repeating unit of TFB, facilitating a blue
QD-LED with an efficiency of 5.35%."
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Fig. 3 Chemical structures of (1) cross-linkable small-molecule HTM, (2) polymeric cross-linkable HTM, and (3) cross-linkers for polymeric HTM.

To date, many different cross-linking methods have been
proposed and applied to constructing solvent-resistant HTLs
for QD-LEDs. Though the styrene group-based cross-linkable
HTMs show the best performances in all RGB QL-LEDs, the
HTMs based on vinyl groups usually accompany the deteriora-
tions during the storage period. This thus would cause huge
challenges for fabricating QD-LEDs with consistent perfor-
mances. There is a need to develop storage stable cross-
linkable HTMs for QD-LEDs. Currently, the cross-linkers based
on benzophenone and diazo groups, which can achieve in situ
cross-linking with polymeric HTL in the thin film state, are
comparatively stable for storage and exhibit fairly good device
performances. Further molecular design attaching these stable

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

cross-linkable groups would facilitate the synthesis of HTMs
with both high performances and long-term storage stability.
Apart from using cross-linkable SM-HTMs, attaching cross-
linkable groups on HTL polymer offers another method to
achieve fully solvent-resistant HTL. As in the early stage of
QD-LED development, Zhao et al. employed a hydrophobic
thermally cross-linkable HTL, polystyrene-N,N’-diphenyl-N,N’-
bis(4-n-butylphenyl)-(1,1’-biphenyl)4,4’-diamine-perfluorocyclo-
butane (PS-TPD-PFCB).*>' In 2017, Sun et al. designed and
synthesized a CBP based polymer using diacetylene as the cross-
linkable group, namely 4,4’-bis(3-((prop-2-yn-1-yloxy)methyl)-9H-
carbazol-9-yl)-1,1’-biphenyl (PDA-CBP), which exhibited a very low
cross-linking temperature of 150 °C.** Followed by this, they also

Mater. Chem. Front., 2023, 7, 6130-6140 | 6133
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carbene cross-linker. Reprinted with permission from ref. 46. Copyright 2022 American Chemical Society. (d) Intertwined HTL enabled by TFB and cross-
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attached a photosensitive benzophenone group onto the side
chain of TFB. They obtained a cross-linkable polymeric HTM
(TFB-BP), as shown in Fig. 4(a), and due to the suitable HOMO
level around —5.4 eV and high mobility of TFB-BP, the RGB QD-
LEDs all achieved a satisfactory EQE of 21.4%, 15.2%, and 8.8%,
respectively, which were all higher than their reference TFB ones.

With the obtained solvent resistance, an IJP red QD-LED was also
fabricated with a highly prestigious EQE of 18.1%.

However, the synthesis of cross-linkable polymeric HTM is
still very complex. To maintain the high mobility of polymeric
HTMs and achieve solvent resistance, the easiest and simplest
way is to blend them with small-molecular cross-linkers, which

6134 | Mater. Chem. Front., 2023, 7, 6130-6140  This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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is further responsible for an in situ cross-linking reaction in the
film state. In 2017, Zou et al. blended TFB with a photosensitive
bifunctional bis-benzophenone (BP-BP), facilitating TFB with
full solvent resistance.?” A green QLED device based on cross-
linked TFB exhibited an EQE of 8.93%, 1.9-fold higher than that
of the pristine TFB based device. In 2002, Yi et al. systematically
optimized the chemical structure of benzophenone based cross-
linkers (BPO2, BPO4, and BPOS), as shown in Fig. 4(b).** It was
found that BPO6, with a medium central alkyl length, can cross-
link with TFB very well to improve the QD-LED performance with
the highest EQE of 16.77% (20.22 Im W™, 22.72 cd A™"), which
is 20% higher than that of the pristine TFB based device.
An ultra-low EQE deviation of 1.73% was also observed in the
cross-linked TFB:BPO6 based red QD-LED. To avoid the genera-
tion of free hydroxyl groups after the cross-linking reaction with
benzophenone, Yi et al. further developed a bis-diazo compound
(X1) as the cross-linker for TFB (Fig. 4(c)). The introduction of X1
into TFB achieved a band structure adjustment, favoring a more
balanced charge transport property and, thus, an enhanced
device performance.*®

Alternatively, blending polymeric HTM with cross-linkable
SM-HTM can also make the intertwined HTL with solvent
resistance for use in IJP QD-LEDs. In 2020, Tang et al. intro-
duced CBP-V into polymeric TFB, not only affording the solvent
resistance but also facilitating a shallower HOMO level to
decrease the turn-on voltage of QD-LED.** With this, the QD-
LED realized 22.3% EQE and 7-fold lifetime enhancement
compared to the TFB-only device. Also, with the interwined
cross-linked HTL, they successfully fabricated an IJP QD-LED
with an EQE of up to ~17%. Recently, Xie et al. blended FLTA-V
with TFB (Fig. 4(d)), successfully inkjet printing the blue QDs
onto the HTL film and thus delivering a record-high efficiency
of 13.4% (18.8 cd A", 23.9 Im W™ ').*> Besides, CBP-V can also
cross-link with highly ordered discotic molecules (T5DP-2,7 and
T5PD36) with a superior mobility of ~2 x 107> em*> V' ' s,
forming a cascade energy level within the blue QD-LED device
and achieving a high EQE of 18.59% and 18.16%, respectively."”*®
We also summarized the device performances of QD-LEDs using
cross-linked HTLs in Table 1.

It is believed that there is still much room to further enhance
the QD-LED performance via engineering cross-linkable HTMs,
especially for the IJP ones, by introducing a small-molecule cross-
linker into the polymeric HTM matrix. For fabricating IJP QD-
LEDs, in addition to the QD ink formula, the surface energy of the
cross-linked HTL is another crucial factor needing to be carefully
considered, which generally should be over 35 mN m™'. There-
fore, constructing a cross-linked HTM with fully solvent resistance
and a high surface energy is essential for making IJP QD-LEDs.

Cross-linked and patterned QD
emissive layer
Using IJP deposition technology to achieve multi-pixelated

arrays in QD-LEDs offers opportunities for low-cost, materials-
saving, and large-area fabrications. However, it still needs to be

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Table 1 Summary of different cross-linked HTL-based QD-LEDs

HOMO/LUMO PE CE EQE

Cross-linked HTL (eV) (Imw™) (cdA™") (%) Ref.
PS-TPD-PFCB —5.3/-2.1 — — 0.4 31
PS-TPD-PFCB/ —5.7/-2.3 — — 0.8 31
TCTA-BVB

BiVB-MeTPD —5.3/-2.5 3.04 4.87 212 32
SDTF —5.5/—2.6 15.32 22.82 5.54 36
FLTA-V —5.6/—2.3 4.34 5.53 6.64 42
TFB:FLTA-V — 8.42 8.26 10.20 42
DV-SFCZ —5.7/-2.8 18.5 25.2 16.3 38
DV-FLCZ —5.7/-2.8 32.6 32.0 20.5 38
CBP-V —6.2/—2.9 18.1 23.9 15.0 37
PDA-CBP —5.7/-2.3 7.2 10.4 8.7 43
VB-VNPD —5.3/-2.3 32.1 32.6 8.0 40
VNPB —5.5/—2.4 23.9 18.8 13.4 41
TFB-BP —5.4/-2.5 42.3 32.3 21.4 27
TFB:BP-BP —5.4/-2.5 26.22 38.83 8.93 26
TFB:CBP-V — 36.8 32.8 22.3 44
TFB:BPO4/BPO6/BPO8 —5.4/—2.5 20.22 22.72 16.77 45
TFB:X1 —5.5/-2.7 22.22 29.17 14.66 46
CBP-V:T5DP-2,7 —5.8/-2.5 — 7.68 18.59 47

sufficiently mature, especially regarding the restricted resolu-
tion (500 pixels per inch (ppi) at the most with the assistance of
a bank.? The direct photolithography of QDs for obtaining a
patterned and pixelated emissive layer is another feasible and
efficient method, which includes mixing QDs with PRs,*® taking
advantage of the electrostatic interaction between the QDs’
surface ligand and the additive organic dyes,*® and regulating
the QDs’ solubility by attaching a photosensitive cross-linkable
group onto the surface ligand.*>!

Compared with the traditional photolithography method
using PRs, the photo-cross-linking is a step-wise way to directly
achieve a patterned QD emissive layer, as shown in Fig. 5.

Regarding introducing photosensitive groups into the surface
ligands, this approach is generally enabled by the decomposi-
tion®"°2°4%% or cross-linking reaction upon exposure to ultra-
violet (UV) light. In this Review, we will mainly introduce the latter
method of cross-linking based photolithography for patterned
QDs in fabricating LEDs.

As early as 2006, Jun et al. reported a photolithographic process
of oleic acid (OA) coordinated CdSeS QDs.*" The reactive double
bond in the middle of OA cross-linked with each other when
exposed to intense UV light while the unexposed area remained
soluble in the toluene solvent. Thanks to this, direct patterns were
obtained on the order of 2 pm after UV exposure, followed by
solvent rinsing. However, employing this method would cause a
shift in the photoluminescence and electroluminescence peaks.
X-Ray lithography can also be employed to directly pattern the
colloidal perovskite nanocrystals with enhanced stability even in air
or water, sharing a similar cross-linking mechanism of generating
new intermolecular C—C bonds as shown in Fig. 6(a).

In 2020, Ko et al. reported a random copolymeric ligand
containing both an azide group and a hole transporting triphe-
nylamine group, poly(vinyltriphenylamine-random-azidostyrene)
(P(TPA--SN3)-SH), as shown in Fig. 6(b). The cross-linkable azide
group can react with the aliphatic C-H bond of the surface ligand
of QDs, causing the QD film to no longer be soluble in solvents.
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Fig. 5 (a) Traditional photolithography method for a patterned QD layer. Reprinted with permission from ref. 52. Copyright 2019 American Chemical
Society. (b) Direct photo-cross-linking enabled patterned QD layer. Reprinted with permission from ref. 53. Copyright 2020, Springer Nature.
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Fig. 6 (a) Schematic representation of the irradiation-induced graphitization process. Reprinted with permission from ref. 52. Copyright 2016 American
Chemical Society. (b) Schematic illustration of the hybridization of QD with PTPA-N3-SH ligands. Reprinted with permission from ref. 57. Copyright 2020
American Chemical Society. (c) HR patterning of QLEDs via light-driven ligand crosslinking. Reprinted with permission from ref. 53. Copyright 2020,
Springer Nature. (d) Chemical structures of n-LiXers and IP-n-LiXers and a schematic describing the limited access of sterically bulky branched n-LiXers
to the QD surface. Reprinted with permission from ref. 58. Copyright 2022, Wiley-VCH GmbH. (e) Patterning mechanism. Photogenerated nitrene- and
carbene-based crosslinker bridge native ligands on adjacent NCs via C—H insertion. Reprinted with permission from ref. 59. Copyright 2022, Wiley-VCH
GmbH. (f) Schematic of the ligand cross-linking procedure between two OA-capped QDs and a PETMP molecule. Reprinted with permission from
ref. 60. Copyright 2023, Wiley-VCH GmbH.
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By employing the widely used photo-cross-linker ethane-1,2-
diyl bis(4-azido-2,3,5,6-tetrafluorobenzoate) in semiconducting
polymers, Yang et al. successfully achieved the cross-linking
reaction of the bis-azide group with their neighboring aliphatic
C-H bond on the surface ligand of colloidal QDs upon exposure
to UV as depicted in Fig. 6(c).>® After rinsing with solvent,
RGB QD patterns with a sub-pixel size of 4 pm x 16 pm can be
obtained with a resolution of over 1400 pixels per inch.
It should be noted that the bis-azide based cross-linked pat-
terning technology is non-destructive, rendering the QD films
with preserved PL and EL performance and affording the
QD-LED with an EQE of up to 14.6%. Furthermore, the group
modified the chemical structure of the bis-azide cross-linker to
four and six-arm azide compounds with multiple cross-linking
positions, as shown in Fig. 6(d).>® The cross-linker with bulkier
geometry (IP-n-LiXer) can provide an efficient cross-linking
reaction with the heavy-metal-free QDs, achieving a minimum
feature size down to 1 pm and a high resolution of over 3240
pixels per inch. The crosslinked QD-LEDs further confirmed
the effectiveness of n-LiXers for the photolithography of green
heavy-metal-free QDs.

Similar to this strategy, Lu et al. reported four bis-azide
(nitrene) or bis-diaziridine (carbene) based photo-crosslinkers
with varied central units, as shown in Fig. 5(e) and explored
their roles of photochemistry in the direct photolithographic
patterning of QDs.>® Using UV (i-line, 365 nm) with low doses
(<50 MJ cm™?), these designed cross-linkers enable high-
fidelity QD patterning, showing a high lateral resolution of
~3 pum. Compared with the nitrene based cross-linker, the

(@)
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Materials Chemistry Frontiers

carbene based one exhibited a more appropriate band structure
alignment with QDs and a more benign photochemistry during
photolithography. The carbene based cross-linker enabled a
nondestructive patterned QD film while maintaining 90%
of the initial PLQYs. More importantly, the cross-linked QD
emissive layer-based LEDs can still feature EQE (11.7%) and a
long operating lifetime (Tos@1000 nit = 4800 h). Also, the bis-
azide cross-linker can be thermally activated and triggered
using a laser to facilitate the direct patterning of QDs.*
Recently, by taking advantage of the existing carbon-carbon
double bond in the OA surface ligand, Shin et al. reported a
thiol-ene click chemistry enabled direct patterning of QD films
using the well-established i-line (Fig. 6(f)).°° The formed robust
cross-linked QD film exhibited insensitivity to oxygen or water.
Furthermore, using the crosslinked InP QDs as the emissive
layer, their QD-LED showed a peak CE of 23.04 cd A™*, which was
even 158% higher than that of their conventional counterpart.
In addition to blending photosensitive cross-linkers into the
QD NCs, Hahm et al. designed and synthesized several simple
and versatile benzophenone based photo-cross-linkable ligands
(PXLs) as shown in Fig. 7(a) and also devised a dual-ligand
passivation system containing PXLs and dispersing ligands
(DLs) to guarantee the QDs are universally solution processable
for photolithographic patterning techniques (Fig. 7(b)). The
dual-ligand cross-linking strategy enabled the direct patterning
of QDs on various substrates, compatible with commercialized
photolithography (i-line) or inkjet printing technologies with a
resolution as high as up to 15000 pixels per inch (Fig. 7(c)).
With this strategy, a QD-LED array of each primary color was

o PXLs
PXLs (<10 mol%) Dual-ligand QDs
e g, )
Alkyl gloup“
Hs ’(")n\‘R1 l Ra DLs
\_‘ [e] | 0/ T
Anchor group  Substituted benzophenone AL . (>90 mol%) <z,
moiety 0/\/0)/‘& ( § 2
-R;-:-O-or-S- %}

—R,: —H or -N(CH,),

(c

) (

Fig. 7

7,056 ppi

15,875 ppi

(a) Chemical structure of PXLs. (b) Schematic of dual-ligand QDs. The addition of 1-10 mol% PXLs makes QD films become cross-linkable under

UV irradiation. The DLs (>90mol%) determine the solubility of QDs. (c) Fluorescent images of RGB QD patterns obtained after consecutive
photolithographic processes of primary-colored QDs using an i-line stepper. Scale bars, 10 um. (d) QD-LED array of each primary color. Scale bars,
2mm. Reprinted with permission from ref. 4. Copyright 2020 Springer Nature.
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also successfully fabricated (Fig. 7(d)). The dual-ligand passiva-
tion enabled cross-linking at no cost to the optical or electrical
properties of QDs.

Summary

In summary, we have presented the recent developments
in adopting cross-linking strategies for constructing solvent-
resistant organic HTLs and photo-induced direct patterning of
QD EMLs with cross-linkers, which may have high potential for
achieving HR QD-LED display devices using IJP and direct
photolithography technologies, respectively.

For cross-linked HTLs, these cross-linking strategies have
been widely investigated even with better device performance
than their uncross-linked counterparts. The cross-linking pro-
cess can produce a solvent-resistant HTL and fine-tune band
structure and film state. However, in addition to these, it is of
great importance to achieve a high surface energy when using a
cross-linked HTL, which is an essential requirement for the ink
droplet spreading well in fabricating IJP QD-LEDs.

For photo-induced photolithography of a QD EML with
cross-linkers, huge successes have been achieved in terms of
resolutions and device efficiencies. However, the stability of the
photo-cross-linking process based QD-LEDs leaves a lot of room
for improvement, as the cross-linking process may cause
degradation to the inherent characteristics of QDs. The cross-
linkers or cross-linkable surface ligands for QDs should be
further rationally designed to enhance both efficiency and
stability.
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