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quantum dots via rigid crosslinker-enabled
direct photolithography
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Abstract

A direct photolithography approach using rigid crosslinkers was developed for the precise patterning of quantum
dot (QD) layers, producing high-resolution RGB arrays with pixel sizes down to 1 μm. This strategy suppresses QD
degradation  typically  associated  with  conventional  high-UV  photolithography  while  enhancing  electron
confinement  within  the  QDs,  thereby  preserving  their  luminescent  properties.  As  a  result,  high-performance
patterned red QLEDs were successfully fabricated.
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Quantum  dot  (QD)  light-emitting  diodes  (QLEDs),
owing  to  their  tunable  emission  spectra,  wide  colour
gamut, and high electroluminescence efficiency, are widely
recognized as strong candidates for next-generation display
technologies1–5.  To  deliver  vivid  and  realistic  images  and
provide an immersive visual experience, display resolution
must approach the perceptual limits of human vision. This
typically demands pixel densities of several hundred pixels
per  inch  (PPI),  with  even higher  values  required  for  near-
eye  display  applications6–8.  Therefore,  QDs  must  be
patterned  with  microscale  precision  to  satisfy  these
stringent  resolution  requirements.  Various  fabrication
approaches,  including  inkjet  printing9–13,  transfer
printing14–18,  and  photolithography8,19–22,  have  been
investigated  for  high-resolution  QD  patterning;  however,
each  method  suffers  from intrinsic  limitations  that  restrict
their  broad  applicability.  For  example,  inkjet  printing
encounters  significant  challenges  in  forming  QD  pixels
with  dimensions  below  a  few  micrometers23,24,  whereas

transfer printing often suffers from alignment difficulties at
the  microscale,  resulting  in  reduced  fidelity  of  high-
resolution  QD  patterns25.  Conventional  photolithography,
by contrast, relies on photoresists that hinder the formation
of  uniform  QD  thin  films  and  impede  efficient  charge
injection19,26.  Furthermore,  the  high-dose  deep  ultraviolet
(DUV) exposure  required  in  this  process  can  significantly
degrade  QD  performance20,27,28.  Consequently,  the
development of innovative techniques capable of achieving
enhanced  resolution  while  maintaining  the  optical  and
electrical  integrity  of  QDs  has  emerged  as  a  key  focus  in
the advancement of QD display technologies.
Direct  photolithography  holds  significant  promise  as  a

nondestructive,  high-resolution,  and  high-yield  technique
for  QD  patterning21,29,30.  By  eliminating  the  need  for
photoresists,  it  simplifies  the  fabrication  process,  prevents
undesirable interactions between photoresists and QDs, and
minimizes  the  detrimental  effects  of  etching  on  device
performance.  This  approach  also  facilitates  uniform  QD
deposition on the substrate, enabling the formation of high-
resolution  patterns.  The  principle  of  direct
photolithography  is  based  on  the  photosensitivity  of  QDs,
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combined  with  a  photo-crosslinker.  Upon  exposure,  the
mixture  of  QDs and  photosensitive  compounds  undergoes
photochemical  reactions,  producing  a  pronounced
solubility  contrast  between  exposed  and  unexposed
regions. This contrast allows the selective removal of more
soluble  regions  using  a  developer,  thereby  forming  the
desired  QD  patterns22,27,31.  Nonetheless,  even  the  most
advanced  crosslinkers  cannot  entirely  prevent
photodamage to the luminescence properties of QDs during
photolithography32–34.  To  improve  crosslinking  efficiency,
DUV  irradiation  at  254  nm  is  commonly  employed.
However,  this  high-energy  DUV  exposure  inevitably
damages  the  QD  surface,  resulting  in  the  creation  of  trap
states.  Consequently,  the  photoluminescence  quantum
yield  (PLQY)  of  the  QDs  is  markedly  reduced,  adversely
affecting  both  pattern  fidelity  and  overall  device
performance33,35.
In  this  article  published  in  Light:  Science  &

Applications, Chen et al. reported a direct photolithography
strategy  employing  a  rigid  crosslinker,  demonstrating  its
significant  potential  for  producing  nondestructive,  high-

quality,  and  high-resolution  patterned  QD  layers36,  as
illustrated  in  Fig. 1.  The  authors  designed  a  crosslinker
incorporating  a  rigid  cyclopentane  (CPT)  bridging  group,
which demonstrates strong UV absorption and substantially
reduces  the  energy  threshold  required  for  the  photo-
crosslinking  reaction.  Furthermore,  the  restricted  rotation
imparted by the CPT unit results in a pronounced decrease
in  the  solubility  of  QDs  following  crosslinking.
Consequently,  the  required  DUV  dose  is  markedly
reduced,  allowing  efficient  and  nondestructive  patterning
of QD films. The study demonstrated pixelated RGB arrays
with  an  impressive  resolution  of  6350  PPI.  In  addition,  it
presented a  gradient  line  pattern on a  substrate,  where  the
pixel width gradually varied from 3 to 1 μm, exemplifying
the  capability  of  direct  photolithography  to  flexibly  and
precisely  control  pixel  linewidth.  This  provides  a  solid
foundation  for  fabricating  optoelectronic  devices  with
functional  gradients.  More  importantly,  beyond
applications  on  rigid  substrates,  the  study  also
demonstrated  successful  QD  patterning  on  flexible
substrates  such  as  polyethylene  terephthalate  (PET),
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Fig. 1 Schematic  of  nondestructive,  high-quality,  high-resolution  QD  patterning  facilitated  by  a  rigid  crosslinker.  (Left)  Structure  of  the  rigid
crosslinker.  (Middle)  Advantages  of  using  rigid  crosslinkers  in  direct  photolithography  processes.  (Right)  Nondestructive  effects  of  rigid
crosslinkers  on  QD  thin  films  during  direct  photolithography,  and  the  demonstration  of  the  resultant  device  luminescence.  Some  images  are
reproduced from Ref. 36.

Li et al. Light: Advanced Manufacturing (2025)6:81 Page 2 of 4



highlighting  its  potential  for  the  development  of  flexible
and  wearable  display  devices—a  significant  step  toward
next-generation  electronics.  Furthermore,  the  electronic
energy  level  of  the  crosslinker  plays  a  key  role  in
preserving  and  even  enhancing  the  PL  performance  of
patterned  QD  layers.  The  authors  ascribed  this
improvement  to  the  rigid  architecture  of  the  crosslinker,
which  limits  electron  delocalisation  and  consequently
elevates  the  energy  of  the  lowest  unoccupied  molecular
orbital  (LUMO).  A  higher  LUMO  level  establishes  a
stronger  energetic  barrier  for  excited  electrons  in  QDs,
effectively  preventing  carrier  trapping  and  suppressing
non-radiative  recombination  following  light  absorption.
Additionally,  the  crosslinker  contributes  to  surface  defect
passivation  in  the  QDs.  As  a  result,  the  patterned  QDs
retain  99%  of  the  PLQY  of  pristine  QDs.  To  directly
evaluate the device performance, the authors compared the
electroluminescent  (EL)  characteristics  of  pristine  and
patterned red QLEDs. Both devices demonstrated excellent
performance,  with  the  patterned  devices  maintaining  96%
of  the  external  quantum efficiency (EQE) and 98% of  the
current  efficiency  relative  to  the  pristine  devices.  These
findings strongly highlight the nondestructive nature of the
direct photolithography process.
This  work  demonstrates  that  the  rational  design  of  a

rigid  crosslinker  can  effectively  overcome  key  limitations
in the direct photolithography of QLEDs. It enables nearly
nondestructive, high-quality, and high-resolution patterning
of QD films, paving the way for the development of high-
resolution,  high-efficiency  QLEDs  suitable  for  next-
generation immersive display technologies.
Notably, the patterning of RGB QLED arrays is a crucial

step  toward  achieving  full-colour  displays.  In  multiple
photolithographic  cycles,  repeated  deposition,  exposure,
and  development  steps  can  adversely  impact  the  pre-
defined  QD  regions8,20,37.  Therefore,  it  is  essential  to
evaluate the optical and electrical performance of patterned
QD  films  following  multiple  photolithography  steps.
Although  the  proposed  direct  photolithography  strategy
shows  strong  potential  for  monochromatic  QLED  arrays
and current single-color display applications, its scalability
and  applicability  to  full-colour,  high-resolution  displays
require further investigation.
Finally, innovations in patterned QLED technology may

significantly  accelerate  the  integration  of  QLEDs  into
microdisplay applications. Compared with OLEDs, QLEDs
offer  superior  colour  purity,  higher  brightness  limits,  and
greater  compatibility  with  scalable  patterning  techniques,
making  them  particularly  well-suited  for  augmented  and
virtual  reality  (AR/VR)  displays,  where  ultra-high
resolution  and  luminance  are  critical38–40.  With  ongoing

progress  in  high-precision  patterning,  QLEDs  are  now
capable  of  producing  micron-scale  full-colour  arrays,
paving  the  way  for  the  mass  manufacture  of  high-PPI
microdisplays21,24,41,42.  Looking  ahead,  QLEDs  are
strategically  poised  to  spearhead  the  next  generation  of
innovation  in  microdisplay  technologies,  potentially
transforming the landscape of the display industry.

Data availability
All data are available from the corresponding authors upon reasonable
request.

Conflict of interest
The authors declare no competing interests.

Received: 25 July 2025 Revised: 20 October 2025 Accepted: 21 October 2025
Published online: 12 November 2025

References 

 Zhang,  H.,  Su,  Q.  &  Chen,  S.  M. Quantum-dot  and  organic  hybrid
tandem  light-emitting  diodes  with  multi-functionality  of  full-color-
tunability and white-light-emission. Nature Communications 11, 2826
(2020).

1.

 Lee,  T.  et  al. Bright  and  stable  quantum  dot  light-emitting  diodes.
Advanced Materials 34, 2106276 (2022).

2.

 Dai,  X.  L.  et  al. Solution-processed,  high-performance  light-emitting
diodes based on quantum dots. Nature 515, 96-99 (2014).

3.

 Yu,  P.  et  al.  Highly  efficient  green  InP-based  quantum  dot  light-
emitting  diodes  regulated  by  inner  alloyed  shell  component. Light:

Science & Applications 11, 162 (2022).

4.

 Deng,  Y.  Z.  et  al. Solution-processed  green  and  blue  quantum-dot
light-emitting  diodes  with  eliminated  charge  leakage. Nature

Photonics 16, 505-511 (2022).

5.

 Chen,  Z.  N.  et  al. Color  revolution:  prospects  and  challenges  of
quantum-dot  light-emitting  diode  display  technologies. Small

Methods 8, 2300359 (2024).

6.

 Lin,  L.  H.  et  al. Flexible ultrahigh‐resolution quantum‐dot light‐emitting
diodes. Advanced Functional Materials 34, 2408604 (2024).

7.

 Mei, W. H. et al. High-resolution, full-color quantum dot light-emitting
diode  display  fabricated  via  photolithography  approach. Nano

Research 13, 2485-2491 (2020).

8.

 Roh,  H.  et  al. Enhanced  performance  of  pixelated  quantum  dot  light‐
emitting diodes by inkjet printing of quantum dot-polymer composites.
Advanced Optical Materials 9, 2002129 (2021).

9.

 Wei, C. T. et al. A universal ternary-solvent-ink strategy toward efficient
inkjet-printed  perovskite  quantum  dot  light-emitting  diodes.
Advanced Materials 34, 2107798 (2022).

10.

 Ahn,  J.  et  al. Ink-lithography for  property  engineering and patterning
of nanocrystal thin films. ACS Nano 15, 15667-15675 (2021).

11.

 Kim,  B.  H.  et  al. High-resolution  patterns  of  quantum  dots  formed  by
electrohydrodynamic  jet  printing  for  light-emitting  diodes. Nano

Letters 15, 969-973 (2015).

12.

 Baek,  S.  et  al. Generalised  optical  printing  of  photocurable  metal
chalcogenides. Nature Communications 13, 5262 (2022).

13.

 Choi,  M.  K.  et  al. Extremely  vivid,  highly  transparent,  and  ultrathin
quantum  dot  light-emitting  diodes. Advanced  Materials 30, 1703279
(2018).

14.

 Kim,  L.  et  al. Contact  printing  of  quantum  dot  light-emitting  devices.
Nano Letters 8, 4513-4517 (2008).

15.

Li et al. Light: Advanced Manufacturing (2025)6:81 Page 3 of 4



 Choi, M. K. et al. Wearable red-green-blue quantum dot light-emitting
diode  array  using  high-resolution  intaglio  transfer  printing. Nature

Communications 6, 7149 (2015).

16.

 Meng,  T.  T.  et  al. Ultrahigh-resolution  quantum-dot  light-emitting
diodes. Nature Photonics 16, 297-303 (2022).

17.

 Kim, T. H. et al. Heterogeneous stacking of nanodot monolayers by dry
pick-and-place  transfer  and  its  applications  in  quantum  dot  light-
emitting diodes. Nature Communications 4, 2637 (2013).

18.

 Luo,  C.  Z.  et  al. High-resolution,  highly  transparent,  and  efficient
quantum  dot  light-emitting  diodes. Advanced  Materials 35, 2303329
(2023).

19.

 Yang, J. et al. High-resolution patterning of colloidal quantum dots via
non-destructive,  light-driven  ligand  crosslinking. Nature

Communications 11, 2874 (2020).

20.

 Hahm,  D.  et  al. Direct  patterning  of  colloidal  quantum  dots  with
adaptable  dual-ligand  surface. Nature  Nanotechnology 17, 952-958
(2022).

21.

 Wang,  Y.  Y.  et  al. Direct  optical  lithography  of  functional  inorganic
nanomaterials. Science 357, 385-388 (2017).

22.

 Yang,  P.  H.  et  al. High‐resolution  inkjet  printing  of  quantum  dot  light‐
emitting  microdiode  arrays. Advanced  Optical  Materials 8, 1901429
(2020).

23.

 Kim, J. et al. Recent advances and challenges of colloidal quantum dot
light-emitting  diodes  for  display  applications. Advanced  Materials 36,
2212220 (2024).

24.

 Ryu,  J.  E.  et  al. Technological  breakthroughs  in  chip  fabrication,
transfer,  and  color  conversion  for  high-performance  micro-LED
displays. Advanced Materials 35, 2204947 (2023).

25.

 Fan,  J.  P.  &  Qian,  L. Quantum  dot  patterning  by  direct
photolithography. Nature Nanotechnology 17, 906-907 (2022).

26.

 Lu,  S.  Y.  et  al. Beyond  a  linker:  the  role  of  photochemistry  of
crosslinkers  in  the  direct  optical  patterning  of  colloidal  nanocrystals.
Angewandte Chemie International Edition 61, e202202633 (2022).

27.

 Liu,  D.  et  al. Nondestructive  direct  optical  patterning  of  perovskite
nanocrystals  with  carbene-based  ligand  cross-linkers. ACS  Nano 18,
6896-6907 (2024).

28.

 Pan,  J.  A.  et  al. Ligand-free direct  optical  lithography of  bare colloidal
nanocrystals via photo-oxidation of surface ions with porosity control.

29.

ACS Nano 16, 16067-16076 (2022).
 Zhang,  P.  P.  et  al. Direct  in  situ  photolithography  of  perovskite
quantum  dots  based  on  photocatalysis  of  lead  bromide  complexes.
Nature Communications 13, 6713 (2022).

30.

 Gao,  Z.  Y.,  Shi,  J.  B.  &  Yang,  G.  L. Quantum dots  photoresist  for  direct
photolithography patterning. Advanced Optical Materials 12, 2401106
(2024).

31.

 Chen,  Z.  et  al. Research  progress  of  quantum  dot  photolithography
patterning  and  direct  photolithography  application. Nano  Research

17, 10386-10411 (2024).

32.

 Park,  S.  Y.  et  al. Patterning  quantum  dots  via  photolithography:  a
review. Advanced Materials 35, 2300546 (2023).

33.

 Guo,  W.  S.  et  al. Direct  photolithography patterning of  quantum dot-
polymer. Advanced Functional Materials 34, 2310338 (2024).

34.

 Xiao,  P.  W.  et  al. Ligand-engineered  direct  optical  lithography  of
nanocrystals  with  industrially  compatible  solvents. ACS  Nano 19,
14509-14520 (2025).

35.

 Chen,  Z.  et  al.  Rigid  crosslinker-assisted  nondestructive  direct
photolithograph  for  patterned  QLED  displays. Light: Science &

Applications 14, 251 (2025).

36.

 Ko,  J.  et  al. Ligand-assisted  direct  photolithography  of  perovskite
nanocrystals  encapsulated  with  multifunctional  polymer  ligands  for
stable,  full-colored,  high-resolution  displays. Nano  Letters 21, 2288-
2295 (2021).

37.

 Li,  H.  T.  ,  Wang,  J.  M.  &  Chen,  S.  M.  Face-to-face  integrated  tandem
quantum-dot  LEDs  with  high  performance  and  multifunctionality.
Light: Science & Applications 14, 171 (2025).

38.

 Luo,  C.  Z.  et  al.  Ultrahigh-resolution,  high-fidelity  quantum  dot  pixels
patterned  by  dielectric  electrophoretic  deposition. Light: Science &

Applications 13, 273 (2024).

39.

 Jang,  H.  J.  et  al. Progress  of  display  performances:  AR,  VR,  QLED,  and
OLED. Journal of Information Display 21, 1-9 (2020).

40.

 Yoo, J. et al. Highly efficient printed quantum dot light-emitting diodes
through  ultrahigh-definition  double-layer  transfer  printing. Nature

Photonics 18, 1105-1112 (2024).

41.

 Chen, L. N., Qin, Z. Y. & Chen, S. M. Ultrahigh resolution pixelated top-
emitting  quantum-dot  light-emitting  diodes  enabled  by  color-
converting cavities. Small Methods 6, 2101090 (2022).

42.

Li et al. Light: Advanced Manufacturing (2025)6:81 Page 4 of 4


	References

