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Optical patterning of quantum dots is essential for the fabrication of light-
emitting diodes displays. However, current patterning methods either require
inert environments or compromised quantum dots optical properties under
ambient conditions. Here, we report a photoresist-free strategy enabling direct
quantum dot patterning in air by using triphenylphosphine, a cost-effective,
commercially available molecule that functions simultaneously as a surface
ligand, photoinitiator, and oxidation protector. Under light exposure, triphe-

nylphosphine reacts with atmospheric oxygen to trigger solubility changes,
allowing precise patterning with resolutions up to 9534 dpi. The resulting
devices exhibit external quantum efficiencies of 21.6% (blue), 25.6% (green),
and 20.2% (red). We further demonstrate full-color active-matrix quantum
dots light-emitting diodes displays by integrating the patterned red, green and
blue quantum dots with thin-film transistor backplanes. This work offers a
scalable, non-destructive, and environmentally compatible patterning solu-
tion for industrial display technologies.

Colloidal quantum dots (QDs), with their tunable emission wave-
lengths, high color purity, and excellent optoelectronic properties, are
redefining the core architecture of next-generation display
technologies'™. In recent years, the commercialization of quantum
dots light-emitting diodes (QLEDs) has accelerated advances in both
emissive materials and device structures, particularly in terms of
brightness, resolution, and energy efficiency’ . The next-generation of
QLED technologies increasingly relies on electroluminescence (EL)
from red, green, and blue (RGB) QD arrays, which places stringent
requirements on the spatial precision of QD patterning’. This
requirement becomes especially critical for microdisplay applications

such as augmented reality and virtual reality, where pixel sizes fall
below 10 pum. These applications demand ultrahigh-density QD pattern
alignment, presenting dual challenges: achieving sub-micrometer
patterning resolution while maintaining compatibility with envir-
onmentally benign, scalable processing conditions'*".

While techniques such as transfer printing™”® and inkjet
printing*"® are widely used in large-area device fabrication, they fall
short of delivering the sub-micrometer resolution required for
advanced micro-displays. In contrast, direct optical lithography for
functional inorganic nanomaterials (DOLFIN) offers a promising route
to achieving high-resolution QDs patterning'®°. This technique relies
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on light-triggered changes in QDs solubility mediated by surface
chemistry to define patterns in selected regions. However, under
ambient conditions, ultraviolet (UV) exposure inevitably leads to sur-
face oxidation or photodegradation of QDs, which severely compro-
mises their optical properties”?. As a result, most current patterning
approaches still require inert gas environments, limiting the practical
applicability of such technologies. Moreover, the photosensitive
ligands commonly in use require complex synthetic processes and are
unable to simultaneously provide surface passivation and light
responsiveness”?**. These limitations are particularly problematic for
blue-emitting QDs, whose patterned devices consistently underper-
form. For instance, the external quantum efficiency (EQE) of patterned
blue QLEDs typically drops below 12%, markedly lower than the >20%
EQE achievable with unpatterned films (Supplementary Table 1).
Recent efforts have focused on designing air-stable photoactive
molecule crosslinking agents® . However, these molecules function
merely as an additive, involves complex synthesis, lacks compatibility
with blue-emitting QDs, and leads to suboptimal device performance.
To address the aforementioned challenges in commercializing
QDs patterning, there is a need to develop multifunctional molecules
that are structurally simple for fabrication, require less stringent
synthesis conditions, can operate in ambient environments, and
maintain high optical properties and device performance at the same
time. Such molecules must simultaneously fulfill multiple roles: effi-
ciently passivate surface trap states, enable spatially selective photo-
activation under UV light, and provide robust oxidative protection.
Additionally, they must be compatible with existing QDs ink formula-
tions and function reliably under ambient (non-inert) conditions. Ide-
ally, these ligands should be readily available and cost-effective as well.
Among various ligand systems, phosphorus-containing molecules
have long played a central role in QDs chemistry, particularly in
synthesis and surface engineering”'. Representative examples such
as trioctylphosphine (TOP) and triphenylphosphine (TPP) are com-
monly employed as coordinating solvents and reductants during QDs
growth, as well as surface-passivating agents that enhance photo-
luminescence efficiency and colloidal stability*>*>. TPP has attracted
attention for its moderate electron-donating ability, chemically stable
aromatic structure, and compact molecular size, all of which
contribute to its excellent compatibility with various QDs
compositions**, Despite these advantages, the potential of TPP in
post-synthetic QDs processing has remained largely unexplored.
Here, we present a molecular-level multifunctional patterning
strategy for the direct optical lithography of QDs under ambient
conditions. This strategy integrates surface passivation, oxidative
protection, and photoactivation into a single small-molecule design
(Fig. 1). This design overcomes the limitations of conventional pho-
tosensitive ligands that deactivate in air and enables high-resolution,
non-destructive patterning without the need for inert atmospheres.
Upon UV exposure, TPP undergoes oxygen-mediated photoactivation,
triggering a synergistic light-induced reaction that enables spatially
precise modulation of QDs solubility. This mechanism allows pat-
terning with a resolution reaching 9534 dots per inch (dpi), while
preserving the structural and optical integrity of the QDs. Leveraging
this strategy, we fabricate high-performance RGB-patterned QLEDs
(non-arrayed), achieving EQE of 21.6% for blue QLEDs along with 25.6%
for green and 20.2% for red. Furthermore, we demonstrate the full-
color active-matrix QLEDs display based entirely on directly optical
patterned QDs by integrating the RGB arrays with a thin-film transistor
(TFT) backplane. Importantly, this work marks the successful
demonstration of direct patterning of blue QDs and their integration
into TFT circuits. The method also exhibits excellent compatibility
with TFT backplanes across various pixel dimensions, including
85 x 140 um and 380 x 650 pm, underscoring its strong potential for
multifunctional device fabrication. This work bridges laboratory-scale
molecular design with practical device engineering, offering a scalable,

cost-effective, and environmentally compatible solution for next-
generation electroluminescent QLEDs display fabrication.

Results

Multi-functionality of triphenylphosphine molecules

TPP is highly soluble in non-polar solvents and can be added directly to
the desired QDs solution to prepare photosensitive inks. The resulting
core-shell QDs-TPP in nonpolar solvents exhibits good dispersion and
stability (Fig. 2a). The absorption and photoluminescence (PL) spectra
of red-, green-, and blue-emitting QDs (Fig. 2b) show size-dependent
exciton features that does not change after addition of TPP to the
pristine QDs (Supplementary Fig. 1). The fluorescence properties of the
QDs after TPP treatment are significantly improved (Fig. 2c). The
photoluminescence quantum yields (PLQYs) of the RGB-emitting QDs-
TPP are 96.1%, 94.9%, and 90.0%, respectively. For comparison, the
PLQYs of pristine QDs are 80.2%, 81.0%, and 75.6% (Supplementary
Table 2). The time-resolved carrier dynamics and averaged PL lifetimes
trend strongly correlate with the PLQYs results (Fig. 2d-f). After TPP
treatment, the average PL lifetime of RGB-emitting QDs increase from
26.8, 20.0, and 14.8 ns to 28.4, 23.0, and 18.3 ns, respectively, indicat-
ing that surface defects are effectively passivated, thus reducing the
proportion of non-radiative recombination (Supplementary Table 3).
These results clearly demonstrate that the addition of TPP helps
improve surface passivation and enhances optical performance®. We
further observe that when the mass fraction of TPP exceed 5%, the
PLQYs of QDs reach a plateau rather than continuing to increase or
decrease. This suggests that the presence of excess TPP in the ink does
not compromise the optical properties of the QDs (Supplemen-
tary Fig. 2).

We further compare the morphology and size of pristine red-,
green-, and blue-emitting QDs and QDs-TPP (Fig. 2g and Supplemen-
tary Figs. 3 and 4). The morphology and size of QDs-TPP remain
unchanged, implying that the preparation process of photosensitive
ink has no destructive effect on QDs. The exciton features of core-shell
QDs are indistinct in absorption spectra, making changes difficult to
observe. To ensure reliable conclusions, we study wurtzite CdSe QDs,
monitoring their absorption spectra before and after TPP passivation.
The clearly resolved excitonic features and unchanged emission
spectrum prove that no etching or shell growth occurred during TPP
treatment (Supplementary Fig. 5), which is also determined from
transmission electron microscopy (TEM) images (Supplemen-
tary Fig. 6).

The interaction between QDs and TPPis further verified by
Fourier-transformed infrared (FTIR) spectra. Figure 2h shows the FTIR
spectra corresponding to pristine CdSe/ZnS QDs, TPP, and CdSe/ZnS
QDs-TPP. Upon incubation in TPP solution, the QDs show three distinct
FTIR bands at 3060 cm™, 1476 cm™, and 1010 cm™ (blue curve), which
could arise from the stretching vibrations of phosphorus atom and C-H
bond on the benzene ring, C=C on the benzene ring and C-P stretching
vibration in TPP (green curve), respectively. Further evidence of the
interaction between QDs and TPP is elaborated by using bare CdSe/
ZnS QDs to eliminate the interference of original organic ligands (e.g.,
oleic acid (OA) or oleylamine, etc.). As expected, the vibrational peaks
of the OA surface ligands completely disappear in bare CdSe/ZnS QDs
(Supplementary Fig. 7). Compared with that of bare CdSe/ZnS QDs
(black curve), the characteristic peaks belonging to TPP (red curve)
appear in the FTIR spectra of QDs-TPP (blue curve).

We then explore the anchoring sites of TPP on the QDs surface
through nuclear magnetic resonance (NMR) spectroscopy. Generally,
phosphine-based molecules serve as L-type ligands attached to metal
(M) sites on the QD surface”. However, the steric size of the ligand
strongly influences its ligand binding affinity. In particular, due to its
large cone angle and low ligand basicity, TPP has a weaker binding
affinity to QDs than OA/oleylamine®. Therefore, we infer that TPP
would be more inclined to passivate non-metal (E) sites rather than
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Fig. 1| Schematic illustration of the role of multifunctional molecules. TPP molecules can serve simultaneously as surface ligands, sacrificial agents, and

photoinitiators.

replace the original ligands on the surface of QDs. To test this
hypothesis, we compare the P NMR spectra of bare CdSe QDs before
and after their interaction with TPP (Fig. 2i). We find that when bare
CdSe QDs interact with TPP, a new peak at ~35.5 ppm appears in the *'P
NMR spectra in addition to the characteristic peak of free TPP at
~6.7 ppm (blue curve). By comparison with the *P signal of TPP-Se (red
curve), it is determined that the change is due to the interaction of TPP
with the E site of CdSe QDs, which is consistent with our previous
report®. Since the optical properties of colloidal QDs directly deter-
mined the properties of QDs films, improving the PLQYs of pristine
QDs in solution should be one of the effective ways to enhance the
performance of patterned QDs.

Radical reactions play a key role in the cross-linking of organic
ligands on the surface of QDs. Several research teams have achieved
QDs cross-linking through reactive radical intermediates****,
Inspired by the fact that TPP can be used as a photoinitiator for the
photopolymerization of acrylic resin®, we hypothesize that in addition
to serving as surface ligands to improve the optical properties of QDs,
TPP also has the potential to initiate ligand cross-linking reactions
under UV light as photosensitive molecules. Our experiments further
confirm this hypothesis: the solubility of QDs changes after UV expo-
sure in the presence of TPP (Supplementary Fig. 8).

To investigate this process in detail, we systematically analyze the
effect of UV irradiation QDs-TPP system. The UV-visible absorption
spectrum reveals that TPP exhibits strong absorption at 254 nm, while
its absorption in the UV-A region (320-400 nm) is relatively weak
(Supplementary Fig. 9). Electron paramagnetic resonance (EPR) ana-
lysis demonstrates that TPP generates free radicals under UV irradia-
tion at 254 nm and 365 nm (Fig. 3a and Supplementary Fig. 10). Since
the radicals are highly unstable, N-tert-Butyl-alpha-phenylnitrone
(PBN) is used as spin traps. The EPR spectrum shows no signal for TPP
in the absence of light (black solid curve), but a strong radical signal
appeares after UV irradiation at 254 nm (red solid curve). By comparing
with simulated spectra, we identify the signal sources as diphenyl-
phosphine (blue dashed curve) and phenyl radicals (green dashed
curve). Moreover, after irradiating a toluene solution containing TPP

and OA, the radical signal significantly decreases (Supplementary
Fig. 11), suggesting that OA may interact with free radicals.

We propose two possible mechanisms for this interaction. The
first hypothesis is that radicals induce polymerization of the C=C
double bond in OA. However, further experiments rule out this pos-
sibility: as shown in Fig. 3b, the 'H NMR spectrum of the TPP-OA mix-
ture in toluene-dg indicates that the characteristic peak at ~5.5 ppm
remains unchanged after UV irradiation at 254 nm, suggesting that
sterically hindered C = C double bond in OA does not participate in the
reaction. Additionally, we synthesize CdSe QDs capped solely with
stearic acid (which lacks C = C double bonds) and successfully achieve
QDs patterning using TPP under ambient conditions (Supplementary
Fig. 12), further disproving the hypothesis of radical-induced poly-
merization of OA double bonds.

An alternative mechanism involves radical reactivity with satu-
rated hydrocarbon groups. The QDs patterning process requires the
presence of O, (Supplementary Fig. 13). Pattern cannot be achieved
within the glove box, indicating that TPP and O, may synergistically
mediate the radical reaction. Based on these findings, we propose a
mechanism for TPP-mediated ligand cross-linking. Under UV irradia-
tion, TPP act as a photoinitiator, inducing the formation of carbon-
centered radicals from alkyl ligands on the QDs surface*’. These carbon
radicals rapidly react with O,, generating peroxyl radicals (OO-), which
subsequently trigger ligand cross-linking reactions*’. Then, hydroxyl
radicals (*OH) form sequentially promote chain propagation by
reacting with alkanes to complete the ligand cross-linking process**.
To monitor the presence of «OH radicals, we employ terephthalic acid
(TA) as a probe, which forms the fluorescent product
2-hydroxyterephthalic acid upon reaction with «OH*. As shown in
Fig. 3c, the PL intensity of probe TA at 430 nm increases remarkably
with prolonged irradiation time under 325 nm UV excitation, (Fig. 3c),
confirming the continuous production of *OH and gradual accumula-
tion of the fluorescent TA derivative. Further supporting evidence is
proved by X-ray photoelectron spectroscopy (XPS) characterization.
As shown in Supplementary Fig. 14, we compare the Cls peaks XPS
spectra of QDs-TPP films before and after illumination, C-O-C bond
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Fig. 2 | Surface ligands to passivate QDs via surface protection. a Photos of red,
green, and blue-emitting QDs-TPP under visible light and UV light. b Absorption
(solid lines) and PL (dashed lines) spectra of red, green, and blue-emitting QDs-TPP.
¢ Comparison of PLQYs of red (d), green (e), and blue (f)-emitting QDs and QDs-
TPP. Time-resolved PL decay profiles of red, green, and blue-emitting QDs solution

before and after treatment with TPP. g A TEM image of CdSe/ZnS QDs-TPP. Scale
bar, 100 nm. h FTIR spectra of pristine CdSe/ZnS QDs (red curve), TPP (green
curve), and CdSe/ZnS QDs-TPP (blue curve). i P NMR spectra of free TPP (black
curve), TPP-Se (red curve), bare CdSe QDs-TPP (blue curve).

appeared in the fitting®. Therefore, it can be seen that under UV
irradiation, TPP generates radicals that induce the formation of
carbon-centered radicals from alkyl ligands on the surface of QDs.
These radicals further react with O, to form peroxy radicals, which
initiate ligand crosslinking reactions, ultimately enabling the pattern-
ing of QDs (Fig. 3d).

Previous studies indicate only modest photostability of QDs in air,
primarily due to surface oxidation by O, from the atmosphere or sol-
vents under illumination, leading to surface defects*’*%, For example,
under UV exposure, the first excitonic transition peak of CdSe QDs
shifts from 548 nm to 523 nm*. Consequently, previous patterning
processes have to be conducted inside gloveboxes or in low-oxygen,
low-humidity environment to preserve the optical properties of QDs,
which significantly increases the cost and complicated process
scaleupzo,zs,zs,so.

The TPP molecule, as a reductant, can react with O, to form the
corresponding oxide®. We find that light exposure accelerates this
process. As shown in Fig. 4a, under 254 nm UV light, the absorption
spectrum of TPP changes significantly, with the characteristic
absorption peak at 263 nm decreasing and characteristic absorption
peak at 266 nm appearing, indicating that the TPP molecule undergoes
oxidation®. This process is further confirmed by *P NMR measure-
ment. As illustrated in Fig. 4b, after light exposure, the phosphorus
signal of the TPP molecule at -6.6 ppm significantly decreases,

indicating a reduction in the trivalent phosphorus content®. Simulta-
neously, a new strong signal appears around 26 ppm, corresponding to
pentavalent phosphorus, suggesting that part of the TPP is oxidized to
form triphenylphosphine oxide (TPPO)**. Therefore, we infer that TPP
in the photosensitive ink preferentially reacts with oxygen in the air
under UV light, acting as a sacrificial agent to protect QDs, thereby
reducing chemical damage during the photo-oxidation process and
enhancing the photostability of QDs.

To confirm the above hypothesis, we first use CdSe QDs as a
model to compare their optical properties before and after light
exposure. As shown in Fig. 4c, after exposure to 254 nm UV light in air,
the pristine CdSe QDs exhibit an 8 nm blue shift in their characteristic
absorption peak. This blue shift is mainly attributed to the desorption
of surface ligands and/or photochemical oxidation of QDs surfaces
under UV excitation, reducing the effective core size of the QDs>.
However, after the addition of TPP, the absorption peak of the QDs
remains unchanged under the same conditions, which indicates that
TPP efficiently inhibits the photo-oxidation of QDs surface. We further
investigate the impact of TPP molecules on the photostability of core-
shell QDs in an ambient environment. Although the growth of the shell
layer can effectively enhance the stability of QDs, almost all types of
QDs remain susceptible to oxygen and water under light excitation®.
We find that addition of TPP can significantly improve the photo-
stability of core-shell QDs. Figure 4d and Supplementary Fig. 15
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Fig. 3 | Photosensitive molecules to initiate ligand cross-linking reactions.

a EPR spectra of TPP without (black curve) and with (red curve) 254 nm UV irra-
diation. The dashed lines represent the simulated spectra of diphenylphosphine
(blue dashed curve) and phenyl radicals (green dashed curve). b 'H NMR spectra of
OA mixed with TPP without (black curve) and with (red curve) 254 nm UV
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Fig. 4 | Sacrificial agents to protect QD films from damage during irradiation.
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and after (dashed) UV irradiation.
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Fig. 5 | Non-destructive full-color patterning of QDs. Changes in PLQYs of red-
(a), green- (b), and blue- (c) emitting QDs-TPP films at various stages for patterning.
d patterned lines of blue-emitting QDs and an AFM image of lines patterns (inset).
Scale bars, 10 pm. e SEM images of pristine and patterned QDs films. Scale bars,

295
“ < ¢ 4
L 2 0«“0?...“

50 pm. f Height profiles and an AFM image of line patterns. g Pixelated blue-
emitting QDs and an AFM image of dots patterns (inset). Scale bars, 10 pm.

h Images of SEM (left), AFM (right) of multilayer line patterns created by using red-
and green-emitting QDs. Scale bars, 10 pm.

compare the fluorescence spectra of pristine red-, green-, and blue-
emitting QDs and QDs-TPP films before and after exposure to 254 nm
UV doses exceeding 200 mJ cm™. After adding TPP, the PLQYs of red-,
green-, and blue-emitting QDs remain almost unchanged before and
after UV exposure. In addition, even after exposure to a UV dose
exceeding 2000 m) cm (254 nm), the emission peak position and full
width at half maximum of QDs-TPP remain unchanged (Supplemen-
tary Fig. 16), demonstrating the protective effect of TPP on QDs.

Non-destructive full-color patterning of quantum dots

The absorption spectra, steady-state, and time-resolved PL spectra
confirm that the photophysical properties of QDs-TPP remain
unchanged when deposed into films. As shown in Supplementary
Fig. 17, there are no significant shifts in the absorption and PL peaks. In
addition, the PLQYs and lifetime are preserved or even improved for
the red-, green-, and blue-emitting QDs films as shown in Supple-
mentary Figs. 18 and 19. These are consistent with the results of the
QDs solution.

Non-destructive approaches for QDs patterning are essential for
achieving high-performance, pixelated optoelectronic devices. The
multifunctional TPP molecules serve as surface ligands, photo-
sensitizers, and sacrificial agents at the same time, allowing the QDs to

be directly implemented into the photoresist-free patterning process
to achieve non-destructive multiscale full-color patterning. The effect
of direct optical patterning on the optical properties of QDs is studied
by monitoring the PLQYs of Cd-based QDs at various patterning steps
(Fig. 5a-c). These stages comprise film deposition, UV exposure
(exposed), and post-patterning development (developed). For com-
parison, PLQY values at each stage are normalized to the relative/
remnant of initial PLQY and expressed as a percentage. As shown in
Supplementary Fig. 20, QDs-TPP films largely preserve their PLQYs
throughout the patterning steps, with red-, green-, and blue-emitting
QDs-TPP retaining more than 85% under ambient conditions. By con-
trast, the corresponding QDs without TPP experience notable
decreases in relative PLQY following 254 nm UV irradiation in air,
maintaining only approximately 70% (red), 67% (green), and 60%
(blue) of their initial values (Supplementary Fig. 21). Furthermore, we
also have conducted specific evaluations of our patterning strategy on
Cd-free QDs (Supplementary Fig. 22). The results are consistent with
the phenomena observed in Cd-based QDs, which further demon-
strates the superiority of TPP and highlighted the non-destructive
nature of our approach.

Cross-linking significantly reduces the solubility of the QDs in the
exposed regions in nonpolar solvents, providing the foundation for
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patterning. Taking advantage of the fact that cross-linking can be
initiated by free radicals generated by TPP under light, the QDs film is
no longer dispersed in the developer after exposure, thus enabling the
patterning of QDs. The design concept and parameter control of the
patterning method allows efficient, high-resolution, and high-fidelity
patterning of QDs. In our work, typical 254 nm UV doses for TPP pat-
terning are 40-270mJ cm™, superior to those for traditional
photoresists'®. The specific selection of TPP concentration and UV
exposure dose is detailed in Supplementary Fig. 23. We observe a clear
trend: increasing the TPP concentration leads to a reduction in the
required UV dose for initiating effective crosslinking. This trend can be
attributed to the higher density of photosensitizer molecules at ele-
vated TPP concentrations, which facilitates more efficient radical
generation under UV irradiation. As a result, less photonic energy is
needed to trigger the crosslinking reaction. Conversely, at lower TPP
concentrations, a higher UV dose is required to compensate for the
reduced radical generation efficiency.

Stripe patterns with equal linewidth and dots patterns with equal
spacing are fabricated to characterize the spatial resolution. Supple-
mentary Fig. 24 shows high-resolution and uniform line patterns of
different color QDs. The finest features are 1 um, as shown in the line
patterns, which completely replicate those of the photomasks
(Fig. 5d). The above results demonstrate the patterning capabilities for
QDs by photoresist-free patterning technology with TPP. Atomic force
microscopy (AFM) images (Supplementary Fig. 25) are used to assess
the quality of unpatterned and patterned QD films, revealing no sig-
nificant changes in average surface roughness after patterning.
Moreover, the patterning process does not affect the QD sizes or
introduce observable pinholes or cracks (Fig. 5e). Scanning electron
microscopic (SEM) images (Supplementary Fig. 26) display clear con-
trast between exposed and unexposed regions, confirming the com-
plete removal of residual QDs after development. Figure 5f shows well-
defined height profiles of line patterns with high uniformity, low sur-
face roughness, and sharp edges (Fig. 5f). The line edge roughness of
the line patterns is 156 nm (Supplementary Fig. 27), consistent with the
result by SEM (Supplementary Fig. 28). The thickness of the patterned
image is uniform and can reach ~60 nm as measured by the profil-
ometer, and the root mean square roughness (Rq) is calculated to be
1.5 nm from the AFM data, showing a flat surface of the patterns.

The resolution of patterned pixel array can reach 9534 dpi (Fig. 5g
and Supplementary Fig. 29). We should note that the resolution is
determined by the smallest features in the photomask, rather than the
properties of photosensitive inks. This implies that if the photomask
features are sufficiently small, sub-micron patterning resolution could
be achieved. In addition, the direct optical patterning of QDs-TPP inks
allow complex pattern architectures to be constructed layer-by-layer
sequentially through three steps per layer: ink coating, exposure, and
development. The thicknesses of the individual patterned lines are
approximately 95 nm and 115 nm, respectively. In the regions where
the two 10 pm-wide lines overlap, the total thickness reaches 175 nm,
confirming the successful layer-by-layer stacking (Supplementary
Fig. 30). As shown in the SEM and AFM images in Fig. 5h, such layer-by-
layer patterning enables the design of three dimensional (3D) inor-
ganic layers with high vertical dimensional fidelity and excellent lateral
resolution, demonstrating that our method has the ability to construct
3D structures of inorganic materials.

The present patterning approach renders well-defined QDs pat-
terns of varying shapes and dimensions with high fidelity. Images of
QDs films in the formats of complex logos, letters, and numbers pat-
terned with 365 nm UV light demonstrate the versatility of our pho-
tolithography patterning method (Supplementary Fig. 31). The optical
patterning process is described in Fig. 6a, which involves coating,
exposure, and developing of QDs films. Figure 6b-d show clear, uni-
form fluorescence images of a parrot based on individual red-, green-
and blue-emitting QDs. The vertical stacks of QDs patterns allows

combinations of RGB primary colors to generate multiple colors.
Specifically, yellow is produced by sequentially patterning red- and
green-emitting QDs, magenta by red- and blue-emitting QDs, and cyan
by green- and blue-emitting QDs (Fig. 6e-g). The magnified view of
fluorescent microscopic images in Fig. 6e-g show no color con-
tamination, illustrating that the photoresist-free patterning method
would not damage the underlying layer. In addition, patterns can also
be achieved through a layer-by-layer process except for the sequential
stacked process, which enables the richness of colors required for full-
color imaging design (Supplementary Fig. 32). The patterning of the
subsequent layer does not affect the morphological or optical prop-
erties of the underlying layers. The direct optical patterning method
enables orthogonal processing by creating full-color images after the
delicate pixel design through consecutive patterning processes
(Fig. 6h). In addition to Cd-based QDs, the non-destructive photoresist-
free patterning strategy also works well for other nanocrystals, such as
heavy-metal-free QDs, metals, and oxides, respectively (Fig. 6i and
Supplementary Fig. 33).

In the recent years, more attention is paid to flexible electronic
devices, which provide additional possibilities for information, energy,
medical, and other fields*. Fig. 6j shows a QDs pattern on a highly
flexible substrate (polyethylene terephthalate plastic film, PET plastic
film), thus demonstrating suitability of our QDs inks for flexible (opto)
electronic technologies. In addition, as shown in Fig. 6k, I, mild con-
dition makes photoresist-free patterning seamlessly transferrable
between flexible substrates (PET plastic film) and rigid substrates (ITO
glass, silicon oxide wafer, etc.).

Furthermore, the design strategy for patterning QDs under
ambient conditions with TPP can be extended. Given that TPP could
generate effective radicals under UV irradiation and enable sub-
sequent crosslinking, we validated this using several phosphine
molecules with similar structures, such as TOP, dimethylphenylpho-
sphine (DPP), and methyl(diphenyl)phosphine (MDP). Among them,
trialkylphosphines (such as TOP) are not suitable for direct patterning.
This is mainly because they lack significant absorption in the near-UV
region (e.g., 254 nm), and thus cannot efficiently enhance the forma-
tion of radicals required for the oxygen-mediated crosslinking process.
In contrast, DPP and MDP, due to their conjugated benzene rings,
exhibit strong UV absorption (Supplementary Fig. 34). This allows
them to act as effective photosensitizers to realize QDs pattern as well
(Supplementary Fig. 35). Then, we compare the exposure dose
required for patterning with the same mass fraction (30%) of phos-
phine molecules (Supplementary Fig. 36). We observe that their radical
generation efficiency and patterning performance vary depending on
molecular structure and substitution pattern. Therefore, while TPP
remains the most effective candidate among those tested, our findings
indicate that other aromatic phosphine compounds could also serve as
viable alternatives, provided their structures are carefully tuned to
achieve a delicate balance between UV absorption capacity, radical
generation efficiency, and surface coordination affinity.

High performance of quantum dots light-emitting diodes
QDs exhibited narrow emission spectra and high PLQYs are suitable for
high-performance QLEDs. Devices are fabricated using a hybrid charge
transport architecture (Fig. 7a), in which poly(3,4-ethylenedioxy-thio-
phene) polystyrene sulfonate (PEDOT: PSS) and poly(9,9-dioctyl-
fluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) serve as the
hole injection layer and hole transport layer (HTL), respectively. The
emissive layer consists of a 25 nm-thick crosslinked QD film prepared
from a QDs dispersion containing 10 wt% TPP. A transparent ZnMgO
nanoparticle layer functions as the electron transport layer (ETL).
Further fabrication details are provided in the Supporting Information.
The steps of direct optical patterning of QDs with photoresist-free
patterning technology adapt well to the established workflows for
fabricating EL devices, allowing us to apply the patterned QDs as an
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Fig. 6 | Patterns of QDs-TPP with 254 nm UV light. a Procedures for photoresist-
free patterning. b—d Fluorescent microscopic images of red-, green-, and blue-
emitting QDs parrot patterns. Scale bars, 5 mm. e-g Fluorescent microscopic
images of yellow, magenta, and cyan line patterns. Inset: a magnified view of
fluorescent microscopic images. Scale bars, 100 pm. h Fluorescence microscopic

Develop

image of colorful parrot pattern via consecutive steps. Scale bars, 5 mm. i Patterns
made by different types of QDs. From top to bottom: red InP/ZnS, green InP/ZnS,
blue ZnSe/ZnS. Scale bars, 100 um. j-1 Patterns on different substrates. From left to
right: PET plastic film, silicon oxide wafer, and ITO glass. Scale bars, 5 mm.

emissive layer of the QLEDs device (non-arrayed) to test their EL per-
formance. Figure 7b shows that crosslinked devices have the same EL
emission peak (peak emission wavelength and the spectral linewidth)
as pristine devices, indicating that the TPP-based patterning method is
indeed non-destructive and effectively preserved the photophysical
properties of the QDs. Furthermore, the patterned RGB QLEDs com-
posed of 4 um line arrays (insets of Fig. 7) further demonstrate the
excellent adaptability of this method for high-definition display man-
ufacturing. We further characterize the current density-voltage (J-V)
behavior, luminance, and EQEs of pristine and crosslinked QLEDs. Both
devices exhibit comparable performance, indicating that photo-
crosslinking with the employed TPP does not affect the optical or
transport characteristics of QD films (Fig. 7c-h). In addition, cross-
linked QLEDs demonstrate good EL performance, particularly for blue-
emitting QLEDs. Representative current density-voltage-luminance (/-
V-L) curves for pristine and crosslinked blue QLEDs are shown in Fig. 7e
and h, maximum luminance values of 7851 and 7472 cd m, and EQEs
of 22.4% and 21.6%. Device lifetimes are also measured at different
initial luminance (Supplementary Fig. 37), revealing that crosslinked
blue-emitting QLEDs exhibit a Tos lifetime at 1000 nits of 135h,

comparable to 159h for pristine devices (Supplementary Fig. 38).
While the crosslinked devices, especially blue-emitting ones, perform
well, their characteristics remain below those of current state-of-the-
art individual devices®’. Compared to other patterning methods, our
work exhibits higher efficiency in crosslinked blue-emitting QLEDs, as
shown in Supplementary Table 1. Our direct photolithography pat-
terning method also extends to the fabrication of red- (Fig. 7c, f) and
green-emitting (Fig. 7d, g) patterned QLEDs (non-arrayed). Similar
comparisons apply to pristine and crosslinked red and green QLEDs.
We demonstrate consistent results of the high EQEs for red- (20.2%)
and green-emitting (25.6%) crosslinked QLEDs. A detailed comparison
of QLEDs characteristics can be found in Supplementary Table 4, with
all our RGB QLEDs among the best-performing crosslinked QLEDs,
demonstrating that TPP-based photoresist-free patterning is a general
approach for the fabrication of high-performance QLEDs displays and
related integrated devices.

Previous works suggest that the photochemical process involved
in direct photopatterning leads to a significant decrease of device
performance after patterning’®. In our work, we employ multi-
functional TPP, which minimize the performance loss caused by the
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Fig. 7 | Cd-based QLEDs performance. a Schematic device structure and energy
band diagram of a representative QLEDs. b Comparison of the EL spectra of pristine
(dashed) and crosslinked (solid) QLEDs. c—e Current density-voltage-luminance of
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pristine and crosslinked red-, green-, and blue-emitting QLEDs. f-h EQEs char-
acteristics of pristine and crosslinked red, green, and blue QLEDs. Inset: EL images
of pixelated red, green, and blue QLEDs. Scale bars, 10 pm.

patterning process. In Supplementary Fig. 39, the high efficiency of
both pristine and crosslinked QLEDs devices are maintained in a wide
range of brightness. The peak current efficiency (CE) of crosslinked
red-, green- and blue-emitting QLEDs is 25.1, 94.7, and 12.5cdA™,
respectively, which is also close to that of pristine QLEDs. These
positive effects are mainly attributed to higher carrier concentration
and hole mobility in QDs layers with added TPP molecules™. As shown
in Supplementary Fig. 40, introducing TPP results in an upward shift of
the valence band maximum (VBM) for red-, green-, and blue-emitting
QDs. For instance, the VBM of blue QDs increases from -7.02 eV
(pristine) to —6.72 eV (with TPP), and further to —-6.56 eV after photo-
chemical cross-linking. This upward shift causes an effective reduction
of the energy barrier for hole injection from the neighboring HTL into
the QDs, thereby promoting improved charge balance within the
emissive layer. However, the increase in hole transport rate compen-
sates for the reduction in electron mobility, resulting in no significant
net improvement in crosslinked device performance.

We further test the performance of QLEDs devices with cross-
linked Cd-free QDs (red-emitting InP/ZnS, green and blue-emitting,
ZnSe/ZnS) active layers (Supplementary Fig. 41). Compared to pristine
devices, the crosslinked QLEDs exhibit nearly identical J-V-L char-
acteristics, and there is no noticeable change in the EL peak wave-
length or spectral width (Supplementary Fig. 42). These results
validate that the TPP-mediated patterning method is compatible with
Cd-free-based QDs, and enables functional device fabrication without
the need for Cd-based emitters. While the performance does not yet

match that of Cd-based devices, we emphasize that this discrepancy
primarily reflects the current state-of-the-art in QDs material devel-
opment, rather than limitations of the patterning method itself.
Therefore, the observed device characteristics strongly suggest that
the direct optical patterning process using TPP has the potential to
realize practical EL displays.

Benefiting from the excellent patterning fidelity and stable QLEDs
performance, we further demonstrate the direct photolithographic
patterning of QDs on TFT backplanes, achieving successful integration
of QLEDs with TFT circuitry to fabricate an active-matrix QLED (AM-
QLED) display. In contrast to previous demonstrations, where only red
and green AM-QLEDs could be achieved via photolithographic
patterning®, we report the successful integration of blue QDs into TFT
circuits. This enables us to realize a full-color AM-QLEDs display by
integrating RGB QDs onto the TFT backplane using our TPP-based
DOLFIN technique.

The TFT backplane used in our demonstration consists of a pixel
array designed specifically for the fabrication of AM-QLEDs displays. As
illustrated in Fig. 8a, each pixel unit consist of three TFTs. TFT-1 is
activated by a scan voltage (Vscan) and data voltage (Vgaea), Which in
turn triggered TFT-2 through a direct connection between the drain of
TFT-1 and the gate of TFT-2. Upon activation, a power supply signal
(V4q) is applied to the source of TFT-2 and delivered to the drain to
drive the QLEDs pixel. TFT-3 is used to reset the potential of TFT-2 in
preparation for the next input signal cycle. Our strategy enables QDs
patterning on two types of TFT backplanes with different pixel sizes,
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Fig. 8 | Active-matrix QLEDs displays. a Schematic and structure of the pixel drive
circuit consisting of three TFTs (address TFT-1, drive TFT-2, and reset TFT-3) and a
storage capacitor. The layers (PEDOT: PSS, TFB, QDs, ZnO) were spin-coated on the
TFT backplane with a grounded co-cathode. TFT-1, controlled by scan voltage
(Vscan) and data voltage (Vgara), biases TFT-2 to drive the QLED, while TFT-3 resets
the potential for the next operation. PVland PV2 are passivation layers. a-Si and n*
denote amorphous silicon and n-type doping. b Patterned QLEDs displays

fabricated on large-size TFT backplanes with RGB sub-pixels of 380 x 650 pym and a
resolution of 19 ppi. Scale bars, 200 pum. ¢ Patterned QLEDs displays fabricated on
small-size TFT backplanes. Right: integration of single-color QDs on TFT back-
planes with RGB sub-pixel dimensions of 85 x 140 pm and a resolution of 77 ppi.
Scale bars, 200 pm. EL images of QLED displays with single- (d), dual- (e), and
ternary- (f) color patterns of red, green, and blue QD layers, showing the images of
letters, numbers, symbols, and Chinese characters. Scale bars, 1cm.

where each patterned monochromatic QLEDs functions as a subpixel.
We pattern QD layers into a 16 x16 pixel array (Fig. 8b), precisely
aligned in both size and position with the underlying TFT architecture
(Supplementary Fig. 43), thereby enabling deterministic control of
charge injection into each QLED pixel. On the large-area TFT back-
plane, the RGB subpixel dimensions are 380 x 650 um. Additionally,
we fabricate patterned QLEDs displays on a smaller pixel TFT back-
plane, where the RGB subpixel size is reduced to 85x140um,
achieving a resolution of 77 pixels per inch (ppi) (Fig. 8c and Supple-
mentary Fig. 44), the highest resolution reported to date for full-color
AM-QLEDs fabricated using the DOLFIN approach. It is worth noting
that this resolution is limited by the minimum achievable TFT pixel
size, rather than by the resolution of the TPP-based patterning process
itself. This underscores the tremendous potential of our method for
future industrial-scale fabrication of high-resolution, full-color micro-
displays using DOLFIN.

Finally, we demonstrate pixel-level active-matrix control for the
display of letters, numbers, and even Chinese characters transmitted
via Bluetooth from a computer (Fig. 8d-f and Supplementary
Videos 1-4). In single-color display mode, uniform emission from
individual pixels results in vivid and well-defined images. In dual-color
and full-color display modes, complex Chinese characters such as
“Nanjing University” and the text “NJU” and “DOLFIN” are rendered in
multiple colors. With further optimization of QD structure, surface
chemistry, and device architecture, we anticipate continued
enhancement in the performance of full-color QDs-based displays.

Discussion

In summary, we develop a multifunctional patterning strategy based
on a commercially available small molecule TPP, that enables ambient-
condition, photoresist-free lithography of QDs with high-resolution
and preserved optoelectronic properties. Acting simultaneously as a
surface ligand, photosensitizer, and oxidation protector, TPP triggers
oxygen-mediated photochemical reactions under UV exposure, facil-
itating precise modulation of QDs solubility without degradation. This
strategy achieves full-color QDs patterning with a resolution up to
9534 dpi and facilitated the fabrication of electroluminescent QLEDs
with EQEs—21.6% for blue, 25.6% for green, and 20.2% for red—
matching or exceeding the unpatterned counterparts. The integration

of patterned RGB QDs with TFT backplanes further enables the
demonstration of a full-color active-matrix QLEDs display based
entirely on ambient-condition photolithography. Therefore, the TPP-
enabled patterning strategy offers versatile guidance for future design
of multifunctional small molecules tailored to specific QDs systems
and device architectures. By rationally tuning molecular structures and
functional groups, it may be possible to optimize radical generation
efficiency, photoreactivity, and compatibility with various QDs surface
chemistries—including emerging heavy-metal-free (e.g., InP- and ZnSe-
based) QDs. Furthermore, exploring broader photonic excitation
sources beyond UV, such as near-UV or visible light, could enable
milder, substrate-friendly processes and further expand application
scenarios. Together, these advances would accelerate the commercial
translation of high-resolution, photoresist-free QDs patterning for
next-generation full-color displays and flexible optoelectronic devices,
supporting the industry’s shift toward Cd-free, environmentally sus-
tainable solutions.

Methods

Materials

The following chemicals and materials are used as received. Cadmium
oxide (Cd0,99.99%, Aladdin), selenium powder (Se, 200 mesh,
99.999% metals basis, Aladdin), TOP (97%, Strem), trioctylphosphine
oxide (TOPO, 90%, Aladdin), TPP (99%, Aladdin), OA (90%, Alfa Aesar),
oleylamine (OLAm, 95%, Strem), octadecene (ODE, 90%, Alfa Aesar),
cesium carbonate (Cs,CO3, 99.9% trace metals basis, Aldrich), lead (II)
bromide (PbBr,, 99.999% metals basis, Alfa Aesar), methyl acetate
(MeOAc, anhydrous, 99.5%, Aldrich), tetrachloroauric(lll) acid trihy-
drate (HAuCl4-3H,0, 99%, Innochem), 1,2,3,4-tetrahydronaphthalene,
(tetralin, 97%, Alfa Aesar), tetrabutylammonium bromide (TBAB, 99%,
Aladdin), Nickel(ll) acetylacetonate (Ni(acac),, 95%, Sigma-Aldrich),
Benzyl ether (BE, 98%, Sigma-Aldrich), isopropanol (Aladdin), zinc
acetate dihydrate (Aladdin), 1-dodecanethiol (Aladdin), hexane
(anhydrous, 95%, Aldrich), ethanol (anhydrous, 99.5%, Aldrich), and
dimethylformamide (DMF, >99.7%, Alfa Aesar). Poly(3,4-ethylene-
dioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, Clevios™ PVP.
Al 4083, 1.3-1.7% aqueous solution) and poly[(9,9-dioctylfluorenyl-2,7-
diyl)-co-(4,4’-(N-(4-sec-butylphenyl)diphenylamine)] (TFB, average
molecular weight, ~50,000 g mol™, American Dye Source) are used as
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hole injection and transport materials, respectively. ZnMgO QDs
(B0mgmL™ in ethanol, Mesolight) serve as the ETL. II-VI semi-
conductor QDs with core/shell or core/shell/shell structures and red
(CdSe/ZnS), green (CdSe/CdZnSeS/ZnS), and blue (CdZnS/ZnS) are
obtained from TCL Inc. Heavy-metal-free InP/ZnS (capped with OA and
OLA ligands) are purchased from Suzhou Xingshuo Nanotech Co. Ltd
(Mesolight).

Synthesis of wurtzite CdSe quantum dots

Wurtzite CdSe QDs capped with OA are synthesized using cadmium
oleate as the Cd precursor, following a modified literature
procedure®®. Cd(OA), (2.25mL), TOPO (1.2 x g), and ODE (12 mL) are
loaded into a 100 mL three-necked flask, dried under vacuum at 70 °C
for 1h, and heated to 300 °C under nitrogen. A stock solution con-
taining TOP-Se (4 mL, 1molL™) in TOP and OLAm (3mL) is swiftly
injected at 300 °C. The reaction is maintained at 280 °C for 2-3 min,
then cooled to room temperature. The QDs are isolated by ethanol
precipitation, centrifugation, and redispersion in hexane. To prepare
Cd(OA), stock solution, CdO (0.643 x g, 5mmol) is mixed with OA
(10 mL) in a 25 mL three-neck flask at room temperature and heated
under vacuum at 100 °C for 1 h. The mixture is then heated to 250 °C
under nitrogen until a colorless solution formed, indicating comple-
tion of Cd(OA), formation. After cooling, the solution is dried under
vacuum at 150 °C to remove residual water, yielding Cd(OA), as a white
waxy solid for further use.

Synthesis of Au nanocrystals

Au nanocrystals (NCs) are prepared following a previously reported
procedure®. HAuCl,-3H,0 (0.1 x g, 0.25 mmol) is dissolved in a mixture
of tetralin (10 mL) and OLAm (10 mL) in a 50 mL flask at room tem-
perature. The solution is purged with nitrogen and stirred for 15 min,
during which a light red color developed. Separately, TBAB
(0.0435 x g, 0.13 mmol) is dissolved in tetralin (1mL) and OLAm (1 mL)
and rapidly injected into the flask. The reaction proceeds under
nitrogen for 1h. The resulting Au NCs are purified by six cycles of
hexane/ethanol washing, dispersed in toluene at 40 mgmL™, and
stored at 4 °C for further use.

Synthesis of Ni nanocrystals

Monodisperse Ni NCs capped with OLAm are synthesized via thermal
decomposition of Ni(acac),®. For the preparation of 12.5 nm Ni NCs,
Ni(acac), (300 mg) and OLAm (4 mL) are dissolved in benzyl ether
(30 mL). The mixture is evacuated at room temperature for 15 min,
flushed with nitrogen, and then TOP (1.304 mL) is added. After a sec-
ond evacuation, the solution is heated to 100 °C and subsequently
reacted at 230 °C under magnetic stirring for 15min. The NCs are
isolated by addition of isopropanol followed by centrifugation
(8000 rpm, 3 min) and redispersed in hexanes for further use.

Synthesis of ZnO nanocrystals

Zn0 NCs are synthesized according to a previously reported method®.
Zn(0A),2H,0 (1 g, 45 mmol) iss dissolved in isopropanol (250 mL) and
heated to 60 °C in an oil bath. Separately, NaOH (0.29 x g, 73 mmol) is
dissolved in isopropanol (85 mL) at room temperature and then added
to the zinc precursor solution, with the reaction maintained at 60 °C.
After 30 min, 1-dodecanethiol (1.09 mL) is introduced dropwise, leading
to the gradual appearance of turbidity. The reaction is continued for
60 min with heating and stirring, after which the dispersion was allowed
to settle. The supernatant is removed, and the nanocrystals are collected
by transferring the mixture into centrifuge tubes, followed by ethanol
washing and precipitation via centrifugation (3500 rpm, 2 min).

Characterizations
Scanning electron microscopy (SEM) is carried out using a Zeiss Supra
55 field-emission microscope. TEM is performed on a JEOL JEM-2800

instrument operated at 120 kV. X-ray diffraction patterns are collected
on a Bruker D8 ADVANCE diffractometer equipped with Cu Ka radia-
tion. Fourier transform infrared (FT-IR) spectra are recorded on a Tensor
Il spectrometer (Bruker). Film roughness and thickness are determined
using a Bruker Icon atomic force microscope (AFM) and a Dektak-XT
profilometer. Bright-field and fluorescence images are acquired with a
Nikon Ni-U fluorescence microscope. UV-vis absorption spectra are
obtained on an Agilent Cary 5000 spectrophotometer. Steady-state
fluorescence spectra and absolute PLQYs are measured using a Lab-
sphere integrating sphere coupled to a computer-controlled spectro-
meter. Time-resolved photoluminescence is recorded on a HORIBA FL-3
3D fluorescence spectrometer. NMR spectra are measured on a Bruker
AVANCE 11I-500 instrument. EPR measurements are conducted on a
Bruker EMX Plus spectrometer under in situ UV irradiation.

Patterning procedures

Photoresist-free photopatterning is carried out in three steps. (i) Film
coating. Quartz, silicon, or glass substrates are sequentially sonicated
in toluene, acetone, methanol, and ethanol (15 min each) and dried
under nitrogen. Purified QDs (20-30 mg mL™ in toluene or octane) are
blended with TPP (10-40 wt%) and spin-coated at 2000 rpm for 40 s.
(i) UV exposure. The films are contacted with photomasks and irra-
diated using a handheld UV lamp (254 nm, 4.5 mW cm™). (iii) Devel-
opment. Unexposed QDs are removed by dynamically spin-coating the
same solvent (2000 rpm, 30s). All procedures are conducted in a
cleanroom under yellow light. Typical patterning involves 10-40 wt%
TPP and UV doses of 40-270 m) cm™, depending on QD type and
ligand coverage.

Quantum dots devices fabrication

Pristine and patterned QLEDs (non-arrayed) are fabricated in a s con-
ventional device architecture consisting of indium tin oxide (ITO)/
PEDOT:PSS/TFB/QDs/ZnMgO/Ag. ITO substrates are sequentially
sonicated in detergent, deionized water, acetone, and isopropanol
(15 min each) and treated with oxygen plasma for 20 min. PEDOT:PSS is
deposited by spin-coating at 5000 rpm and baked at 140 °C for 15 min.
The samples are then transferred into a nitrogen glovebox for
deposition of the TFB layer (25 nm), spin-coated at 3000 rpm for 30 s
and annealed at 200 °C for 30 min. For pristine devices, QDs in octane
(10-20 mgmL™) are spin-cast at 2000 rpm for 30 s and annealed at
80 °C for 10 min. For patterned devices, QDs premixed with 10-40 wt%
TPP are spin-coated, irradiated with 254 nm UV light (40-270 mJ) cm™),
and developed in octane; unless otherwise specified, the full film is
exposed for direct comparison of performance. The ZnMgO ETL
(35 nm) is deposited by spin-coating at 2000 rpm for 30 s, followed by
annealing at 80 °C for 30 min. A 100 nm Ag cathode is then thermally
evaporated under high vacuum (-107° mbar). Devices are encapsulated
with UV-curable epoxy and glass covers prior to electrical and optical
characterization. Current density-voltage-luminance (J-V-L) char-
acteristics and angular emission profiles are measured using a Keithley
2614B source meter and a calibrated PIN-25D silicon photodiode.

For proof-of-concept active-matrix QLED displays, patterned
emissive layers are integrated onto 16 x 16 TFT backplanes. On top of
the patterned ITO electrodes, sequential layers of PEDOT:PSS, TFB,
photopatterned QDs, ZnMgO, and an Al cathode are deposited using
procedures analogous to those above. The QD layer is patterned
through a designed photomask to align with the underlying ITO array.
Mono-, dual-, and full-color displays are fabricated using red-, green-,
and blue-emitting QDs. The completed devices are connected to cus-
tom display drivers via hot-pressed wiring and operated under com-
puter control via Bluetooth.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The main data that support the findings of this study are available in
this article and its Supplementary Information. Additional data are
available from the corresponding author upon request.
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