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HIGHLIGHTS

e Direct photolithography of electrochromic WO, nanoparticles via in situ photo-induced ligand exchange is proposed and demonstrated.

® The highest resolution among inorganic electrochromics (< 4 pm) is achieved, which is promising in high-resolution non-emissive

displays.

® The as-prepared device exhibits highly remarkable performance including rapid response, high coloration efficiency and durability.

ABSTRACT High-resolution non-emissive displays based on elec-
3 . . . Direct photolithography of WO, nanoparticles ngh-resolutlon displays

trochromic tungsten oxides (WO, ) are crucial for future near-eye vir- ----------mommmmmmmmmnmees " .

tual/augmented reality interactions, given their impressive attributes

such as high environmental stability, ideal outdoor readability, and

inorganic materials has presented a significant challenge in achieving

precise patterning/pixelation at the micron scale. Here, we successfully
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low energy consumption. However, the limited intrinsic structure of

developed the direct photolithography for WO, nanoparticles based
on in situ photo-induced ligand exchange. This strategy enabled us to T e

achieve ultra-high resolution efficiently (line width <4 um, the best resolution for reported inorganic electrochromic materials). Addition-
ally, the resulting device exhibited impressive electrochromic performance, such as fast response (< 1 s at 0 V), high coloration efficiency
(119.5 cm? C™!), good optical modulation (55.9%), and durability (> 3600 cycles), as well as promising applications in electronic logos,
pixelated displays, flexible electronics, etc. The success and advancements presented here are expected to inspire and accelerate research

and development (R&D) in high-resolution non-emissive displays and other ultra-fine micro-electronics.
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1 Introduction

Emerging electrochromic (EC) materials and devices, capa-
ble of efficiently and reversibly modulating optical signals
(color, absorbance, transmittance, reflectivity, etc.) and
information through electrochemically driven redox pro-
cesses, offer compelling features such as outdoor readability,
flexibility, transparency, and low energy consumption [1-6].
These impressive properties have positioned EC materials
and devices as pivotal components in wearable electronics
[7-9], reflective/transparent non-emissive displays [10-12],
and other applications. Given the escalating demand for
higher image quality and broader application scenarios (e.g.,
near-eye virtual/augmented reality displays [13, 14], display-
on-a-chip [15], etc.), achieving ultra-high resolution with
ideal EC performance is crucial for the advancement of EC
display technologies.

Inorganic EC materials, particularly transition metal
oxides exemplified by tungsten oxide (WO,, 0 <x <3)
[16-20], have attracted significant attention in EC appli-
cations like smart windows, sunroofs, and electronic shelf
labels, owing to their compelling durability and stability,
which are also essential for the current displays to adapt to
various environments. Recent advancements in WO, nano-
materials and feasible solution-processing techniques have
demonstrated superior EC performance and cost-effective-
ness compared to traditional WO, films produced by mag-
netron sputtering [21-25]. Furthermore, classic processing
strategies (e.g., inkjet printing, dispensing printing, etc.)
have been proposed and made positive progress in prepar-
ing WO, patterns to meet the requirements of EC displays
[26-28]. For instance, P. Yang, T. Kraus, and H. J. Fan et al.
reported a flexible pseudocapacitive EC device based on
inkjet-printed WOj;_, nanoparticles (NPs) [29]. However,
due to nozzle limitations and the ever-present coffee-ring
effect, these patterning strategies have so far achieved only
relatively low resolutions (>20 um) with inevitable nonu-
niformity issues. High-resolution patterning/pixelation of
WO, nanomaterials at the micron scale remains a challeng-
ing objective. Further R&D efforts are urgently required
to address these challenges and unlock the full potential of
high-resolution EC displays.

Direct photolithography of functional materials, utiliz-
ing photo-induced chemical reactions to modify material
solubility, is an emerging and highly anticipated strategy

© The authors

for high-resolution, high-throughput and high-fidelity pat-
terns [30-36]. For example, Wang and Talapin et al. reported
the the photo-patterning of inorganic nanomaterials based
on in situ ligand exchange between nanomaterials and pho-
toacid generators (PAGs) [33-36]. In the field of EC dis-
plays, direct photolithography of organic materials has been
reported many times due to their excellent structural modifi-
ability and rich colors. For example, John R. Reynolds et al.
demonstrated the first direct photo-patterning of EC conju-
gated polymers (CPs) in 2008 [37], with subsequent reports
achieving resolutions of approximately 50 um for photo-
lithographic CPs [10, 38-40]. Additionally, J.-M. Myoung
et al. reported multi-color pixelated gels (size =200 um)
based on viologen derivatives (organic EC molecules) [41,
42]. In our previous work, the direct photolithography of EC
dyes was demonstrated, achieving an outstanding resolu-
tion (~2 pm) and EC performance based on proton-coupled
electron transfer mechanism [43, 44]. The aforementioned
results highlight the value of direct photolithography for
organic EC materials. However, the unsatisfactory environ-
mental stability of organic materials, which could not be
ignored, limits their practical applications [5]. In contrast,
directly photolithographic EC WO, could be a promising
way to simultaneously achieve the excellent stability and
high resolution. But unfortunately, due to its poor modifi-
ability stemming from intrinsic structural limitations, this
goal has not been realized. Besides, the relatively low col-
oration efficiency and response speed of inorganic materials
also limit their potential application and development in the
field of high-resolution display to a certain extent.

Herein, a novel high-resolution EC system based on
WO, NPs and photosensitive additives was introduced to
address the above bottleneck. And precise WO, patterns
(line width <4 pm, one of the highest resolutions in the
EC field) could be achieved successfully through a well-
designed photolithographic process involving in situ ligand
exchange reactions under UV radiation. Meanwhile, the
as-prepared device exhibited remarkable EC performance,
including rapid response, high coloration efficiency, good
optical modulation and durability. Furthermore, some non-
emissive display prototypes with potential applications in
self-powered displays, electronic logos, pixelated displays,
and flexible electronics, were demonstrated, showcasing
its wide applicability. The interesting investigation about
direct photolithography of EC WO, NPs represented here
makes a significant advancement in the development of
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high-resolution non-emissive EC displays and other ultra-
fine micro-electronics. And the promising potential of this
work extends to applications in academic and research
communities.

2 Experimental Section
2.1 Synthesis of WO, NPs

WO, NPs were synthesized according to the reported
method with some modifications [29]. At first, tungsten
chloride (WCl) powder (800 mg) was dissolved in oleic acid
(8 mL) under stirring in a nitrogen-filled glove box. Mean-
while, oleylamine (OAm, 4 mL) and oleic acid (OA, 40 mL)
were placed into a dried round bottom flask. The mixture
solution was degassed at 120 °C for 1 h, and then was heated
up to 300 °C under Argon flow. The precursor of WCl, was
injected into the abovementioned solution quickly and main-
tained for 5 min. After that the reaction system was cooled
down to room temperature, the raw WO, nanoparticles
were obtained by precipitation into excessive isopropanol
and centrifugation. At last, WO, NPs were washed twice by
isopropanol and dispersed in a nonpolar solvent (e.g., tolu-
ene, or n-hexane, or their mixed solution). The photo of as-
prepared solution is listed in the insert picture in Fig. 1b. The
concentration of WO, NPs was approximately 30 mg mL~".

2.2 Direct Photolithography of WO, NPs

In order to achieve direct photolithography of WO, NPs,
a transparent electrode (ITO or PET-ITO) was used as the
substrate. A WO, film was coated on the substrate by spin
coating using the photolithographic solution (30 mg mL™!
WO, in toluene, or n-hexane, or their mixed solution with
2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-tria-
zine (MBT)). Unless otherwise mentioned, the content of
MBT was controlled to 1.0 wt% of WO,. The WO, film was
exposed under UV LED lamp (centered at 365 nm) with dif-
ferent photomasks for required patterns in a nitrogen-filled
glove box. Then, the film was submerged in toluene to wash
off the unexposed areas (as the developing process). At last,
the film was annealed at 100 °C for 20 min to completely
remove the residual solvent. The thickness of as-prepared
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WO, film and pattern could be adjusted by controlling the
spinning speed, as shown in Table S1.

2.3 Preparation and Characterization of EC Devices

In order to prepare an EC device, at first, the direct
photolithography of WO, on ITO (or PET-ITO for flexible
devices) was developed as the EC electrode. And then, a
PDMS spacer (thickness: ~390 pm) was prepared. A Zn
foil (thickness: ~ 120 um) was carved into the appropriate
shape. At last, the device was successfully fabricated by
combining the EC electrode, a PDMS spacer, an electrolyte
solution (1.0 mol L~! ZnSO, in deionized water), a
Zn foil and a transparent glass cover. EC properties of
as-prepared devices were characterized by a UV-Vis
spectrophotometer integrated with an electrochemical
workstation. Air was used as the reference.

3 Results and Discussion
3.1 Synthesis of EC WO,

In order to efficiently fabricate high-resolution WO,-based
EC displays using the direct photolithographic strategy,
as shown in Fig. 1a, the key lies in constructing a highly
compatible combination of WO, and photosensitive
additive. The photosensitive additive, can serve as an
effective dissolution inhibitor for the formation of WO,
patterns under suitable UV radiation. And WO, serves as
the basis for EC function, which is the prerequisite for
application. Therefore, the design and synthesis of WO,
were the initial focus of this research.

WO, NPs were selected as the EC material due to their
large specific surface area, good dispersibility, and ideal
film-forming properties [45]. Herein, WO, NPs were
synthesized using a classic solvothermal process with WCl,
as the W source (Fig. 1a), resulting in a dark blue solution
(insert picture in Fig. 1b). Transmission electron microscope
(TEM) images revealed clear lattice fringes with a spacing
of 0.37 nm in the prepared WO, NPs, corresponding to the
(200) crystal face. As shown in Fig. Ic, the size distribution
of WO, NPs was in a relatively narrow range of 2—7 nm in
diameter (average diameter: 4.14 nm), indicating excellent
uniformity. The elemental mapping in aberration corrected
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Figure 1 Synthesis of WO, NPs. a Schematic of direct photolithography of WO, NPs synthesized by WCl¢ and OA (and/or OAm) for ultra-
high-resolution EC non-emissive displays, b TEM image of WO, NPs at different magnifications. Insert picture: the photo of toluene solution
containing WO, NPs, ¢ Diameter statistics of as-synthesized WO, NPs, d X-ray diffraction pattern of WO, NPs. Red bars: Brag positions of the

cubic WOj; phase (JCPDS 46-1096)

scanning transmission electron microscopy (STEM) using
energy-dispersive X-ray spectra (EDS) confirmed the
presence of W and O elements (Fig. S1). Furthermore,
the crystalline phase of as-synthesized WOx NPs was
determined as a cubic phase by X-ray diffraction (XRD)
analysis (Fig. 1d). Meanwhile, the calculated size of WO,
NPs was about 4.20 nm based on Scherrer equation (Note
S3), which proved the accuracy of diameter statistics based
on TEM data.

Considering the volatile feature of organic components,
the content of surface organic ligands could be measured by
thermogravimetric analysis (TGA) [46]. Here, the weight
ratio of WO, NPs was maintained at 88.3% after 450 °C,
proving that its content of organic ligands (OA and/or OAm)
was ~11.7% (Fig. S2). Based on these experimental results,
WO, NPs dispersed in a nonpolar solvent (e.g., toluene
or n-hexane) were successfully prepared for further EC
research and applications.

© The authors

3.2 Direct Photolithography of As-Synthesized WO,
NPs

Finding a suitable photosensitive additive with high photo-
sensitivity, outstanding reactivity, and compatibility is cru-
cial for achieving precise optical patterning of as-prepared
EC materials (WO, NPs). Here, PAGs are considered ideal
candidates. In this expected process, PAGs release protons
(H") under UV radiation, as shown in Fig. 2a. These protons
can react with the surface organic ligands of WO, NPs, lead-
ing to an in situ ligand exchange process. The solubility of
WO, NPs with new ligands in non-polar solvents decrease
significantly. Consequently, various patterns can be easily
achieved. Herein, MBT was selected as the PAG due to its
strong absorption in UVA region (320-400 nm) (Fig. S3)
and good solubility in toluene (the dispersion solvent for
WO, NPs). Moreover, MBT exhibited high photosensitivity
to UV radiation. As demonstrated in Fig. S3, the intensity
of its characteristic absorption peak decreased significantly
upon radiation with i-line (365 nm, industrial-standard light
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sources for photolithography). The photochemical reaction
mechanism of MBT was illustrated in Fig. 2a, as reported
previously [35].

To verify the directly photolithographic feasibility, the
solubility of WO, NPs with and without MBT under UV
radiation was monitored (Fig. S4). Results showed that
some insoluble precipitates appeared in the dispersion
of WO, NPs with MBT after UV radiation for 20 s. In
contrast, the pristine dispersion of WO, NPs remained
stable, indicating that WO, NPs and MBT could be an
efficient candidate for direct optical patterning. As a proof
of concept, a high-resolution array was achieved on a
transparent conductive electrode (indium tin oxide, ITO)
after UV radiation and developing processes. And the
uniform distribution of tungsten (W) element, as shown
in Fig. 2b, indicated that the array was composed of WO,.

Further, to elucidate the light-triggered in situ ligand
exchange mechanism, detailed changes in component
structure before and after the photolithographic process
were systematically studied. As shown in Figs. 2c and S5,
apparent characteristic peaks of MBT (CI 2p and N 1s)
were observed in the film containing WO, and MBT, as
monitored by X-ray photoelectron spectroscopy (XPS)
analysis. It is noteworthy that the MBT content was set
at 20.0 wt% to amplify its signal, which was significantly
higher than the default content (1.0 wt%). After the UV
radiation and developing process, the characteristic peak
of Cl 2p was well maintained, verifying the successful
ligand exchange. Related mechanism was further
confirmed by Fourier transform infrared (FT-IR) spectra
(Fig. 2d). Similar to XPS analysis, characteristic peaks of
MBT were detected in the film containing WO, and MBT.
On the other hand, these peaks became very weak after the
photolithographic process, demonstrating the effective
removal of most residual groups of MBT.

Then, the morphology differences of pristine and
photolithographic WO, were explored by atomic force
microscope (AFM) analysis. Results showed that the root-
mean-square roughness (R,) value of the pristine WO, film
was only 0.98 nm (Fig. 2e), which proved its good film-
forming ability. And the Rq value of the photolithographic
WO, film was 1.29 nm. The slight increase in roughness
might be attributed to the surface ligand exchange of
WO, NPs, which was consistent with the elemental and
spectral analysis (SEM-EDS, XPS, and FT-IR). According
to the above experimental results, the mechanism of the
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photolithography process is described in Fig. S6, which is in
line with the design concept shown in Fig. 2a. On the other
hand, both pristine and photolithographic WO, films showed
strong adhesion with ITO electrode (Note S4 and Fig. S8).
And related classification reaches the highest level (5B)
according to the international cross-cut method of Standard
Test Methods for Rating Adhesion by Tape Test in ASTM-
3359 (ASTM, American Society for Testing and Materials).

Importantly, the photolithographic WO, film
demonstrated a satisfying ability to adjust the visible
spectrum and color. As illustrated in Fig. 2f, it could switch
reversibly between a colorless state and a blue-colored state
when external voltages were applied (0 V vs. Zn/Zn** for
the coloring process,+1 V vs. Zn/Zn** for the bleaching
process), similar to the pristine WO, film (Fig. S9). Note
that the optical modulation of photolithographic WO,
film was higher than pristine WO, film under the same
stimulation. We hypothesize that the underlying reasons
might be: (1) the improved conductivity due to the ligand
exchange that replacing long-chain organic ligands to ClI;
(2) the increased roughness (as shown in Fig. 2e), which
would increase reactive sites and transfer rates of ions.
Cyclic voltammetry (CV) tests of as-prepared pristine WO,
and photolithographic WO, were performed to support this
hypothesis. Results showed that both of them had similar
electrochemical reduction and re-oxidation signals (Fig.
S10), proving that they underwent the same reaction process.
Moreover, the current density of photolithographic WO,
was slightly higher, which supported the improvement of
conductivity after ligand exchange. In a word, the promising
EC property of photolithographic WO, fully proved its
potential for deeper application in EC displays.

3.3 Fabrication and Optimization of Self-Powered EC
Devices

Based on the directly photolithographic WO, film on trans-
parent ITO electrode (as the EC electrode), an EC device
was fabricated by assembling the EC electrode, an electro-
lyte solution (1.0 mol L™' ZnSO, in deionized water), a pat-
terned PDMS spacer, a counter electrode (a carved Zn foil),
and a transparent glass cover (Fig. 3a). As shown in Fig.
S11, the device could switch from a transparent colorless
state to blue at 0 V due to the low potential of Zn/Zn>*.
Meanwhile, the device could also revert to the original

@ Springer
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lyte solution

transparent colorless state spontaneously. It means that the
device operates without the supply of energy and is known
as a self-powered EC device [47-50]. Moreover, a positive

© The authors

voltage (+1 V) could accelerate the bleaching process and

is therefore used for subsequent experiments.

Further, to gain a deeper understanding of this new EC

system, we investigated the effects of preparation parameters

https://doi.org/10.1007/s40820-024-01563-6
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on photolithographic resolution and EC property. Herein,
MBT content and UV radiation dose (time) were analyzed.
As illustrated in Fig. S12, a hexagram array (size: 50 pm)
with a clear edge could be obtained, even when the MBT
content was as low as 0.1 wt%. On the other hand, related
devices exhibited slightly different EC performance, as
shown in Fig. 3b. Meanwhile, the background color of
all devices was very weak, which could be verified from
their transmittance spectra in the colorless state (Fig. S14).
Considering the highest optical modulation when MBT
content was 1.0 wt%, this was considered the optimal
parameter for reference in subsequent experiments.
Similarly, when the UV radiation time reached 10 s
(approximately 600 mJ cm~2), a high-resolution WO, pattern
with promising EC properties could be efficiently formed
(Figs. 3c and S13).

The thickness of photolithographic WO, films could be
dynamically controlled from ~ 18 to~90 nm by varying spin
speeds (Fig. 3d and Table S1). Remarkably, as the thick-
ness increased, the resolution of direct photolithography was
well maintained, as shown in the inset photos of Fig. 3e.
Meanwhile, their optical modulation (AT) increased, with
the maximum reaching 55.9% (Fig. 3e, f). And it is prom-
ising to achieve better optical modulation through thicker
EC films, which is preferred in the field of non-emissive
EC displays. However, achieving ultra-high resolution on a
very thick film is still a challenging, limited by the aspect
ratio of photolithography. Meanwhile, the increase of film
thickness will also affect ion transfer process, resulting in
slow response speed. In addition, compared to organic dyes
or conjugated polymers, the lower coloration efficiency of
inorganic EC materials also limits their optical contrast. In
the future, the solution of above bottlenecks is expected to
further accelerate the development of inorganic EC displays.
Gratifyingly, in this work, a typical EC device (thickness of
photolithographic WO, film: ~53 nm) exhibited attractive
optical modulation (28.7% at 0 V 1's, and 37.1% at 0 V 10 s).
Its UV—-vis spectra and photos at different optical states are
listed in Fig. S15.

This device displayed a gradient variation of transmittance
regulated with the time of applied voltage ranging from
20 to 1000 ms (Fig. 3g). Results revealed that only a
short response time of 50 ms was required to achieve a
significant change in transmittance. It is worth noting that
because shapes of EC electrode and counter electrode do
not perfectly overlap, the effective ion transport distance is

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

longer than the thickness of the electrolyte layer. Therefore,
the true response time of EC materials (WO, NPs) will be
shorter than the measured one. Additionally, the coloration
efficiency (CE) of the device was approximately 119.5 cm?
C~!, indicating a high electronic utilization efficiency
(Fig. 3h).

Cycling stability is an essential parameter for evaluating
application potentials of EC devices and displays [5].
Here, the device based on the photolithographic WO, film
maintained its electrochemical reduction and re-oxidation
performance after 3600 cycles in CV tests between 0 V
and+1 V (Figs. 3i and S16). During this process, the device
underwent complete coloring and bleaching processes,
as shown in Fig. S16. Gratifyingly, the EC performance,
represented by optical modulation, was well maintained after
the aforementioned CV tests (Fig. S17). The residual optical
modulation was about 22.4%, and its maintenance ratio
reached ~ 78 %, indicating the good durability. Compared
with reported devices based on WO, (Table S2), the EC
device we developed exhibits promising color-switching
performance and holds application value in EC displays.

3.4 Applications of High-Resolution EC Displays

In order to validate the application potential of photolitho-
graphic WO, NPs in high-resolution reflective displays and
transparent displays (Fig. 4a), various EC WO, devices were
fabricated successfully. Firstly, the resolution of EC patterns
was determined. According to corresponding 1951 USAF
resolution microscopic images (Fig. 4a), SEM data (Fig. 4b),
and AFM data (Fig. 4c), the minimum pattern size (line
width) could reach below 4 pm. To our knowledge, this is the
highest resolution for inorganic EC materials/device. Mean-
while, this still falls within the highest range even compared
with reported organic EC patterns (Fig. S18 and Table S3).
This means that the direct photolithography of inorganic EC
materials, as well as the related WO, NPs-based devices, is
suitable for future high-resolution display scenes, for exam-
ple, near-eye augmented reality and virtual reality.

Then, we prepared a series of WO, patterns and constructed
corresponding EC devices using various photomasks (Fig. 4d).
These patterned devices could be utilized in daily decorations,
electronic logos, EC signs, and other display applications.
Importantly, we developed EC devices with high-resolution
hexagram/triangle pixels arrays (pixel size =100, 50, and
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100 pm, f UV-vis spectra of EC device with photolithographic WO, film (thickness: ~90 nm) under electrical stimulations of 0 V for differ-
ent times. Insert: photos of the device in its colorless state and colored state. Scale bar: 1 cm, g Transmittance (T%) at 633 nm of the EC device
under 0 V for different times in coloring processes.+1 V was used for bleaching processes, h CE at 633 nm of the device under 0 V, i The peak
current density of the device in the coloring process and bleaching process at different cycles in CV tests

20 pm, respectively) (Fig. 4e), laying the foundation for future
active-matrix (AM) and/or passive-matrix (PM) driven pix-
elated displays. Subsequently, we will explore the application
potential of WO, NPs in high-resolution pixelated displays
based on as-developed photolithographic patterns. In this pro-
cess, the driving voltage of EC pixels and the signal crosstalk

© The authors

between EC pixels, as well as the addressing/driven mode of
the external circuit, will be studied in detail.

Additionally, direct photolithography of WO, NPs was
performed on a flexible conductive substrate (polyethylene
terephthalate-coated ITO, PET-ITO), as shown in Fig. 4f.
Subsequently, a flexible reflective device was successfully

https://doi.org/10.1007/s40820-024-01563-6
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Figure 4 Applications of high-resolution EC devices. a Schematic and related photos of as-prepared EC reflective and transparent displays.
Microscopic images were taken by transparent displays, b SEM images of EC patterns based on photolithographic WO, NPs, ¢ Three-dimen-
sional AFM image and corresponding surface profile of photolithographic EC patterns, d Photos of EC reflective displays with different pho-
tolithographic patterns, e Microscopic images of EC transparent displays with different photolithographic arrays, f Schematic and photos of

as-prepared flexible EC electrode and device

fabricated. This flexible device maintained its EC ability even
at a highly bent state (radius of curvature=4 cm). Based on the
above exploration, this newly developed EC display not only
demonstrates potential in current application scenarios but also
aligns with the future direction of high-resolution and flexible
electronics development.

Thanks to the remarkable resolution and self-powered
EC features, directly photolithographic WO, NPs might
also be expected to have important R&D value in the field

SHANGHAI JIAO TONG UNIVERSITY PRESS

of microelectronics (e.g., micro-nano grating, micro-iris,
micro-robots, micro-batteries). As a simple proof of concept,
energy storage properties of an as-prepared EC device were
tested. Results revealed that the device showed typical
pseudocapacitive features with 2.56 mF cm ™ at 0.1 mA cm™>
(Fig. S19). Moreover, its charging and discharging
processes were accompanied by apparent transmittance
changes, corresponding to the coloring and bleaching
processes. This indicated that the visual energy storage was

@ Springer
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realized successfully. In addition, after 2000 charge/discharge
cycles, its capacity could still be maintained at more than
84.8% of the initial one (Fig. S20), proving excellent stability
of the device.

3.5 Extendibility of Direct Photolithography Based
on WO, NPs

Benefiting from the facile and efficient preparation strat-
egy of directly photolithographic WO, NPs, the developed
EC system was easily expanded by changing the type of
chosen photosensitive additives (PAGs). As illustrated in
Fig. 5a, three other PAGs (PAG-1: (4-methylthiophenyl)
methyl phenyl sulfonium triflate, PAG-2: triphenylsulfo-
nium trifluoromethanesulfonate, PAG-3: diphenyliodo-
nium triflate) were introduced. Since these PAGs had no
absorption to i-line (365 nm) (Fig. 5b), efficient deep UV
radiation (centered at 254 nm, 20 s) was used to achieve
the required photolithographic process. The photochemical

1.5
— PAG-1
254 nm 365 nm m—— PAG-2
-~ I = PAG-3
5 10m I
o) - .
I F5° L y I
©/ \© F>Fr‘ 8 os '
< - I
I
PAG-3 00 ! :

reaction of these PAGs was shown in Fig. S21. As
expected, high-resolution WO, patterns and corresponding
EC devices could also be fabricated. These patterned EC
devices also exhibited reversible color-switching proper-
ties, similar to the photolithographic EC system based on
MBT, as revealed in Fig. 5c, d. These successful results
indicate that high-resolution WO, patterns can be prepared
with different PAGs, which confirms the extendibility of
photolithographic WO, systems.

At the same time, we note that EC performance of
these devices is not completely consistent, which might
be due to the differences in photosensitivity of PAGs or
exchanged ligands (e.g., chloride, triflate). This phenome-
non suggests that in the future, the performance of devices
can be dynamically adjusted through targeted optimization
of the structure of photosensitive materials. This will be
beneficial for further performance modifications to be suit-
able in various application situations.
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————————————————————————————— 40
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Figure 5 Extendibility of direct photolithography of WO, NPs. a Molecular formula of different PAGs, b The UV-vis spectra of PAGs
(0.01 mg/mL in ethanol), ¢ AT at 633 nm of EC devices based on photolithographic WO, with different PAGs. 0 V for different times (1, 2, 3, 5,
and 10 s) were used for coloring processes, d Photos of as-prepared EC devices

© The authors
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4 Conclusions

We have successfully developed a direct photolithography
strategy for WO, NPs to enable high-resolution EC
displays, utilizing light-triggered ligand exchange. The
photolithographic process was thoroughly investigated
through XPS, FT-IR, and AFM analyses. The resulting EC
patterns and devices exhibited ultra-high resolution (line
width <4 um) and impressive overall EC performance,
including fast response (<1 s at 0 V), high coloration
efficiency (119.5 cm? C™'), good optical modulation
(55.9%), and durability (> 3600 cycles). Furthermore,
we have demonstrated promising display prototypes,
showcasing the potential of practical applications of this
strategy.

This innovative strategy, along with the associated mate-
rials and devices, holds great promise in paving the way
for widespread applications of ultra-fine EC and other
information displays. The advancements made in this work
are expected to catalyze further R&D of next-generation
micro-electronic technologies, ultimately contributing to
the realization of advanced and versatile information dis-
play systems.

Acknowledgements This study was supported by the National Key
R&D Program of China (2022YFB3606501, 2022YFB3602902),
the Key projects of National Natural Science Foundation of China
(62234004), the National Natural Science Foundation of China
(U23A2092), Pioneer and Leading Goose R&D Program of Zhe-
jiang (2024C01191, 2024C01092), Innovation and Entrepreneur-
ship Team of Zhejiang Province (2021R01003), Ningbo Key Tech-
nologies R & D Program (2022Z085), Ningbo 3315 Programme
(2020A-01-B), YONGIJIANG Talent Introduction Programme
(2021A-038-B, 2021A-159-G), “Innovation Yongjiang 2035 Key
R&D Programme (20247146), Ningbo JiangBei District public
welfare science and technology project (2022C07), the China
National Postdoctoral Program for Innovative Talents (grant no.
BX20240391), and the China Postdoctoral Science Foundation
(grant no. 2023M743623). This paper was dedicated in memory
of Prof. Lei Qian, who was a great mentor, colleague, and friend.
He made many significant scientific contributions during his highly
productive career and will be remembered.

Author Contributions C. G. and G. Y. designed the studies and
wrote the paper. C. G. performed most of the experiments. W. W.,
A. S.and W. F. supported the experiments on the material synthesis
and structural analysis. C. G. and G. Y. performed data analysis.
X. H. provided assistance in the analysis of TEM and XRD data.
L.Q., C.X.,T.Z. and Y.-M. Z. proposed very valuable advice and

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

provided financial supports. All authors discussed the results and
commented on the manuscript.

Declarations

Conlflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/
by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-024-01563-6.

References

1. C.Sui,J. Pu, T.-H. Chen, J. Liang, Y.-T. Lai et al., Dynamic
electrochromism for all-season radiative thermoregulation.
Nat. Sustain. 6, 428-437 (2023). https://doi.org/10.1038/
s41893-022-01023-2

2. Y.Zhai,J. Li, S. Shen, Z. Zhu, S. Mao et al., Recent advances
on dual-band electrochromic materials and devices. Adv.
Funct. Mater. 32, 2109848 (2022). https://doi.org/10.1002/
adfm.202109848

3. S. Kandpal, T. Ghosh, C. Rani, A. Chaudhary, J. Park et al.,
Multifunctional electrochromic devices for energy applica-
tions. ACS Energy Lett. 8, 1870-1886 (2023). https://doi.org/
10.1021/acsenergylett.3c00159

4. Z. Shao, A. Huang, C. Ming, J. Bell, P. Yu et al., All-solid-
state proton-based tandem structures for fast-switching elec-
trochromic devices. Nat. Electron. 5, 45-52 (2022). https://
doi.org/10.1038/s41928-021-00697-4

5. C.Gu, A.-B.Jia, Y.-M. Zhang, S.X.-A. Zhang, Emerging elec-
trochromic materials and devices for future displays. Chem.
Rev. 122, 14679-14721 (2022). https://doi.org/10.1021/acs.
chemrev.1c01055

6. Z.Wang, X. Wang, S. Cong, F. Geng, Z. Zhao, Fusing electro-
chromic technology with other advanced technologies: a new

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-024-01563-6
https://doi.org/10.1007/s40820-024-01563-6
https://doi.org/10.1038/s41893-022-01023-2
https://doi.org/10.1038/s41893-022-01023-2
https://doi.org/10.1002/adfm.202109848
https://doi.org/10.1002/adfm.202109848
https://doi.org/10.1021/acsenergylett.3c00159
https://doi.org/10.1021/acsenergylett.3c00159
https://doi.org/10.1038/s41928-021-00697-4
https://doi.org/10.1038/s41928-021-00697-4
https://doi.org/10.1021/acs.chemrev.1c01055
https://doi.org/10.1021/acs.chemrev.1c01055

67 Page 12 of 13

Nano-Micro Lett. (2025) 17:67

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

roadmap for future development. Mater. Sci. Eng. R. Rep. 140,
100524 (2020). https://doi.org/10.1016/j.mser.2019.100524
Q. Liu, X. Ou, Y. Niu, L. Li, D. Xing et al., Flexible Zn-
ion electrochromic batteries with multiple-color variations.
Angew. Chem. Int. Ed. 63, €202317944 (2024). https://doi.
org/10.1002/anie.202317944

. L. Yin, M. Cao, K.N. Kim, M. Lin, J.-M. Moon et al., A

stretchable epidermal sweat sensing platform with an inte-
grated printed battery and electrochromic display. Nat.
Electron. 5, 694-705 (2022). https://doi.org/10.1038/
$41928-022-00843-6

. N. Matsuhisa, S. Niu, S.J.K. O’Neill, J. Kang, Y. Ochiai

et al., High-frequency and intrinsically stretchable polymer
diodes. Nature 600, 246-252 (2021). https://doi.org/10.1038/
s41586-021-04053-6

G. Yang, J. Fan, K. Zhang, C. Gu, J. Li et al., Electrochromic
reflective displays based on in situ photo-crosslinked PEDOT:
PSS patterns. Adv. Funct. Mater. 34, 2314983 (2024). https://
doi.org/10.1002/adfm.202314983

Y. Wang, R. Shen, S. Wang, Q. Chen, C. Gu et al., A see-
through electrochromic display via dynamic metal-ligand
interactions. Chem 7, 1308-1320 (2021). https://doi.org/10.
1016/j.chempr.2021.02.005

W. Zhang, H. Li, W.W. Yu, A.Y. Elezzabi, Transparent inor-
ganic multicolour displays enabled by zinc-based electrochro-
mic devices. Light Sci. Appl. 9, 121 (2020). https://doi.org/10.
1038/s41377-020-00366-9

J. Park, J.H. Choi, K. Kong, J.H. Han, J.H. Park et al., Electri-
cally driven mid-submicrometre pixelation of InGaN micro-
light-emitting diode displays for augmented-reality glasses.
Nat. Photonics 15, 449-455 (2021). https://doi.org/10.1038/
s41566-021-00783-1

Z.Liu, C.-H. Lin, B.-R. Hyun, C.-W. Sher, Z. Lv et al., Micro-
light-emitting diodes with quantum dots in display technol-
ogy. Light Sci. Appl. 9, 83 (2020). https://doi.org/10.1038/
s41377-020-0268-1

Y. Shi, Z. Wang, C. Dai, S. Wan, Z. Li, On-chip meticulous
grayscale high-resolution meta-display. ACS Photonics 11,
1311-1317 (2024). https://doi.org/10.1021/acsphotonics.
3c01936

R. Zhang, Q. Zhou, S. Huang, Y. Zhang, R.-T. Wen, Capturing
ion trapping and detrapping dynamics in electrochromic thin
films. Nat. Commun. 15, 2294 (2024). https://doi.org/10.1038/
s41467-024-46500-8

J. Guo, H. Jia, Z. Shao, P. Jin, X. Cao, Fast-switching
WO;-based electrochromic devices: design, fabrication, and
applications. Acc. Mater. Res. 4, 438—447 (2023). https://doi.
org/10.1021/accountsmr.2c00217

W. Cheng, J. He, K.E. Dettelbach, N.J.J. Johnson, R.S. Sherbo
et al., Photodeposited amorphous oxide films for electrochro-
mic windows. Chem 4, 821-832 (2018). https://doi.org/10.
1016/j.chempr.2017.12.030

Q. Zhang, Q. Liu, J. Kang, Q. Huang, Z. Liu et al., Robust
sandwich-structured nanofluidic diodes modulating ionic
transport for an enhanced electrochromic performance. Adv.

© The authors

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Sci. 5, 1800163 (2018). https://doi.org/10.1002/advs.20180
0163

G. Cai, J. Wang, P.S. Lee, Next-generation multifunctional
electrochromic devices. Acc. Chem. Res. 49, 1469-1476
(2016). https://doi.org/10.1021/acs.accounts.6b00183

Q. Zhao, J. Wang, X. Ai, Y. Duan, Z. Pan et al., Three-dimen-
sional knotting of W;0,;,@PEDOT:PSS nanowires enables
high-performance flexible cathode for dual-functional elec-
trochromic and electrochemical device. InfoMat 4, 12298
(2022). https://doi.org/10.1002/inf2.12298

G. Cai, R. Zhu, S. Liu, J. Wang, C. Wei et al., Tunable
intracrystal cavity in tungsten bronze-like bimetallic oxides
for electrochromic energy storage. Adv. Energy Mater. 12,
2270015 (2022). https://doi.org/10.1002/aenm.202270015

G. Yang, Y.-M. Zhang, Y. Cai, B. Yang, C. Gu et al.,
Advances in nanomaterials for electrochromic devices.
Chem. Soc. Rev. 49, 8687-8720 (2020). https://doi.org/10.
1039/d0cs00317d

S. Zhang, S. Cao, T. Zhang, A. Fisher, J.Y. Lee, AP’* intercala-
tion/de-intercalation-enabled dual-band electrochromic smart
windows with a high optical modulation, quick response and
long cycle life. Energy Environ. Sci. 11, 2884-2892 (2018).
https://doi.org/10.1039/C8EE01718B

S. Cong, Y. Tian, Q. Li, Z. Zhao, F. Geng, Single-crystalline
tungsten oxide quantum dots for fast pseudocapacitor and elec-
trochromic applications. Adv. Mater. 26, 4260—4267 (2014).
https://doi.org/10.1002/adma.201400447

G. Zhang, J. Zhang, T. Qiu, H. Ning, Z. Fang et al., Fabri-
cation of flexible electrochromic film based on amorphous
isopolytungstate by low-temperature inkjet-printed process
with a solution crystallization kinetic-controlled strategy.
Chem. Eng. J. 427, 131840 (2022). https://doi.org/10.1016/j.
cej.2021.131840

J.-L. Wang, J.-W. Liu, S.-Z. Sheng, Z. He, J. Gao et al., Manip-
ulating nanowire assemblies toward multicolor transparent
electrochromic device. Nano Lett. 21, 9203-9209 (2021).
https://doi.org/10.1021/acs.nanolett.1c03061

X. Li, T.Y. Yun, K.W. Kim, S.H. Kim, H.C. Moon, Voltage-
tunable dual image of electrostatic force-assisted dispensing
printed, tungsten trioxide-based electrochromic devices with
a symmetric configuration. ACS Appl. Mater. Interfaces 12,
4022-4030 (2020). https://doi.org/10.1021/acsami.9b21254
L. Zhang, D. Chao, P. Yang, L. Weber, J. Li et al., Flexible
pseudocapacitive electrochromics via inkjet printing of addi-
tive-free tungsten oxide nanocrystal ink. Adv. Energy Mater.
10, 2000142 (2020). https://doi.org/10.1002/aenm.202000142
D. Hahm, J. Lim, H. Kim, J.-W. Shin, S. Hwang et al., Direct
patterning of colloidal quantum dots with adaptable dual-
ligand surface. Nat. Nanotechnol. 17, 952-958 (2022). https://
doi.org/10.1038/541565-022-01182-5

P. Zhang, G. Yang, F. Li, J. Shi, H. Zhong, Direct in situ pho-
tolithography of perovskite quantum dots based on photoca-
talysis of lead bromide complexes. Nat. Commun. 13, 6713
(2022). https://doi.org/10.1038/s41467-022-34453-9

Y. Yao, L. Zhang, T. Leydecker, P. Samori, Direct photoli-
thography on molecular crystals for high performance organic

https://doi.org/10.1007/s40820-024-01563-6


https://doi.org/10.1016/j.mser.2019.100524
https://doi.org/10.1002/anie.202317944
https://doi.org/10.1002/anie.202317944
https://doi.org/10.1038/s41928-022-00843-6
https://doi.org/10.1038/s41928-022-00843-6
https://doi.org/10.1038/s41586-021-04053-6
https://doi.org/10.1038/s41586-021-04053-6
https://doi.org/10.1002/adfm.202314983
https://doi.org/10.1002/adfm.202314983
https://doi.org/10.1016/j.chempr.2021.02.005
https://doi.org/10.1016/j.chempr.2021.02.005
https://doi.org/10.1038/s41377-020-00366-9
https://doi.org/10.1038/s41377-020-00366-9
https://doi.org/10.1038/s41566-021-00783-1
https://doi.org/10.1038/s41566-021-00783-1
https://doi.org/10.1038/s41377-020-0268-1
https://doi.org/10.1038/s41377-020-0268-1
https://doi.org/10.1021/acsphotonics.3c01936
https://doi.org/10.1021/acsphotonics.3c01936
https://doi.org/10.1038/s41467-024-46500-8
https://doi.org/10.1038/s41467-024-46500-8
https://doi.org/10.1021/accountsmr.2c00217
https://doi.org/10.1021/accountsmr.2c00217
https://doi.org/10.1016/j.chempr.2017.12.030
https://doi.org/10.1016/j.chempr.2017.12.030
https://doi.org/10.1002/advs.201800163
https://doi.org/10.1002/advs.201800163
https://doi.org/10.1021/acs.accounts.6b00183
https://doi.org/10.1002/inf2.12298
https://doi.org/10.1002/aenm.202270015
https://doi.org/10.1039/d0cs00317d
https://doi.org/10.1039/d0cs00317d
https://doi.org/10.1039/C8EE01718B
https://doi.org/10.1002/adma.201400447
https://doi.org/10.1016/j.cej.2021.131840
https://doi.org/10.1016/j.cej.2021.131840
https://doi.org/10.1021/acs.nanolett.1c03061
https://doi.org/10.1021/acsami.9b21254
https://doi.org/10.1002/aenm.202000142
https://doi.org/10.1038/s41565-022-01182-5
https://doi.org/10.1038/s41565-022-01182-5
https://doi.org/10.1038/s41467-022-34453-9

Nano-Micro Lett.

(2025) 17:67

Page 13 of 13 67

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

optoelectronic devices. J. Am. Chem. Soc. 140, 6984—6990
(2018). https://doi.org/10.1021/jacs.8b03526

Y. Wang, 1. Fedin, H. Zhang, D.V. Talapin, Direct optical
lithography of functional inorganic nanomaterials. Science
357, 385-388 (2017). https://doi.org/10.1126/science.aan2958
Y. Wang, J.-A. Pan, H. Wu, D.V. Talapin, Direct wavelength-
selective optical and electron-beam lithography of functional
inorganic nanomaterials. ACS Nano 13, 13917-13931 (2019).
https://doi.org/10.1021/acsnano.9b05491

H. Cho, J.-A. Pan, H. Wu, X. Lan, I. Coropceanu et al., Direct
optical patterning of quantum dot light-emitting diodes via
in situ ligand exchange. Adv. Mater. 32, e2003805 (2020).
https://doi.org/10.1002/adma.202003805

J.-A. Pan, Z. Rong, Y. Wang, H. Cho, I. Coropceanu et al.,
Direct optical lithography of colloidal metal oxide nanomate-
rials for diffractive optical elements with 2n phase control. J.
Am. Chem. Soc. 143, 2372-2383 (2021). https://doi.org/10.
1021/jacs.0c12447

C.B. Nielsen, A. Angerhofer, K.A. Abboud, J.R. Reynolds,
Discrete photopatternable pi-conjugated oligomers for electro-
chromic devices. J. Am. Chem. Soc. 130, 9734-9746 (2008).
https://doi.org/10.1021/ja7112273

J. Jensen, A.L. Dyer, D.E. Shen, F.C. Krebs, J.R. Reynolds,
Direct photopatterning of electrochromic polymers. Adv.
Funct. Mater. 23, 3728-3737 (2013). https://doi.org/10.1002/
adfm.201203005

J. Kim, J. You, B. Kim, T. Park, E. Kim, Solution processable
and patternable poly(3, 4-alkylenedioxythiophene)s for large-
area electrochromic films. Adv. Mater. 23, 4168-4173 (2011).
https://doi.org/10.1002/adma.201101900

C. Huang, Y.-Q.-Q. Yi, Z. Hu, S. Zhang, X. Wu et al., Pho-
tolithographically patterned and highly stable electrochromic
displays enabled by a photo-assisted cross-linker. J. Mater.
Chem. C 11, 15591-15598 (2023). https://doi.org/10.1039/
d3tc03088a

J. Kim, J. Myoung, Flexible and transparent electrochromic
displays with simultaneously implementable subpixelated ion
gel-based viologens by multiple patterning. Adv. Funct. Mater.
29, 1808911 (2019). https://doi.org/10.1002/adfm.201808911
J.-W. Kim, D.-K. Kwon, J.-M. Myoung, Rollable and
transparent subpixelated electrochromic displays using

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

43.

44.

45.

46.

47.

48.

49.

50.

deformable nanowire electrodes with improved electrochem-
ical and mechanical stability. Chem. Eng. J. 387, 124145
(2020). https://doi.org/10.1016/j.cej.2020.124145

C. Gu, S. Wang, J. He, Y.-M. Zhang, S.X.-A. Zhang, High-
durability organic electrochromic devices based on in-situ-
photocurable electrochromic materials. Chem 9, 2841-2854
(2023). https://doi.org/10.1016/j.chempr.2023.05.015

C. Gu, Y. Yan, J. He, D. Pu, L. Chen et al., Transparent and
energy-efficient electrochromic AR display with minimum
crosstalk using the pixel confinement effect. Device 1, 100126
(2023). https://doi.org/10.1016/j.device.2023.100126

S.-H. Lee, R. Deshpande, P.A. Parilla, K.M. Jones, B. To et al.,
Crystalline WO; nanoparticles for highly improved electro-
chromic applications. Adv. Mater. 18, 763-766 (2006). https://
doi.org/10.1002/adma.200501953

Y. Tan, Y. Zou, L. Wu, Q. Huang, D. Yang et al., Highly lumi-
nescent and stable perovskite nanocrystals with octylphospho-
nic acid as a ligand for efficient light-emitting diodes. ACS
Appl. Mater. Interfaces 10, 3784-3792 (2018). https://doi.org/
10.1021/acsami.7b17166

J. Wang, L. Zhang, L. Yu, Z. Jiao, H. Xie et al., A bi-functional
device for self-powered electrochromic window and self-
rechargeable transparent battery applications. Nat. Commun.
5,4921 (2014). https://doi.org/10.1038/ncomms5921

H. Li, W. Zhang, A.Y. Elezzabi, Transparent zinc-mesh elec-
trodes for solar-charging electrochromic windows. Adv. Mater.
32, €2003574 (2020). https://doi.org/10.1002/adma.20200
3574

Y. Liang, S. Cao, Q. Wei, R. Zeng, J. Zhao et al., Revers-
ible Zn* insertion in tungsten ion-activated titanium dioxide
nanocrystals for electrochromic windows. Nano-Micro Lett.
13, 196 (2021). https://doi.org/10.1007/s40820-021-00719-y
J.-L. Wang, S.-Z. Sheng, Z. He, R. Wang, Z. Pan et al., Self-
powered flexible electrochromic smart window. Nano Lett. 21,
9976-9982 (2021). https://doi.org/10.1021/acs.nanolett.1c034
38

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1021/jacs.8b03526
https://doi.org/10.1126/science.aan2958
https://doi.org/10.1021/acsnano.9b05491
https://doi.org/10.1002/adma.202003805
https://doi.org/10.1021/jacs.0c12447
https://doi.org/10.1021/jacs.0c12447
https://doi.org/10.1021/ja7112273
https://doi.org/10.1002/adfm.201203005
https://doi.org/10.1002/adfm.201203005
https://doi.org/10.1002/adma.201101900
https://doi.org/10.1039/d3tc03088a
https://doi.org/10.1039/d3tc03088a
https://doi.org/10.1002/adfm.201808911
https://doi.org/10.1016/j.cej.2020.124145
https://doi.org/10.1016/j.chempr.2023.05.015
https://doi.org/10.1016/j.device.2023.100126
https://doi.org/10.1002/adma.200501953
https://doi.org/10.1002/adma.200501953
https://doi.org/10.1021/acsami.7b17166
https://doi.org/10.1021/acsami.7b17166
https://doi.org/10.1038/ncomms5921
https://doi.org/10.1002/adma.202003574
https://doi.org/10.1002/adma.202003574
https://doi.org/10.1007/s40820-021-00719-y
https://doi.org/10.1021/acs.nanolett.1c03438
https://doi.org/10.1021/acs.nanolett.1c03438

	Direct Photolithography of WOx Nanoparticles for High-Resolution Non-Emissive Displays
	 Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Synthesis of WOx NPs
	2.2 Direct Photolithography of WOx NPs
	2.3 Preparation and Characterization of EC Devices

	3 Results and Discussion
	3.1 Synthesis of EC WOx
	3.2 Direct Photolithography of As-Synthesized WOx NPs
	3.3 Fabrication and Optimization of Self-Powered EC Devices
	3.4 Applications of High-Resolution EC Displays
	3.5 Extendibility of Direct Photolithography Based on WOx NPs

	4 Conclusions
	Acknowledgements 
	References


