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Abstract

Spontaneously patterned circuits are regarded as one of the most promising green manufacturing
methods that are non-lithographic and mold-free, attracting increasing attention.
Liquid-mimicking surfaces allow polar or non-polar liquids to slide easily on slightly inclined
modified surfaces without residue, achieving liquid repulsion and self-cleaning functions.
Combining the advantages of this sliding property with specific patterned physicochemical
characteristics is expected to further enhance printing resolution. In this manuscript, we developed
a heterogeneous composite film consisting of a UV-sensitive (2-nitro-1,4-phenylene)
bis(methylene) diacrylate resin film (referred to as NBE) overlaid with a layer of hydrophobic
perfluoropolyether (referred to as 507 A). The tunable surface property of the NBE resin film
under UV light (A = 254 nm) irradiation enables the hydrophobic surface (with a water contact
angle, WCA of 112°) of the composite film to a hydrophilic surface (with a WCA of 4°), allowing
the formation of patterned wettability surface after light exposure. More importantly, the highly
hydrophobic perfluoropolyether surface shows a low adhesive surface, which enables a cleaner
surface in the hydrophobic area during printing. Angle-resolved x-ray photoelectron spectroscopy
and atomic force microscopy tests revealed the differences in surface morphology and elemental
distribution of the composite film before and after UV light exposure. In combination with a
photomask, fine circuit structures with minimal line width/space of 5/5 pum were successfully
achieved. The printed circuit was used for carbon nanotube-based thin film transistors, which
displayed charge carrier mobilities of 4.51 & 1.63 cm? - s~ - V1,

demonstrating the practicality of this precision printing technique.

© 2025 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Printed electronics is a new technology that uses tra-
ditional printing (or coating) to manufacture elec-
tronic components and products [1]. Printed elec-
tronics can be applied to prepare flexible keyboards,
photodetectors, sensors, electronic skins etc [2, 3].,
suitable for the fast development of wearable and
ultra-thin electronic devices, and have attracted much
attention in the past few years. The production of
printed electronic components requires high preci-
sion in terms of product resolution, integration, and
information capacity. Conventional printing tech-
niques, such as inkjet printing [4], gravure printing
[5], screen printing [6], and blade coating [7] have
been able to achieve resolutions mostly concentrated
in the range of tens to hundreds of micrometers. The
issue of low resolution has limited the application
scenarios of printed electronics processes.

Recently, spontaneously patterned circuits using
heterogeneous wettability patterns to guide ink
droplet motion have emerged as one of the most
promising green manufacturing methods offering
non-lithographic and mold-free approach. The key
to the heterogeneous wettability patterns for printing
conductive circuits was the induction of construct-
ing surface energy pattern regions with high contrast
[8, 9], which allowed for the precise control of ink
spreading and flow on the substrate. When ink drop
is deposited on pre-patterned wettability gradient
areas, it will be driven from hydrophobic regions to
hydrophilic regions due to the different surface ener-
gies of the substrate [10], and the ink will limited
on the patterned area forming patterned circuit pre-
prepared. With these, a combination of surface energy
confinement effect and printing process that utilizes
a pre-patterned hydrophilic-hydrophobic surface to
enhance printing resolution to the sub-micrometer
level have been developed in the last few years [11],
and are recognized as one of the most promising green
manufacturing methods that are non-lithographic
and mold-free, attracting increasing attention.

The preparation of heterogeneous wettability pat-
terns includes direct printing preparation, plasma
treatment of hydrophobic surfaces, ultraviolet light
irradiation of hydrophobic surfaces, etc. Feng et al
used inkjet printing to deposit ink containing water-
soluble dyes and high-boiling-point alcohols on
the surface of the HC film. The ink can wet
the film and increase the surface hydrophilicity.
The NaOH aqueous solution can selectively pen-
etrate into the ink-painted areas. After etching,
wettability-differential patterns are formed, with
a resolution of up to 200 pm [12]. However,
there are still certain limitations on the resolu-
tion in the preparation by direct printing. In terms
of surface energy gradient-guided inkjet printing
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technology, Naderi et al proposed a sequential print-
ing and drying method. Without the need for sur-
face modification, this method can form micro—
patterns such as straight lines and triangles on hydro-
phobic surfaces like Teflon-AF [13]. However, this
method has some limitations. For example, it requires
multiple rounds of printing and drying, has high
requirements for parameter control, and has limited
precision and large errors when preparing complex
patterns. Similarly, Matthew and others adapted the
stacked coin strategy by heating the substrate. By
accurately controlling the relationship between the
deposition time and evaporation time of droplets,
they successfully achieved continuous line inkjet
printing on hydrophobic surfaces without pretreat-
ment, providing a new method for printing on hydro-
phobic surfaces [14]. But in terms of technology,
this method is restricted by problems such as easy
nozzle clogging, high temperature requirements, and
insufficient mechanical strength. In the future, fur-
ther exploration is needed in equipment optimiz-
ation, material adaptation, and theoretical model
improvement.

Besides direct printing preparation, the surface
can also be modified by using plasma [15, 16],
which has the advantages of not requiring complic-
ated pretreatment steps and being able to construct
hydrophilic and hydrophobic patterns in one step.
Pierre et al deposited a hydrophobic fluorosilane-
based monolayer on an oxygen plasma-treated sub-
strate. They then used a stainless steel mask to select-
ively apply plasma treatment, creating a patterned
surface and ultimately achieved highly homogeneous
printing of metal source-drain arrays as well as semi-
conductor active layer arrays using a blade-coating
method [17]. Although this method simplifies the
process, the high cost of plasma treatment equip-
ment and the stringent requirements for the oper-
ating environment limit its large-scale application.
In addition, the channel length of the transistors
fabricated in this literature is 20 pum. By compar-
ison, there is still room for improvement in high-
resolution fabrication capabilities. In addition, UV
irradiation can also be used for surface modifica-
tion to construct heterogeneous wettability patterns
[18]. Liu et al previously reported a spontaneous pat-
terning technique based on parallel vacuum ultra-
violet irradiation, which was utilized for the uni-
form integration of complex, high-resolution elec-
tronic circuits [19, 20]. By irradiated with a paral-
lel light source of 172 nm, the hydrophobic poly-
mer surface of parylene-C was transformed select-
ively into highly wettable areas by breaking the chem-
ical bonds. This process resulted in the generation of
highly uniform wettability arrays on the polymer sur-
face and successfully enabled the large-scale fabric-
ation of short-channel organic thin-film transistors
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with widths as low as 1 um on PET substrates. UV
irradiation for generating heterogeneous wettability
patterns is known for its simplicity of operation, short
processing time, efficiency [21], and controllability in
terms of time and space [22], and can be carried out
at room temperature [23]. However, the parallel light
source of 172 nm is costly, has limited accessibility,
and suffers from a short lifespan.

To avoid the use of 172 nm VUV light, we recently
developed a light-sensitive NBE-acrylate resin for
the preparation of a diverse wetting surface. This
approach was developed based on the work of
Rossegger et al, who demonstrated that hydrophobic
cross-linked NBE-acrylate resin surfaces can be con-
verted to hydrophilic surface under 254 nm UV light
irradiation [24]. Using an optimized silver ink for-
mulation, circuits with a line width/space (L/S) of
10/10 pm were fabricated by blade coating [11].
However, as demonstrated later in this study, the high
sliding angle of silver ink droplets on the hydrophobic
NBE resin surface impedes ink droplet movement,
hindering the migration and separation of conduct-
ive ink and limiting further resolution improvement.

In this work, we developed a composite film by
overlaying a perfluoropolyether layer on top of an
NBE resin film, creating a dual-layer composite film.
The perfluoropolyether layer showed a hydrophobic
surface with a high water contact angle (WCA) of
113° with low water rolling angle of 47°. Interestingly,
although the perfluoropolyether layer is deposited
on top of NBE, the underlying NBE layer under-
goes photodecomposition under 254 nm ultravi-
olet irradiation, yielding a hydrophilic surface with
a WCA of 4°. By using a photomask, the exposed
area becomes hydrophilic while the non-exposed area
remains hydrophobic with a low sliding angle, allow-
ing for the precise manufacturing of fine structures
through printing processes. This has led to a further
enhancement in resolution compared to single-layer
NBE films. The detailed hydrophobic—hydrophilic
conversion of the composite film as well as the pre-
paration of the carbon nanotube (CNT) based tran-
sistors will be discussed in detailed in this study.

2. Results and discussion

2.1. Preparation of composite films and
UV-induced surface energy regulation

Our previous works have demonstrated that the
hydrophobic acrylate-NBE resin surface can be
converted into hydrophilic surface under 254 nm
UV light irradiation and printed circuits with L/S
of 10/10 pm were successfully fabricated. Further
attempts to increase the resolution of the prin-
ted circuit were not successful, which was ascribed
to the failure of separating ink film by the hydro-
phobic regions. This is likely due to the high adhesive
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interface between hydrophobic NBE surface and sil-
ver ink (vide infra). To reduce the adhesion of the
ink droplet on NBE surface, a commercially available
perfluoropolyether (referred to as 507 A) was selected
as the top covering layer of the NBE film. Figure 1(a)
shows the preparation process of the composite film
and the following printing of the electric circuits.
Prior to 254 nm irradiation, the cross-linked PEB
film was spin-coated with 507 A. Figures 1(b) and (c)
show the static (WCA, droplet size 2 ul) and water
sliding angles (WSA, droplet size 8 ul, measurement
limit 90°) of the pristine 507 A and NBE/507 A films,
where the 507 A layers were spin-coated at different
spin speeds. The static WCA of the 507 A film on glass
decreases slightly from 115° to 105° with the increase
of spin speed, whereas the WSA increases from 20°
to 90° (the upper limit). This indicates that 507 A has
hydrophobic properties with low adhesion to water
droplets, and the thicker 507 A layer enhances hydro-
phobicity while further reducing adhesion. Similar
to the pristine 507 A film, the static WCA of the
NBE/507 A composite films decreases slightly from
114° to 108° with the increase of spin speed, while
the WSAs were measured to be 39° and 47° when the
507 A layer was spin-coated at 1000 and 2000 rpm
and then increased to 90° (the maximum value for
WSA measurement) when the 507 A spin speed is
higher than 3000 rpm, suggesting that the interfa-
cial adhesion between NBE/507 A increases signi-
ficantly when 507 A layer is too thin. In contrast,
the pristine NBE film shows static WCA and WSA
of 102° and 90°, respectively, indicating a hydro-
phobic but high adhesive surface to water droplet.
Therefore, the hydrophobic 507 A film should be
able to reduce the adhesion to the ink droplet, how-
ever one should keep enough thickness for the 507 A
layer. For our purposes, we kept using 507 A layer
coated at 2000 rpm for further studies. Meanwhile,
we prepared NBE/507 A composite films on PET.
Although the conditions were not fully optimized, we
tested the WCA of the films after bending and found
that the excellent hydrophobic properties were still
maintained after 20 000 bending cycles, (see figure S3
in supporting information) indicating good stabil-
ity and potential for application in flexible electronic
devices.

To confirm whether UV light irradiation can alter
the surface properties of the NBE/507 A compos-
ite film, composite NBE/507 A films (prepared at
2000 rpm) were irradiated with 254 nm UV light
(25 mW cm™2), and their WCAs were measured.
The results are shown in figure 1(d). For compar-
ison, the changes of WCA on 507 A and NBE films
were also measured. As seen here, upon UV light illu-
mination, the WCA on NBE film decreased gradually
from 102° to 6° with the increase of UV illumination
time, similar to our previous report. In contrast, the
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Figure 1. (a). Schematic diagram for the preparation of the NBE/507 A composite film, surface patterning via 254 nm UV light
irradiation, and subsequent circuit formation by blade coating; (b), (c). Static water contact angles and sliding angles of the 507 A
film (b) and NBE/507 A composite film (c) prepared at different spin speeds; (d). Variation in static water contact angle on the
NBE, 507 A and NBE/507 A composite films irradiated with 254 nm UV light for different durations.

WCA on 507 A surface decreases only slightly from
113° to 82° even with UV irradiation for 120 min,
suggesting that the 507 A surface energy cannot be
altered to hydrophilic by simple 254 nm UV irra-
diation. To help us understand the mechanism of
hydrophilic-hydrophobic transformation in compos-
ite films, we also tested the atomic force microscopy
(AFM) images of the 507 A film before and after
irradiation with 254 nm ultraviolet light (see figure
S4 in the supporting information) and found that
the surface roughness increased. Although we cannot
fully understand the changes in 507 A under 254 nm
UV irradiation, the results of contact angle and AFM
tests indicate that it remains relatively stable under
254 nm UV irradiation. Additionally, the roughness
of the composite film after light irradiation is reduced
compared to both the 507 A film and the NBE film.
Surprisingly, the NBE/507 A composite film exhibited
a significant decrease in WCA under UV light irradi-
ation. The WCA decreased from 112° for the pristine
film decreases gradually to 4° when the film was irra-
diated for 80 min, demonstrating that 254 nm UV
light can convert the hydrophobic NBE/507 A surface
to an hydrophilic surface, which would be ideal for

the construction of heterogeneous surface for printed
electronics.

2.2. Morphology and chemical composition
evolution of the NBE/507 A composite films under
UV-light illumination

To better understand the mechanism of surface
energy alternation, surface morphology and chem-
ical composition of the NBE/507 A composite films
were measured by AFM and angle-resolved x-ray
photoelectron spectroscopy (ARXPS). Figures 2(a)
and (b) depict the high-resolution ARXPS results
of F 1s, N 1s, and S 2p of the NBE/507 A films
before (figure 2(a)) and after (b) UV irradiation.
For the NBE/507 A composite film, intensive F 1s
peaks were measured both before and after UV irra-
diation, demonstrating the successful deposition of
507 A on NBE and no significant decomposition of
507 A under UV irradiation. Very weak N 1s signals
were measured for the composite film before UV irra-
diation, whereas increased N 1s peak at 400 eV was
measured after UV exposure. This can be ascribed
to the formation of nitroso moieties in acrylate-
NBE after UV irradiation [11, 25]. There were two
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Figure 2. High-resolution ARXPS of F 1s, N 1s, S 2p of the NBE/507 A composite thin-film before (a) and after (b) UV
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peaks at around 400 eV and 405.5 eV for nitro-
gen before irradiation, which corresponded to nitro
groups (-NO,, 405.5 ¢V) in the NBE layer and the C—
N bond in the MD700 resin [26]. After irradiation,
the nitro groups are converted to nitroso moieties
[9]. Most interestingly, the S 2p signal for the com-
posite film before UV irradiation was measured to
be 163 eV, corresponding to C—S—C bonds [9] of the
NBE resin after cross-linking. This signal was conver-
ted to 168 eV after UV irradiation, demonstrating the
formation of —SO; bonds [27, 28]. This clearly con-
firmed the conversion of C—S—C bonds to —SO; bonds
under light illumination, which explains the forma-
tion of hydrophilic surface. Moreover, the N 1s signal
after irradiation was stronger than that before irradi-
ation. Since it is known that nitrogen (N) and sulfur
(S) only came from the NBE resin, after irradiation,
the components belonging to NBE moved to a more
surface position.

Under the same deflection angle of the sample,
the measured F 1s, N 1s and S 2p were normalized
to the peak areas after deducting the back bottom to

obtain the relative contents of the atoms. The relative
contents of F 1s, N 1s and S 2p detected at different
twist angles are shown in figures 2(c)—(e). It can be
clearly seen that the content of F decreases after illu-
mination, whereas the N 1s and S 2p relative contents
increased after UV irradiation. Together with the facts
that higher N 1s and S 2p signals were measured with
larger sample twisting angle, one can conclude the
floating up of the hydrophilic NBE components and
the sinking of 507 A upon UV irradiation.

From a qualitative perspective, there were hydro-
philic substances formed after the photolysis of NBE
on the surface of the composite film after irradi-
ation, which further corroborated that more NBE
from the bottom layer moved to the surface layer after
irradiation and became hydrophilic under ultraviolet
irradiation.

Figure 3(a) depicts the AFM height images of
the NBEand NBE/507 A films before and after UV
irradiation. It can be observed that the pristine NBE
film showed a homogenous surface with a root mean
square roughness (Rq) of 0.34 nm, whereas the
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Figure 3. (a) AFM height images of NBE and NBE/507 A films before and after UV irradiation; (b) schematic diagram illustrating
the chemical and morphology change of the NBE/507 A film after UV irradiation.
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UV-irradiated film displayed a rougher surface with
an Rq of 3.91 nm, where large aggregates, ranging in
diameter from tens to hundreds of nanometers, can
be clearly identified. The change of surface morpho-
logy of the NBE film can be ascribed to the photon
decomposition of NBE molecules, yielding much
hydrophilic groups, such as carboxylic acids and alde-
hydes etc. (see figure S2 in supporting information)
[11, 29]. After the deposition of 507 A, the NBE/507 A
composite film showed a rough surface with voids and
particles in hundreds of nanometers scale, yielding an
Rq o0f2.53 nm. Detailed mechanism for the formation
of the rough surface is not clear yet, the voids can be
ascribed to the washing effect of solvent of 507 A dur-
ing the spin coating, while the particles are proposed
to be the aggregates of 507 A owning to the poor wet-
tability of 507 A on NBE surface. Larger particles were

measured for the NBE/507 A film after UV irradi-
ation. Together with the formation of particles of NBE
film, the measured morphology of the NBE/507 A
film originated from the photodecomposition of NBE
resin under UV light illumination. This is in good
accordance with the significantly decreased WCA of
the UV-treated composited film. We observed that the
roughness of the composite film increased to some
extent after light irradiation, although the roughness
of the composite film was lower than that of the UV-
irradiated NBE film. This might have caused certain
adverse effects on the uniformity of devices and fine
lines as well as interfacial charge transport. While it is
difficult to quantitatively analyze the impact on uni-
formity, the measured carrier mobility of the fabric-
ated devices reached 2.21-7.80 cm? - V~! - s~ 1, indic-
ating no obvious negative influence.
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With the XPS and AFM results, a mechanism for
the conversion of hydrophobic surface of NBE/507 A
composite film to the hydrophilic surface is proposed
in figure 3(b). Under 254 nm UV irradiation, the
underlying hydrophobic NBE layer decomposed and
moved toward to the surface, which drag the hydro-
phobic 507 A to the underneath. Most importantly,
the hydrophilic groups of carbonic acid (-COOH),
aldehyde (~CHO), and sulfonic acid (-SO3) groups
facing to the thin film surface, leading to a hydrophilic
property of the final film.

2.3. Optimization of ink formulation for
high-resolution printed circuit

The small water sliding angle would help in driving
the ink droplet to move to hydrophilic area, which
is believed to be helpful in achieving high-resolution
printed circuits. Even though ink formation needs to
be well optimized to achieve this goal. We therefor
measured the WCA and WSA of water and diethylene
glycol monomethyl ester (DGME) mixtures which
are the most commonly used solvent for dispers-
ing silver nanoparticles. Figures 4(a) and (b) shows
the variation of WCA and WSA with the content of
the solvent mixture. As seen here, with the decrease
of water content, the WCA on hydrophobic surface
decreases gradually from 113° (for pure water) to
77° (for pure DGME), whereas the WCA keeps con-
stant of <10° on the UV-treated surface, indicat-
ing that all solvent mixtures are highly wettable on
the hydrophilic surface. Relatively high WSA of ~46°
was measured for the solvents with DGME less than
50% (figure 4(b)). Further increase of DGME con-
tent decrease WSA to 37° for the pure DGME solvent.
Nevertheless, the WCA differences of the solvent on
the hydrophobic and hydrophilic regions are greater
than 50°, which ensures a sufficient driving force for
the surface dewetting process.

We then prepared fine electric circuits on the het-
erogenous wettability patterns surface. Figure 4(c)
shows the printed fine circuits with L/S of 20/100 pm,
20/50 pm, 10/50 pm, 5/100 pum, 5/20 pm, 5/5 pm.
The finest lines L/S of 5/5 pm were successfully fab-
ricated, confirming that a small sliding angle helps to
improve the printing resolution. Interestingly, dur-
ing the fabrication of silver electrodes with a chan-
nel width of 5 pm, although a high contact angle
difference was measured for water on different sur-
faces, no silver trace was left on the patterned surface
when water-based Ag ink was used (figure 4(d)). This
demonstrated that a poor wettability of ink droplet on
surface will leads to the difficulties in ink remaining
during coating process. In other words, one cannot
simply rely on the wettability difference of the pat-
terned surface for preparing the printed circuits. The
introduction of DGME in the ink decrease the sur-
face tension, that enables the deposition of Ag nan-
oparticles. Figure 5(d) shows the successful prepara-
tion of electrode with a designed gap of 5 um using Ag
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inks with water: DGME ratios of 1:2 and 1:5, which
yields a measured gap of 18 um and 7 pum respect-
ively. Further increase the content of DGME in the
ink yield no separation of the gap, which can be due to
the insufficient driving force for ink separation owing
to its low surface tension. We have counted the rela-
tionship between the actual channel widths of the
fabricated silver electrode samples and the inks, as
shown in figure 5(e)—(g). It indicates that as the con-
tent of DGME increases, the actual channel widths
change from large to small and are getting closer and
closer to the designed channel widths. Based on the
ink with a DGME of 1:5, electrodes with a channel
width of 5 yum can be fabricated. Inks with water:
DGME ratios of 1:6 and 0:1 can respectively fabric-
ate electrodes with a channel width of 10 m and sil-
ver electrodes with a channel width of 20 ym The
reason for the successful fabrication of fine circuits
may be that the surface tension and surface energy of
the solid surface have reached a balance. These res-
ults indicate that the model design for the correla-
tion between substrate patterns and inks can scien-
tifically guide the printing process. We plan to invest-
igate graphic structures with different duty cycles and
their final patterns, thereby establishing a quantitative
model for the influence of ink rheology on the final
pattern. Relevant results will be published in a separ-
ate paper.

2.4. Transistors based on printed silver electrodes
We then fabricated thin film transistors (TFTs) based
on the electrodes with different channel widths.
Figure 5(a) shows the TFT structure, where CNTs
deposited on 50 nm SiO, were used as the semicon-
ductor layer. Figure 5(b) shows the optical micro-
scope images of the printed electrodes on glass with
channel widths of 30 —100 pm. Limited by the mask
we used, a large-area electrode array of 1.5 X 2.5 cm?
was successfully prepared (see figure S5 in support-
ing information). Although the printing process was
not fully optimized, only a few defects were observed
in the effective area of 4 cm?. It is worth noting that
thermal annealing was performed on the printed elec-
trode to enhance the conductivity. Figure 5(c) shows
the I-V characteristics of the electrodes after thermal
annealing at a distance of around 333 pm, with which
a conductivity of 10* S - m~! was measured for the
annealed Ag films (figure S7 in supporting informa-
tion). In contrast, a low current of less than 10712 A
was measured for the electrodes on both sides of the
broken channel, indicating that a clean channel was
prepared by this method.

TFT transistors were fabricated via a solution
deposition process. Figures 5(d)—(f) present the out-
put and transfer curves of transistors with vary-
ing channel lengths. Key performance metrics—
including current on/off ratio (Ion/Iopr), carrier
mobility (u), and threshold voltage (Vry)—were
derived from positive sweep data and are directly
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Figure 4. (a) Contact angles of the water:diethylene glycol monomethyl ester (DGME) on the hydrophobic (the pristine) and
hydrophilic (UV-treated) surface, the blend ratio is in volume; (b) sliding angles of DGME on the hydrophobic surface; (c)
sample of the fine circuits with line width of with L/S of 20/100 pm+ 20/50 pm-+ 10/50 pm+ 5/100 gm. 5/20 pm- 5/5 pem; (d)
surface morphology of the dried film coated from different silver inks, the designed pattern of the photomask (width = 5 um) is
shown on the left; ((e)—(g)) actual channel widths of electrodes prepared by scraping with different inks (e) design width = 5 pum,

(f) design width = 10 pm, (g) design width = 20 pm.

labeled in the figures. Notably, all devices exhib-
ited high Ion/Iopr ratios on the order of 10* and
the devices also demonstrate excellent carrier mobil-
ity, which is 4.51 + 1.63 cm?- V~!. s71. The
mobilities from the positive sweep and negative
sweep are shown in table 1 and figure S8 of the
Supporting Information. We calculated the average
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values of the mobilities from both the positive
sweep and negative sweep after excluding one max-
imum and one minimum value. The results indic-
ate that the mobility from the positive sweep is
4.51 4+ 1.63 cm?- V! 57!, and the mobility from
the negative sweep is 4.28 4= 1.31 cm?- V~!. 571,
It can be seen that the mobilities obtained from the
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Figure 5. (a) Structure of bottom-gate bottom contact thin film transistors using carbon nanotube as the semiconductor; (b).
Optical microscopes of the prepared bottom electrodes with different channel widths; (¢) I-V curves between different regions of
the electrode; ((d)—(f)) transfer I-V curves of the TFT with a channel width of 100 um (d), 80 xm (e), and 30 pm (f); (g)
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positive sweep and negative sweep are within the
same order of magnitude. The measured threshold
voltages of 1.1-7.5 V indicate a depletion-mode oper-
ation. The devices exhibit hysteresis, which may be
attributed to the influence of defects in the dielec-
tric layer on charge and the impact of interface states.
Additionally, gate current measurements indicate that
leakage current ranges from 107° A to 1078 A (see
figure S6 in the supporting information), with some
degree of fluctuation, indicating the presence of leak-
age current, which may be related to our device struc-
ture and manufacturing process. These transistor
devices are fabricated using a fully printed method.
In the channel definition, instead of lithography,

a needle-tip scribing method is employed, which
leads to an increase in off-state current. However,
the electrodes we fabricated have undergone mul-
tiple I-V tests (as shown in figure 5(c)), with their
off-state current as low as 107! A. This indicates
that we can obtain clean channels free of silver
ink residues, demonstrating that the printing pro-
cess can be perfectly implemented. This does not
meet the stringent requirements for leakage current
in low-power logic circuit applications. However,
from the perspective of certain sensor applications
with relatively relaxed power consumption require-
ments, this leakage current is within an acceptable
range.
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3. Conclusion

In this work, we report the use of NBE derivative-
fluorinated resin and perfluoropolyether 507 A com-
posite films as surface wettability tuning materials for
printing electronics. Leveraging the performance of
low sliding angles and differences in surface energy,
inks can spontaneously form patterns. The advant-
ages of this process include simple equipment, large
flexible areas, high resolution, and pattern printing
achievable through blade coating. By spin-coating
a layer of modified perfluoropolyether onto NBE-
fluorinated resin in a two-step process, a compos-
ite film with a WCA of 113° and a water sliding
angle of 47° was formed. The composite film exhib-
its a larger WCA, and a lower sliding angle com-
pared to single-layer NBE films. Under irradiation
with 254 nm UV light, the polymer film becomes
hydrophilic, with a WCA as low as 4°. The contrast in
WCA between hydrophobic and hydrophilic regions
is more than 50°, and the hydrophobic regions main-
tain low sliding angle performance, which is condu-
cive to the separation and migration of conductive
inks, making it suitable for precision printed circuits,
and further enhancing the printing resolution com-
pared to single-layer NBE films. Additionally, we have
applied this technology in TFT technology, proving
that the additional pre-structuring steps have no neg-
ative impact on device performance.

4. Experimental

4.1. Materials

The photoinitiator phenyl bis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO), pentaerythritol tetra(3-
mercaptopropionate) (PETMP), and 2-nitro-p-
xylylene glycol were procured from TCL-SCT.
Fluorolink MD®700 was supplied by Foshan
Zhaojing Environmental Protection Technology
Co., Ltd Isobornyl acrylate was acquired from
J&K Scientific, whereas acryloyl chloride was
provided by Adamas-beta. Reagents from Bruno
Bock Thiochemicals (Germany) were utilized
as received. The modified perfluoropolyether
(507 A) was sourced from SINO-FLUORINE
Technologies Co., Ltd All chemical reagents were
employed without further purification. (2-Nitro-1,4-
phenylene)bis(methylene)diacrylate (acrylate-NBE)
was synthesized following the literature-reported
procedure (see detailed characterization in figure S1
of the supporting information) [24].

4.2. Preparation and hydrophobic properties of
composite films

The resin formulation was prepared following the
procedure reported by Shui et al [11]: acrylate-
NBE and isobornyl acrylate were mixed at an
equimolar ratio of 37.5 mol%, with 1 wt% fluorinated
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methacrylate (Fluorolink MD®700) added. The thiol
content in the mixture was 25 mol%, and 2.5 wt%
phenyl bis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO) was used as the photoinitiator. The resin
components were dissolved in chloroform and stirred
in an ultrasonic bath for 10 min. For sample prepar-
ation, the solution was spin-coated onto a clean glass
substrate, followed by visible light irradiation (HSPY-
60-05 LED curing lamp, 230 mW cm ™2, 420 nm) to
generate a hydrophobic film.

Subsequently, a layer of modified perfluoropoly-
ether (507 A, supplied by Sino-Fluorine Technologies
Co. Ltd) was spin-coated onto the cured film, with
its thickness regulated by the spin-coating speed.
The composite film was obtained after annealing
and curing, and its wettability was characterized
using an automatic tilting contact angle meter (SDC-
350D). Specifically, static contact angles (2 ul droplet
volume) and sliding angles (8 ul droplet volume) of
water on the film surface were measured.

4.3. Spontaneous patterning of complex electronic
circuits

The cured samples underwent selective UV irradi-
ation (UVLED-3535, 25 mW-cm~2 at 254 nm) for
3000 s in air, with pattern transfer achieved via a
contact photomask. For conductive patterning, Ag
ink (SicrysTMI40DM-106) was employed, and the
Ag nanoparticle ink was applied onto the hydro-
philic/hydrophobic patterned substrate using a stand-
ard blade-coating technique, enabling spontaneous
formation of conductive traces. The blade traversed
the substrate at a rate of 1 millimeter per second.
Post ink self-assembly, the complex electronic circuits
were first air-dried under ambient conditions and
subsequently sintered at 300 °C for 30 min.

4.4. CNT transistor fabrication and test
Preparation of source and drain electrodes:

On a clean Si/50 nm SiOj substrate, the acrylate-NBE
solution was spin-coated and irradiated with visible
light (HSPY-60-05 LED curing lamp, 230 mW - cm?,
420 nm) to generate a hydrophobic film. Then, a layer
of 507 A (provided by Sino-Fluorine Technologies
Co., Ltd) was spin-coated on the cured sample at
4000 rpm. After annealing, the sample was exposed to
UV light (UVLED-3535; 25 mW - cm?; 254 nm) and
selectively irradiated through a contact photomask
for 3000 s in air. Subsequently, conductive patterns
were formed using Ag ink (SicrysTMI40DM-106)
with a water: DGME ratio of 1:5. The scraper moved
at a speed of 1 mm/s, and after ink self-assembly, sil-
ver electrodes with channel widths of 30/80/100 ym
were formed. The electrodes were dried directly under
ambient conditions and then sintered at 300 °C for
30 min. Using the same method, electrode samples
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with a channel width of 7 ym were prepared on a
clean Si/100 nm SiO, substrate.

Semiconductor solution
preparation:

20 mg of Arc SWCNTs and 20 mg of poly [9-
(1-octylphenyl)-9 h-carbazole2,7-diyl (PCz) polymer
were weighed and dissolved in 20 ml of toluene solu-
tion. The solution was sonicated for 30 min using an
800 W cell pulverizer (Sonics VCX500) at an amp-
litude of 40%, and the temperature was controlled at
8 °C during sonication using a low-temperature ther-
mostatic reaction bath to eliminate the heat generated
during the sonication process. The SWCNT solution
was then centrifuged at high speed for 1 h at 45 000 g.
The high-purity s-SWCNTs solution was obtained by
collecting 80% of the supernatant.

single-walled ~CNT

Deposition of s-SWCNTs films:
Silicon wafers with electrode devices were blown with
N, gun to remove surface impurities, after low tem-
perature plasma surface treatment instrument. (gas
0O,, 100 W power, reaction time 90 s). The s-SWCNTs
solution was diluted 50 times with toluene, poured
into the ultra-flat surface petri dish, and put into
the treated silicon wafers with electrode devices, and
deposited naturally for 1 h. Remove the silicon wafers
with electrode devices and put them into toluene
solution, soak and clean them for 10 min, and then
blow dry them with nitrogen gas for spare use.

The CNT TFT devices were characterized using a
probe stage combined with a semiconductor analyzer
(Keithley 4200).
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