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Abstract

Given the widespread presence of intricate surfaces, the development of
electronics has generated a significant demand for surface patterning tech-
niques capable of creating refined or novel patterns. Nevertheless, present
surface patterning techniques suffer from complex processes, limited resolu-
tion, stringent conditions, and high manufacturing costs. Herein, we present a
novel approach for arbitrary surface micropatterning using photosensitive
polyimide (PSPI), enabling the in situ fabrication of electrodes without the
need for a pattern-transferring process. On this basis, we have implemented a
high-performance, freestanding flexible thin-film mask with high optical
transparency that facilitates precise alignment of microelectrode patterns with
the target material. It also exhibits exceptional mechanical properties suitable
for long-term use and high-temperature applications, with a notable glass
transition temperature of up to 300°C. The fabricated masks with thicknesses
of 5-20 um are well-suited for high-resolution applications, including those
requiring sub-5 pm resolution. Furthermore, the creation of microelectrodes
on a variety of surfaces utilizing the fabricated PSPI masks was successfully
demonstrated. Our facile method provides a solid foundation for achieving
efficient micropatterning for the fabrication of high-performance flexible

electronics on complex surfaces.
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1 | INTRODUCTION
The precise fabrication of structures with well-defined
features at both the micro-and nano-scale is of utmost
importance for the advancement of electronic devices.'
In this context, surface micropatterning technologies
play a pivotal role in enabling electronic devices with
improved or novel functionalities.”> Conventional
photolithography techniques typically involve spinning
photoresist on a planar or rigid substrate (e.g., Silicon
wafer), followed by patterning using laser writing or
electron beam lithography. Although photolithography
is widely employed in microelectronics, its resolution
and capability to construct patterns on non-planar and
arbitrary surfaces still present many challenges. In
nonplanar micropatterning, a pattern transfer process
from the original to the target non-planar surface is
necessary, which often introduces mechanical damage
to the pattern.” In addition, photolithography requires
the use of chemical solvents. These solvents are often
incompatible with the organic materials in the subse-
quent process. Currently, techniques for patterning mi-
cro- and nanostructures on unconventional substrates
are rapidly developing for applications in wearable
electronics®® and implantable medical devices.”™®
Although methods have been developed that allow
direct pattern formation, including transfer printing,’
ink-jet printing,'® 3D printing,'"' dynamic electrostatic
lithography,'? soft lithography,'”> and microcontact
printing,'* these methods still face the disadvantages of
low resolution, high processing costs, and low applica-
bility. Thus, it has become imperative to develop a
versatile micro-patterning fabrication technique to
combine the capability of creating patterns on
nonplanar and arbitrary surfaces with high resolution to
drive the miniaturization of electronic applications."”
Shadow mask is of great interest as an alternative
micropatterning technique due to its simplicity of prep-
aration process, good compatibility with a wide range of
materials, and high adaptability to morphology.'® They
can be generally classified as rigid masks or flexible
masks. Rigid shadow masks are usually made of metals,"’
metallic alloys,'® stainless steel,'® ceramic foils such as
silicon (Si),? silicon carbide,?’ silicon nitride,”* or a
mixture of these materials. Due to their brittleness, rigid
shadow masks are mainly used for micropatterning of
planar surfaces. In sharp contrast, flexible shadow masks

are a key solution for achieving in situ non-planar
patterning. It is generally made from elastomeric poly-
mers and other polymer films. Among them, elastomeric
polymer shadow masks mainly prepared from poly-
dimethylsiloxane (PDMS),***® offer significant advan-
tages in terms of optical transparency, biocompatibility,
oxygen permeability, durability, and processing cost.?’
However, PDMS still has low resolution and poor me-
chanical properties, making it difficult to pattern on non-
planar and arbitrary surfaces.”® Besides, polymer thin-
film shadow masks, such as dichloro->-paracyclophane
(parylene-C),***! polyimide,****> and photoresist mate-
rials,**>® have recently attracted much attention for
micropatterning due to their exceptional flexibility.>” For
example, parylene-C shadow masks require chemical
vapor deposition (CVD), metal sputtering, photolithog-
raphy, and etching in that order.*’ Polyimide shadow
masks need to be etched with the help of photoresists, or
patterned by laser ablation.>® These processes are not
only complex but also low-resolution and high-cost.
Photoresist masks are usually used as a sacrificial layer or
a non-freestanding structural layer, which also results in
a complex manufacturing process.

Photosensitive polyimide (PSPI) is a polymer con-
taining an imide and a photosensitive functional group.
The photosensitive groups can undergo photochemical
reactions in response to ultraviolet (UV) radiation. Based
on the ease of photochemical reaction, PSPI can be
directly patterned by photolithography without the need
for a photoresist.>® It is a flexible, lightweight, trans-
parent, electric-insulating, and corrosion-resistant poly-
mer. In particular, PSPI possesses superior mechanical
properties®® and high-temperature resistance* for a wide
range of application scenarios, including microelec-
tronics, microelectromechanical systems, solar cells, dis-
plays, etc. Inspired by the many advantages of PSPI, we
have successfully prepared freestanding flexible films and
transparent masks utilizing PSPI. This has simplified
conventional shadow mask techniques while notably
improving the resolution of the patterns. And we have
successfully investigated and demonstrated the capability
of PSPI flexible masks for the creation of arbitrary surface
patterning, eliminating the need for pattern transfer and
solvent usage. This advancement has the potential to
facilitate future low-cost and large-scale production of
integrated flexible electronic chips on a wide range of
arbitrary surfaces.
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2 | RESULTS AND DISCUSSION

2.1 | Fabrication of PSPI masks
Photolithography has been widely used for the processing
of micro-nano devices due to its high-precision di-
mensions, exquisite structure, and rich functionality.*"*?
To fabricate PSPI as masks, PSPI photoresist (PSPI-PR)
was first coated onto a target substrate to form films and
UV irradiation under rigid shadow masks to obtain the
latent image of micropatterns. The preparation process of
PSPI masks was carried out on different rigid substrates,
that is, silicon dioxide/silicon (SiO,/Si), quartz, and glass.
Prior to the preparation process of PSPI mask, dust on the
surfaces of SiO,/Si substrate was removed with an air
gun, while the surfaces of quartz and glass slides were
pre-treated with an ultrasonic machine. The preparation
of PSPI masks can be simplified into five main steps
(Figure 1A). SiO,/Si substrates were first treated with
oxygen plasma, while a copper (Cu) layer with a thick-
ness of tens of nanometers was first deposited on quartz
or glass substrates. PSPI-PR was then spun on the rigid
substrates. Desired micropatterns on PSPI films were
fabricated through photolithography. PSPI films on rigid
substrates were then subjected to a programmed heat
treatment to form cured films via thermal imidization.
The cured films were released from the substrates by
placing the films and substrates in specific solutions. The
films on SiO,/Si substrates were immersed in a hydro-
fluoric acid (HF) solution for film stripping. On the other
hand, the films on quartz or glass substrates were strip-
ped off in a iron (III) chloride (FeCls) solution. The
proposed release techniques were based on sacrificial
layer removal, involving a mild reaction that results in
the formation of the freestanding film masks without
damaging the patterns (Figure Sla, b). Finally, the film
masks were washed with deionized water to remove the
solvent residue, and dried for the utilization in the next
step (Figure 1B,C). The prepared freestanding flexible
film was subsequently indicated as FFF.

The PSPI used is a negative photo-crosslinking
photoresist, in which the photosensitive resin is cross-
linked upon exposure to UV light to form a highly
spatially structured polymer that is insoluble, accom-
plishing the conversion from soluble polyimide pre-
cursors to insoluble polyimides (Figure 1D).
Photosensitive groups are introduced into the side chain
of the polymer to create the soluble photoreactive poly-
imide precursor. When exposed to UV irradiation, the
cross-linked systems of photosensitive groups are formed
by free radical polymerization reactions that convert the
soluble photoreactive polyimide precursor into an insol-
uble photo-crosslinked chemical intermediate.”> The

photosensitive groups are cured at high temperatures and
then removed to make patterned polyimide films.

2.2 | Physical characterization of FFF
Given that the bending stiffness of a film decreases with
decreasing thickness, a thin film applied over arbitrary
surfaces more closely follows the shape profile of the
substrate underneath it than a thick film.** We success-
fully fabricated freestanding FFF with different thick-
nesses, as demonstrated by a scanning electron
microscope (SEM) (Figure 2A). A confocal laser scanning
microscope (CLSM) further showed the microscopic
skeletonized structure of the FFF (Figure 2B) with a
thickness of approximately 10 um (Figure 2C). All FFF
appeared as planar and smooth films. To optimize the
fabrication of FFF, we further examined the effect of
spin-coating speed on the thickness of FFF, showing a
linear trend between speed and film thickness
(Figure 2D). Following this conclusion, PSPI films of
different thicknesses (5-20 um) were fabricated for
comparison (Figure 2E).

The light transmittance of FFF can vary with film
thickness. Therefore, we measured the transmittance of
the FFF films with different thicknesses. It is worth
noting that we chose PSPI film for the transmittance
experiments. The reason is that the skeletonized struc-
ture in the FFF would lead to higher transmittance due to
the extra transmitting light through its patterned areas.
In contrast, PSPI film ensures a relatively more precise
assessment of the optical transmittance. The results
showed an increased light transmittance with decreased
film thickness of PSPI films (Figure 2F). The films
exhibited outstanding optical transparency in the visible
light band (380-780 nm). The thinnest PSP film (5 um)
had the highest light transmittance (>96%) and the
thickest film of 20 pm had a transmittance of more than
86% (Table 1). As such, FFF would generally have high
transparency, which is highly advantageous for the
alignment of microelectrode patterns on the targeting
material in the production of micro- and nano-devices.
The high transparency of FFF would save the processing
time of electronic devices and improve the success rate of
device fabrication.

We then used a tensile tester to characterize the me-
chanical properties of PSPI films of various thicknesses,
in order to verify the potential use of micropatterned FFF
films as low-cost, reusable masks. As the thickness of the
film increases, the maximum load (the force at failure)
applied to the film specimen before fracture occurs pro-
portionally (Figure 2G). The tensile properties of the
films were calculated from the resulting force versus



DONG ET AL.

A B
( ) FFF-SiO:/Si ( )
PSPIRR HF Etching
Si02/Si —— e
Plasma L
FFF-Glass (C)
PSPI-PR FeCls Etching
Glass PR
uv
Cu nanoparticles amm A a-
(D)
o o
PSPI precursor —— RO N—@—O
Substrate """—LH a5 "
e} e}
EXposUre Soluble photoreactive polyimide precursor
L o oy
UV irradiation RO N—©-0-©+Am
Shadow Mask — t— "‘”‘P@—°‘< >N or '
—_— o o)

o (o] H
RO N—@-O
TS UCS > e O
(o] ]

Insoluble photocrosslinked chemical intermediate

O~

Polyimide formation after curing

Cross-linking
reaction

Development

Micropatterns

FIGURE 1 Fabrication of flexible and transparent masks. (A) Fabrication process of FFF by photolithography. (B) Photograph and
magnified detail of a FFF prepared and released on SiO,/Si substrate. (C) Photograph and magnified detail of a FFF prepared and released
on glass substrate. (D) The PSPIs' photolithographic patterning procedures and photochemical reaction.

displacement curves. Tensile strength was calculated by
dividing the force by the cross-sectional area of the film
(thickness x width), and the elongation at break was
determined by dividing the film displacement by the
initial measured length*® (Figure 2H). Detailed calcula-
tion processes can be found in Table S1. It can be
observed that the films exhibit excellent tensile strength.
We observed the normally distributed relationship be-
tween film thickness and tensile strength as well as be-
tween film thickness and elongation at break. The tensile
strength and tensile strain of the 10 um film simulta-
neously reached a maximum of 200 MPa and 54%,
respectively. Young's modulus was determined to be the
slope of the best-fit line in a plot of the axial stress versus
strain."* We calculated the Young's modulus of the film

to be 3.5 £ 0.2 GPa. Comparatively, the Young's modulus
of PDMS and parylene were reported to be 0.75-4 MPa*®
and 3.2 GPa,*’ respectively, and the Young's modulus of
SU-8 was reported to be 2.2 & 0.1 GPa.*® The results of
these comparisons show that FFF typically has a high
Young's modulus, indicating that it has the potential to be
used repeatedly without damage.

The process of micropatterning generally requires the
use of physical vapor deposition methods (e.g., vacuum
deposition, sputtering, etc.) or printing. To assess the heat
stability of FFF during processing or use, we determined
the glass transition temperature (Ty) of FFF by dynamic
mechanical analysis (DMA). The curing process is critical
for polyimide-based materials. This is because curing
temperature affects the degree of molecular cross-linking,



DONG ET AL.

10.03 ym

5.950 ym

S
9.98 um 10.02 pm

(F) g
3
=3
Bl — 4 V4 £
=" Bpm & & e
5 s
2 12¢ =
¢ & o
g 5um 8 um 10 um ",S/ 2pm
g9 4 4 o/ &/
£ sf /" ! 5‘7
,('b
| o ® &
2+
HW v
§ 12 um 15 ym B0 240 360 480 600 720 840
1.0 1.5 2.0 25 3.0 35 4.0 45 50 55 M Wavelength (nm)
G Rotation Speed (krpm) H I
(G),, (H) M os
_fg e Break 200} 200 °C Tg;=200 °C
e 250 °C 2, Tg,=230 °C
Y g 04l s0°C [ /34 rgmaasC
——10 pm [:% . /
f g 150 2807C 5 7g,=260°C
= i > —— 390°C .
z 5 uym ~ 2 '2 Tg5=300 °C
2 5l ) 8
8 & 100f S 02}
£
3r F 50 o
Thickness (um) N . N N
0 Thickness (um) 0 i
4 8 12 15 15 30 45 60 0 100 200 3‘,00 400
Displacement (mm) Tensil Strain (%) Temperature (C)

FIGURE 2 Characterization of the fabricated FFF. (A) scanning electron microscope images of cross-sections of films with thicknesses
of approximately 6 um (i) and 10 um (ii). (B) CLSM image of a FFF film. (C) Slice-scanning CLSM image of a FFF film (Average thickness
of 10 um). (D) Effect of rotational speed for spin coating on the film thickness of FFF. (E) Photographs of films with thicknesses of 5 pum,
8 um, 10 um, 12 um, 15 um, and 20 um. (F) Transmittance of films of different thickness. (G) Force-displacement curves for films of
different thicknesses. (H) Stress-strain curves for films of different thicknesses. (I) dynamic mechanical analysis of FFF with different
curing temperatures, mechanical loss factor (tand) of FFF over a range of temperature (T). CLSM, confocal laser scanning microscope.

TABLE 1 Optical properties of FFF with different film thickness, including the cut-off wavelengths (1), transmittance at 500 nm
(Ts00 nm), transmittance at 700 nm (T599 nm), and the maximum transmittance (Tpay)-

FFF thickness (um) Ao (%) T500 nm (%) T700 nm (%) Tmax (%)
5 374.0 75.8 87.1 96.4
8 351.0 77.5 83.8 95.5
10 351.5 77.5 91.7 93.1
12 379.5 81.4 89.7 91.6
15 372.0 67.1 86.9 90.6
20 360.5 68.0 86.2 87.8

which in turn affects T, of the material.*” Our FFF for-  that the T, of FFF is as high as 300°C. FFF can be pro-
mation process had a wide range of curing temperatures cessed at higher temperatures compared to materials
(200-390°C). We measured T, of the FFF formed at commonly used for flexible masks such as PDMS,*° SU-8,
different curing temperatures (Figure 2I). It can be seen and parylene-C, especially when the T, of parylene-C is
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FIGURE 3 Characterization of the fabricated FFF. (A) Photograph of a FFF. (B) Magnified view of the photographs of the dashed box
area with its corresponding rigid mask (i) and film (ii). (C) Optical micrograph of (B). (D) Optical micrograph of (C). (E) Scanning electron

thickness of FFF on the maximum resolution (denoted by thinnest line width). (H) Comparison of the resolution of the prepared FFF with

those reported in other studies. (I) Comparison of tensile strength, strain and Young's modulus of the prepared FFF with other materials
used for the mask.

even less than 90°C.”" As a result, FFF can withstand  micrographs
high temperatures and exhibit unique advantages suit-
able for processing or usage in harsh circumstances.

To investigate the pattern resolution of FFF, we
fabricated FFF with various patterns, line widths, and
dimensions (Figure 3A and Figure S2). The patterns in a
specific area of selected FFF film were transferred intact
from a rigid chrome mask (Figure 3B). Optical

demonstrated that the progressively
magnified electrode pattern was detailed (Figure 3C,D).
SEM further demonstrated that the FFF successfully
achieves a pattern size of 5 um (Figure 3E). In photoli-
thography, given that in a condition with a fixed light
energy, variation in film thickness of masks would affect
their respective resolution. As such, we investigated the
effect of the film thickness of FFF on their respective
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resolution. Based on the recommendation from the
manufacturer's material data sheet, PSPI-PR's optimum
UV exposure energy is around 200 mJ cm™2 With that,
we set 200 mJ cm™? as the fixed exposure energy and
stick to it in this investigation, we prepared FFF with line
widths of 5 um, 10 um, 15 um, and 20 pm, we prepared
FFF with line widths of 5 um, 10 um, 15 um, and 20 um.
Optical micrographs showed that the shape of the pat-
terns in FFF remained intact, demonstrating that the
mask possesses high adaptability to different patterns
(Figure 3F). Meanwhile, the maximum resolution grad-
ually increases as the film thickness decreases
(Figure 3G). For film thicknesses less than 8 um, a
minimum line width of approximately 5 wm can be
achieved, and for film thicknesses less than 5 um, the
minimum line width will be less than 5 um. We also
observe that thinner PSPI films yielded higher resolutions
with minimal fluctuations in the resultant line width. In
contrast, there are lower resolutions for the thicker PSPI
films. It suggests that the thickness of the PSPI film af-
fects the exposure process and the resultant pattern
precision.

As a benchmark, we compared the resolution of FFF
with other masks related work (Figure 3H and Table 2),
and FFF can have high resolution when keeping the film
freestanding. In addition, we compared the mechanical
properties of FFF with different mask materials
(Figure 31 and Table 2). It can be seen that the Young's
modulus of the PSPI is much higher than other film
materials, and the tensile strength is also higher than
others, second only to PI. Meanwhile, the mechanical
properties of PSPI exhibit significant superiority, which
lays the foundation for the preparation of strong, un-
breakable and reusable FFF.

2.3 | FFF for micropatterning on planar
and nonplanar surfaces

We had successfully demonstrated the application of
FFF for micropatterning on planar and nonplanar
surfaces (Figure 4). The FFF was first placed delicately
on the substrate and then thermally evaporated.
Finally, FFF was removed to obtain substrates with
diverse micropatterns. The keys to successful micro-
patterning processes are the precise positioning of the
FFF on the substrate prior to thermal evaporation and
the subsequent effective removal of FFF from the
substrate. As the gap between the mask and the sub-
strate has a direct impact on feature transfer fidelity,
the mask should be kept in close contact with the
substrate to reduce dimension distortion. The peeling
process should also be scrutinized to ensure the

integrity and accuracy of the fabricated micropatterns.
We demonstrated the use of FFF in micropatterning on
arbitrary (both planar and nonplanar) surfaces, that is,
Si substrate grown on two-dimensional material and
leaves (Figure 4 and Figure S3). These results suggest
that FFF can be widely used for micropatterning on
different arbitrary surfaces.

Conventionally, to produce micropatterns on
nonplanar surfaces, masks would first be adhered deli-
cately to planar surfaces and bent to the shape of interest
after micropatterning. We regard the conventional
approach of producing micropatterns on nonplanar sur-
faces as indirect micropatterning. To validate the viability
of FFF in micropatterning on nonplanar surfaces using
indirect micropatterning, we first prepared a rectangular
FFF measured at 5 mm length and 200 pm width
(Figure S2d). The FFF were then placed on planar poly-
ethylene terephthalate (PET) films, and a layer of gold
(Au, 50 nm) was deposited on them to form micro-
patterns. The planar PET films were then bent into
different radii of curvature (Figure 5A). The bending of
PET films was controlled by a stepper motor, and the
stepping distance required for different radii was calcu-
lated using Equation (1).>?

C =2rsin(L/2r) (1)

In the above equation, L is the length of PET film, r is
predetermined, and C is the base length used to produce
curvatures of interest (stepping distance of the stepper
motor).

The current-voltage characteristic experiment
demonstrated that nonplanar microelectrodes fabricated
with indirect micropatterning with a curvature radius
of 60 mm or less were not able to conduct electricity
(Figure 5B). Optical contrast micrographs of a micro-
electrode with a curvature radius of 60 mm fabricated
with indirect micropatterning in light and dark fields
showed that there were many cracks within it, inhib-
iting it from conducting electricity (Figure 5C,D).
Nonplanar microelectrodes with a curvature radius of
80 and 100 mm were able to conduct electricity, but in
an unsatisfactory manner, in which their current-
voltage characteristic deviated from the baseline—the
current-voltage characteristic of planar microelectrode
(control). We further derived the corresponding
bending strains (¢) for each radius of curvature from
Equation (2)°®> and calculated the resistance of the
respective microelectrodes from Ohm's law (Table 3
and Table S2).

£= (2)

Z
2r
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TABLE 2 Comparison of the physical properties of the prepared FFF with those reported in other studies.
Thickness Resolution Young's
Material (pm) (pm) Strain Stress modulus Reference
PDMS 200 10 - - - 3
PDMS 100 40 78% 140 kPa 0.75-4 MPa 23
PDMS 20 250 - - - 24
PDMS 500 50 - - - 26
PDMS 10 10 - - - 44
SU-8-PDMS 250 500 - - - 25
SU-8 3.6 3 - - - 35
SU-8 5 6 - - - 36
SU-8 - - 1.2 + 0.5% 22 + 7 MPa 2.2 + 0.1 GPa 48
Parylene-C 15 200 - - - 30
Parylene-C 10 4 - - 31
Parylene-C - - - 34.5 MPa 3.2 GPa 47
Parylene-C 3 3 - - - 37
Polyimide 3 10 50% 250 MPa 2.23 GPa 32
Polyimide 7.5 25 - - - 33
1002F 4.5 5 105.1 + 0.5% 54.5 + 3.1 MPa 1.43 4+ 0.20 GPa 34
Stainless steel-aluminum thin 200 200 - - - 19
films
Our work 5 About 5 50% 200 MPa 3.5+ 0.2 GPa -
= mmm -
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FIGURE 4 Micropatterning process using freestanding flexible masks.

In the above equation, ¢ is the bending strain of the
microelectrode, Z is the thickness of the substrate (in this
case was PET film, 200 um), and r is the radius of
curvature.

We envisioned that preparing electrode patterns
directly on the targeting nonplanar substrate would

prevent devices from electrode breakage associated with
the bending of electrodes during the transferring process
from planar surfaces to nonplanar shapes. To test the
hypothesis, we affixed six FFF with the same dimensions
to nonplanar substrates with different radii of curvature
and performed vapor deposition of Au (50 nm) directly
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FIGURE 5 Comparison of direct and indirect preparation of electrodes. (A) Schematic illustrations and photographs of polyethylene
terephthalate substrates with the same electrode pattern being bent to different radii of curvature. (B) Current-voltage characteristic for
electrodes bent to different radii of curvature on a curved surface. (C) Optical micrograph of the light field of a bent electrode producing
many cracks and (D) the corresponding dark field photograph. (E) Schematic illustrations and photographs of curved surfaces with
different radius of curvatures were simulated using PI tapes and PET films. (F) Current-voltage characteristic for electrodes on curved
surfaces with different radius of curvatures. (G) Resistance of electrodes with different radius of curvatures (R and R’ are denoted by direct

and indirect micropatterning process, respectively). (H) Optical micrograph of the photosensitive polyimide mask aligned with a counter

electrode pattern with a channel length of 20 um (i) and direct metal deposition (ii). (I) Current-voltage characteristic for a device with a

channel length of 20 um. (J) Optical micrograph of the mask aligned with a counter electrode pattern with a channel length of 10 um

(i) and direct metal deposition (ii). (K) Current-voltage characteristic for a device with a channel length of 10 pum.

on them to form micropatterns. We regard this approach
as direct micropatterning. Nonplanar surfaces with
different radii of curvatures were simulated using poly-
imide (PI) tapes and PET films with a thickness of
200 um (Figure 5E). PET films with different lengths and
their respective predetermined radius of curvatures were
used to derive the corresponding base lengths for pro-
ducing curvatures of interest using Equation (1)
(Figure 5F), where C was the length of the PI tapes. The
current-voltage characteristic curve showed that all

nonplanar microelectrodes fabricated with direct micro-
patterning were able to conduct electricity. There was no
significant difference in the electrical behaviors of mi-
croelectrodes with different radii of curvature and planar
microelectrodes (control) (Figure 5F). We derived the
resistance of the respective microelectrodes from Ohm's
law (Table 4). Detailed calculation processes can be found
in Table S3.

To learn about the electrical behavior of microelec-
trodes produced from indirect and direct micropatterning
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TABLE 3 Parameters of bending to different radii of curvature for the electrode, including compression length (AL), bending strain

(¢), and resistance.

L (mm) r (mm) C (mm)

40 20 33.66 6.34
50 40 46.80 3.20
60 60 57.53 2.47
70 80 67.79 2.21
80 100 77.88 2.12

Compressive lengths (AL) (mm)

Bending strain (¢) Resistance (Q)

5.00 x 1073 -
2.50 x 1073 -
1.67 x 1073 -
1.25 x 1073 100.0
1.00 x 1073 66.7

Note: The compression length is given in millimeters (mm), while the bending strain and resistance are dimensionless and are defined as the ratio of the
change in length of the electrode due to bending to its original length. Resistance is measured in Ohms (Q) and is normalized to the resistance of the electrode

at a radius of curvature of infinity (planar).

TABLE 4 Resistance of electrodes with different radii of
curvature.

r (mm) L (mm) C (mm) Resistance (Q)
Y] - - 47.1
20 40 33.66 42.1
40 50 46.80 50.0
60 60 57.53 44.4
80 70 67.79 53.3
100 80 77.88 40.0

Note: Data are shown as the mean =+ standard deviation of n repetitions,
where the resistance of the electrode with an infinite (planar) radius of
curvature is used as the baseline.

processes, we overlaid resistances of microelectrodes with
different radii of curvature in a plot (Figure 5G). The
resistances of microelectrodes made by the conventional
indirect micropatterning process (R’) with a radius of
80 mm or 100 mm had a large deviation from the base-
line. In contrast, a small deviation in the resistance (R) is
observed for the directly patterned microelectrodes. We
deduced that direct micropatterning preparation on
nonplanar substrate would prevent devices from elec-
trode breakage associated with the bending of electrodes
during the transferring process from planar surfaces to
nonplanar shapes. These results provide important in-
sights into the preparation of microelectrodes on
nonplanar surfaces and suggest that an in situ micro-
patterning processes on nonplanar surfaces would have a
greater success rate in fabricating microelectrodes.

2.4 | FFF for micropatterning of
electronic devices

Micro- and nano-scale devices are typically fabricated by
photolithography and wet etching procedures, in which
numerous chemical solvents are usually required for

developing micropatterns and washing. Some chemical
solvents may react with materials utilized for electronic
processing, and eventually affect the performance of
electronic devices. To overcome the aforementioned
problem, electrodes can be formed directly using masks
to fabricate electronic devices. To prove the capability of
FFF in the low-dimensional material micropatterning
process (i.e., molybdenum disulfide, MoS,), we fabricated
FFF with counter electrode patterns. The high trans-
parency of FFF allows easy and precise alignment on the
low-dimensional semiconductor materials (Figure 5H-i
and J-i). The masks with counter-electrode patterns were
aligned with MoS, (pre-grown on silicon wafers via CVD)
and deposited with Au (Figure 5H-ii and J-ii). The
fabrication of microelectronic devices with the help of
FFF was successful. There was no mechanical disruption
or tearing of films during these experiments. High-
resolution micropatterns (10 and 20 um) were able to
be fabricated with FFF, implying that FFF is suited for
high-resolution electronic applications. We further tested
the functionality of the electronic devices. The current-
voltage characteristic analysis showed that both could
conduct electricity, with a channel gap of 10 um pos-
sessing better conductivity than a channel gap of 20 um
(Figure 5IK). This has proven the workability of FFF as
an efficient shadow mask for micropatterning in high-
resolution electronic applications. With FFF, the pro-
cessing and manufacturing of electronics can be simpli-
fied. More appealingly, the incorporation of FFF could
reduce the processing time while increasing the success
rate of electronic manufacturing.

3 | CONCLUSIONS

In this study, we present a versatile and efficient micro-
patterning technique by taking advantage of as-fabricated
PSPI masks. A high-performance mask can be attached to
arbitrary surfaces and has a high degree of pattern
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flexibility. Additionally, the masks are available in a wide
range of shapes and dimensions to suit diverse re-
quirements. By eliminating the need for pattern transfer
processes and the use of solvents, this technology over-
comes the limitations of conventional patterning
methods and enables direct micropatterning on non-
planar surfaces. The characterization and results of
PSPI masks in terms of thickness (5-20 um), resolution
(sub-5 um), transparency (>96%), temperature resistance
(300°C), and mechanical performance (3.5 GPa) reveal
the great potential for micropatterning. The versatility of
the PSPI mask was further demonstrated by successfully
forming micropatterns directly on various substrates,
including rigid SiO,/Si wafers, flexible PET films, and
intricate leaf surfaces. This successful application high-
lights the effectiveness of PSPI masks in creating precise
micropatterns on a wide range of arbitrary surfaces. The
utilization of fabricated PSPI masks can minimize per-
formance degradation introduced by traditional elec-
tronics processes, reduce manufacturing cycle time and
cost, and enhance the success rate of producing advanced
flexible electronic chips.

4 | EXPERIMENTAL SECTION

4.1 | Materials

All chemicals were obtained from commercial sources
and used without further purification. PSPI negative
photoresist PIMEL BL-301 (PSPI-PR), developer A-515,
and corresponding rinse agent C-260 were purchased
from Asahi Kasei Co., Ltd. (Japan). Hydrofluoric acid
solution (AR, 40%) was purchased from RHAWN
(Shanghai, China). Iron (III) chloride (FeCl;) power
(=99.99% based on trace metals analysis) was purchased
from Sigma-Aldrich. Deionized water was prepared by
the Millipore NanoPure purification system (resistivity
higher than 18.2 MQ cm™).

4.2 | Preparation of PSPI masks (FFF)
on Si0,/Si substrates

Plasma treatment was performed on SiO,/Si substrates to
enhance their surface hydrophilicity (Atmospheric
Plasma Cleaner JL-V02, Shenzhen City JinLai Technol-
ogy Co., Ltd., China). A layer of PSPI-PR was spin-coated
onto SiO,/Si substrates with three sequential speeds (spin
coater: KW-4C, Beijing SEDERSKAY Electronics Co.,
China). The spin coater's parameters used were 1000
rpm-10 s, 3000 rpm-60 s, and 1500 rpm-15 s. SiO,/Si
substrate was baked at 100°C for 240 s (heating plate: C-

MAG HP10 IKA, Germany). Microelectrode patterns
were transferred from the rigid shadow mask to the SiO,/
Si substrate via UV irradiation at 200 mW cm™? (URE-
2000/35, Institute of Optoelectronics Technology, Chi-
nese Academy of Sciences, China). By measuring the UV
intensity with an UV radiometer, we can determine the
required exposure time by dividing the exposure energy
of 200 mW cm™ by the measured UV intensity. The
Si0O,/Si substrate was left to develop with A-515 for 22 s
and rinsed with C-260 for 5 s The surface was blown-dry
with an air gun and placed either on a hot plate at 45°C
for 120 s or at room temperature for 20 min. The SiO,/Si
substrate was then put into the oven (DHG-9055AD,
Shanghai Qixin Scientific Instruments Co., China) to be
cured into a film. The heating sequence parameter was as
follows: 30°C — 100°C — 150°C — 200°C — 150°C —
100°C — 30°C (each heating cycle took 10 min and was
held for 30 min). The SiO,/Si substrate containing the
mask was immersed in a hydrofluoric acid solution with
a mass fraction of about 40% for 10-30 min. The masks
can then be released from the substrate. Finally, the film
was washed with deionized water. Excess water was
removed from the surface of the film through blot drying,
air gun, or a vacuum oven.

4.3 | Preparation of PSPI masks (FFF)
on glass substrates

The glass surface was cleaned in an ultrasonic bath (KQ-
50DE, Kunshan Ultrasonic Instruments Co., China) with
acetone for 3 min and subsequently with deionized water
for 1 min. Cu (100 nm) was then deposited on the glass
surface by the thermal evaporation system (VZZ-400,
VNANO, China). The subsequent preparation steps of
FFF on glass substrate were the same as the aforemen-
tioned preparation of FFF on SiO,/Si substrate—spin
coating, photolithography, and curing. The mask was
then released from the glass substrate in FeCl; solution
with a mass fraction of >30% for 10-30 min. Finally, the
film was washed and dried using the same method of
preparation of FFF on SiO,/Si substrate.

44 | Characterization

Optical images of masks were obtained using a micro-
scope (ZEISS Primotech, Germany). Brightfield images
were acquired with white-light illumination. And using a
camera that was sensitive to the scattered light to acquire
darkfield images. Field Emission SEM images were per-
formed by the Gemini SEM 300 (Germany) at an accel-
erating voltage of 5 kV. FFF were coated with gold using
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a sputter coater to improve conductivity and reduce
charging effects. Imaging was performed at a working
distance of 5-10 mm with a beam current of 2-3 nA.
CLSM images were acquired using a Leica TCS SP8
(Germany) CLSM equipped with a 63x oil-immersion
objective and a 488 nm laser for excitation of GFP fluo-
rescence. The mechanical properties of the film were
measured using a double-column universal tester (United
States, Instron 5569) according to ASTM D638-14. The
film specimens were cut into dog bone shapes using a
Type 5 mold. The specimens were then clamped between
the grips of the universal tester and subjected to a tensile
load at a constant crosshead speed of 10 mm/min, and
the force-displacement curves were recorded automati-
cally. The transmittances of films were measured by a
UV-visible spectrophotometer (U-3310, Hitachi, Japan).
Each PSPI film was placed on the sample holder of the
spectrophotometer, and transmittance was measured
over a range of wavelengths from 200 to 800 nm at room
temperature. The spectrophotometer was calibrated us-
ing air as the reference, and the data was processed using
software provided by the manufacturer. The glass tran-
sition temperature of PSPI film was measured by a dy-
namic mechanical analyzer (DMA 242E, NETZSCH,
Germany) with a heating rate of 2°C/min. The me-
chanical loss factor (tan §) was plotted versus tempera-
ture (T) for PSPI film. The position of tan § at the peak
was taken as the glass transition temperature of PSPI-PR.

4.5 | Micropatterning and electrical
measurements

FFF were attached to the PET films and leaves. Au
(50 nm) was deposited on the substrates by the thermal
evaporation system (VZZ-400, VNANO, China). The
aforementioned step was repeated for the preparation of
an electrical device, where FFF was aligned and adhered
to MoS, through an optical microscope. The electrical
measurements were carried out in a probe station
(Cindbest, CS-4, China) by a semiconductor parameter
analyzer (PDA FS380 Pro, Platform Design Automation).
A bias voltage from —3.0 to 3.0 V was applied between the
Au electrodes to characterize the in-plane current-voltage
properties. The stepper motor mentioned in the context
was custom-built by the research group.
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