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ABSTRACT: Microlens array (MLA) has been widely applied in
augmented reality and optical imaging. When used in a humid
environment or medical endoscopy, MLA needs to be both
superhydrophobic and multifocal. However, it is not easy to
achieve both superhydrophobic and multifocal function by
integrating superhydrophobic and multifocal structures on the
same surface by means of a simple, efficient, and precise method.
In this paper, the superhydrophobic multifocal MLA with
superhydrophobic properties and multifocal functions is success-
fully designed for preparation based on a method of 3D
lithography and soft lithography. The 3D lithography can further help the preparation of a multifocal MLA with varying apertures
and a multistep superhydrophobic structure with a round dome. The superhydrophobic multifocal MLA with periods 50 and 120
pum has perfect superhydrophobic property. The water droplet can slide and bounce off the surface at a roll angle of less than 12.9°
with both multifocal and integrated imaging function, as well as up to 397 um depth-of-field (DOF) detection range; this greatly
exceeds the conventional MLA. The perfect superhydrophobic and optical property can be achieved in an extremely humid
environment. The superhydrophobic multifocal MLA proposed in this paper has a promising prospect for actual practices.
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1. INTRODUCTION hydrophobic property of the MLA.”>*' One is to prepare a
micron or nanonipple array directly on the surface of the

Inspired by biological compound eyes, researchers have
microlenses, which can improve the hydrophobic performance

conducted many studies on microlens array (MLA) which

has been widely applied in many fields including fiber-optic while bringing a great impact on the imaging performance,
sensing, beam shaping, and medical endoscopic lens. ™ The transmittance, and other optical properties. The other one is to
rapid development of augmented reality (AR) and virtual add some bionic structures, such as columns and cylinders, in
reality (VR) technologies has further extended the applications the gap between the microlenses,””** which can maintain the
into multigle fields such as our daily life and military optical behavior while improving the hydrophobic perform-
aerospace,’ "' and the MLA is also regarded as an ance. However, in order to prepare the structures with different
indispensable micro-optical device within this system.'””'° property, multiple micron or nano fabrication methods are
For the applications in different environments, especially often adopted to prepare the superhydrophobic MLA.
outdoors, MLA needs to be added with some additional Recently, Li et al.”’ realized the superhydrophobic MLA
properties. For example, water droplets may adhere to the structure based on the fabrication integrating three technolo-
MLA in outdoor or humid environments and result in gies of photolithography, micron-nano printing, and chemical
obviously less optical performance, in terms of imaging and growth. According to the method, the photolithographic mask
light convergence. Then, it is urgently necessary to improve the plate is indispensable, and an extremely high alignment
MLA’s water resistance.'” Moreover, when the medical accuracy is needed between the microlens and the hydro-

endoscope is used in surgery, the fluid environment inside
the human body will bring a greater impact on the imaging
effect, so it is also urgently necessary to enable it with the
waterproof property. Meanwhile, it is also hoped to detect
further information on the cellular tissues in the lesion area, so

it is necessary to enable it with the function of depth-of-field Received: November 2, 2023
(DOF) detection 18,19 Revised:  November 19, 2023
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phobic structure. The higher alignment accuracy demands the
larger gap between the microlens and the hydrophobic
structure,”*>**** which will make the structural performance

The MLA requires less surface roughness for optical
performance, whereas the hydrophobic structure, especially
the superhydrophobic one, demands more roughness. Now,
two approaches are generally adopted to achieve the
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Figure 1. Design and preparation. (a) Diagram of superhydrophobic multifocal MLA functions. (b) Diagram of superhydrophobic principles. (c)
Diagram of multifocal function principles. (d) Diagram of the preparation process. (e—g) SEM photos of the microlenses.

greatly impacted, the surface space failed to be fully utilized,
and the design to be greatly restricted. In addition, the complex
process will result in a limit on material selection, low
efficiency, and a failed preparation on a large scale.””

To realize the multifocal property of MLA, researchers have
carried out a lot of studies and they usually adopt additional
driving forces, such as electromagnetic force, photothermal
driving force, pressure, and so on.”*7*° However, the need of
power source results in more processes and less efliciency,
which greatly increases the difficulty of fabrication; moreover,
the excessive size will also make the applications greatly
restricted.”*™*' How can we achieve superior physical
performance both in optics and in superhydrophobic by
using micro/nanostructure is still a significant challenge in the
related fields.

First of all, due to the high design and preparation freedom
of 3D lithography, a multifocal MLA with varying apertures
and a multistep superhydrophobic structure with a round
dome are designed and molded in a one-piece manner through
3D lithography with no mask. The high preparation freedom of
3D lithography will significantly reduce the complexity of the
manufacturing process and improve the design freedom and
better optimize the structural parameters for achieving better
performance. Then, the multifocal MLA with superhydropho-
bic properties is successfully transferred to polydimethylsilox-
ane (PDMS) by means of soft lithography. The MLA with a
base diameter in the range of 50—120 pum exhibits excellent
superhydrophobic performance. The water droplet can slide at
a rolling angle of less than 12.9° and bounce off the surface;
meanwhile, with five different focal planes, the detection range
can reach 397 pm to sense the surrounding objects so as to get
more complete and clearer images by recognizing and
compiling a large amount of information collected; in humid

environments, the superhydrophobic multifocal MLA can
maintain perfect superhydrophobic performance and optical
property, which fully display its great potential for application
in humid environments as well as broad prospects in
biomedical fields.

2. RESULTS AND DISCUSSION

2.1. Design and Fabrication. The microstructure for
superhydrophobic and for multifocal length is combined
together, as shown in Figure la. Figure 1b shows that the
superhydrophobic structure adopts a cylindrical frame and a
curved protrusion on the top of the cylinder, which can help
the water droplets slide down. As shown in Figure Ic, the
microlenses with different focal lengths are adopted to form
the MLA so that it has continuously multifocal imagine
function to detect the DOF of the surrounding objects.

Figure 1d shows the fabrication process of superhydropho-
bic multifocal MLA. First of all, the designed super-
hydrophobic structures and multifocal MLA are prepared on
the photoresist in one go through 3D lithography; then, the
first soft lithography is performed to transfer the pattern
structure on the photoresist plate to the PDMS soft template
through the pattern transfer technology; finally, the multifocal
MLA and superhydrophobic microstructures are transferred
onto the PDMS through a soft template to prepare the
superhydrophobic multifocal MLA. Figure le—g shows the
SEM photos with different types of MLA. The preparation
method in this paper has the advantages as follows: (1)
without other processes and steps or lithography alignment
being needed, the 3D lithography can prepare the MLA with
different focal lengths and the superhydrophobic micro-
structures with higher depth-to-width ratio in one go, which
shows high level freedom in design and fabrication as well as
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Figure 2. Hydrophobicity test and analysis: (a—c) dynamic performance of different types of MLAs; (d) contact angle of different types of MLAs;

and (e) sliding angle of different types of MLAs.

relatively simple process. (2) The preparation of super-
hydrophobic microstructures and the processing of micro-
lenses with low surface roughness were completed simulta-
neously. Since 4096 gray steps can be designed on the z-axis,
the surface roughness of different regions on the structure
surface can be adjusted arbitrarily so as to process the surfaces
with different properties in one go. (3) PDMS with excellent
mechanical properties and thermal stability are selected as soft
templates, which have been widely applied in multiple fields
such as materials, biology, and microfluid. The processing
efficiency of up to 280 mm”/min can be realized based on the
3D lithography. The preparation method introduced in this
paper indicates the possibility of fabricating superhydrophobic
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multifocal MLA in a large-scale, low-cost, and high-efficiency
manner.

2.2. Hydrophobicity. Figure 2a—c demonstrates the
dynamic performance of water droplets (4 uL) falling on
different types of MLA. The first column shows the diagram of
a superhydrophobic multifocal MLA, a hydrophobic multifocal
MLA and a conventional multifocal MLA when water droplet
is attached to the surface under the condition of 80 um cycle
size. The 2—5 columns show the dynamic performance analysis
when water drop falls on the surface, and the experimental
result is as follows: when the water droplet falls on the
superhydrophobic multifocal MAL (as shown in the water
droplet dropping on superhydrophobic multifocal MLA of
Supporting Information), it spreads to the maximum area and
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then starts to shrink at 2.73 ms, the droplet shrinks to the
minimum volume and starts to rebound at 8.33 ms, and the
rebound reaches the highest point at 27.46 ms; when the water
droplet falls on the hydrophobic multifocal MLA (as shown in
the water droplet dropping on hydrophobic multifocal MLA of
Supporting Information), it starts to shrink after spreading for
3.21 ms and starts to rebound after shrinking for 10.07 ms, and
the rebound reaches the highest point at 29.75 ms; when the
water droplet falls on a conventional multifocal MLA (as
shown in the water droplet dropping on multifocal MLA of
Supporting Information), the spreading time lasts for 4.68 ms
while the spreading area is larger and the height is lower
compared to the aforesaid two types of MLAs, then it starts to
shrink at 12.31 ms and the water droplet spreads once again to
the maximum radius at 21.83 ms instead of rebounding,
Superhydrophobic multifocal MLA has the shortest spread
time, the shortest contact time between the droplet and the
surface, and the shortest time to rebound to the highest point.
Since the small cylinder increases the height of gas—liquid
interface and reduces the contact area of solid—liquid interface,
it enables the whole structure to have a larger volume of
“airbag”, as shown in the first column of Figure 2a—c, the larger
volume of “airbag” makes the droplet hard to contact the
microlens, which can reduce the spreading of droplet and make
it quickly shrink and rebound after reaching the lowest point.
In addition, a semicircular arc is designed at the top of the
cylinder to help the droplet contact the structure more
smoothly when it falls on the surface with better protection
from being punctured. In the process of droplet spreading, the
semicircular arc on the top can realize better contact and
integrate with the droplets and delay the droplet spreading. In
the process of droplet shrinking, the droplet can escape from
the semicircular arc on the top more quickly to realize quick
shrinking and rebounding. In contrast, the hydrophobic
multifocal MLA has a slightly longer spread time, longer
contact time between the droplet and the surface, and longer
time to rebound to the highest point. Since there is no small
cylinder in the hydrophobic structure compared to the
superhydrophobic one, the height of the gas—liquid interface
is lower and the contact area of the solid—liquid interface is
also larger than that of the superhydrophobic one. Therefore, it
is even harder for the droplet to escape from the surface due to
high spread depth and longer contraction process. In addition,
the top of the cylinder is not designed as the shape of a
semicircular arc; the edges are so sharp that the droplet is more
likely to be deformed when it contacts with the surface, which
makes the whole process more complicated and time-
consuming. As for the traditional multifocal MLA, the droplet
covers the whole surface without “airbag” between the droplet
and the microstructure, which leads to the deepest droplet
spreading with longest time, so the droplet cannot escape from
the surface of the traditional multifocal MLA after shrinking,
Usually, a method of surface micron-nano structure and
chemical modification is adopted to prepare the super-
hydrophobic surface. The performance of superhydrophobic
multifocal MLA proposed in this paper can be realized directly
by microstructures without any chemical post-treatment on the
surface. For different applications, the microlenses with
different aperture need to be designed and prepared, so the
gap of superhydrophobic structures composited between
microlenses of various apertures may also change, resulting
in an impact on the hydrophobicity. Therefore, it is necessary
to study the impact of the structure gap on the hydrophobicity

to provide a reference for the performance optimization of the
structures at the same time. As shown in Figure 2d—e, three
different types of multifocal MLA with structural periods of 50,
60, 70, 80, 90, 100, 110, and 120 pm are prepared with the
measurement of the contact angles and sliding angles. The
droplet rebounding times and contact times of different types
of multifocal MLA with different periods also were measured
as shown in Figures S1 and S2 of the Supporting Information.

Figure 2d shows the results of the measured contact angle,
and it can be found that the contact angles of super-
hydrophobic multifocal MLA with period sizes of 50, 60, 70,
80, 90, 100, 110, and 120 pum are all higher than 150° with
excellent superhydrophobic performance, which verifies that
the small cylindrical structure and the semicircular arc on the
top can enhance the surface hydrophobicity. As the period
increases, the contact angle decreases. We can explain this
phenomenon with Cassie—Baxter theory™~** as the following
description:

cos 0 = ricos O, + f — 1

0 is the apparent contact angle in the Cassie—Baxter state, 0, is
the contact angle of the ideal surface without microstructure, f
is the contact area of the prepared solid surface with the water
droplet, and r; is the ratio of the actual area of the surface to
the projected area. The second-order roughness columns can
prevent water droplets from contacting the surface to form the
Cassie—Baxter state at the interface. The more second-order
roughness columns per unit area, the better are the
hydrophobic properties. The hydrophobic multifocal MLA
with the same period has a maximum contact angle of 149.3°
at a period structure of 50 ym, and the contact angle decreases
while the period increases, which is also the reason for
increasing the gap as the period increases. It can be discovered
that the superhydrophobic multifocal MLA with small
cylinders and top semicircular protrusions on the hydrophobic
structure has a larger contact angle compared to the
hydrophobic multifocal MLA without similar structures. This
can be explained by the fact that the small cylindrical structure
and the semicircular protrusion at the top increase the area of
the surface at the upper end, thus increasing the height of the
gas—liquid interface between the water droplet and the air. The
higher gas—liquid interface height results in a smaller contact
area of the water droplets with the structure and a smaller
contact area at the solid—liquid interface, which helps increase
the contact angle. The conventional multifocal MLA of the
same cycle has no hydrophobic structure, and water droplets
will directly cover the structure surface, resulting in a smaller
contact angle when the droplets are in the Wenzel state. The
experimental results show that the contact angle of the
multifocal MLA with hydrophobic structure will be signifi-
cantly enhanced due to the presence of hydrophobic structures
compared to the conventional multifocal MLA without the
composite hydrophobic structures, especially for the super-
hydrophobic multifocal MLA, whose design of small cylinders
and the top semicircular arc protrusions on the super-
hydrophobic structures can enhance the hydrophobicity of
multifocal MLA to the superhydrophobic performance.

As shown in Figure 2e, this refers to the roll angle
measurement of the aforementioned structure. It can be
discovered that the conventional multifocal MLA, which has
no hydrophobic structure on the surface, does not allow water
droplets on the surface to roll or escape the surface of the
multifocal MLA. When the hydrophobic structures are
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Figure 3. Multifocal imaging performance test: (a) refers to the experimental setup to test the imaging performance; (b) refers to the XS microlens
imaging; (c) refers to the S microlens imaging; (d) refers to the M microlens imaging; (e) refers to the L microlens imaging; (f) refers to the XL
microlens imaging; and (g) refers to the relative distances between the images of different types of microlenses and the corresponding objects.

compositely prepared between multifocal MLA, the water
droplets on the surface can roll on or escape from the surface,
and the rolling angle becomes larger while the period increases.
It is due to the presence of hydrophobic structures that
increase the height of the gas—liquid interface and reduce the
resistance against the droplets on the surface, thus enabling
them to roll off. When the period becomes larger, the gap
between the structures and the resistance against the droplets
to roll off will also become larger, so that a larger tilting angle is
needed for the droplets to roll off. When the superhydrophobic
structures are compositely prepared between multifocal MLA,
the water droplets on a surface can roll on or off its surface
more easily. It is due to the fact that the small cylinders on the
superhydrophobic structure can further raise the height of the
gas—liquid interface and the top semicircular arc can achieve a
smoother contact with the droplets, which will greatly reduce
the resistance against the droplets to roll, and thus the droplets
on the superhydrophobic MLA are much easier to roll on or
off.

2.3. Performance of Multifocal Imaging. In real life, the
objects to be observed are often in different focal planes, so
mammals have to adjust the curvature of their eyes to change
the focal length to see objects clearly in different focal planes,
and this multifocal imaging function helps them with the
ability to perceive the depth of field. Similarly in this paper, the
microlenses with five focal lengths are prepared within the gap
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of superhydrophobic microstructures and combined into
arrays, to have the function of multifocal imaging and depth-
of-field perception.

Figure 3a shows the optical device to test the imaging
performance of superhydrophobic multifocal MLA, in which
the asymmetric pattern mask “F” is selected as the object of
research. The “F” mask is placed between the super-
hydrophobic multifocal MLA and the white light source, the
objective lens and the CCD are placed behind the super-
hydrophobic multifocal MAL sequentially. All devices are
maintained in the same axial height. When the light source is
turned on, the image of the “F” mask is observed and received
by the observation system consisting of the objective lens and
the CCD.

Figure 3b—f shows the optical images formed by different
types of microlenses in the superhydrophobic multifocal MLA
at different relative distances, and these images are captured by
the 10X objective lens and the CCD set behind. The multifocal
imaging capability is described by the relative distances
between the superhydrophobic multifocal MLA and the “F”
mask in this paper. According to Figure 3b, a clear “F” image
can be observed from the XS-type microlens in the
superhydrophobic multifocal MLA, and now the relative
distance from the “F” mask is set as 0 ym. In Figure 3c,
when the relative distance is enlarged, the clear “F” image can
be seen from the S-type microlens. It can be seen that the
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Figure 4. Optical performance test: (a) refers to a plot of spot convergence under different wavelengths of laser; (b) refers to a comparison of

intensity distribution of converged focus under laser irradiation of different wavelengths (along the x-axis and y-axis); and (c) refers to the process
of information sharing and compilation.

image size of the S-type microlens is larger than that of the XS-
type microlens, because the position of the S-type microlens is
higher than that of the XS-type microlens while the objective
distance of the S-type microlens is larger than that of the XS-
type microlens; therefore, the image by the S-type microlens is
larger than that by the XS-type microlens. As shown in Figure
3d—f, continue to rotate the button to expand the relative
distance. As the relative distance increases, the clear “F” image

the image has never been distorted during the process. This
imaging ability at different focal planes may enable the
superhydrophobic multifocal MLA with multifocal imaging
function so as to perceive the DOF of the surrounding objects
(as shown in the multifocal imaging of superhydrophobic
multifocal MLA of Supporting Information)

Figure 3g shows the relative distances at which different
types of microlenses are imaged. As the image is shifted from

by the XS-type and S-type microlenses will gradually shift to
the M-type and L-type microlenses and then finally move to
the XL-type microlens at a relative distance of 397 pm, while
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XS to XL and the relative distance increases from 0 to 397 um,
the experimental values of relative shift distance in the test are
close to the design values, and the relative shift distance varies
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Figure S. Experiments in different environments. (a) Optical imaging after simulated rain shower. (b) Spot convergence in a simulated high-

humidity environment.

almost in a linear manner, which makes the depth of field easy
to be estimated. However, the experimental values are
relatively small because of the deformation of PDMS adhesive
during the structure transfer. The PDMS adhesive will undergo
thermal curing deformation once being heated, and the final
microlens may not be in a perfect aspheric shape; thus, some
performance may be affected. In addition, the super-
hydrophobic multifocal MLA has perfect imaging performance
at five imaging distances, which makes no difference with that
of the conventional multifocal MLA without the super-
hydrophobic structures on the surface. It means that the
superhydrophobic structure has no influence on the imaging
performance of the multifocal MLA.

2.4. Optical Performance of the Fabricated AMLAs.
Focal ability, which is often used by many researchers to
evaluate the optical performance of MLA, is an important
feature of many optical devices. As shown in Figure 4a, the
spot convergence function of superhydrophobic multifocal
MLA is tested when irradiated by lasers at wavelengths of 450,
520, and 635 nm respectively, and the images are shot by a
20X objective lens and a CCD. The experimental results show
that the superhydrophobic multifocal MLA is capable of beam
convergence very well.

Figure 4 shows the intensity distribution of focal light
intensity along the x-axis and y-axis after normalization.
According to the experimental results, as for the aforesaid
wavelengths, the light intensity distribution of the focal point
along the x-axis and y-axis is in good agreement, and the half-
width of the focal point is less than 2 pm with very good
convergence performance. According to the intensity distribu-
tion of the focal point, there are some ring halos or multilevel
diffractions around the focal point, which may result from the
surface roughness; however, the intensity of the ring halo is
much lower than that of the secondary diffraction resulting
from the plane diffractive MLA. The aspherical MLA with
good focal intensity distribution is highly sensitive to laser
wavelength, so it can be applied to a variety of new micro-
optical sensor devices.

By changing the relative distance between the super-
hydrophobic multifocal MLA and the objective lens, different
types of microlenses show the phenomenon of spotted focus
sequentially. It indicates that the superhydrophobic multifocal
MLA mentioned in this paper is capable of information sharing

and multifocal imaging, which means that a large amount of
information can be collected from more areas for identification
and compilation. Figure 4c shows the process of information
collection and compilation. Place the number “1893” (the birth
year of Wuhan University) between the light source and the
superhydrophobic multifocal MLA, and we can get different
images with different types of microlenses. On some images,
the numbers “1” or “3” are alone, while on some the numbers
“93”, “89” and “18” are converged together. Compared to
conventional MLA, it can capture object information in a more
comprehensive manner. When the captured images are
recognized and compiled, it can be seen that the number “1”
is to the left of the number “8”, and the number “3” is to the
right of the number “9”. After determining the location of all
the images, the clearest image is selected for editing and
compiling so that a clearer and more complete image “1893”
can be obtained, as shown at the bottom of Figure 4c.

2.5. Optical Imaging Properties in a Humid Environ-
ment. In this paper, the flexible material PDMS is used to
prepare the superhydrophobic multifocal MLA. Since the
material for preparation is flexible, it can be applied to the field
of flexible display electronic devices. The optical properties of
different samples are tested under water droplet impact,
friction (as shown in Figure S4 of the Supporting
Information), and high-humidity environment to verify the
adaptability in different environments. The superhydrophobic
multifocal MLA, the hydrophobic multifocal MLA and the
conventional multifocal MLA are marked with the blue, yellow,
and red frames, respectively.

Figure Sa shows the adaptation experiment in a high-
humidity environment, in which different types of microlenses
are placed near a humidifier to simulate the humid outdoor
environments such as early morning, foggy day, and waterside.
Different types of samples with clean surfaces are placed on top
of the humidifier, and then power on the humidifier to make
the humidity of the experimental environment approach 100%,
and then keep the samples on top of the humidifier for S min
for observation. According to the experimental results, the
vapor condenses into droplets on the surface of the samples,
and the condensed droplets on the superhydrophobic
multifocal MLA can roll off without residue; however, there
are some residual droplets on the surface of the hydrophobic
multifocal MLA and a large number of droplets condensed on
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the conventional multifocal MLA. The optical imaging
performance of three MLA in a high-humidity environment
has been tested. Since there are no water droplets adhered to
the surface, the image by the superhydrophobic multifocal
MLA is clear and complete with high imaging quality, whereas
the imaging quality of the hydrophobic multifocal MLA is
degraded due to the influence of the water droplets, and the
conventional multifocal MLA is hardly capable of imaging due
to the excessive water droplets on the surface.

As shown in Figure 5b, when the water droplets are dropped
on different MLAs, it can be seen that different samples will
show different performances. The water droplets will not
adhere to the superhydrophobic multifocal MLA at all; some
water droplets will adhere to the hydrophobic multifocal MLA
and the water droplets will completely adhere to the
conventional multifocal MLA, which can fully verify the
correctness of our structural design. In the case of water
droplets on the surface, the beam focusing performance of the
three MLAs has been tested. Since there are no water droplets
adhered to the surface, the superhydrophobic multifocal MLA
converges to a clear and bright light spot, while the beam
convergence performance of the hydrophobic multifocal MLA
and the conventional multifocal MLA is relatively poor.

According to the aforesaid experiments, the structure
illustrated in this paper can successfully integrate the
superhydrophobic and multifocal imaging functions under
the environments of near 100% humidity, rain, and mild
abrasion, so it has a broad prospective application in the future.
However, if the size of the water droplet is smaller than the gap
of the superhydrophobic structure or the structure has been
worn out, it is necessary to design the superhydrophobic
structure with a smaller gap and more robust materials to avoid
the structural damages.

3. CONCLUSIONS

Conclusively speaking, the method of combining 3D
lithography with soft lithography can be adopted to prepare
the superhydrophobic multifocal MLA with superhydrophobic
properties and a multifocal imaging function in a simple and
efficient manner. The superhydrophobic multifocal MLA has
good superhydrophobic performance at the gap of 50—120
pum. Water droplets can roll off the surface at a rolling angle of
less than 12.9° and bounce off the surface. Apart from the
superhydrophobic performance, it is capable of multifocal
imaging and integrated imaging with a DOF detection range of
up to 397 um. In addition, it can maintain good super-
hydrophobic performance and optical properties in an
extremely humid environment. The superhydrophobic multi-
focal MLA proposed in this paper has a broad perspective on
the actual applications.

4. EXPERIMENTAL SECTION

The main fabrication process of the h-MLA includes two steps:
a 3D lithography process and a PDMS replication process.
4.1. 3D Lithography Process. A PR (Merck, AZ4562)
was spin-coated on a Si substrate with a thickness of 1 mm. It
was spin-coated at a speed of 550 rpm for 35 s and relaxed for
30 min. Subsequently, 3D lithography technology (4PICO,
Pico Master 100) was directly used to perform grayscale
exposure of the PR. The exposure dose was 1200 mJ/mm?.
The working laser wavelength was 850 nm. The working speed
of the laser spot was 100 mm/s. At a ratio of 3:1 (by weight),
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ultrapure water was mixed with the developer (AZ 400 K).
The development time was 10 min. The acquired MLA was
baked for 20 s at 90 °C.

4.2, PDMS Replication Process. A PDMS elastomer kit
(Sylgard 184) was purchased from Dow Corning (MI). At a
ratio of 10:1 (by weight), the PDMS prepolymer was mixed
with the cross-linker and degassed for 15 min at 50 °C. The
mixture was poured onto the PR, followed by curing at 80 °C
for 3 h. After peeling off the PDMS mixture from the PR, a
negative mold was acquired and placed on glass. Then, the
PDMS mold was coated with 1H, 1H, 2H, 2H perfluorodecyl-
triethoxysilane after plasma treatment with an oxygen ion. The
PDMS mold coated with 1H, 1H, 2H, 2H perfluorodecyl-
triethoxysilane was placed in a vacuum environment for 40 min
and was coated with the PDMS mixture again. Next, the
silanized negative mold was spin-coated with 1 mm thick
PDMS, and a second hot-curing process was employed on the
negative mold to realize pattern replication. The negative mold
with PDMS was placed in an oven again at 80 °C for 3 h to
realize curing. After the PDMS film was peeled off of the
negative mold, the fabrication of the MLAs was completed.

4.3. Characterization. SEM images of the gold-sputtered
samples were taken with a field-emission scanning electron
microscope (Tescan, Brno, s.r.0.). The transmittance of the
samples was measured with a UV spectrophotometer (Lambda
365 UV—vis spectrophotometer, PerkinElmer). The compo-
nents of the optical measurement system included an objective
lens (Daheng, GCO-2107), two light sources (Thorlab,
CPS63S; Lemons, KMFL2929), and a charge-coupled device
(CCD) (Daheng, MER-2000-19U3C-L).
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