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Abstract: As an important micro-optical device, microlens array (MLA) also has broad
applications in aqueous environment apart from atmosphere, such as bioscience research, ocean
exploration, and microfluidic systems. However, the surface of the normal MLA is easily polluted
by oil contaminations when the MLA is practically applied in a water medium, leading to the
loss of its optical imaging ability. Herein, we fabricated a functional MLA with underwater
anti-oil and self-cleaning abilities by combining the femtosecond laser wet etching (FLWE) and
the femtosecond laser direct writing (FLDW) techniques. The as-prepared close-packed MLA
is composed of 10000 single microlenses with the aperture diameter of 50 um. The surface of
each microlens is further textured with micro/nanoparticles. Clear and uniform images could
be captured by using the resultant MLA in water, demonstrating great underwater imaging
ability. The modulation transfer function value is larger than 0.6 at 55 Ip/mm. In addition, the
micro/nanostructures endow the as-fabricated MLA surface with underwater superoleophobicity
and oil-repellent performance. Various oils can be repelled by the resultant MLA in water.
Underwater 1,2-dichloroethane oil droplet on the textured MLA has a contact angle of 158.0 +0.5°
and a sliding angle of 2.0 + 0.2°. The underwater superoleophobic MLA also has good mechanical
durability. The anti-oil and self-cleaning functions will broaden the applications of the MLA in
ocean exploration, bioscience research, microfluidic system, and many underwater MLA-based
systems.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

As an important miniaturized optical component, microlens array (MLA) is widely applied in
the three-dimensional imaging, protein detection, light homogenization, wavefront sensing, lab-
on-a-chip devices, and microfabrication, because of its great imaging and light-field-regulation
capabilities [1-7]. However, the traditional MLAs are easily polluted by oil contaminations when
they work in water medium, which may lead to the loss of their imaging ability. Usually, various
detergents and organic solvents are used to clean them, but these chemical substances will pollute
our living environment. Moreover, the MLA-based component must be dismantled from the
device to wash off the adhered oil contaminations. The waste of time for reparation also leads to
a large economic loss. Therefore, it is an imperative demand for developing a new method to
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fabricate a multifunctional MLA which synchronously has high optical performance, anti-oil,
and self-cleaning abilities.

Nature gives us much inspiration to produce anti-oil surfaces such as superoleophobic surfaces
[8—13]. Fish scales have great underwater superoleophobicity, on which the underwater oil
droplet has a contact angle larger than 150° [14—15]. The anti-oil ability enables fish to keep
its skin clean even in the oil-polluted water medium. Jiang et al. found that the underwater
superoleophobicity of fish scales surface is derived from the hydrophilic chemical component
and micro/nanoscale hierarchical structures [16]. Until now, a large number of studies have been
focused on fabricating artificial underwater superoleophobic surfaces based on an oil/water/solid
three-phase system [11,17-34]. For example, Jiang et al. obtained micro/nanoscale structures
with underwater superoleophobicity on a silicon substrate by lithography etching [16]. Liu et
al. fabricated textured copper oxide coating on a copper sheet by simple chemical etching in
ammonia solution [17]. The as-prepared surface exhibits underwater superoleophobicity. Zhang
et al. prepared underwater superoleophobic Ni/NiO surfaces with controllable oil-adhesion by
electrochemical deposition and subsequent annealing process [18]. These resultant underwater
superoleophobic surfaces have the capacity of anti-oil, underwater self-cleaning, and oil/water
separation. Nevertheless, to the best of our knowledge, an underwater superoleophobic and
self-cleaning MLA has rarely been reported, and the integration of excellent imaging ability and
anti-oil function for a MLA still remains a great challenge.

Here, we report a novel way to prepare underwater superoleophobic MLA. Femtosecond laser
wet etching (FLWE) technique was firstly applied to fabricate a normal MLA with smooth surface.
Then, micro/nanoscale hierarchical structures were further created on each microlens surface by
femtosecond laser direct writing (FLDW) treatment. The optical imaging performance and the
modulation transfer function (MTF) of the resultant MLA demonstrate that the ML A possesses
good imaging ability in water. In addition, the surface micro/nanostructures endow the MLA
with underwater superoleophobicity, so the resultant MLA has excellent underwater anti-oil and
self-cleaning abilities. The oil residue on the MLA surface can be easily cleaned away by water.

2. Experimental
2.1. Fabrication of smooth MLA

Commercial K9 glass (10x10x1.5 mm?) was used as the substrate material. The laser beam
(central wavelength = 800 nm, pulse duration = 50 fs, and repetition rate = 1000 Hz) was generated
from a regenerative amplified Ti: sapphire laser system (Coherent Libra-usp-he) and was focused
onto the glass surface by an objective lens (50x, NA = 0.60, Nikon), as shown in Fig. 1(a). The
glass surface was irradiated by the laser via the point-by-point manner, resulting in an array of
ablated craters. Every crater was ablated by 300 laser pulses with the power of 5 pJ. The distance
between the adjacent craters was set at the constant value of 50 pm (Fig. 1(d)). After the laser
irradiation, the glass sheet with original craters was immersed in the 10% hydrofluoric (HF) acid
at room temperature (Fig. 1(b)). Subsequently, the concave ML A will be formed by selectively
etching laser-modified region (Fig. 1(e)). The details of the formation principle of the MLA is
reported in our previous articles [35,36].

2.2. QGeneration of micro/nanostructures on MLA surface

Femtosecond laser has been demonstrated to be an effective tool to fabricate micro/nanostructures
[37,38]. As shown in Fig. 1(c), the laser beam was focused on the surface of the as-prepared
smooth MLA again by an objective lens (20X, NA =0.40, Nikon). The line-by-line scanning
method was used to produce hierarchical micro/nanoscale structures on the MLA surface
(Fig. 1(f)). The laser power was set at 10 mW. The average distance (AD) between the adjacent
irradiated points was adjusted by controlling the laser scanning speed and the scanning interval.
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Fig. 1. Fabrication process of micro/nano-structured MLA. (a,d) An array of ablated craters
was formed by femtosecond laser irradiation. (b,e) Chemical etching process for forming
normal MLA. (c,f) Micro/nanoscale structures were generated on the MLA surface via
femtosecond laser ablation.

2.3. Characterization

The surface topography of the MLLAs was observed through a scanning electron microscope
(FlexSEM 1000, HITACHI, Japan) and a laser confocal scanning microscope (LEXT-OLS4000,
Olympus, Japan). The optical performance of the resultant ML A was investigated by an optical
system which contains a microscope (Nikon, Japan) and a charge-coupled device (CCD). The
optical transmission spectrum at the wavelength of 400 ~ 800 nm was tested by a spectrophotometer
(UV 3010, Hitachi, Japan). The wettability of an underwater oil droplet (10 uL) on different
types of MLA surfaces was measured by a contact angle system (JC2000D, Powereach, China).
Generally, 1,2-dichloroethane was adopted as the main test oil for investigating underwater oil
wettability because its density is higher than that of water. The average contact angle and sliding
angle values were obtained by measuring the sample at five different positions.

3. Results and discussion
3.1.  Surface morphology

An array of microlenses was firstly created on the glass surface by FLWE method, as shown in
Figs. 2(a) and 2(b). The surface of the microlens is smooth and there are no noticeable particles
on the original MLA (Fig. 2(b)). After subsequent FLDW treatment, micro/nanostructures
were further induced on the MLA surface because of laser ablation (Fig. 2(b)). The surface
of the resultant microlens is completely decorated with micro-bumps which are about 1 um
in size. Such micro/nanostructures were generated by the laser-matter interaction during laser
ablation. Figure 2(d) depicts the three-dimensional (3D) profile of the textured MLA. Although
the microlens is decorated with micro/nanoscale structures, the microlens still maintains its
curved surface profile. The result shows that the average aperture diameter (D) and height (%) of
the microlens are 49.98 pm and 8.04 um, respectively. The focal length (f) and the numerical
aperture (NA) of the MLA can be calculated by the following formulas [36,39]:

_ W+
" 2h(n—1)
D
=5

f ()

NA (2
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where 7 is the radius of the microlens which is equals to D/2, n is the refractive index of the
material. We can obtain f = 83.06 um and NA =0.30 (D =49.98 ym, h=8.04 ym and n=1.516
for K9 glass), respectively. The obtained f and NA values were comparable to previously reported
microlenses [40,41].

Fig. 2. Morphologies of different kinds of MLA. (a,b) SEM images of the smooth MLA.
(c) SEM images of the micro/nano-structured MLA (AD =4 pm). (d) 3D profile of the
micro/nanoscale textured MLA.

3.2.  Optical performance

The underwater imaging ability of the textured MLA was tested by a man-made optical imaging
system. As shown in Fig. 3(a), the MLA and the imaging target were immersed in water and
were put between an objective lens and a light source. For the object of a transparent letter “A”,
an array of miniaturized “A” was clearly captured by the CCD (Fig. 3(b)). In addition to the
simple letter, more complex patterns such as “fish” can also be imaged through the structured
MLA (Fig. 3(c)). The clear and uniform images of “A” and “fish” patterns demonstrate that the
textured MLA has great imaging performance.

The image quality of the textured MLA can be quantitatively evaluated by the MTF, which
is usually used to evaluate an optical imaging component [42]. In this experiment, the MTF
of the textured MLA was calculated by the point spread function (PSF) of the captured image
[43]. Figure 4(a) shows the experimental setup for measuring the PSF of the element. The
incident light was spatially filtered by a pinhole (Thorlabs, P100D) with diameter of 100 pm and
expanded through a microscope condenser. The collimated beam passing through the textured
MLA was magnified by an objective lens (20X, NA = 0.40, Nikon) and was finally captured by a
CCD camera chip. The PSF of the textured MLA was shown in Fig. 4(b), which was uniform
in size and brightness. The MTF of a single microlens (e.g., in the red square of Fig. 4(b))
was calculated by the Fourier transform of the PSF and the result is shown in Fig. 4(c). The
measured MTF value is over 0.6 at 55 lp/mm, indicating that the textured MLA exhibits excellent
underwater imaging ability.

Although the resultant MLA with micro/nanoscale surface structure has poor imaging property
in air, its imaging performance is outstanding in a water medium (Fig. 3). Once the sample was
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Fig. 3. Optical imaging performance of the resultant MLA. (a) Experimental setup of the
underwater imaging system. (b,c) Images of an array of (b) letter “A” and (c) “fish” pattern
captured through the textured MLA.
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Fig. 4. (a) Schematic diagram of the experimental setup for measuring the PSF of the
device. (b) The PSF of the textured MLA. (c) The calculated MTF of a single microlens.

immersed in water, the gap between the rough surface microstructures will be quickly occupied
by water due to the superhydrophilicity of the laser-treated glass substrate. Because glass and
water have comparable refractive index, a weaker scattering occurs when light passes through the
glass/water interface [25,44]. Therefore, the fabricated micro/nanoscale structured-MLA has
high imaging ability in underwater condition. Figure 5 shows the visible light transmittance of
the smooth MLA and the textured MLA in water medium. Although the optical transmission of
the textured MLA is lower than that of the smooth MLA, the laser-treated MLA still exhibits
good transparence with the light transmittance higher than 68.7% at the wavelength of 600 nm,
ensuring the high imaging ability of the laser-treated MLA.
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Fig. 5. Optical transmission spectrum of the smooth MLA and the textured MLA in water
medium.

3.3. Underwater superoleophobicity

Glass is a typical inherently hydrophilic and oleophilic material. Water droplet on the smooth
MLA has a water contact angle (WCA) of 46.1 + 1.1°, while oil droplet on the smooth MLA
has an oil contact angle (OCA) of 22.4 + 0.2°. After the formation of micro/nanostructures, the
resultant textured MLA shows superhydrophilicity with WCA of 7.8 + 1.3° and superoleophilicity
with OCA of 2.5 £0.1° in air. The underwater oil wettability of the MLLAs was investigated by
OCA and OSA measurements. When an oil droplet was placed on the textured MLA in water, the
OCA was as large as 158.0 + 0.5°, showing underwater superoleophobicity (Fig. 6(a)). As long
as the textured MLA was slightly tilted, the oil droplet could easily roll away from the sample
surface (Fig. 6(c)). The contact angle hysteresis was measured to be 2.0°. The low OSA value of
2.0 £+ 0.2° reveals that the underwater superoleophobic ML A exhibits ultralow adhesion to oils.
By contrast, the smooth ML A without surface micro/nanostructures shows weak oleophobicity
with an OCA of 102.5 £ 0.3° in water (Fig. 6(b)), similar to the intrinsic underwater oleophobicity
of the glass. Even if the smooth MLA was tilted at 90°, the oil droplet could still firmly adhere to
the sample surface.

The excellent underwater superoleophobicity of the textured MLA surfaces is ascribed to
the underwater Cassie wetting state [16,23,24]. The hydrophilicity of the glass substrate is
enhanced by the laser-induced surface hierarchical micro/nanoscale structures on the textured
MLA surface. Once the sample was immersed in water, the rough microstructures will be
completely wetted by water. The trapped water layer around the surface microstructures only
allows the oil droplet to sit on the solid/water interface, forming an oil/water/solid three-phase
system (Fig. 6(d)). The trapped water is an ideal oil-repellent medium, which provides the
repulsive force to oil, thereby endowing the textured MLA with underwater superoleophobicity
and ultralow oil-adhesion. Figure 6(e) shows the OCAs and OSAs of the underwater oil droplets
on the textured MLAs surfaces that ablated by laser at different ADs. It is shown that the surfaces
can maintain underwater superoleophobicity (OCA > 150°) and extremely low oil-adhesion
(OSA < 10°) as the AD increases from 2 um to 14 um. This result reveals that the anti-oil MLA
can be prepared in a wide variation of processing parameters. As shown in Fig. 7, the textured
MLA was demonstrated to show excellent underwater superoleophobicity to a wide range of oils,
such as hexadecane, petroleum ether, decane, liquid paraffin and chloroform. These oil droplets
could easily roll away once the sample was tilted a small angle (less than 10°).
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Fig. 6. Wettability of the fabricated MLAs. (a,b) Optical images of an oil droplet on
different MLA surfaces in water: (a) textured MLA and (b) smooth MLA. (¢) A 10 uL oil
droplet sliding off the textured MLA surface with a tilting angle of 2° (see Visualization
1 for more details). (d) The contact model of an oil droplet on the micro/nano-structured
MLA surface in water. (e) Relationship between the OCAs/OSAs and the AD.
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Fig. 7. Excellent underwater superoleophobicity and ultralow oil adhesion of the textured
MLA (AD =4 um) to various oils.
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3.4. Self-cleaning ability

The underwater superoleophobicity caused by the hierarchical micro/nanoscale structures can
endow the textured ML A with anti-oil and self-cleaning ability in practical application. Figure 8(a)
depicts the schematic illustration of self-cleaning ability of the textured MLA. A sesame oil
droplet will quickly spread out when it is dripped onto the surface of the as-prepared micro/nano-
structured MLA (Fig. 8(a)-1). Once the sample was immersed in water, the oil molecules in the
rough surface structures will be quickly replaced by water (Fig. 8(a)-2). With the increase of
water volume, all the oil contaminants will be cleaned without any residues. Most of oils are
lighter than water, so the oil will float onto water surface (Fig. 8(a)-3). Figure 8(b) shows the
result of dripping an oil-polluted superoleophobic MLA into water. Finally, the oil contaminant
was completely removed from the MLA surface, showing remarkable self-cleaning property
of the underwater superoleophobic MLA. The self-cleaning function was also verified from
a top view (Fig. 8(c)). It can be seen that the surface of the MLA was so clean without any
oil contamination (Fig. 8(c)-3). By contrast, when the same experiment was performed on the
smooth MLA with weak underwater oleophobicity, many oil droplets remained on the MLA
surface after cleaning process, which would seriously decrease the imaging performance. In
addition, the textured MLA still maintained great underwater oil resistance after more than 20
cleaning cycles. These experiment results demonstrated that the textured MLA exhibits excellent
oil resistance and self-cleaning ability.

@] .

Fig. 8. Self-cleaning ability of the laser-treated MLA. (a) Schematic illustration of the
self-cleaning process of the underwater superoleophobic MLA. (b) A series of digital
photographs of dripping an oil-polluted superoleophobic MLA into water. (c) The top-view
photographs of the self-cleaning process.

3.5. Durability

High durability is crucial for a MLA in practical applications. Figure 9(a) shows the OCA and
OSA values of an oil droplet on the textured MLA that suffered from different cycles of sandpaper
(800 mesh) abrasion. The sample was pulled to go forward for 15 cm for a cycle, with a load
of 50 g. The result shows that the textured MLA remained underwater superoleophobicity and
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ultralow oil-adhesion within 16 abrasion cycles. With further increasing the abrasion cycle,
the OCA decreased and the OSA sharply increased to 90° due to the damage of the surface
microstructures. The thermal stability was also investigated, as shown in Fig. 9(b). The OCAs of
the oil droplet on the textured MLA surface maintained above 150° even though the MLA was
heated at 130°C for an hour. Until the temperature was increased to 200°C, the textured MLA
would loss underwater superoleophobicity. Therefore, the textured MLA has good abrasion
resistance and thermal stability in addition to the excellent underwater superoleophobicity.
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Fig. 9. Mechanical durability of the textured MLA. (a) Underwater oil wettability of the
sample after different abrasion cycles. (b) Underwater oil wettability of the sample after
heated at different temperature.

4. Conclusions

In conclusion, an underwater superoleophobic and anti-oil MLA was fabricated on the K9 glass
substrate by FLWE and subsequent FLDW methods. The resultant microlenses have curved
surface profile and their surfaces are decorated with micro/nanoscale structures. The MLA
has great imaging ability in water. Clear and uniform image of complex patterns could be
captured through the MLA. Compared to the normal MLA, the micro/nano-structured MLA
also exhibits underwater superoleophobicity and ultralow oil-adhesion to a wide range of oils
(e.g. 1,2-dichloroethane, hexadecane, petroleum ether, decane, liquid paraffin, and chloroform),
which endows the MLA surface with great anti-oil ability. Underwater 1,2-dichloroethane oil
droplet on the textured MLA has a contact angle of 158.0 +0.5° and sliding angle of 2.0 + 0.2°.
Even though the MLA is polluted by oil contaminants, the MLA surface can be easily cleaned
by water. In addition, the underwater superoleophobic MLA has good mechanical durability.
We believe that the novel superoleophobic and anti-oil MLA will have broad applications in
bioscience research, ocean exploration, and underwater optical imaging.
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