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Surfaces with hierarchical micro/nanostructures have been widely fabricated for their extensive applications
in self-cleaning, antireflection, etc. However, a flexible and highly efficient method for obtaining such
surfaces remains a great challenge, especially for metals. In this paper, we propose a simple and tunable
approach for fabricating a dual-functional surface with patterned hierarchical micro/nanostructure
arrays. A femtosecond laser was used to remove the SiO, thin film, coated on the Cu substrate,
masklessly and selectively. Then the arrays of micro-protrusions decorated with nanoneedles were
synthesized successfully through thermal oxidation. We demonstrate that the morphology of the micro-
protrusions remarkably affects the surface properties, which can be flexibly tuned by controlling
femtosecond laser parameters. By optimizing the laser parameters (e.g. scanning mode and laser
fluence), we can achieve high performances with respect to superhydrophobicity, with a maximum
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demonstrating its self-cleaning function.
reflectance of less than 1% at a wavelength range of 700-800 nm can be achieved and the total
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Introduction

Over the past decades, micro/nanostructures have received
considerable research interest because of their extensive
applications in self-cleaning,'® oil-water separation,>”*® anti-
corrosion,**? optical enhancement,>'*** water splitting,** cata-
lyst,"*¢ antireflection,"”*®* and surface-enhanced Raman
spectroscopy detection.>***** There are plenty of hierarchical
micro/nanostructure surfaces which have been inspired by
nature.””>® Jiang et al. reviewed the designs of bioinspired
multifunctional materials® and indicated that biological
surfaces have some unique properties e.g. wettability,
mechanical properties, structure color, and optical properties.
The wettability of superhydrophobic surfaces with a static
contact angle (CA) greater than 150° and a sliding angle less
than 10° is mainly determined by the chemical composition,
surface roughness, and geometric morphology.*® In particular,
surfaces bioinspired by the lotus leaf effect>®® have been
increasingly researched because of their superhydrophobicity.
The superhydrophobicity of lotus leaves mainly depends on the
hierarchical micro/nanostructures rather than the effect of the
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In addition, antireflection properties with a minimum

reflectance can be steadily below 6% over a broad wavelength range of 600-1150 nm.

plant epicuticular wax that provides a primary waterproof
barrier and protection against different environments. To
obtain the analogy of superhydrophobicity surfaces with respect
to the lotus leaf effect, it is necessary to fabricate hierarchical
micro/nanostructures.

Recently, many hierarchical micro/nanostructures have been
fabricated using conventional methods such as electrochemical
processes,* lithography,®* and galvanic replacement reaction.*
For example, Yang et al. shown that the morphology of super-
hydrophobicity surfaces can be changed from cauliflower-like to
dendritic-like through a galvanic replacement reaction with
different concentrations of AgNO; solution.*® However, this
reaction in solution is less controllable and cannot achieve
patterned micro/nano-structures. Zhang et al. reported hetero-
hierarchical micro/nanostructures on Cu foils with a CA of
165° and a sliding angle of less than 2° using photolithography
coupled with electrochemical deposition.® Although patterned
micro/nanostructures have been achieved using this method to
obtain superhydrophobicity surfaces, the photomasks used in
photolithography are complicated and expensive,* limiting
their further industrial applications. Femtosecond laser pro-
cessing is a one-step direct maskless fabrication technique and
has intrinsic advantages over traditional methods with respect
to controllability and economy.*>?¢

In this paper, we propose a simple and tunable approach for
fabricating a dual-functional surface with patterned
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Fig.1 Schematic procedures of the micro/nanostructures fabrication.
(a) Prepared Cu substrate with SiO, film coated by ion beam sputter-
ing. (b) Removal of SiO; thin film using femtosecond laser. (c) CuO
micro/nanostructure growing on substrate after thermal oxidation. (d)
Magnified structure units.

hierarchical micro/nanostructure arrays. The fabrication
process is illustrated in Fig. 1. First, the Cu substrate was coated
with a SiO, film through ion beam sputtering. Subsequently,
a uniform dot or line array was fabricated using a femtosecond
laser. Finally, an array of micro-protrusions decorated with CuO
nanoneedles was generated using thermal oxidation in a muffle
furnace. The prepared hierarchical micro/nanostructures were
CuO micro-protrusions decorated with CuO nanoneedles,
exhibiting excellent superhydrophobicity and antireflection
properties over a broad range of wavelengths.

Experimental

Materials

Polished Cu substrates (10 mm x 10 mm x 1 mm, 99.9999%
purity) were purchased from Hefei Kejing Materials Technology
Co., Ltd. The Cu substrates were coated with a 100 nm-thick
SiO, film through ion beam sputtering.

Laser ablation of the SiO, thin film on a Cu substrate

The patterned dot and line arrays were fabricated using a mode-
locked Ti: sapphire laser system (Spectra Physics, Inc., Santa
Clara, California, USA; 800 nm, 35 fs, 1 kHz). The Gaussian
profile laser beam was focused perpendicular to the substrate
by an objective lens (Olympus MPLFLN 5 x; numerical aperture
[NA] = 0.15). The Cu sample was mounted on a six-axis motion
stage (M-840.5DG, PI, Inc., Karlsruhe, Germany) with a resolu-
tion of 1 um in the XY directions and 0.5 um in the Z direction.
The motion stage was computer-controlled to efficiently fabri-
cate the dot and line array structure. The laser fluence was
adjusted from 0.9 to 10.5 ] cm ™ > while fabricating the dot array,
and the laser fluence was adjusted from 0.54 to 1.2 ] cm > while
fabricating the line array. The dot-to-dot spacing was 15 pm and
the line-to-line spacing was 10 pm. After laser ablation, all the
samples were cleaned ultrasonically with deionized water and
alcohol for 5 min to remove debris.
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Thermal oxidation

After the laser ablation, the samples were heated at 450 °C for
2.5 h in a muffle furnace (GHA12/300, Carbolite) to grow CuO
micro-protrusions decorated with CuO nanoneedles. Then, the
samples were cooled to room temperature.

Characterization

The sample surface was characterized using a scanning electron
microscope (SEM, FEI XL30 S-FEG). The composition of the
hierarchical micro/nanostructures was analyzed through energy
dispersive X-ray spectroscopy (EDX). The surface water contact
angles were measured using an optical contact angle measuring
system (OCA 15 Pro, Dataphysics Inc.) and SCA 20 measuring
software through a sessile drop technique. Reflectance was
measured through Fourier-transform infrared spectroscopy (FT-
IR, Vertex 70, Bruker) using the polished Cu surface as the
background signal and the fabricated surface as the sample
signal.

Results and discussion
Microdot arrays fabricated using femtosecond laser

The laser ablation of SiO, thin films coated on bulk materials
has been a topic of considerable researches in recent years.*”**
Most previous studies have focused on SiO, films on Si
substrates, and the mechanism of film ablation has typically
been explained by a model of melting and vaporization.*” The
ablation of a SiO, thin film on a Cu substrate could be under-
stood to be a similar process. The results of a microdot array
fabricated using a femtosecond laser are shown in Fig. 2.
Fig. 2(a) shows an SEM image of the patterned microdot array
fabricated through femtosecond laser ablation of the SiO, film
coated on the Cu substrate. The patterned microdot array could
be achieved by femtosecond laser selective single-pulse abla-
tion. The magnified SEM image of the ablated craters is shown
in the insets of Fig. 2(b). The SiO, film was completely removed
through femtosecond laser ablation while the Cu substrate was
almost undamaged, which is similar to a previous report on
femtosecond laser ablation of a SiO, film on a Si substrate.*®
Moreover, the microdots exhibited an elliptical geometric
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Fig.2 (a) SEM image of the dot array fabricated through femtosecond
laser ablation of SiO, film coated on the Cu substrate (laser repetition:
100 Hz; scanning speed: 1500 um s~ laser fluence: 1.5 3 cm™2). (b)
Dependence of ablation area and ellipticity on the laser fluence. The
laser fluences were varied from 0.9 to 10.5J cm~2. The inset is an SEM
image of a microdot marked by dash lines, which represent the
ablation area, the major axis, and the minor axis, respectively.
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morphology, wherein the major axis was parallel to the direc-
tion of laser polarization. A similar phenomenon has been re-
ported in previous studies on femtosecond laser ablation of Si
and Cu.”* To qualitatively depict the aforementioned ellip-
ticity of the ablated microdots, we defined parameter ellipticity
as the aspect ratio of a to b, where a and b represent the lengths
of the major axis and minor axis, respectively. The dependence
of the ablation area and ellipticity on the laser fluence is shown
in Fig. 2(b). The ablation area of the SiO, film increased as the
laser fluence increased. That is, the size of the microdots can be
controlled by adjusting the laser fluence. However, the laser
fluence should not exceed certain threshold in order to prevent
the Cu substrate from damage. Similarly, the ellipticity also
increased with an increase in the laser fluence, as shown in
Fig. 2(b). To explain this polarization-dependence phenom-
enon, anisotropic energy absorption should be considered. The
energy of a polarized femtosecond laser is absorbed more effi-
ciently along the laser polarization direction, as described by
Fresnel coefficients.** This anisotropic energy absorption effect
facilitates the preferred ablation along the laser polarization.

Thermal oxidation of the dot array

CuO nanoneedles can be easily synthesized by heating a Cu
substrate.*® Herein, after femtosecond laser ablation of the SiO,
thin film, the samples were placed in a muffle furnace to induce
thermal oxidation. The parameters of thermal oxidation are
important to obtain uniform micro-protrusions decorated with
nanoneedles. In this study, all the samples were heated at

Atom%
O-K 42.19
Cu-K 57.81

Cu

! zE:‘ne:-g; (ls(e\-r”)s o
Fig. 3 (a) SEM image of CuO nanoneedles formed on bare Cu surface
after thermal oxidation. The thermal oxidation lasted for 2.5 h at
450 °C. (b) SEM image of microdot array patterned through femto-
second laser ablation and thermal oxidation when the was 6.0 J cm™2.
(c—e) SEM images of micro-protrusion decorated with CuO nano-
needles after femtosecond laser ablation and thermal oxidation at
different laser fluences: (c) 1.5, (d) 3.0, and (e) 6.0 J cm~2. (f) SEM image
of the microline array after femtosecond laser ablation of the SiO, film
(laser repetition: 1000 Hz; scanning speed: 1000 pm s~ %; laser fluence:
0.60 J cm™2). (g) SEM image of microridges decorated with CuO
nanoneedles after femtosecond laser ablation and thermal oxidation.
(h) Detailed view of the nanoneedles. (i) EDX result of the hierarchical
line array.
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450 °C for 2.5 h. Fig. 3(a) shows the SEM image of CuO nano-
needles formed on a bare Cu surface after thermal oxidation.
The Cu surface was completely covered with CuO nanoneedles
after thermal oxidation, but the resulting surface was inhomo-
geneous in space, which is consistent with a previous report.*®
Fig. 3(b) shows the SEM image of a microdot array patterned
through femtosecond laser ablation and thermal oxidation. The
laser fluence of the femtosecond laser ablation was 6 J cm 2.
After selective ablation of the SiO, film, the Cu substrate was
exposed to air. After thermal oxidation, the exposed Cu was
oxidized to form CuO micro-protrusions decorated with nano-
needles, as shown in Fig. 3(b). The effects of the femtosecond
laser fluences used in the ablation of the SiO, film are illus-
trated in Fig. 3(c-e). Few CuO nanoneedles were formed on the
micro-protrusion at 1.5 ] cm ™ ? (Fig. 3(c)). However, when the
laser fluence was increased to 3.0 ] cm 2, some CuO nano-
needles were generated on the edge of the micro-protrusions
(Fig. 3(d)). Abundant CuO nanoneedles were fabricated on the
micro-protrusion at 6.0 J cm ™ (Fig. 3(e)). Moreover, the size of
the micro-protrusions apparently increased with an increase of
the laser fluence. Therefore, the femtosecond laser fluence
considerably affects the subsequent growth performance of the
thermal oxidation process. That is, the size of the micro-
protrusions and the morphology of the CuO nanoneedles can
be adequately controlled using tunable femtosecond laser
fluence.

Results of the line array

Femtosecond laser direct writing is a maskless technique for
fabricating complicated structures with arbitrary shapes
through programmed control. Except for the dot array, the line
array can also be fabricated through femtosecond laser direct
writing. Fig. 3(f) shows the SEM image of the microline array
after femtosecond laser ablation of the SiO, film. The edge of
the ablated SiO, film was slightly irregular because of the
vibration of the motion stage. After thermal oxidation, the
exposed Cu surface was oxidized to form CuO microridges
decorated with abundant CuO nanoneedles (Fig. 3(g)). A further
magnified SEM image shows that the diameters of certain
nanoneedles were 55 nm and 23 nm (Fig. 3(h)). The EDX result
in Fig. 3(i) indicates that the hierarchical line array comprised
Cu and O elements. The chemical reactions involved in the
formation of CuO can be given as follows:*>*"*

4Cu + 02 - 2Cu20 (1)

2Cu,0 + 0, — 4Cu0 2)

Wetting properties

The wettability of the aforementioned prepared samples was
further explored by testing the water contact angle (CA) in air.
Fig. 4 illustrates the water CAs of hierarchical dot array and line
array structures fabricated at different laser fluences before and
after thermal oxidation. Before thermal oxidation, the CA of the
dot array decreased from 99.2° to 48.9° as the laser fluences
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Fig. 4 Water contact angles of (a) hierarchical dot array and (b) hier-
archical line array structures fabricated by different pulse energies
before and after thermal oxidation.

increased from 0.9 to 10.5 J cm™?, exhibiting increasing

hydrophilicity (Fig. 4(a), black line). However, after thermal
oxidation, the CA of the dot array initially increased with the
laser fluence and then decreased as the laser fluence exceeded
9.0 J em ” (Fig. 4(a), red line). The maximum CA could be
145.4°, indicating the hydrophobic property. Regarding the line
array structure, the CA increased from 75.5° to 105.6° as the
laser fluence increased from 0.54 to 1.2 ] cm ™2 before thermal
oxidation, exhibiting increasing hydrophobicity (Fig. 4(b), black
line). After thermal oxidation, the CA of the line array initially
increased with the laser fluence and then decreased as the laser
fluence exceeded 0.6 ] cm ™2 (Fig. 4(b), red line). The maximum
CA could be 152° without any chemical modification when the
laser fluence was 0.6 ] cm ™2, indicating superhydrophobicity. It
is worth noting that the Cu substrate would show severe
damage when the laser fluence is higher than 1.2 J em™>.

Fig. 5(a) displays a comparison of the water CA for different
surfaces. As illustrated in Fig. 5(a), the bare Cu substrate (Cu-I)
was slightly hydrophobic with a CA of 100°. When subjected to
thermal oxidation, the smooth Cu surface was oxidized into
abundant CuO nanoneedles, corresponding to Fig. 3(a).
Because of the existence of CuO nanoneedles, the CA of the CuO
surface (CuO-I) increased to 120°. When the Cu substrate was
coated with a 100 nm-thick SiO, thin film (Cu-II), the CA was
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approximately 101° and remained almost unchanged compared
with Cu-I. When irradiated by femtosecond laser, the SiO, film
was selectively ablated. The CA of the line array structures (Cu-
III) was approximately 77.4°, indicating a decrease in CA after
femtosecond laser ablation of the SiO, film at the fluence of 0.60
J em™ 2. However, after the thermal oxidation process, the CA of
the line array (CuO-II) substantially increased to 152°, exhibit-
ing the superhydrophobicity of this surface without any chem-
ical modification. In other words, the wetting properties of the
surface can be controlled from hydrophilicity to super-
hydrophobicity by the thermal oxidation process. To further
improve the wetting properties, the chemical modification of
the thermal-oxidized line array (CuO-II) could be achieved by
silanization. After chemical modification, the CA of the surface
(CuO-III) was approximately 160.5°. For a superhydrophobic
surface, the sliding angle can reflect the adhesive force of water
on the surface, which is defined as the critical angle at which
the water begins to roll off the inclined plate. As shown in
Fig. 5(b), the sliding angle of CuO-III was less than 1.7°, indi-
cating that the water droplet could not adhere well on this
superhydrophobic surface. Thus, the CuO-III surface was
determined to have the best superhydrophobicity and lowest
adhesion among all the fabricated surfaces.

Self-cleaning

A hierarchical micro/nanostructure line array usually has the
property of self-cleaning due to its superhydrophobicity and low
adhesion. To demonstrate the self-cleaning behaviour of
different surfaces, sand particles were covered on the surfaces
as contaminants. The process of a series of water droplets
dripped on the CuO-III surface is shown in Fig. 6(a-c). The water
droplets rolled off quickly and removed the contaminants on
the CuO-III surface, exhibiting the considerable self-cleaning
effect of the surface. The process of a series of water droplets
dripped on the bare Cu surface is shown in Fig. 6(d-f). The
water droplets stuck to the sand particles and stayed on the bare
Cu surface, showing no self-cleaning effect. Through the self-
cleaning experiments, the CuO-III surface with the hierar-
chical micro/nanostructure line array can be concluded to have
great self-cleaning performance.

b) )

N

Fig. 5 (a) Comparison of the water contact angle on different
surfaces. Cu-I represent bare Cu surface. CuO-I| represents bare Cu
surface after thermal oxidation. Cu-Il represents bare Cu surface
coated with 100 nm SiO; film. Cu-Ill represents the line array struc-
tures fabricated by fs laser at the fluence of 0.60 J cm™2 before
thermal oxidation. CuO-Il represents line array structures fabricated by
fs laser at the fluence of 0.60 J cm™2 after thermal oxidation. CuO-IlI
represents line array structures fabricated by fs laser at the fluence of
0.60 J cm™2 after thermal oxidation and chemical modification. (b)
Contact angle and sliding angle of CuO-llI.
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Fig. 6 Self-cleaning process on different surfaces: (a—c) the line array
structures fabricated by fs laser at the fluence of 0.60 J cm™2 after
thermal oxidation and chemical modification, (d—f) bare copper
surface.
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Fig. 7 (a) Reflectance of hierarchical micro/nanostructure line array
surfaces fabricated at different laser fluences and under the same
thermal oxidation condition. Polished Cu surface was set as the
reference substrate with a reflectance of 100%. (b) Average reflectance
in different wavelengths ranges for hierarchical micro/nanostructure
line array surfaces fabricated at a laser fluence of 0.60 J cm™2.

Antireflection

Micro/nanostructures have applications in antireflection, such
as nanoneedles and nanocones.' In this study, the hierarchical
micro/nanostructure line arrays fabricated using different laser
fluences exhibited high antireflective performance over a broad
range of wavelengths (600-1150 nm), as illustrated in Fig. 7(a).
The reflection spectra for the hierarchical micro/nanostructure
line array surfaces decreased to less than 11% over a broad
wavelength range. In particular, the SiO, thin film was removed
at a fluence of 0.54 J cm™2; thus, the microridges and nano-
needles were not sufficiently abundant to trap the light
(Fig. 7(a)). As the laser fluence increased, the growth of micro-
ridges and nanoneedles significantly increased. The micro-
ridges and nanoneedles could impart stronger geometrical light
trapping effects to the sample surfaces, thereby resulting in
lower reflectance.” Particularly, the CuO nanoneedles could
induce phonon dissipation and eliminate the incident photons’
energy through multi-internal reflection among the oxide
nanoneedles while achieving a much lower overall surface
reflectance.”” Therefore, the total reflectance of the sample
considerably decreased to less than 6% in 600-1150 nm range
when the laser fluence slightly increased to 0.60 J cm 2.
However, when the laser fluence was further increased, the
reflectance of the samples hardly remained unchanged.
Fig. 7(b) shows the average reflectance in different wavelength
ranges for the hierarchical micro/nanostructure line array
surfaces fabricated at the laser fluence of 0.60 J cm™2. It shows
that the arithmetic average values of the measured reflectance
in the 600-700 nm, 700-800 nm, and 800-900 nm ranges were
all lower than 2%. In particular, the average reflectance
decreased to less than 1% in the 700-800 nm range. Overall, the
average reflectance was all lower than 5% in 600-1150 nm
range.

Conclusions

In this study, hierarchical micro/nanostructure arrays with
superhydrophobicity, self-cleaning and antireflection proper-
ties were fabricated by femtosecond laser ablation and thermal
oxidation method. The morphologies of CuO micro-protrusions
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and the nanoneedles could be well tuned by controlling the
femtosecond laser energy to obtain the desired surface prop-
erties. The line array surface could exhibit optimal super-
hydrophobicity with the contact angle and sliding angle of
approximately 161° and 1.7°, respectively, exhibiting excellent
self-cleaning effect. Through the light trapping in the micro/
nanostructures, the reflectance could be less than 1% at the
700-800 nm wavelength range and keep steadily below 6% over
a broad wavelength range of 600-1150 nm. Moreover, both the
highly ordered micro-protrusions and the nanoneedles can be
effectively reproduced, representing significant advantages for
practical application. Besides, our approach may be suitable for
processing large-area micro/nanostructures on various metallic
materials.
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