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Introduction

Laser micromachining has several prominent advantages over conventional methods, such as noncontact processing, fast
removal rates and mask less processing. In particular, femtosecond laser processing has recently emerged as an enabling tool
for material processing and has promised a wide variety of intriguing applications, owing to its ability to suppress the heat-
affected zone, perform sub-diffraction-limit processing, and carry out true 3D selective modifications [1-5].
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The generation of nanostructures by femtosecond laser, of which the period could be much smaller than the incident laser
wavelength, is one of the very interesting phenomena that have drawn great attention of researchers [6-9]. Laser-induced
nanoripples could be classified into two types, namely, near-wavelength nanoripples and deep-wavelength nanoripples. The
former, whose period is close to the incident laser wavelength, is widely accepted as a result of the interference of the
incident light wave and the surface scatter wave [10-13]. According to this theory, the period of the ripples could be
controlled by varying the incident angle. The latter, whose period is much smaller than incident laser wavelength, is believed
to be generated by the interference of the incident light wave and the laser-induced surface plasma wave [14,15]. The
presence of nanoripples on a surface would change how the laser interacts with the material, since the nanoripples can act as
a grating which could efficiently couple incident light wave and convert it into plasma wave. Specifically, since the width of
the laser-induced nanogroove is about 10-50 nm [16], which is much smaller than the incident laser wavelength, light waves
cannot propagate in such a small structure because of the diffraction limit. Therefore, it can be expected that surface plasmon
polaritons (SPPs) can be generated and confined in the nanogroove, which would induce much smaller nanostructures on the
surface of the material. In addition, it has been reported that liquids could bring several advantages for the laser ablation, such
as higher efficiency and cleaner ablation. Several publications have addressed the effects of liquid medium, such as water and
alcohol to the efficiency of laser ablation [17-21]. And it is expected that clearer nanoripples pattern could be achieved as the
laser irradiation is conducted in liquid environment. Therefore, the impact of laser-induced nanoripples on the interaction of
the incident laser and the material would be more significant, leading to the formation of much smaller structures. However,
most of the available publications only focused on characterizing the morphologies and the formation mechanism of the
nanoripples. Few studies have been reported about the formation of deep-subwavelength structures formed in nanoripples.
Recently, we reported the formation of deep-subwavelength nanohole arrays embedded in nanoripples fabricated by an 800-
nm femtosecond laser [22], in which the formation of the nanohole arrays was attributed to the formation of the channel

plasmon polaritons (CPPs) in the nanogrooves associated to the nanoripples.

In this work, it is observed that the nanohole arrays could also be formed in nanoripples fabricated with the irradiation of an
800-nm femtosecond laser in an alcohol environment. The diameter of the holes ranges from 10-30 nm. Note that the
nanoholes are much smaller than the wavelength of the incident laser, which is 800 nm. The structure is different with the
classical laser-induced nanostructures in two aspects. For one thing, the size is in order of tens nano-meter instead of
hundreds of nano-meters. For the other thing, the structures can only be formed under irradiation under irradiation in liquids
environment. Specifically, under irradiation in alcohol, more nanohole arrays are formed, and the holes are more uniform, as
compared to those generated under irradiation in water. This method can be used for manufacturing deep-subwavelength
nanostructures using laser irradiation. The nanohole arrays are characterized using a scanning electron microscope (SEM). In

addition, we investigate the influence of the laser scanning speed to the deep-subwavelength nanohole arrays.
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Experimental Details

The experimental setup as shown in FIG. 1 consists of a femtosecond laser source, an attenuator, a neutral density filter, a
mechanical shutter, a Xyz movable stage, a computer, and a CCD camera. The laser used was an amplified Ti: Sapphire
femtosecond laser system (Coherent Inc., USA) with pulse duration of 150 fs, wavelength of 800 nm, and repetition rate of 1
kHz.
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FIG. 1. Experimental setup for using laser irradiation to fabricate patterns on SiC under liquid environment.

The attenuator provides a convenient way to adjust the laser energy, and the mechanical shutter was employed to control the
access of the laser beam. The movable stage, on which the SiC sample can be mounted, is controlled by a computer program
and allows us to fabricate structures on the patterns with high precision. The CCD camera is connected to a computer for
clear online observation of the SiC pattern surface during fabrication. A 10x microscope objective with numerical aperture

(NA) of 0.3 is employed to focus laser onto the surface of the pattern. The diameter of the spot on the pattern is about 10 pm.

In our experiments, a 6H-SiC pattern 350 pum in thickness was used. First, it was cleaned in acetone and de-ionized water
with an ultrasonic field for 10 min each; then it was immersed in a small liquids pool before being mounted on the movable
stage. Water and alcohol were used in our experiments. The laser beam was focused onto the pattern via an optical

microscope objective lens. During fabrication, the surface of the SiC pattern could be seen either via optical microscope or on
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the computer screen connected to the CCD camera. After laser irradiation, an SEM was employed to study the morphology of

the structures on the SiC surface.

Results and Discussion

FIG. 2 shows the morphologies of the deep-subwavelength nanohole arrays embedded in the nanoripples fabricated by the
irradiation of an 800-nm femtosecond laser in water and alcohol environment, respectively. The laser average power and
scanning speed were 10 mW and 1500 um/s, respectively. For a same dose of laser irradiation, though deep-subwavelength
nanohole arrays were formed in both cases, there were some differences between the two. First, under irradiation in water,
nanchole arrays are only be formed in some specific places as shown in FIG. 2(a) and (b). Meanwhile, under irradiation in
alcohol, the nanohole arrays are formed in most of the nanogrooves as shown in FIG. 2(c) and (d). Second, the nanohole
arrays fabricated under irradiation in alcohol are more uniform and slightly smaller than those fabricated in water. The period
of the nanoripples is about 500 nm; the nanoripples are perpendicular to the laser polarization direction. The period of the
nanchole arrays is about 60 nm, and the diameter ranges from 10-30 nm. The laser scanning velocity was 1500 pm/s

corresponding to about 80% overlap between two neighbor laser pulses.

FIG. 2. SEM images of morphology of nanostructures on the surface of SiC: (a) Nanohole arrays fabricated under
irradiation under water; (b) magnified view of the nanohole arrays; (c) nanohole arrays fabricated under irradiation
in alcohol; (d) magnified view of the nanohole arrays.
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The formation of nano-ripples can be attributed to the interference between the incident laser wave and the laser-induced
surface plasma wave [13]. The formation of deep-subwavelength nanohole arrays can be attributed to the guiding effect of
the CPPs on the nanogrooves associated with the nanoripples [22]. Note that the geometry of the nanogroove has a great
impact on the formation and the propagation of the CPPs [23-28]. In an earlier publication, we concluded that clear
nanogrooves are difficult to achieve under irradiation in ambient air because the debris redeposited on the surface during
laser treatment could scatter the incident light, severely damaging the structure of the nanopatterns on the surface; therefore,
nanohole arrays cannot be formed. Clearer nanogrooves, which can support the formation and propagation of CPPs, can be
achieved under irradiation in liquids. Once a nanogroove is formed on the surface, CPPs can be formed as the next laser pulse
reaches the surface and be converted into CPPs. So the formation of the nanohole arrays is largely dependent on two factors:
the formation of a clear nanogroove and the efficiency of light being converted into CPPs. Because of its outstanding flow
and volatilization properties, alcohol could bring several advantages, as compared to water, for the formation of deep-
subwavelength nanohole arrays. For one thing, the ablation debris could be carried away right after the ablation. Therefore,
the nanogrooves of nanoripples fabricated in alcohol are cleaned simultaneously during irradiation, leading to the formation
and propagation of CPPs in the nanogroove. As a result, the nanohole arrays are easier to be formed. For another, under
irradiation in alcohol, efficiency of incident laser light being coupled in CPPs is expected to be higher than that under
irradiation in water because bubbles generated during irradiation which would scatter incident light, can be carried away
quickly. It is well-known that bubbles always accompany with laser irradiation in liquid environment. As irradiated with
multiple pulses, the bubbles can be formed as the first pulse reaches the targets, scattering the next pulse, thus, reducing the
energy of the pulse as it reaches the nanogrooves. Therefore, deep-subwavelength nanohole arrays are expected to be easier

to form.

Moreover, we also studied the influence of laser scanning speed on the deep-subwavelength nanohole arrays. FIG. 3 shows
the morphologies of the nanohole arrays as different scanning speeds were applied, while the laser average power was fixed
at 10 mW. As the scanning speed decreases, the period of the nanoripples decreases and the nanogrooves become wider.
Accordingly, the size of the nanoholes becomes larger. This is because of the pulse accumulating effect. As the scanning
speed decreases, the average pulses number on unit area of the SiC samples increase. This also means that the laser energy
accumulated on unit area of the SiC pattern increases. As a result, the period of the nanoripples decreases and the
nanogrooves are deepened because of the field distribution effect and grating assisted surface Plasmon laser coupling [15]. At
the meantime, as the laser scanning speed decreases, larger overlapping area between two neighbour laser pulses is expected,
and CPPs is more likely to be generated and propagate inside the nanogroove. Therefore, more nanoholes arrays could be

formed.
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FIG. 3. Influence of laser scanning speed to the nanoholes array: (a) 2000 pm/s; (b) 1700 pm/s; (¢) 1500 pm/s; (d) 1200
pm/s; (e) 1000 pm/s; (f) 700 pm/s. The scale bar is 500 nm

Conclusion

In conclusion, we fabricated deep-subwavelength nanohole arrays embedded in nanoripples in SiC in water and alcohol,
respectively, by the irradiation of an 800-nm femtosecond laser. The period of the nanoripples was about 500 nm. The ripples
were perpendicular to the polarization direction of the incident laser. The size of the nanoholes ranged from 10-30 nm, and

the period was about 60 nm. Nanoripples formation can be attributed to interference of the incident laser and the laser-
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induced surface plasma wave. Deep-subwavelength nanohole arrays formation can be attributed to the guiding effect of CPPs
in the nanogrooves associated with the nanoripples. Under irradiation in alcohol, more hole arrays were formed and more
uniform in size. This is maybe because of the flow and volatilization of alcohol which were helpful for the formation of

clearer nanogrooves pattern. Additionally, we investigated the influence of the laser scanning speed on the nanohole arrays.
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