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Altering the surface morphology is an approach that is commonly used to enhance desired properties.
Femtosecond laser was used to fabricate sub-microgrooves at an average laser power of 31 mW with dif-
ferent scan speeds for a wavelength of 1026 nm. The effect of the laser wavelength on the sub-
microstructure fabrication was also studied using 342 and 1026 nm wavelengths using spherical lens
f = 40 mm with average powers of 9 mW and 25mW for UV and IR respectively. The sub-
microgrooves had the same direction for horizontal, vertical, and diagonal scans. The fabricated sub-
microstructures were investigated by a Field Emission Scanning Electron Microscope (FE-SEM) and an
Atomic Force Microscope (AFM). At low scan speeds, sub-microgrooves did not appear because the num-
ber of pulses was too high. Thus, a high number of pulses per unit length can cause the sub-microgrooves
to overlap, owing to the thermal effects. The overlap effects disappeared at scan speeds of 3 mm/s and
higher. The sub-microgrooves length decreased as the scan speed increased. Separation distance and
width increased with the scan speed. The separation distance reached a maximum value for the samples
fabricated at a scan speed of 20 mm/s. At higher speeds, it decreased.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Femtosecond-laser micro and nanostructuring have a wide
range of applications in electronics, optoelectronics, surface and
materials machining, and micro-electromechanical systems
(MEMS). In sensing based MEMS, surface patterning plays a key
role in increasing sensitivity because it creates trapping areas for
the target molecules. Owing to the ultra-short pulse duration of
femtosecond laser pulses, the time scale of electronic thermaliza-
tion is around 100 fs; therefore, micro and nanostructures can be
fabricated with small sidewall defects and high precision (Von
der Linde et al., 1997; Sundaram and Mazur, 2002; He et al.,
2016). Moreover, the diffraction limit can be overridden by the sur-
face plasmon-laser interaction ablation, hence; femtosecond laser
is a promising technique for manufacturing microscale devices
with high accuracy (Huang et al., 2011, 2009). Nowadays,
femtosecond-laser micromachining is used to fabricate various
types of micro/nano structures on materials surfaces such as
micro-grooves (Pan et al., 2013), periodical nanoripples (Tan and
Venkatakrishnan, 2006), and microholes (Nasrollahi et al., 2018),
in different environments, utilizing the control of laser parameters,
e.g., repetition rate, laser power, wavelength, scan speed, and
focusing lens (Ma et al., 2014). Laser-induced periodic surface
structures on metals and semiconductors have been reported
(Ulmeanu et al., 2012; Derrien et al., 2013; Oboňa et al., 2014;
Bonse et al., 2013; Pan et al., 2016). The period of laser-induced
nano structures (ʌ) is usually affected by the laser wavelength,
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the incident angle, and the material properties, according to Eq. (1)
(Huang et al., 2009).

^ ¼ k= k=ksð Þ þ sin hð Þ ð1Þ
where ^ is the period of the sub-microstructure, k is the laser wave-
length, h is the laser beam incident angle, and ks is the surface plas-
mon (SP) wavelength, given by Eq. (2):

ks ¼ k e0 þ edð Þ= e0edð Þ ð2Þ
where ed is the dielectric constant of the medium (for air, ed = 1)
and e’ is the real part of the dielectric constant of the material
(Huang et al., 2009). The scan speed strongly affects the microstruc-
ture of the fabricated features because the amount of energy being
deposited per unit length on the surface, depending on the scan
speed, according to equation (3) (Xue, A0097610E).

E ¼ RR � Ep
� �

= SSð Þ ð3Þ
where E is the energy per unit length, RR is the femtosecond laser
repetition rate, Ep is the pulse energy, and SS is the scan speed.
The relation between the repetition rate (number of pulses per unit
time) and the power is given by Eq. (4):

Ep ¼ P= RRð Þ ð4Þ
where P is the average power

The objective of this work is to fabricate sub-microgrooves on
the silicon surface and study the effect of the fabrication parame-
ters on the microstructure and shape of the induced sub-
microstructures. Such investigations are crucial for many structure
related applications especially silicon based sensors where the
microstructure is a key to achieve the sensitivity.

2. Experimental procedure

A laser micromachining system (Workshop of Photonics,
Lithuania), consists of a PHAROS laser source linearly (horizontal)
polarized laser with a fundamental wavelength of 1026 nm and
pulse duration of 220 fs was used to illuminate the samples. The
system included an optical path, a high-accuracy linear positioning
stage, laser micromachining software SCA (Workshop of Photonics,
Lithuania), and a machine-vision camera connected with the com-
Fig. 1. Diagram of femtosecond laser micromachining wo
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puter to monitor the fabrication processes. The original beam
diameter of laser is 3.5 mm, focused by a 4X objective lens with
a numerical aperture (NA) of 0.1 and a repetition rate of
100 kHz. The beam diameter (D) after focusing (at focus poin) is
given by Eq. (5) (Huang et al., 2012).

D ¼ 1:22 � k= NAð Þ ¼ 1:22 � 1:026=0:1ð Þ ¼ 12:5172lm ð5Þ
The laser pulse energy was adjusted by a computerized attenu-

ator. The material scanning speed, distance between two adjacent
scanning lines, and number of scanning lines are set via the SCA
software. The silicon wafer was fixed on a movable home stage,
controlled by the computer program, and irradiated by the fem-
tosecond laser. The microstructures were fabricated on the silicon
wafer surface with high precision at different scan speeds (1, 2, 3,
5, 10, 20, 30, and 40 mm/s) at a power of 31 mW and focused by
using 4� objective. The scan direction was adjusted by changing
the direction of the transition stage. Third harmonic ultraviolet
(342 nm) wavelength experiments were performed as well with
an average laser power of 9 mW, a scan speed of 40 mm/s, and a
spherical focusing lens with a focal length of 40 mm.

To remove the ablation-induced laser debris, the exposed sili-
con wafer was cleaned in a piranha solution for 5 min, then, rinsed
by ethanol and distilled water, and dried at 250 �C for 10 min. Con-
taminants remaining on the surface were removed by cleaning the
samples in an ultrasonic bath with acetone, ethanol, and deionized
water for 10 min respectively. The microstructure of the irradiated
samples was investigated by a Field Emission Scanning Electron
Microscope (FE-SEM) and an Atomic Force Microscope (AFM).
3. Results and discussion

3.1. Structure of the fabricated sub-microgrooves

Fig. 2 shows the structure with a detailed morphology of the
fabricated sub-mcrostructures by a single pass of the pulsed laser
beam with 31 mW of power at scan speeds ranging from 1 mm/s
to 40 mm/s, and the scan direction in the x-axis. The induced
sub-microstructures have a ladder-like structure for samples pre-
pared at scan speeds of 3, 5, 10, 20, 30, and 40 mm/s, as shown
in Fig. 2(c–h). The periodic sub-microstructures were possibly
rkstation from Femto-LAB (Workshop of Photonics).



Fig. 2. FE-SEM images for the induced sub-micro structures fabricated by femtosecond laser1026 nm wavelength focused by 4�with average power 31 mW and scan speeds
(a) 1 mm/s (b) 2 mm/s (c) 3 mm/s (d) 5 mm/s (e) 10 mm/s (f) 20 mm/s (g) 30 mm/s (h) 40 mm/s.
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obtained from the initial direct surface plasmon-laser interference
and the subsequent grating-assisted surface plasmon-laser cou-
pling (Huang et al., 2009; Oboňa et al., 2014). The first incident
laser pulses on the surface create initial sub-microgrooves with
periodicity near wavelength increased as the number of pulses
decreases (Bonse et al., 2011, 2016, 2017; Huang et al., 2011,
2009). Since the initial sub-microgrooves deepen, the concentarion
of the elctrons on the surface changes and resulted in the loss of
the resonant Surface Plasmon Polariton (SPP) mode. Therefore,
new electromagnetic mode appears with high electric field in the
region between two initial sub-microgrooves. The high electric
field causes damage in the area between initial sub-microgrooves
3

which acts as seed for new sub-microgrooves, therefore new sub-
microgrooves will be formed (Huang et al., 2011; Bonse et al.,
2017).

Fig. 2(a) shows that, at low scan speeds, the ladder-like sub-
microgrooves was destroyed. Sub-microgrooves appeared in the
sample fabricated at the 2 mm/s scan speed; however, they over-
lapped, as shown in the SEM image in Fig. 2(b). Because the num-
ber of pulses per unit length applied on the surface of the material
is high, which cause more splitting making the separation distance
between two initial sub-microgrooves small. This resulted in over-
lapping of formed sub-microgrooves as illustrated in Fig. 2(b). On
the other hand, at low scan speeds the thermal effects will not
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Fig. 3. Sub-microgrooves length as function of scan speed fabricated by femtosec-
ond laser1026 nm wavelength focused by 4� with average power 31 mW.

Fig. 4. Separation distances between two sub-microgrooves as function of scan
speed fabricated by femtosecond laser1026 nm wavelength focused by 4� with
average power 31 mW.

Fig. 5. Variation of sub-microgrooves width with scan speed fabricated by
femtosecond laser1026 nm wavelength focused by 4� with average power 31 mW.
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allow the formation of ultrafine gratings (Huang et al., 2011). Peri-
odic sub-microgrooves appeared in the sample fabricated at 3 mm/
s scan speed because the distance between the two pulses
increased and number of pulses per unit length decreased, com-
pared with the 1 and 2 mm/s scan speeds.

The length of the sub-microgrooves decreased with the increase
of the scan speed. As illustrated in Fig. 3, the average length
decreased from 8.86 mm to 5.31 mm for sub-microgrooves fabri-
cated at scan speeds of 3 mm/s and 40 mm/s, respectively. The
sub-microgroove length strongly depends on the scan speed
because the energy per unit length increases with the scan speed
according to Eq. (3) (Xue, A0097610E) hence, the spot diameter
will be increased due to the increasing of the energy per unit
length (Tshabalala et al., 2017).

The separation distance between two sub-microgrooves and
width of sub-microgrooves increase with the increase of scan
speed as illustrated in Figs. 4 and 5. The separation distance
between two sub-microgrooves increased with the scan speed
and reached an optimum value of 534 nm for a sample fabricated
at a 20 mm/s scan speed and decreased to 509 nm for a sample fab-
ricated at a 40 mm/s. At low scan speeds the sub-microgrooves is
deepened more and faster hence, the resonant SPP mode will be
lost in shorter time therefore, the produced sub-microgrooves is
narrower compared to that produced at higher scan speeds. The
sub-microgrooves at low scan speed will be wider because the res-
onant SPP mode remain for more time causing more ablation on
their edges hence the sub-microgrooves width is slightly increase
with the increase of the scan speed (Huang et al., 2011). The sepa-
ration distance between the two sub-microgrooves fabricated at
scan speeds of 30 mm/s and 40 mm/s decreased due to the increas-
ing of the sub-microgrooves width.

Figs. 6 and 7 show the 3D AFM images and depth for the
induced sub-microgrooves fabricated at an average laser power
of 31 mW and different scan speeds. The depth of the sub-
microgrooves increases with the increasing of scan speed up to
the maximum value at 30 mm/s. The decreasing of depth at lower
scan speeds could be due to the redeposition of a significant
amount of ablated particles on the sub-microgrooves (Le Harzic
et al., 2014).
3.2. Effect of scan direction on orientations of the induced sub-
microgrooves.

Fig. 8 illustrates the induced sub-microgrooves fabricated in dif-
ferent scan directions at an average power of 31 mW with a scan
speed of 40 mm/s. The directions of the induced sub-
microgrooves were the same for all scan directions, making 75�
with the X-axis. As demonstrated in Fig. 8, each sub-microgroove
has the same direction and independent of the scanning direction.
Fig. 9 shows the orientations of the induced sub-microgrooves
while the material is rotated and the scan direction is along the
X-axis; it is clear that the direction of sub-microgrooves does not
depend on the scan direction. The direction however depends on
the polarization of the incident laser beam (Wagner et al., 2006;
Bonse et al., 2016; Le Harzic et al., 2014). The polarization depen-
dency of the induced ripples is related to the transverse magnetic
characteristic of SPs (Huang et al., 2009). Fig. 10 illustrates the
induced sub-microgrooves fabricated by the scanning of the sam-
ple surface in the x and y directions with separation distance
between two laser beams of 7 mm with average power 31 mW
and a scan speed of 40 mm/s. This phenomenon will be applied
in the photo-nano fabrications beyond the diffraction limit and
ful surface pattering.



Fig. 6. AFM images for the fabricated sub-microgrooves by femtosecond laser1026 nm wavelength focused by 4� with average power of 31 mW and scan speeds (a) 5 mm/s
(b) 10 mm/s (c) 20 mm/s (d) 30 mm/s (e) 40 mm/s.
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Fig. 7. Depth of the fabricated sub-microgrooves by femtosecond laser 1026 nm
wavelength focused by 4� with average power of 31 mW as function with san
speed.
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3.3. Effect of femtosecond laser wavelength on the shape of induced
sub-microstructures

The effect of the laser wavelength on the morphology of the
laser induced sub-microstructures on silicon surface were studied
using an irradiate sample surface for a femtosecond laser with a
wavelength of 342 nm. The sub-microstructure induced by a wave-
length of 342 nm has sub-micro holes distributed within periodic
groups as illustrated in Fig. 11(b). The separation distance between
two groups is approximately 450 nm and the separation distance
between two holes inside the individual group is 150 nm.
4. Conclusion

In this work, we have shown that sub-microgrooves were suc-
cessfully fabricated on the silicon surface by a femtosecond laser.
The length of the sub-microgrooves decreased with the scan speed
because of the decrease in the energy per unit length. The separa-
tion distance between two sub-microgrooves increased with the
scan speed and was a maximum at 20 mm/s. It decreased for sam-
ples fabricated at scan speeds of 30 and 40 mm/s because of the



Fig. 8. FE-SEM images for the sub-microgrooves fabricated by femtosecond laser 1026 nm wavelength focused by 4X with average power 31 mW and scan speed of 40 mm/s
with different scan direction (a) horizontal (b) vertical (c) perpendicular (d) all previous three direction.

Fig. 9. FE-SEM images for the sub-microgrooves fabricated by femtosecond laser
1026 nm wavelength focused by 4� with average power 31 mW and scan speed
40 mm/s with same scan directions and sample rotated 90�.

Fig. 10. Vertical and horizontal lines with 7 mm separation distance between the
centers of laser lines with average powe of 31 mW, and 1026 nm wavelength
focused by 4�.
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laser–matter interactions. The width of the sub-microgroove
increased with the scan speed; it increased from 157 nm to
276 nm for samples fabricated at scan speeds of 3 and 40 mm/s,
respectively. The depth of the sub-microgrooves was measured
by an AFM. The depth was decreased as scan speed decreased
due to the redeposition of the significant amoun of the ablated par-
ticles at high number of pulses. The directions of the sub-
microgrooves were independent of the scan direction and material
orientations. The sub-microstructures fabricated by a laser with
wavelength of 342 nm exhibited sub-micro holes structures.
6

Finally, because of the surface plasmon-laser interactions, the scan
speed strongly affected the fabricated sub-microgrooves at fixed
average laser power and wavelength.
Declaration of Competing Interest
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Fig. 11. Femtosecond laser Induced nanostructures fabricated (a) 1026 nm wavelength and average power 25 mW (b) 342 nm wavelength, average power 9 mW. Beam
Focused by spherical lens with focal length 40 mm.
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