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Abstract. Various micron and submicron structures were laser-induced on silicon, including LIPSS (laser-induced

periodic surface structures), grooves, conical spikes and deep craters. We used a fibre-based femtosecond (fs) laser to

ablate the silicon wafer in ambient air. The formed structures strongly depend on the per-pulse laser fluence and the

number of delivered pulses. We characterized the obtained structures using electron scanning microscopy and atomic

force microscopy. Our results revealed interesting features such as flipping structure orientation and the coexistence of

two or more types of structures that exhibit a unique wetting behaviour (contact angle with water). We found that the type

of surface structures significantly influences the surface wettability.
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1. Introduction

There are many different methods dedicated to surface

texturing of a variety of materials, methods such as laser

ablation [1–5], electrochemistry [6–8], chemical etching

[9, 10], sputtering [11], plasma [12] and photochemistry

[13] can be readily found in the literature. The importance

of these methods lies not only in the precision and control of

the texturing but also in the envisioned applications of the

textured materials obtained through these techniques. Sur-

faces with functional properties such as hydrophilicity

[14, 15] and hydrophobicity [3, 8, 16, 17] are made possible

through texturing; also, surface texturing can tune the

material’s optical properties [2], and even the tribological

features of a given material can be modified on demand

through surface texturing [8].

The micro and nanostructuring of silicon through ultra-

short pulse lasers has been widely studied in recent years

[18–22], showing applications that include optoelectronic

devices, microfluidics, biomedicine and superhydrophobic

devices [19].

It is well known that the presence of oxygen during the

ablation process in silicon can influence the process itself

and also the structural and chemical composition charac-

teristics of silicon at its surface. Most of the current reports

on femtosecond laser microstructured silicon are carried out

either under a gas environment [22, 23] or vacuum [24, 25].

Recent research reports have shown the formation of con-

ical structures in silicon doped with chalcogenide species

(sulphur, selenium and tellurium) [26–29]. We must note

that the cone formation in silicon using laser ablation has

been reported in the literature mainly for processing with

titanium-sapphire (fs, 800 nm), Nd: YAG (ns, 1064 nm) and

excimer (ns, 248 nm) pulsed lasers. However, to date, there

have been no reports of the direct fabrication of conical

microstructures in silicon using Yb-doped fibre lasers at a

wavelength of 1030 nm and a pulse duration of 270 fs.

In this work, we report on the formation and characteri-

zation of various micro and submicron structures obtained

through femtosecond laser ablation of silicon in ambient air

and the wetting properties of the laser-structured silicon

surface.
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2. Experimental

For all the experiments, we used a high resistivity

(5–10 X cm) silicon wafer, boron p-doped type, Si (100) cut

to a size of 1 cm2. The processing laser used in these

experiments was a Satsuma HP2 model from Amplitude

Systèmes. It delivers a TEM00 Gaussian intensity profile

laser beam (M2 = 1.1). The laser pulse duration was 270 fs

with an emission wavelength centred at 1030 nm. We used

the experimental setup depicted in figure 1.

The process of formation of distinct structures by the

laser ablation technique used an aspherical converging

lens of 25 mm focal distance, which produces a beam

waist diameter of 14 lm (FW1/e2M) at z = 0; the

experiments were carried out in ambient air at atmo-

spheric pressure. We ablated the silicon sample with the

wafer surface at three different positions with respect to

the laser beam waist (see figure 2). The beam waist at the

surface (z = 0) and then the sample is displaced down-

wards (z = d1 and z = d2) such that the beam waist lies

above the surface. This permited to vary the delivered

ablation fluence (by changing the laser beam cross-section

area on the surface of the sample), which allowed to

obtain three different types of morphological structures:

craters, conical spikes and LIPSS (laser-induced periodic

surface structures). Each of the reported microstructures

were obtained under different fluences per pulse; craters

were obtained at a fluence of 753 mJ cm-2, conical peaks

form at a fluence of 651 mJ cm-2, while the LIPSS

formation requires a fluence of 596 mJ cm-2. The laser

fluence is defined as Fp ¼ Ep

Aeff
, where Fp is the fluence per

pulse, Ep the energy per pulse and Aeff is the effective

cross-section area of the incident laser beam at the silicon

sample surface.

Figure 1. Experimental set up. The laser pulses are conducted through a series of mirrors down to the

silicon wafer (optical path A in red). An optical attenuator allows the adjusting of the energy per pulse. An

image relay system (optical path B in blue) is used to image the laser beam waist at the surface of the

wafer onto a CCD camera. In addition, the experimental arrangement is complemented with an X-Y-Z

translation stage to displace the sample with respect to the laser beam and a pair of goniometers to adjust

the angle of incidence.

Figure 2. Varying the delivered laser fluence, while keeping the

energy per pulse constant, is achieved by positioning the sample

surface at different distances from the beam waist.
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3. Results and discussion

3.1 Formation of three distinct structures for varying
laser fluence

Figure 3 shows SEM micrographs of the three different

synthesized microstructures. It is important to highlight the

distinct features of the formed structures according to the

per-pulse laser fluence. LIPSS are obtained with a relatively

low laser fluence of 596 mJ cm-2 (figure 3a); by increasing

the laser fluence up to 651 mJ cm-2, we obtain conical

spikes (figure 3b); further increasing the laser fluence up to

753 mJ cm-2 produces deep craters (figure 3c).

The conical structures obtained in our case under ambient

air conditions are similar to the ones reported by Wu et al
[30], both structures are produced in air environment at

atmospheric pressure and show superficial dendritic struc-

tures with size on the order of 10 to 100 nm, however, our

cones differ in height (6 vs. 24.4 lm) and width (5.3 vs.
11 lm) when compared against Wu’s cones (see table 1).

When contrasted against conical structures processed

under other environments, we found that our structures

grow differently in size, profile (sharp structures) and

periodicity as compared to those reported for laser ablation

in SF6 environment [23, 31] or in the presence of a

chalcogenide coating [26, 29] (see table 1). In general, our

cones are shorter and narrower.

3.2 Structure formation as a function of the number
of pulses

The silicon substrate was mounted on a computer-

controlled x-y-z translation stage to conveniently reposition

the sample at different irradiation spots. Six sites were

irradiated on the silicon substrate with 50, 300, 400, 500,

700 and 900 pulses each (see figure 4) at 1 kHz repetition

rate and a fluence per pulse of 651 mJ cm-2.

Once the optimal per-pulse laser fluence for the forma-

tion of conical structures was determined, experiments were

carried out to explore the evolution of various structures

formation as a function of the number of pulses. Figure 5

shows the formation of three types of coexisting structures

ranging from periodic ones (LIPSS) at 50 pulses, grooves

and conical structures at 400 pulses and deep craters at 900

pulses.

A close-up view of the laser irradiated spots in figure 5

clearly shows LIPSS formation at the outer edge of the

ablated crater, while spikes consolidate right in the centre

of the crater (figure 5a), notice also a transition area with

what seems to be molten filaments partially covering the

LIPSS area. Grooves always form between the spikes and

the LIPSS regions (figure 5b). When the craters are fully

formed and as a consequence, the outer LIPSS, grooves

and spikes have been ablated off, noticeably the crater

walls are fully covered by LIPSS with a near ?45� and

–45� orientation with respect to the crater longitudinal

axis (figure 5c).

For the range of pulses used in the experiments (ranging

from 50 to 2000), the periodicity of the LIPSS and groove

structures are summarized in table 2. It is in the order of half

the wavelength for LIPSS, with an exception for the 2000

pulses case for which the LIPSS periodicity grows larger

than a full wavelength; and it is three times the wavelength

for grooves.

Figure 3. SEM micrographs of silicon structures produced

through laser ablation: (a) LIPSS, (b) conical structures and

(c) deep craters.
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Our LIPSS and grooves show periodicity which agrees

well with those reported by Tsibidis et al [19]. They also

report the coexistence of three types of structures (LIPSS,

grooves and spikes). Although in their case, the formation

of LIPSS occurs with an orientation perpendicular to the

polarization, while in our case as shown in figure 3a LIPSS

are formed parallel to the incident beam polarization. As

per their grooves those form parallel to polarization [19],

while our grooves are always perpendicular to the incident

beam polarization, as seen in figure 3b.

The formation of LIPSS inside the crater is attributed to

the interference of incident light with scattered light within

the crater (notice the periodicity close to k/2), because of

the oblique incidence on the crater wall due to the diverging

beam passing the beam waist, as well as polarization. It is

worth mentioning that various groups have previously

reported the formation of rings in silicon (attributed to

shock waves) [32], periodic structures in the crater (due to

radiation dose and laser polarization) [33], and craters with

superficial defects (a consequence of fluence and number of

pulses) [34].

3.3 Production of large textured areas

Regarding the manufacture of structures in large areas, once

both the optimal per-pulse laser fluence and the number of

pulses were set for the formation of conical spike structures,

large structured samples (1 cm2) were manufactured. This

was achieved by combining the process of laser ablation

and sample computer-controlled displacement in the X and

Y axes. Linear sweeps of 10,000 lm in the X direction were

performed, each time a sweep was completed the laser was

shut with a programmed gate, then a 70 lm perpendicular

displacement was carried out in the Y direction to give way

to a new sweep. This was repeated steadily until a large,

homogeneous laser processed area was completed. All

samples were laser processed with a scan speed of

250 lm s-1, a pulse repetition rate of 1 kHz, and a per pulse

laser fluence of 651 mJ cm-2.

Figure 6 shows an optical image of a representative 1 cm2

laser-processed silicon sample (figure 6a) and atomic force

microscopy micrographs of typical silicon surfaces treated

under the appropriate laser irradiation conditions for the

formation of LIPSS, spikes and a channel (figure 6b).

Scanning electron microscopy (SEM) micrographs of the

large area processed surface are shown in figure 7. The

overall landscape is seen in figure 7a, it can be observed that

large-size spikes dominate in the area corresponding to the

maximum intensity of the Gaussian laser beam profile, i.e.,

the hottest region during the laser scan. The spike size

decreases towards the edges of the laser scanned area to

finally give way to the formation of LIPSS (figure 7b). A

close-up of a transversal cut profile (figure 7c) reveals the

typical size of a conical spike structure, which is in the

order of 6.04 lm tall and 5.28 lm width at its base.T
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3.4 Surface wettability

Contact-angle analysis was performed to examine the wet-

tability of the laser-processed silicon wafers. Hydric beha-

viour was determined via contact-angle analysis using the

water drop method. A 10 ll volume was dropped on the

structured surface and images of the drop were captured with

the help of a high-definition camera (Canon XA25). We used

the Image J open software for image processing. The crys-

talline siliconwafer showed a contact angle of 39� (figure 8a).
The wafer with LIPSS showed similar behaviour to the

unirradiated silicon with a smaller contact 36� angle (fig-

ure 8b). The surface with the conical spikes produced a

hydrophilic behaviour showing a 7� contact angle (figure 8c).
The hydrophilicity is further enhanced by the surface with

craters with a superhydrophilic behaviour and a contact angle

of just 4� (figure 8d). It is clear that the surface wettability is
affected by the type of surface structure, in the case of LIPSS

these are too shallow structures as to generate a capillarity

effect, on the contrary both the spikes and craters are depth

structures because they are created under delivered laser

fluences above the ablation threshold. This allows for the

capillarity effect to become dominant, therefore setting a

hydrophilic behaviour of the surface, i.e., low contact angles.

Our samples produced in large areas (1 cm2) have

hydrophilic behaviour (h \ 90). The samples made with

high energy density (753 mJ cm-2) are similar to those

reported in Vorobyev et al [14, 15] study, these are com-

posed of deep (39.6 lm) and wide (42.6 lm) craters with

surface dendritic structures and a high wettability or

superhydrophilic behaviour. Interestingly, the samples with

conical spikes show a wetting behaviour that differs from

the one reported by Baldacchini et al [16] and Zorba et al

Figure 4. Growth of coexisting structures under laser processing

at a varying number of pulses: (a) 50, (b) 300, (c) 400, (d) 500,
(e) 700 and (f) 900 pulses.

Figure 5. Close-up view of the different structures that form

under different number of pulses: (a) 50, (b) 400 and (c) 900.
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[17], where the surface is hydrophobic (h[90). This can be

explained by the microstructure dimensions (height[ 22.5

lm, width\5 lm and space between cones\3 lm) and the

processing SF6 environment. Our conical structures have a

smaller size (height = 6.04 lm, width = 5.28 lm) and a

larger cone-to-cone spacing of 7 lm. In the case of LIPSS,

the wetting features are similar to crystalline silicon.

The results presented in this work show that we have a

versatile method for tailoring the wettability of a silicon

surface. This by conveniently adjusting either the per-pulse

laser fluence or the number of pulses delivered during the

ablation process, since these two parameters set the condi-

tions for obtaining the surface structure type of interest.

This is a rapid single-step texturing process that offers

advantages over other methods, such as chemical etching or

multi-step lithography, that can produce similar surface

texturing.

4. Conclusions

It was demonstrated that three types of micro and submi-

cron structures (LIPSS, groves and conical spikes) can be

created at once on crystalline silicon by using femtosecond

laser pulses. At high enough laser fluence, these structures

are ablated off to form deep craters whose walls are textured

by LIPSS. The conical spikes, grooves and LIPSS are

clearly dependent on the local laser fluence across the laser

beam. The orientation of the LIPSS is parallel to the inci-

dent laser beam polarization, and on the contrary, the

grooves are oriented perpendicular to the polarization. An

interesting finding is that as the number of pulses increases,

the grooves initially formed at the centre of the irradiated

spot, flip their orientation from perpendicular to parallel to

the incident laser beam polarization. On a challenging task,

it was possible to find adequate laser irradiation parameters

to process a large area on the silicon wafer, so that it was

filled with conical spikes, grooves, LIPSS and craters. This

led to the modification of the silicon surface wettability

going from a 39� contact angle for the pristine crystalline

silicon wafer to a superhydrophilic surface at 4� when

craters dominate over the other type of surface structures.

Table 2. Periodicity of the LIPPS and grooves as a function of

the number of pulses, measured directly from the SEM

micrographs.

Pulses

Periodicity (nm)

LIPSS Grooves

50 633 None

300 525 2655

400 547 3424

500 542 3191

600 571 2987

700 511 3155

900 551 None

2000 1295 None

Figure 6. (a) Laser-processed silicon sample and (b) atomic force microscopy micrographs of typical

LIPSS, conical spikes and a channel within the laser-processed silicon surfaces.
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