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A B S T R A C T

The influence of laser texturing parameters and chemical curing environments on the wettability of flat
soda-lime silica glass surfaces was studied by contact angle measurements. The surfaces were textured using
femtosecond laser pulses with varying fluence, periodicity, and pulse number. By exposing these textured
surfaces to different chemical curing environments, a range of hydrophilicity and hydrophobicity was observed.
Experimental characterizations of the roughness produced by the texturing, using the optical profilometer, and
contact angle hysteresis measurements showed a transition from a Wenzel regime to a Cassie–Baxter regime,
induced by the chemical environment.
1. Introduction

In the past decades, several research works have been carried out
on the wettability and super-hydrophobic behavior of solid surfaces
[1]. More recently research works are focusing on oil water separation
problems [2], anti-icing or self-cleaning surfaces [3], water resistant,
anti-fogging or anti-corrosion properties [4].

The wetting of surfaces is characterized by a contact angle 𝜃𝑐
determined by the Young–Dupré relation [5]:

cos 𝜃𝑐 =
𝛾𝑆𝐺 − 𝛾𝑆𝐿

𝛾𝐿𝐺
, (1)

where 𝛾𝑆𝐺, 𝛾𝑆𝐿 and 𝛾𝐿𝐺 are the surface tensions of the solid/gas,
solid/liquid, and liquid/gas interfaces, as illustrated in Fig. 1.a. When
the contact angle 𝜃𝑐 is less than 90◦, the surface is designated hy-
drophilic, whereas a contact angle value greater than 90◦ designates
hydrophobic surfaces. An even larger value of contact angle 𝜃𝑐 ≥
150◦ designate superhydrophilic surfaces. In a first approximation, the
interaction between a rough surface and a water drop can be considered
to follow one of the two following idealized extreme states : the Wenzel
state [6,7] or the Cassie-Baxter state [8].

The Wenzel state (Fig. 1.b) shows that the drop wets the entire solid
surface and seeps into the roughness of the surface. We can write this
state by the following relation :

cos 𝜃 = 𝑟 cos 𝜃𝑐 , (2)
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where 𝑟 = 𝑆𝑟∕𝑆𝑎 (Fig. 2.a) is the roughness parameter defined as the
ratio of the area of the rough surface 𝑆𝑟 to that of apparent surface 𝑆𝑎.
As we are on a rough surface the value of 𝑟 = 𝑆𝑟∕𝑆𝑎 is greater than 1.
If the wetting property of an idealized flat surface without roughness
is hydrophilic (i.e. 𝜃𝑐 < 90◦), the contact angle on the rough surface
is decreased as the cosine function is monotonously decreasing from
0 to 180◦ and crosses zero for 𝜃𝑐 = 90◦. The hydrophilic property is
accentuated by the roughness. Conversely, if the idealized flat surface
is hydrophobic, the hydrophobic property will be accentuated by the
roughness. The Cassie-Baxter state (Fig. 1.c) shows that the drop re-
mains at the top of the textures, air being trapped in the openings. This
state follows the relation :

cos 𝜃 = 𝑓
(

cos 𝜃𝑐 + 1
)

− 1, (3)

where 𝑓 is the fraction of the solid surface on which the drop rests
(Fig. 2.b).

The hysteresis of the contact angle is also an important parameter in
order to establish the wettability regime of a surface and to understand
the geometry of a drop resting on it [9]. The hysteresis of the contact
angle 𝛿𝜃 is defined by the difference between an advancing angle and
a receeding angle of a gravity driven drop on an inclined surface. In
the case of a Cassie-Baxter state where the drop is not anchored in the
grooves, the contact angle hysteresis is low and the drop can easily
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Fig. 1. The behavior of the liquid drop on a smooth surface; (a) The measurement
of the contact angle associated with the Young–Dupré Eq. (1). The behavior of a
liquid drop on a rough surface; (b) Wenzel’s state on a rough surface, where the drop
penetrates into the interstices between the engravings. (c) Cassie Baxter’s state, where
the drop rests on a mixture of solid surface and air is trapped between the grooves.

Fig. 2. Explanatory schematics for the calculation of the Wenzel roughness 𝑟 (a) and
the Cassie-Baxter fraction of wetted surface 𝑓 (b) from morphological profiles of the
textured surface.

move. On the other hand in the Wenzel state where the drop interacts
with the whole texture of the surface, the hysteresis is important and
the drop requires more force to move [9,10].

Modifying the texture of the solid surface is also one way to mod-
ify and control its wettability. Various technologies can be used to
perform solid surface texturing. Ablation of interfacial matter in a
controlled manner can be achieved by femtosecond laser texturing,
which can produce modifications of surface properties of metals [11]. A
mechanical texturing can be produced by applying a stress deformation
to the surface by means of micro-knurling. A comparison with the
femtosecond laser texturing approach has shown on aluminum surface
a change in surface wettability [12].

Ion or plasma etching are techniques that can also produce complex
texturing [13]. Although these techniques have been developed for
texturing large number of microchannels on silicon wafer surfaces, they
can successfully be applied to glass surfaces [14]. However the complex
sample preparation, as well as the lack of established etching know-how
on curved surfaces makes this technique less flexible to the purpose of
this study.

Along the perspective of achieving extreme wettabilities a series
of works have been devoted to study natural surface properties in
order to understand the complex interplay between texture and chemi-
cal properties [15]. In particular vegetal surfaces exhibit multiscaled
roughness which maximize water repelling. Bio-inspired surfaces of
PDMS (Polydimethylsiloxane) can then be produced to achieve similar
behavior [16].

Multiscale roughness produced by femtosecond laser texturing on
metal surface was created to test several wettability models [17].

The wettability of textured metals has been extensively studied [18].
In particular the femtosecond laser texturation has been shown to affect
2

the wettability of metal alloys and oxides [11,19,20] by modifying the
wetting regime parameters, or even crossing over from one wetting
regime to another.

Modifications of the surface chemistry induced by the laser tex-
turing of metallic surfaces has been observed on various steel and
titanium alloys [18,21]. XPS (X-ray Photoelectron Spectroscopy) put
in evidence that the hydrophobic carbon load on the surface increases
after laser treatment, and that hydrophilic C-H bond decreases. Com-
plex surface kinetic processes subsequent to the laser treatment, with a
transient hydrophilicity of freshly treated surfaces, gradually turn into
hydrophobicity over time, as observed in [18,22].

Most studies on the effect of solid surface texturing on its wet-
tability are focused on metallic or polymeric surfaces [23]. Studies
of wettability of glasses already proved several decades ago that the
functional groups located at the glass surface controls the surface
energy, hence the glass wettability [24]. In particular the silanol groups
on glass have a hydrophilic effect, explaining the water wettability of
glasses with a contact angle lower than 90◦. Heat treatment or laser
irradiation lead to the transformation of hydrophilic silanol groups
into hydrophobic siloxane through a dehydroxylation reaction [24,25],
leading to a decreasing wettability. Chemical treatment can also be
used to modify more strongly the wettability of a glass substrate to
replace the silanol groups with even more hydrophobic groups such
as dichloro-dimethyl-silane among others [26].

In this work we are addressing the question of determining the
wetting regime for textured soda-lime silica glass plates. We used
a femtosecond laser irradiation to control the texture of the glass
substrate and we tested several curing environments. Experimental
measurements of contact angle of water droplets deposited on the
surface are compared with the prediction from both Cassie-Baxter and
Wenzel regimes.

2. Materials and methods

Glass microscope slides (thermo scientific ISO 8037/1 soda-lime
glass) with a thickness of approximately 1 mm were used (Fig. 3.𝑎).
The samples underwent a pre-treatment step of being rinsed with
isopropanol before undergoing laser texturing. Afterwards, they were
exposed to different curing environments.

2.1. Surface laser irradiation

The sample surfaces were subjected to femtosecond laser irradiation
using a Tangerine HP fiber laser system by Amplitude Laser Group,
with a central wavelength of 1030 nm, a pulse duration of 350 fs, and
a repetition rate tunable from single shot to 2 MHz [27,28]. The laser
beam was focused to a size of 30 μm using a 100 mm telecentric f-theta
lens, and the linearly polarized laser pulses were attenuated and sent
through a galvanometer scanner. The overlap ratio of 0.82 between
successive laser pulses and between successive laser scan tracks was
kept constant for all the experiments. The samples were irradiated at
normal incidence under air conditions

Grooves were created on the sample surfaces using fluences of
13.6, 27.69, and 48.43 J/cm2. For each fluence, three different groove
periodicities (40, 60, and 80 μm) and three different passage numbers
(5, 10, and 20) were tested, resulting in 9 textured glass slides, each
having a unique combination of fluence, periodicity, and number of
passages, as shown in Fig. 3.𝑐.

The parameters of the method were chosen based on the goal of the
study, which was to create a range of textures on the sample surfaces
and analyze their effect on surface properties. The values of fluence and
overlap ratio were chosen to cover a range of groove densities and sizes,
allowing for the comparison of the effects of these parameters on the
properties of textured surfaces. The values of periodicity and passage
number were chosen to explore a wide range of surface textures.
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Fig. 3. A schematic layout of the femtosecond laser processing system and curing environments. (a) A sketch of the reference glass slide. (b) A diagram explaining the production
of grooves by femtosecond laser texturing following the scan path shown with 𝛥𝑥 and 𝛥𝑦. (c) The depth and periodicity of the grooves are dependent on the laser parameters
used in their creation. (d) Each textured glass slide was replicated to be cured in four different chemical environments.
2.2. Curing environments

The influence of different curing environments on the contact angle
of the textured samples was studied by replicating each sample into
four as shown in Fig. 3.𝑑. These replicated samples were subjected to
the following curing environments:

Hot water: The samples were placed in an ultrasonic deionized
water bath at a temperature of 50 ◦C.

Nitrogen: The samples were placed in bags under a nitrogen envi-
ronment.

Open air: The samples were left in a sample holder in open air.
Chemical treatment: The samples were treated with a silanization

solution [Dimethyldichlorosilane] and placed under a chemical hood.
The effect of the different curing environments on the wettability of

untextured glass surfaces is shown by the reference red line in Fig. 7.
For hot water, nitrogen or air-cured glass surface without texturing the
surface properties remain hydrophilic, as explained by the hydroxyl
functional groups density at the glass surface [29].

The reader should keep in mind the variability in contact angle
measurements of about ±5◦, as well as the distinct chemical reactivity
between the curing environment and the glass surface or the remain-
ing chemical species issued from the pre-treatment. In comparison
glass surfaces treated with a silanization solution exhibit hydrophobic
properties, as hydroxyl groups are replaced by silane-groups.

2.3. Contact angle measurements

One week after the texturing process, contact angles were measured
using the sessile drop method. Distilled deionized water was dispensed
in 3 μL droplets onto the sample surfaces, and images of the drops were
captured and analyzed using the GBX software to determine the contact
angle. The measurements were taken at a temperature of 23 ◦C and a
humidity of 33 g/m3. In this study, we have a specific focus on the
contact angle measured in the direction perpendicular to the grooves.

2.4. Contact angle hysteresis measurements

There are three distinct experimental methods for determining con-
tact angle hysteresis [30–33]. The first method is the Tilted Plate
Method [31], where the advancing and receding contact angles of a
water droplet are measured as it begins to slide down an inclined
surface.

The Wilhelmy Method [34] is the second method, where a surface
is dipped into a water bath and then removed.

Finally, the Sessile Drop Method [30,31] is the third method we
used. This method involves pumping liquid into a droplet, then re-
moving it to measure the advancing angle, followed by the receding
angle.
3

Fig. 4. (a) 3D profile of the surface obtained by confocal microscopy (Stil) for a
textured blade with a fluence of 13.6 J/cm2, a periodicity of 40 μm, and a passage
number of 5. (b) A sketch of a groove to show its depth and width. (c) The average
profile of the textured surface in the direction perpendicular to the grooves (A-A).

2.5. Surface topography

The surface topography of the textured surfaces was characterized
using chromatic confocal microscopy. This method allowed us to accu-
rately measure the height of the grooves and the width of their open-
ings, providing valuable information about the surface morphology. An
example of obtained data is illustrated in Fig. 4.

By analyzing the surface topography, we were able to gain insights
into the morphological features of the textured surfaces and how they
were influenced by the laser processing parameters. This information
will be useful for optimizing the laser texturing process for specific
applications.

3. Results

3.1. Impact of laser parameters on surface topography

The glass surfaces were textured using a femtosecond laser, resulting
in grooves of varying depths and widths. The surface topography was
characterized using confocal chromatic microscopy (Stil), as shown in



Applied Surface Science 630 (2023) 157490A. Ouchene et al.
Fig. 5. Variation of groove width with depth for textured surfaces with different
number of passages and fluences.

Fig. 6. Single groove profiles with a moving average calculated from samples textured
at 13.6 J∕cm2 and with #5, #10, and #20 number of passages.

Fig. 4, which presents a textured slide with a fluence of 13.6 J∕cm2, a
periodicity of 40 μm, and 5 laser passages.

We analyzed the effect of laser parameters such as the number of
passages and fluence on the topographic parameters of the textured
surfaces in Fig. 5. The graph displays that the depth and width of the
grooves are impacted by laser parameters, as expected. The width of the
grooves increases slightly with the number of passages and significantly
with the fluence, whereas the depth is more influenced by the number
of passages.

To further illustrate this trend, Fig. 6 shows the profiles of three
grooves formed on samples textured with a fluence of 13.6 J∕cm2 and
with #5, #10, and #20 laser passages. The figure demonstrates that the
depth of the grooves increases with the number of passages, whereas
the width changes only slightly.

After investigating the impact of laser parameters on the topo-
graphic parameters of the textured glass surfaces, we turned our at-
tention to the relationship between the roughness of the surfaces and
their wettability. The next part of this study aims at understanding how
the laser-induced surface roughness affects the wetting behavior of the
glass surfaces.

3.2. Impact of texture period on wettability

In Fig. 7, the measurements of contact angle are presented as a
function of periodicity and number of passages in different curing
environments.

Before texturing, the reference surfaces exposed to nitrogen, air,
and hot water showed a hydrophilic behavior, with contact angles
4

significantly lower than 90◦. The hydrophilicity was more pronounced
on surfaces exposed to nitrogen, with a contact angle of around 53◦,
and less pronounced on those exposed to water, with an angle of around
63◦. In contrast, the chemically treated surface had a contact angle of
95◦, indicating a hydrophobic behavior.

After texturing, we observed a more significant decrease in contact
angles of hydrophilic surfaces compared to reference surfaces, with an
increase in periodicity and number of passages, resulting in a significant
increase in the hydrophilicity of these surfaces. On the other hand,
for hydrophobic surfaces, an increase in periodicity and number of
passages led to an increase in contact angles, indicating an increase
in hydrophobicity. These results support the hypothesis that surface
roughness amplifies the initial wettability of reference surfaces, as
reported in previous studies [18,35].

3.3. The effect of roughness on wettability

After texturing, we found that the roughness of the grooves changes,
depending on the laser parameters used. This roughness, in turn, influ-
ences wettability.

To demonstrate the impact of surface roughness on wettability, we
measured the contact angles of laser-irradiated surfaces at different
fluences, numbers of passages, and with a periodicity of 60 μm on
air-cured and chemically-treated slides.

As previously shown, at higher fluences and numbers of passages,
the grooves become wider and deeper, resulting in decreased contact
angle values on hydrophilic reference surfaces after texturing. This
indicates that water penetrates into the entire surface created by the
large openings.

On silanized surfaces, the contact angle on a non-textured surface
was measured at 95◦, while for textured surfaces, the angle was greater
than 110◦ and changed with fluence and number of passages. Measure-
ments made 287 days after texturing at 40 μm periodicity with 5, 10
and 20 passages, have shown [110◦–125◦] contact angle. It confirmed
measurements made after 7 days with deviations less that ±5◦.

4. Wetting regimes

To study the wetting regimes on the textured surfaces, we calculated
the geometrical parameters of roughness and fraction of the wetted sur-
faces, as well as the hysteresis of the contact angle. We conducted the
study for air-cured textured surfaces and chemically treated textured
surfaces.

The Wenzel roughness 𝑟 and Cassie-Baxter fraction 𝑓 of the textured
surfaces were calculated from the morphological profiles, as explained
in the diagrams in Fig. 2. These parameters were also calculated using
the previously measured contact angles and Eqs. (2) and (3).

Fig. 8.𝑎 and .𝑏 show a comparison of the roughness parameters cal-
culated from the observed geometry and contact angle measurements,
for two different surface chemistries.

Fig. 8.𝑎 presents a comparison of the Wenzel roughness 𝑟 calculated
from the contact angles and the Wenzel roughness 𝑟 calculated from the
morphological profiles of the air-cured and chemically treated surfaces.
It can be observed that the roughness calculated from the contact
angles deviates from the roughness calculated from the morphological
profile for chemically treated surfaces, suggesting that the liquid does
not fully fill the grooves, which implies that the Wenzel regime does
not match the actual liquid-surface structure. On the other hand, for
air-cured surfaces, the roughness calculated from the contact angles
is much closer to the roughness calculated from the morphological
profile, suggesting that the drops fill the grooves, corresponding to a
regime close to the Wenzel regime.

Fig. 8.𝑏 presents the comparison of the Cassie-Baxter fraction 𝑓
calculated from the morphological profiles and from the contact angles
on air-cured and chemically treated surfaces. On the air-cured surfaces,
the calculated fraction of wetted surfaces is greater than 1, which is
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Fig. 7. Contact angle measurements on flat glass surfaces irradiated with a fluence of 13.6 J/cm2 for periodicities of 40 μm (triangles), 60 μm (circles), and 80 μm (squares) in
nitrogen, air, and water curing environments, and after silanization treatment (from left to right). The red lines represent the contact angles on the surfaces before irradiation.
Fig. 8. (a) Comparison of Wenzel roughness 𝑟 measured from morphological profiles
and calculated from the contact angles of air-cured and chemically treated surfaces
using Eq. (2). (b) Comparison of the fraction 𝑓 of the wetted surface from Cassie-Baxter
Eq. (3) measured from morphological profiles and calculated from the contact angles
of air-cured and chemically treated surfaces.

inconsistent and fails to explain the wetting using the Cassie-Baxter
regime. However, on chemically treated surfaces, the fraction of wetted
surfaces calculated from both the morphological profiles and contact
angles are consistent with each other, suggesting that the Cassie-Baxter
model is more effective in explaining the wetting observations. These
observations are further supported by hysteresis measurements, which
were found to be around 13◦.
5

5. Conclusions

In conclusion, our study has demonstrated the versatility of modi-
fying the wettability of flat soda-lime silica glass surfaces through the
combination of femtosecond laser irradiation and chemical treatment
with a silanization solution. Our results have shown the ability to
transform the surface from hydrophilic to superhydrophilic and ulti-
mately to hydrophobic, with contact angles ranging from below 20◦ to
approaching 125◦, emphasizing the crucial role of surface morphology
and chemical composition in determining the wettability of a surface
and its classification into either a Wenzel or Cassie-Baxter regime.

The present work expands the understanding of glass surface wet-
tability with surface texturing. It offers a solid framework to tune
the wettability regime of soda-lime silica glass surfaces with femto-
second laser texturing parameters and chemical composition of curing
environments.

This work presents exciting possibilities for various applications,
including microfluidics, optics, and surface science. With further in-
vestigation into the durability and wettability stability of the treated
surfaces, we can expect to see an increased use of this technology for
solving real-world problems. To explore further the effect of surface
texturing and chemical treatment of soda-lime silica flat surfaces, it
would be of great interest to focus on curved surfaces. In particular, the
control of the internal wettability of millimeter-sized glass tube would
be useful for self-cleaning and solid particles removal in the case of an
increased hydrophobicity, whereas an increased hydrophilicity would
ease fast two-phase flows in milli- or mirofluidic processes.

The aging and long-time evolution of the wetting properties is
shown to be controlled with complex chemical processes on textured
metallic surfaces. On glass surfaces the long-time reactivity of func-
tional groups could change the wetting properties. Despite the com-
forting contact angle measurements done with textured and silanized
surface after 287 days, further study would be required to solidify the
present conclusions.
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