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• This study constitutes the first attempt 
to evaluate the effects of chemical im
mersion treatment for super
hydrophobic functionalization of laser 
textured surfaces. 

• A spectroscopic approach is developed 
to quantitatively measure surface 
coverage. 

• The time and amount of chemicals used 
in chemical immersion treatment can be 
reduced dramatically for super
hydrophobic metal surfaces.  
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A B S T R A C T   

Laser texturing is a facile method to promote modified surface wetting properties. While most laser textured 
metal surfaces are natively superhydrophilic, here we establish a quantitative relationship between post- 
texturing chemical modification and water contact angles from ca. 80◦ < θw < 180◦. A nanosecond laser- 
based high-throughput surface nanostructuring (nHSN) method is used to texture aluminum alloy surfaces. 
The textured surfaces are immersed in ethanol solutions of chlorosilane reagent [CF3(CF2)5(CH2)2SiCl3] (FOTS) 
at different concentrations and different times to achieve superhydrophobicity. The role played by the two 
chemical treatment parameters, concentration and treatment time, is investigated and quantified. Water contact 
angle, reflection-based infrared spectroscopy and energy-dispersive X-ray spectroscopy are used to characterize 
the functionalized surface. The goal of this research is to quantify the effects of surface chemical modification on 
the resulting material functionality using surface sensitive spectroscopic techniques. Our results show that both 
the solution concentration and the immersion treatment time play significant roles in the attachment of func
tional groups (-CF2-, -CF3) on surface. Further, concentrations of FOTS as low as 0.1% with six hours of chemical 
immersion treatment, or short treatment times as low as three hours with 0.5% FOTS solution are adequate to 
achieve superhydrophobicity.   
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1. Introduction 

Laser-based surface texturing techniques have been extensively 
studied in the past few decades to create superhydrophobic metal and 
alloy surfaces. Typically, microscale and/or nanoscale surface structures 
are produced from the laser texturing process. While most textured 
surfaces are natively superhydrophilic, some can undergo a transition to 
become superhydrophobic by being exposed to air for a few days to 
weeks. In order to achieve superhydrophobicity in a more reproducible 
fashion and shorter period of time, surface chemistry modification 
method must be performed [1–5]. However, most of the existing liter
ature only reports laser-based texturing processes [6–9] and stresses the 
types of surface structures created by laser irradiation. In this study, a 
solution-based treatment method is used to chemically modify the 
laser-treated surface, inducing superhydrophobicity. The solution con
centration and treatment duration are two major parameters that in
fluence the ultimate effect of the chemical treatment. In general, higher 
concentrations and longer durations lead to more surface modification, 
enhancing the observed effect. The results presented here use surface 
sensitive spectroscopies to form, for the first time, a quantitative rela
tionship between these two chemical treatment parameters on the for
mation of superhydrophobic layers that modify resulting surface 
wettability of laser-textured surfaces. The influence of the amount of 
surface-attached carbon-fluorine groups and their spatial distribution on 
the wettability of the fabricated metal surfaces is evaluated. 

Various chemical modification techniques have been implemented to 
apply superhydrophobic coatings on laser-treated metal surfaces. 
Among these, extended exposure to ambient air is one of the most 
popular. During the storage in air, laser textured aluminum surfaces 
absorb airborne organic molecules that alter the surface chemistry via 
enrichment of –CH2– and –CH3 groups which lead to super
hydrophobicity [10,11]. While resource-friendly, this method is 
time-consuming, requiring as much as two weeks’ exposure in air for the 
surface wettability to achieve superhydrophobicity. Another short
coming of the air exposure method is that it is difficult to control. Studies 
have shown that laser processing environments could influence the 
following wettability transition rate [10,12]. Temperature also in
fluences the wettability transition, as low heat treatments have been 
shown to accelerate the organic molecular adsorption from air, 
enhancing superhydrophobicity [13]. Meanwhile, thermal annealing 
can partially remove the adsorbed organic compounds, leading to hy
drophilicity [14]. 

Other techniques used to achieve superhydrophobicity include 
attaching low-energy, long-chain, fluorosilane molecules with -CF2- and 
-CF3 groups. Here, chemical vapor deposition (CVD) is commonly used. 
Jagdheesh et al. [15] used ultraviolet laser pulses to generate micro- and 
nano-roughness features on stainless steel and Ti-6Al-4V sheets, and 
then created hydrophobic self-assembled monolayers (SAM) by depos
iting perfluorinated octyl trichlorosilane (FOTS) via CVD. Kam et al. 
[16] applied a functionalized silane coating (tridecafluoro-1,1,2,2,-tet
rahydrooctyl-1-trichlorosilane) via a CVD process on an already hy
drophobic surface created by laser irradiation, to further enhance its 
hydrophobicity. Though commonly applied, the CVD process usually 
involves higher temperature and hazardous precursors. In comparison, 
solution-based immersion treatment is an easier way to make super
hydrophobic surface. Yang et al. [17] immersed the laser-ablated 
aluminum samples into (heptadecafluoro-1, 1, 2, 2-tetradecyl) trie
thoxysilane/ethanol solution for two hours to reduce surface free energy 
and to achieve superhydrophobicity. Rajab et al. [18] followed a similar 
procedure by immersion treatment of laser-treated stainless steel sam
ples for two hours using a 1% heptadecafluoro-1,1,2, 
2-tetrahydro-decyl-1-trimethoxysilane [CF3(CF2)7(CH2)2Si(OCH3)3] 
methanol solution to make stable superhydrophobic surface. In these 
studies, researchers mainly focused on studying the effect of laser 
treatment on surface structure and consequent surface wettability, 
holding the chemical surface treatment parameters constant. By 

selecting a nominal concentration (1% ~ 1.5%) and treatment time 
(2–3 h) for the surface modifying agents, the prior research largely ne
glects the influence of chemical treatment parameters on surface wetting 
behaviors. 

The lack of studies for chemical treatments of laser-based super
hydrophobic metal surfaces motivates our present work, in which we 
report quantitative analysis of the surface functional groups after 
chemical modification at varying concentrations and durations. One of 
the most mature and effectively used technologies to investigate surface 
chemistry is Fourier transform infrared spectroscopy (FTIR), which is a 
powerful tool used for decades to assess functional groups deposited on 
solid surfaces [19], particularly for self-assembled monolayers [20]. 
Controlling the polarization of the infrared light increases sensitivity, 
and polarization modulated infrared reflection spectroscopy (PM-IR
RAS) has been used widely in surface chemical analysis for (sub) 
monolayer systems for decades [21]. More relevant to our current work 
is a report by Lee et al. [22] that used PM-IRRAS to investigate surface 
properties of self-assembled monolayers with partially fluorinated tail 
groups. However, PM-IRRAS is not inherently quantitative, and Lee’s 
study only qualitatively identified the functional groups and surface 
behaviors. There was no quantitative study being conducted to deter
mine the amount of certain chemical groups. 

X-ray Photoelectron Spectroscopy (XPS) and Energy-Dispersive 
Spectroscopy (EDS) are the other quantitative surface analytical tech
niques which provide information on the elemental composition infor
mation of surface. Wei et al. [23] used XPS to quantify the content of 
fluorine on a plasma-treated polyethersulfone membrane surfaces. A 
strong fluorination effect was observed when measuring hydrophobicity 
induced by increasing the content of fluorine on the surface. Fischer 
et al. [24] also used EDS to quantify functional group density of silane 
monolayers made by vapor deposition. In addition, Lu et al. [25] 
demonstrated that atomic-scale chemical composition across oxide 
LSMO/BFO interfaces can be quantified using Gaussian peak fitting of 
EDS profiles. Despite these techniques available to characterize the 
surface chemical composition, there remains limited research on 
chemically modified laser-textured metal surface. Therefore, it is 
necessary to apply the surface characterization techniques to quantita
tively investigate the functional groups present on laser-treated metal 
surfaces. 

In our current work, nHSN treated aluminum alloy (AA 6061) sam
ples were immersed in a chlorosilane reagent solution. In the solution 
stage, chlorine atoms from the chlorosilane induce chemical etching and 
attachment of the functional group, concurrently [26–28]. As a result, 
the generation of surface nanostructure and surface chemistry happens 
simultaneously. We systematically alter the silane reagent concentration 
(V/V%) as well as the chemical immersion treatment time (Tt) to study 
the influence of these two chemical treatment variables on the surface 
attachment of silane molecules and the resultant surface functionality. 
The quantity and distribution of -CF2- and -CF3 functional groups on the 
surfaces are investigated using PM-IRRAS and EDS analysis. The 
PM-IRRAS data are quantified by standardizing the arbitrary PM units 
with separate measurements of known samples by p-polarized IRRAS. 

2. Materials and methods 

Superhydrophobic surface was made on aluminum alloy (AA 6061) 
using laser treatment coupled with chemical functionalization method, 
also termed as nHSN process [26,27]. A Q-switched Nd:YAG nanosecond 
laser with wavelength of 1064 nm, which emits a pulse duration of 6–8 
ns and a pulse energy on the order of hundreds of mJ, was used for laser 
texturing step. During laser scanning, the aluminum samples were 
submerged in deionized water, thereby confining the laser-induced 
plasma and surface-enhancing effects [29,30]. Other details of the 
laser process can be found in Supporting information S1. After the laser 
texturing process, the chemical immersion treatment was performed. 
The laser-textured samples were immersed in ethanol solutions of 
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chlorosilane reagent [CF3(CF2)5(CH2)2SiCl3] (FOTS) with different vol
ume percentage (0.1%, 0.5%, 1.5%), for different time to achieve 
various wettability. 

Morphology of the laser-irradiated and chemical treated rough 
samples were analyzed using scanning electron microscopy (SEM; 
Hitachi S-4800). Functional groups on surface were identified and 
quantitatively studied using PM-IRRAS. EDS was used to determine the 
chemical elements present in the samples and was used to estimate their 
relative abundance and spatial distribution. Water contact angle θw for 
the treated specimen surface was measured using a contact angle 
goniometer (Rame-Hartmodel 100) coupled with a high-resolution 
CMOS camera (6–60× magnification, Thor Laboratories). For each θw 
measurement, about 5 μL volume of water was dropped onto the spec
imen surface to form a still water droplet, and its optical shadowgraph 
was obtained using the CMOS camera. The resulting image was pro
cessed in ImageJ to retrieve the contact angle. Multiple θw measure
ments were performed at various locations of each specimen surface and 
error bars are reported at 95% confidence intervals. 

Surface functional groups were identified and quantitatively studied 
using PM-IRRAS, which is an established analytical technique for the 
characterization of thin films on metal surfaces [31,32]. The technique 
is based on the different absorption of s- and p-polarized infrared light 
by the surface, modifying film, and surrounding isotropic bulk phase. A 
differential reflectance spectrum is generated using the following 

equation [21,33,34]: 

ΔR
R

=
Ip − Is
Ip + Is

(1)  

Where Ip is the spectrum obtained from the p-polarized light and Is from 
s-polarized light. The major advantage of PM-IRRAS technique is its 
ability to eliminate absorptions caused by atmospheric water vapor and 
CO2. It allows relatively fast acquisition across the entire mid-infrared 
range (800–4000 cm−1). While not inherently quantitative, we have 
calibrated our spectrometer to allow conversion of PMIRRAS intensity 
units to standard absorbance which permits us to estimate film thick
nesses (see details in supporting information S2). 

3. Results and discussion 

Surface morphology of an aluminum alloy (AA6061) is shown by 
SEM images at two relevant magnifications in Fig. 1a. The laser-treated 
surface is random and featureless before (left) and after chemical 
treatment (right). There is no visible difference in microstructure of the 
surface (200 micrometer scale bar). In nanoscale images (5 micrometer 
scale bar), the surface topography appears slightly changed after the 
chemical immersion treatment (1.5% FOTS for 24 h). However, the 
visible change is subtle and there is no statistical difference in the sur
face roughness or fractal dimension as shown in Fig. 1(b),(c). The fractal 

Fig. 1. (a) SEM images of AA6061 laser-treated surfaces with and without chemical immersion treatment. (b) Comparison of surface roughness with (nHSN) and 
without chemical treatment. (c) Fractal dimension of surfaces with and without chemical treatment. 

Fig. 2. (a) SEM image and EDS maps of aluminum, oxygen, and fluorine on AA6061 surface treated by 0.5% FOTS for 3 h. (b) EDS maps of fluorine on different 
AA6061 surfaces treated with varying solution concentrations over varying durations. 
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dimension is a ratio providing a statistical index of complexity related to 
surface structures [28,35,36]. Because there is no significant difference 
in surface morphology before or after the chemical immersion, we 
focused on the influence of surface chemistry on surface wettability. 

After deposition of FOTS, the surface elemental composition was 
examined by EDS. Fig. 2a shows the EDS maps of Al, O, and F, respec
tively, collected from the surface treated by 0.5% FOTS solution for 3 h. 
The oxygen species distribute almost uniformly over the surface, which 
is in accordance with the oxide and hydroxide generated from the re
action between aluminum with atmospheric oxygen and water at room 
temperature [37,38]. The distribution of fluorine appears more local
ized, which indicates higher concentrations of the (-CF2- and -CF3) 
functional groups anchored in some facets of the textured metal surface. 
Fig. 2b shows the EDS maps of fluorine for samples under various 
treatment conditions. The amount of fluorine-related intensity generally 
increases with solution concentration and treatment time. However, 
because the sample surfaces are rough (feature size is much larger than 
the wavelength on incident or exiting radiation for EDS), the 
micro-asperities have induced significant interference and error in 

quantitative analysis. Therefore, EDS measurements have reduced pre
cision. We believe this effect contributes to the localized ‘spots’ of 
fluorine on the surface, masking fluorine signals from adjacent areas. 
While qualitatively useful, we turn to PM-IRRAS for more accurate and 
quantitative analysis of the surface chemistry. 

The characteristic vibrational frequencies and intensities of the 
modified surface were studied by PM-IRRAS. Fig. 3a shows a series of 
PM-IRRAS spectra from 1100 cm−1 to 1400 cm−1 for three surfaces 
exposed to different concentrations of the FOTS solution. The PM-IRRAS 
spectral intensity is expressed as a ratio computed by the intensities of 
reflected p- and s-polarized light [37]. In order to quantify functional 
groups on the surface, we applied a Beer’s Law type analysis, using 
alkanethiol coated substrates as references to standardize the otherwise 
arbitrary PMIRRAS intensity values. For details on this process, see 
Supporting information S3. The absorption peaks are assigned to the 
symmetric and antisymmetric stretches of -CF2- and -CF3, accordingly, 
as listed in Table 1 [39]. The most intense peak, at 1250 cm−1, is 
assigned to the asymmetric stretch (νas) of -CF2-. The νas(CF2) peak in
tensities correlate with the amount of FOTS in the deposition solution, 
indicating that higher concentrations of deposition solution result in 
more FOTS deposition. For example, the substrate from 0.1% FOTS so
lution shows the lowest peak intensities, and the samples treated with 
1.5% FOTS solution show the highest peak intensities. The peak in
tensity increases with the solution concentration, and we used this 
relationship to quantify the amount of -CF2- functional groups present 
on the different surfaces. 

Ultimately, the relationships between relative surface coverage (fc), 
contact angle (θw), and the deposition conditions are shown in Fig. 3b. 
The added roughness of the laser textured surfaces used here results in 
the low relative surface coverage of the samples treated by low con
centration (0.1% and 0.5%) of FOTS solution for short durations (1 h, 
3 h, and 6 h). Based on significant literature precedence [40–45], it is 
safe to say that the sample treated with 1.5% solution for 24 h has 100% 
relative surface coverage of FOTS. The increasing fc and increasing hy
drophobicity of the surfaces with the increase of solution concentration 
and Tt is clearly seen by measuring the contact angle of water shown as 
blue dots in Fig. 3b. In addition, the purple band indicates the transi
tional region between the superhydrophobicity and hydrophobicity. The 
superhydrophobicity will be achieved when the fc is greater than 20%, 
while fc lower than around 10% will lead to hydrophobicity. When fc 
falls between 10% and 20%, the surface is on a transition stage from 
hydrophobicity to superhydrophobicity, where the surface wettability is 
to be determined on a case-by-case basis. Correspondingly, the immer
sion treatment with 0.1% FOTS solution for 6 h can induce super
hydrophobicity. When the solution concentration is increased to 0.5%, it 
takes only 3 h to achieve superhydrophobicity. 

Fig. 3c shows the relationship between fc, θw and the Tt for surfaces 
treated with 0.1% solution. It is found that a quick formation of FOTS 
surface layer happened in the first 10 s followed by a 24 h slow accre
tion, indicating that the process of FOTS layer formation on certain area 
(valley) of AA6061 surface is fast and energetically favorable, while it 
takes longer time for FOTS molecules to be deposited onto the other area 
(mountain top) [46]. And it is these remaining sites that play the most 
important role in determining the surface wettability. The surface be
comes superhydrophobic when fc reaches 20%. 

Fig. 3. (a) PM-IRRAS spectra of samples chemically treated with varying so
lution concentrations for three hours. (b) Relative surface coverage fc of FOTS 
on AA6061 surfaces treated with varying solution concentrations for varying 
treatment time Tt, and their corresponding θw. (c) Relative surface coverage of 
FOTS on AA6061 surfaces treated with 0.1% FOTS solution for 10 s, 1 h, 3 h, 
6 h and 24 h, and the corresponding θw. 

Table 1 
Assignment of IR Bands in Fig. 2a [39].  

Stretch Wavenumber (cm−1) 

ν(CF3) 1372, 1333 
νas(CF2) 1250, 1214 
νs(CF2) 1153 

νs = symmetric stretch; νas = antisymmetric stretch. 
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4. Conclusions 

The research shows a strong relationship between the solution con
centration, chemical treatment time, and the water contact angle on the 
superhydrophobic metal surface. Specifically, the surface selective, 
quantitative analysis used in this research clearly shows that different 
surface coverages as a function of FOTS concentration in ethanol solu
tions. The results indicate that the FOTS deposition on textured AA6061 
surfaces occurs rapidly on some surface sites (presumably those in the 
‘valleys’ of the texturing), while the rest of the surface sites are covered 
more slowly particularly at the lower solution concentrations of FOTS. 
Importantly, these remaining surface sites appear to have the most sig
nificant effect on controlling the water contact angle/surface hydro
phobicity. Precisely, the relative surface coverage of FOTS greater than 
20% leads to superhydrophobicity, while surface coverage lower than 
10% results in hydrophobicity for laser textured surfaces. From an en
gineering point of view, chemical immersion in ethanol solution of 
0.1 V/V% FOTS in ethanol for six hours assures superhydrophobicity. 
When the concentration of FOTS is increased to 0.5%, it takes only three 
hours to achieve superhydrophobicity. Lower FOTS concentrations or 
treatment time will not guarantee enough saturation of -CF2- and -CF3 
functional groups on aluminum surface, leading to weaker super
hydrophobicity (less than 150◦ of water contact angle). The results 
provided here could be used to explain results of prior papers that use 
textured surfaces and modifying chemical adsorbates and as a guide 
making reproducibly superhydrophobic metal surfaces. Compared with 
traditional chemical treatment methods, these results show that shorter 
chemical immersion treatment times and lower chemical solution con
centrations (three hours for FOTS concentration of 0.5 V/V% and six 
hours for lower FOTS concentration of 0.1 V/V%) are sufficient to 
achieve superhydrophobicity. 
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induced nanoscale superhydrophobic structures on metal surfaces, Langmuir 27 
(2011) 8464–8469, https://doi.org/10.1021/la2011088. 

[16] D.H. Kam, S. Bhattacharya, J. Mazumder, Control of the wetting properties of an 
AISI 316L stainless steel surface by femtosecond laser-induced surface 
modification, J. Micromech. Microeng. 22 (2012), 105019, https://doi.org/ 
10.1088/0960-1317/22/10/105019. 

[17] Z. Yang, X. Liu, Y. Tian, Hybrid laser ablation and chemical modification for fast 
fabrication of bio-inspired super-hydrophobic surface with excellent self-cleaning, 
stability and corrosion resistance, J. Bionic Eng. 16 (2019) 13–26, https://doi.org/ 
10.1007/s42235-019-0002-y. 

[18] F.H. Rajab, Z. Liu, L. Li, Long term superhydrophobic and hybrid 
superhydrophobic/superhydrophilic surfaces produced by laser surface micro/ 
nano surface structuring, Appl. Surf. Sci. 466 (2019) 808–821, https://doi.org/ 
10.1016/j.apsusc.2018.10.099. 

[19] H. Seki, K. Kunimatsu, W.G. Golden, A thin-layer electrochemical cell for infrared 
spectroscopic measurements of the electrode/electrolyte interface, Appl. Spectrosc. 
39 (1985) 437–443. 

[20] P.E. Laibinis, G.M. Whitesides, D.L. Aliara, Y.T. Tao, A.N. Parikh, R.G. Nuzzo, 
Comparison of the structures and wetting properties of self-assembled monolayers 
of n-alkanethiols on the coinage metal surfaces, Cu, Ag, Au, J. Am. Chem. Soc. 113 
(1991) 7152–7167, https://doi.org/10.1021/ja00019a011. 
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