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ABSTRACT: Laser-textured surfaces enabling reversible wettability switching and improved optical properties are gaining
importance in cutting-edge applications, including self-cleaning interfaces, tunable optical lenses, microfluidics, and lab-on-chip
systems. Fabrication of such surfaces by combining nanosecond-laser texturing and low-temperature annealing of titanium Ti-6Al-4V
alloy was demonstrated by Lian et al. in ACS Appl. Mater. Inter. 2020, 12 (5), 6573−6580. However, it is difficult to agree with (i)
their contradictory explanation of the wettability transition due to low-temperature annealing and (ii) their theoretical description of
the optical behavior of the laser-textured titanium surface. This comment provides an alternative viewsupported by both
experimental results and theoretical investigationon how the results by Lian et al. could be interpreted more correctly. The
annealing experiments clarify that controlled contamination is crucial in obtaining consistent surface wettability alterations after low-
temperature annealing. Annealing of laser-textured titanium at 100 °C in contaminated and contaminant-f ree furnaces leads to
completely different wettability transitions. Analysis of the surface chemistry by XPS and ToF-SIMS reveals that (usually
overlooked) contamination with hydrophobic polydimethylsiloxane (PDMS) may arise from the silicone components of the furnace.
In this case, a homogeneous thin PDMS film over the entire surface results in water repellency (contact angle of 161° and roll-off
angle of 15°). In contrast, annealing under the same conditions but in a contaminant-free furnace preserves the initial
superhydrophilicity, whereas the annealing at 350 °C turns the hydrophobicity “off”. The theoretical calculations of optical
properties demonstrate that the laser-induced oxide layer formed during the laser texturing significantly influences the surface optical
behavior. Consequently, the interference of light reflected by the air−oxide and the oxide−metal interfaces should not be neglected
and enables several advanced approaches to exploit such optical properties.

KEYWORDS: laser surface engineering, wettability, laser oxidation, thin-film interference, volatile organic compounds,
polydimethylsiloxane, surface contamination

■ INTRODUCTION

In their recent paper, Lian et al.1 reported on the reversible
wettability switch and decreased reflectivity of a titanium-alloy
(Ti-6Al-4V) surface functionalized by nanosecond laser
texturing. After the laser processing, the surface in question
was additionally low-temperature annealed to achieve (i.e., to
speed up) the superhydrophilic-to-superhydrophobic wettabil-
ity transition. The authors demonstrated a reversible switch
between two extreme wettabilities (super(oleo/aero)-philic and
super(oleo/aero)-phobic) of their surface by applying ethanol
to the surface or removing it by drying. With this, they ensured a
transition between the Cassie and Wenzel wetting states on the
laser-functionalized superhydrophobic surfaces during immer-
sion into water. A similar Cassie−Wenzel transition on the laser-
fabricated superhydrophobic surfaces has been demonstrated by
using ultrasonic treatment in water.2

The results in ref 1 are undoubtedly important for applications
with desirable switchable wettability, such as self-cleaning
surfaces, tunable optical lenses, microfluidics, and lab-on-chip
systems.3 However, it is difficult to agree with (i) the
contradictory explanation of the wettability transition that

happened during the low-temperature annealing and (ii) the

theoretical description of the optical behavior of the laser-

textured Ti-6Al-4V surface. Thus, this comment provides a

discussion supported by results from the existing literature as

well as supplementary experimental and theoretical investiga-

tion. In this way, it presents an alternative view of how the results

in ref 1 should be correctly interpreted. Correct in-depth

understanding of the experimental observations by Lian et al.1 is

of crucial importance for future implementation of the observed

experimental findings into different applications including those

at an industrial scale.
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■ EXPERIMENTAL SECTION
Materials. Titanium-alloy samples with a thickness of 1 mm and

dimensions of 20 × 20 mm2 were used in the experiments. The samples
were labeled as S1 and S2. The chemical composition of the samples
was analyzed using an X-ray fluorescence spectrometer (Thermo
Scientific Niton XL3t GOLDD+) and is shown in Table 1 together with

the chemical composition of the samples used by Lian et al.1 The
comparison confirms that both materials have a very similar elemental
composition that can be classified as Ti-6Al-4V alloy (also known as
TC4 and Ti64), which is the most widely used titanium alloy because of
its high specific strength, stability at high temperatures, and good
corrosion resistance.4

Laser Texturing.A nanosecond fiber laser (SPI Lasers Ltd., G4, SP-
020P-A-HS-S-A-Y) irradiating pulses with a wavelength of 1060 nm at a
repetition rate of 20 kHz was used to texture the samples. The pulse
duration at full width at half-maximum (FWHM) and at 10% of the
peak power equals 36 and 240 ns, respectively. A scanning velocity of
500 mm s−1, average power of 10 W, and scanning line separation of 25
μm were used. The samples were textured in air atmosphere under
ambient conditions. The processing parameters and their comparison
with the parameters used by Lian et al.1 are listed in Table 2.
Two samples labeled S1 and S2 were fabricated for the experiments

using the exact same parameters.
Low-Temperature Annealing. Low-temperature annealing was

performed in air atmosphere at normal pressure using the following
three-step method (see also Figure S3 regarding the labeling of samples
after each step):

• First, sample S1 was low-temperature annealed at 100 °C for 24
h in Furnace #1 (Kambic,̌ model VS-50 SC). As revealed by the
X-ray photoelectron spectroscopy (XPS) analysis and confirmed
by the time-of-flight secondary ion mass spectroscopy (ToF-
SIMS), the surface became contaminated after this annealing
step because of the evaporation of silicon-containing com-
pounds from the silicone components in this furnace (shown in
Figure S1a), which are used as seals as Furnace #1 can also be
used as a vacuum chamber (although not in this study). Thus,
this furnace is described as contaminated. After this annealing
step, the sample is labeled as S1.1.

• Secondly, sample S1.1 was additionally low-temperature
annealed at 100 °C for 24 h in Furnace #2 (Binder, model
FED56) together with a freshly made laser-textured sample S2.
Because the XPS analysis of both samples after this annealing
step has not revealed any additional contamination influencing
the surface wettability, this furnace is described as contaminant-
f ree. After this annealing step, the samples are labeled S1.2 and
S2.2.

• The same samples S1.2 and S2.2 were also additionally annealed
at 350 °C for 2 h (as suggested by Yang et al.5) in Furnace #3
(Nabertherm, model LT 9/11/B180), which can be heated up
to 1100 °C. Thus, it can be cleaned of contaminants via
preheating at high temperatures (above 500 °C). Because the
wettability transition back to the superhydrophilic state
indicates that no additional contamination occurred, this
furnace is also described to be contaminant-f ree.

Wettability Characterization. The surface wettability was
analyzed at room temperature using distilled water and a goniometer
of our own design. The apparent contact angle was determined at six
different locations on the surface from the images taken with a CMOS
camera (XIMEA, MQ013MG-ON, 1.3 mega pixels). The contact angle
was measured using a MathWorks MATLAB script, as described in ref
6. When applicable, the roll-off angle was also measured at eight
different locations on each sample (see Table S3). The surface
wettability was evaluated immediately after the laser processing (within
20 min) and immediately after each low-temperature annealing step
(within 1 h; details are available in section S4 of the Supporting
Information). If the water spread across the surface of the sample, such
surface was classified as superhydrophilic and was considered to be in a
saturated Wenzel state with a contact angle of zero degrees.7−10

TVOC Measurements. Some results in the literature suggest that
the volatile organic compounds (VOC) play a significant role in the
wettability transition after surface laser texturing.11 Thus, the total
volatile organic compounds concentration (TVOC) was measured
using a PID-AH2 photoionization detector (Alphasense Ltd.), which
detects the VOC with an ionization potential below 10.6 eV. The
detector was calibrated using isobutylene and it was placed inside each
of the three used furnaces at room temperature for more than 10 h (see
the details in section S3 of the Supporting Information).

Surface Characterization. The chemical composition of the
processed surfaces was analyzed using XPS performed with a PHI-TFA
XPS spectrometer (Physical Electronics Inc.) equipped with Al-
monochromatic source of X-rays. The surfaces were analyzed as
prepared and additional survey spectra were acquired after 3 min of
sputtering by 3 keV Ar+ ions that removed approximately 3 nm of the
top surface layer. The sputtered and the analyzed areas equaled 3 × 3
mm2, and 0.4 × 0.4 mm2

, respectively. The samples were put into the
XPS vacuum chamber within 3 h of their preparation. The
deconvolution of the selected narrow-scan photopeaks is described in
section S5 of the Supporting Information.

To confirm the surface contamination with PDMS, we additionally
analyzed selected surfaces using the time-of-flight secondary ion mass
spectroscopy (ToF-SIMS; TOF.SIMS 5 instrument, ION-TOF). The
Bi3

+ primary ions with 30 keV energy were used for the analysis. The
secondary ions were acquired from the 0.2 × 0.2 mm2 area, whereas the
2D maps were acquired on the 0.5 × 0.5 mm2 regions with a resolution
of 512 × 512 pixels.

■ INFLUENCE OF THE LOW-TEMPERATURE
ANNEALING ON THE WETTABILITY TRANSITION

As shown by several authors,7,12,13 the laser texturing of a
metallic surface in an oxygen-containing atmosphere does not
result only in modified surface topography but also in surface
oxidation. On a microscopic scale, this manifests as a change of
surface color13,14 and results in modified surface wettabil-
ity.15−17 After the laser texturing, the surfaces may become
superhydrophilic in a saturated Wenzel regime (θ = 0°).7−10

Table 1. Chemical Composition of the Titanium-Alloy
Samples

element (wt %)

Ti Al V Fe

sample in this paper 89.3 6.2 4.3 0.16
sample by Lian et al.1 89.8 6.7 3.4 /

aThe chemical composition of Lian et al.1 was normalized to Ti, Al,
and V elements (excluding oxygen) for a more consistent comparison
(see also section S1 in the Supporting Information).

Table 2. Comparison of the Laser-Processing Parameters in This Study and in the Study by Lian et al.1

wavelength
(nm) pulse duration

repetition rate
(kHz)

scanning speed
(m s−1)

average power
(W)

scanning line
separation (μm)

beam waist
diameter (μm)

parameters in this
paper

1060 32 ns at FWHM, 240 ns
at 10%

20 500 10 25 38

parameters by Lian
et al.1

1064 100 ns 20 500 12 25 data not available
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However, this regime is not stable and the superhydrophilic-to-
superhydrophobic transition usually occurs over the course of
several weeks or months if these surfaces are exposed to
atmospheric air.2,6,15,17 Although the underlyingmechanisms for
this transition are still under debate,18 several experimental
observations5,19−22 convincingly endorse contamination as one
of the most likely reasons.
Lian et al.1 reported that they sped up the wettability

transition by the low-temperature annealing carried out for 24 h
at 100 °C. They explained this by stating: “It is well known that
the laser-ablated surfaces have a superhydrophobic property
after low-temperature annealing /.../5,20,21” They also empha-
sized this inconsistent explanation in their conclusions: “After
nanosecond laser ablation and low-temperature annealing
treatments, the resultant titanium surface had superhydropho-
bicity.”
The papers by Long et al.20 and Yang et al.5 that Lian et al.1

cited to support their (above listed) statements actually showed
just the opposite. Both cited studies used low-temperature
annealing to switch of f the developed hydrophobicity and to
return the aged (already superhydrophobic) laser-textured
surfaces into the initial superhydrophilic (i.e., saturated
Wenzel7−9) regime. From an application point of view, the
influence of the low-temperature annealing on the wettability
transition of laser-textured surfaces is important. Thus, it is
worth clarifying these at first sight contradictory reports in the
literature.
Influence of the Contamination by Organic Com-

pounds. Long et al. have shown that the wettability transition
after laser processing of copper19 and aluminum20 remarkably
depends on the atmosphere, in which the processed surfaces are
stored. Similar behavior was observed by Yan et al.22 for laser-
textured brass, which was exposed to different media (including
liquids) after processing. They all found that the organic-rich
environments significantly shorten the time needed for the
transition toward (super)hydrophobicity. Their XPS analyses
revealed a strong correlation between the high contact angles
and the increased C-to-metal ratios. Additionally, it was
convincingly shown5,19,20 that low-temperature annealing (in
the range of 250−350 °C) recovers the initial (super)-
hydrophilicity and decreases the C-to-metal ratios, because
low-temperature annealing desorbs the low-surface-energy
monolayer.23 This is just the opposite observation as reported
in ref 1.
However, very similar−and at first sight contradictory−results

to those reported by Lian et al.,1 where the low-temperature
annealing promotes superhydrophobicity were also published
byChun et al.24 andNgo et al.25 It is worthmentioning that both
papers were published by the same group, but unfortunately,
neither of them contains detailed information regarding surface
chemistry. The XPS analysis by Lian et al.1 (Figures S3a, b in the
Supporting Information of ref 1) clearly indicates that the C/Ti
ratio significantly increased (more than 2-fold) after their low-
temperature annealing (from 0.7 before the annealing to 1.7
after the annealing). This confirms that their annealing
happened in a furnace and/or laboratory contaminated by
organic compounds. Such an explanation would be consistent
with several reports in the literature showing that hydrophilic-to-
hydrophobic transition is promoted by the surface exposure to
the organic-rich5,19,20,22 or even “vacuum” environments.19,21

It has been convincingly demonstrated by Yan et al.26 that
even a “vacuum” environment may promote the hydrophilic-to-
hydrophobic transition due to the chemisorption of organic

molecules (e.g., oil droplets) from vacuum pumps. They clearly
confirmed this by their observation of significantly accelerated
development of superhydrophobicity on Fe2O3 nanoflake films.
When these nanoflake films were exposed to vacuum, the
contact angle increased to θ = 160°, whereas the same samples
stored in a nitrogen atmosphere kept the initial contact angle of
θ = 0°. All of this leads to the conclusion that the organic
compounds in the atmosphere, which the samples are exposed
to, crucially determine the hydrophilic-to-hydrophobic tran-
sition.
From the existing literature, it also follows that (super)-

hydrophilic-to-(super)hydrophobic transition under ambient
conditions happens on a multitude of laser-textured metals and
metal alloys with different chemical and catalytic activity as well
as different crystallographic structure.18 The samples in these
studies were textured by a wide range of laser-pulse durations,
including nanosecond,6,7,16,17,27 picosecond,20 and femtosecond
pulses.2,15 Moreover, a similar transition has been observed on
surfaces oxidized by oxygen plasma treatment,28 reactive
magnetron sputtering,29 and even ionizing (gamma) radiation.30

All of this clearly indicates that themechanisms of the wettability
transition after surface oxidation should be universal and should
not characteristically depend on a specific metal, metal alloy or
even the processing approach and fabrication parameters, as
already pointed out by Boinovich et al.18

Wettability Transition due to Low-Temperature
Annealing. As has been explained above, the wettability
transition toward hydrophobicity most probably happens
because surface contamination with different hydrophobic
compounds stemming from the atmosphere. This has also
most likely happened in the study by Lian et al.1 as indicated by
the increased C 1s peak in their survey XPS spectrum in
comparison with the XPS spectrum they acquired after laser
texturing and before annealing. Their Supporting Information
reveals that the C/Ti ratio is more than doubled after the
annealing. Unfortunately, they have not measured and/or
showed the narrow-scan XPS photopeak for C 1s. This is
necessary to reveal the C−C/C−H concentration that is,
because of the nonpolar bond, usually recognized as the most
probable reason for the increased hydrophobicity in contami-
nation with organic compounds.5,19,20 However, as shown by
the experiments in this study, they are not the only possible
reason for the contamination during annealing.
To demonstrate this, we textured two Ti-6Al-4V samples

(labeled S1 and S2) with a chemical composition very similar to
that of the sample used in ref 1 (see Table 1) by using similar
laser-processing parameters as Lian et al.1 (see Table 2).
According to the reasons explained in the previous subsection, it
is worth believing that slight deviations of the processing
parameters in both experiments should not significantly
influence on the final result in terms of the wettability transition.
Immediately after the laser texturing, the surfaces were in a

saturatedWenzel regime7,8,10 with θ = 0°, as clearly evident from
Figure 1a, b (see also Figure S4). When the hydrophilic solid
surface is sufficiently rough, the liquid wicking may lead to its
complete homogeneous wetting resulting in the saturated
Wenzel regime, where the water droplet transforms into a thin
film with a contact angle of zero degrees.9 In such cases, different
surface wettabilities cannot be evaluated through the contact
angle anymore, but other approaches such as measuring the
wicked volume flux31 or droplet spreading32 should be used to
distinguish wettability variations between individual surfaces.
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Thus, the images showing the droplet spreading are provided in
Supporting Information (Figures S4, S7, S8, S11, and S12).
After annealing in a contaminated Furnace #1 (24 h at 100

°C), the contact (CA) and roll-off (RoA) angle of sample S1.1
(Figure 1c) equaled to θ = 161.2° ± 4.6° and RoA = 15.3° ± 5°,
respectively (Figure S5 and Tables S2 and S3). The same
experiment was repeated approximately two months later and
gave very similar results (see section S4 in the Supporting
Information).
In the second annealing step, the already hydrophobic S1.1

and freshly textured superhydrophilic S2 samples were annealed
together in the contaminant-f ree Furnace #2 (24 h at 100 °C).
Sample S1.2 was still hydrophobic with a similar contact angle as
before this annealing step (θ = 159.3° ± 2.2°), but its surface
became significantly more “sticky” (Figure 1d). The RoA was
measured at eight locations; in five cases, there was no RoA
(>90°), whereas for the other three cases, the results were in the
range of 30−80° (see also Figure S9 and Tables S2 and S3). As

shown in Figure S10 and by data in Tables S2 and S3, the same
trend is observed in the experiments repeated two months later.
Conversely, initially superhydrophilic sample S2.2 stays super-
hydrophilic (Figure 1e; θ = 0°), but the transition of the water
droplet into a water film after the annealing was slower than
immediately after the laser texturing (Figures S7 and S8). This
most likely happened due to cross-contamination between
samples S1.1 and S2.1 as they were annealed together.
In the third step, samples S1.2 and S2.2 were again low-

temperature annealed in a contaminant-f ree Furnace #3 for
additional 2 h at 350 °C, as suggested by Yang et al.5 As
expected, the low-temperature annealing at a higher temperature
recovered the initial saturated Wenzel state (Figures 1f, g and
Figures S11 and S12), which is consistent with the results by
Long et al.19,20 and Yang et al.5

To summarize, the wettability evaluation clearly shows that
annealing at 100 °C leads to a hydrophobic surface only when
done in a contaminated environment. Otherwise, it does not
contribute to the superhydrophilic-to-superhydrophobic tran-
sition of the (laser-textured) samples. However, annealing at 350
°C turns the hydrophobicity off and recovers the initial
superhydrophilicity.

Surface-Chemistry Characterization and Discussion of
the Wettability Transition. The presented annealing experi-
ments show that contradictory results in the terms of wettability
transition may be observed at the same annealing temperature
and for the same annealing duration, but in dif ferent furnaces
(i.e., annealing environments). This is a clear indicator that this
transition is governed by environmental contamination.
However, the sources of surface contamination (when not
intentionally provided) are difficult to identify. An important
reason for this is that just a few molecular layers (or even a
monolayer) of contaminant may already completely change the
surface energy and, consequently, surface wettability.33

To identify the source(s) of (unintentional) contamination in
Furnace #1 used in the supplementary experiments, we analyzed
the surface chemistry after each step of sample processing using
XPS (Figure 2 and section S5 in the Supporting Information).
All XPS spectra are calibrated by the C 1s peak at 284.6 eV and
deconvoluted as described in the Supporting Information. The
narrow scans of the Ti 2p, N 1s, O 1s, C 1s, and Si 2p spectra
were normalized by the Ti 2p intensity and are shown in Figure
2.
The Ti 2p spectra with two peaks at 458.9 eV (Ti 2p3/2) and

464.7 eV (Ti 2p1/2) indicate that the surface is covered with
TiO2

34 after laser texturing and that the titanium-oxide chemical
composition does not significantly change during the annealing
steps. The photopeak at 407.3 eV in the N 1s spectrum shows
that NO3 is adsorbed on the surface

35 of the laser-textured (S1)
sample (the black curve in Figure 2b, see also Figure S24). The
NO3 most probably arises from the optical breakdown during
the laser texturing, where the interaction between the laser-pulse
and surface leads to ionization of the textured solid and
surrounding air, consequently resulting in plasma formation.
However, this photopeak disappears after the annealing (the red
and the green curves in Figure 2b).
It is generally accepted that due to their strong affinity to

water, superhydrophilic surfaces adsorb at least a monolayer of
water when exposed to atmospheric air.10 This is visible on the
O 1s spectrum of the laser-textured (S1) sample (the black curve
in Figure 2c, see also Figure S18) from the shoulder centered at
the characteristic binding energy for water molecules adsorbed
to TiO2 (533.5 eV).

35,36 When water is present on a hydrophilic

Figure 1. Wettability of the laser-textured Ti-6Al-4V samples. (a) S1
and (b) S2 immediately after the laser texturing. (c) S1.1 after 24 h of
annealing at 100 °C in contaminated Furnace #1. (d) S1.2 and (e) S2.2
after an additional 24 h of annealing at 100 °C in contaminant-free
Furnace #2. (f) S1.3 and (g) S2.3 after an additional 2 h of annealing at
350 °C in contaminant-free Furnace #3. Panels a, b, e, f, and g show the
top view, acquired 2 s after the contact between the water droplet and
the surface, wheras panels c and d show the side view. The same scale
shown at the bottom applies to all images.
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surface, the adsorption of hydrophobic contaminants is
prevented or at least slowed down.10 However, this layer of
water also attracts volatile organic compounds, which are always
present in the laboratory environment (e.g., they come from the
exhaled air37,38) and can, when in sufficient quantities,
destabilize the water film, leading to the “naked” exposure of
the hydrophilic surface to the contaminated atmosphere.10

When the samples are annealed at temperatures around or above
the boiling point of water, the water layer is destabilized and
dries out because of evaporation. Thus, the shoulder in the O 1s
photopeak (characteristic for adsorbed water) disappears on all
annealed samples (the red, green, blue, and orange curves in
Figure 2c).
Several studies have shown a strong correlation between the

structures with nonpolar C−C or C−H bonds and the
hydrophobicity of the adsorbate.5,11,19,20 Thus, the C 1s peaks
were deconvoluted to the hydrocarbon chains and graphitic
structure (C−C/C−H, positioned at 284.6 eV) and the
following three polar functional groups incurring hydrophilicity:
alcohol/ether group (C−O with binding energy +1.5 eV from
the main peak), aldehydes/ketones (CO with binding energy
+2.7 eV from themain peak) and carboxyl/ester group (O−C
O with binding energy +4.3 eV from the main peak).19 The
concentrations of the C−C/C−H in the C 1s peak are shown
and directly compared against the measured contact and roll-off
angles in Table S5 (see also Figures S19−S23). The results do
not show any significant correlation between the C−C/C−H
concentrations and hydrophobicity for the presented annealing
experiments. This is most probably because of too short
exposures to the atmospheric air and the involvement of other
contaminants, as explained below. However, it is evident that
annealing at temperatures above 300 °C in contaminant-free

furnaces decreases the C−C/C−H content (Figure 2d and
Table S5) and the C/Ti ratio (Table S6), which is consistent
with other reports in the literature.5,19,20 The C/Ti ratio
immediately after the laser texturing equals 0.8, which is very
similar to the value obtained by Lian et al.,1 who reported the C/
Ti ratio after laser texturing (and before annealing) of 0.7.
Some authors11 also suggest that the hydrophobicity on the

laser-textured surfaces develops due to VOC adsorption. Thus,
TVOC were measured in all three furnaces at room temperature
(unfortunately, the used sensor cannot operate at temperatures
above 55 °C) 1 day after the annealing experiments.
Interestingly, the results in Figure S2 show significantly lower
VOC concentrations in Furnace #1 leading to hydrophobicity as
in Furnaces #2 and #3 that do not enhance water repellency.
Moreover, even the C content on the samples (see Table S4)
does not correlate well with the TVOC concentration measured
at room temperature. These findings suggest that when
performing the annealing at temperatures well-above the room
temperature and due to relatively short exposures of the samples
to the atmospheric air (for only 24 h), the TVOC concentration
(at least when not extreme)may not play the same crucial role as
in the case of longer exposure to contaminated air (e.g., 3
months in ref 11 or 8−30 days in refs 19 and 20). While one of
the important roles of VOC is destabilization of the water film
protecting the surface against hydrophobic contaminants,10 this
role is most likely not as decisive during annealing processes, as
the water film is already destabilized because of high
temperatures. However, it would be very interesting to further
investigate the mechanisms proposed in ref 11 under the
annealing conditions.
After the first annealing step in the contaminated Furnace #1,

the Si 2p peak, which was not present on sample S1 (see Figure

Figure 2. XPS spectra of (a) Ti 2p (normalized by itself) and (b) N 1s, (c) O 1s, (d) C 1s, and (e) Si 2p normalized by Ti 2p intensity. (f) ToF-SIMS
2D map showing the integrated intensity of the Si3C5H15O3

+, Si2C5H15O
+, and SiC3H9

+ secondary ions on sample S1.1.
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S13 and Table S4), appears on sample S1.1 (the red curve in
Figure 2e). Its position at 101.8 eV perfectly corresponds to the
hydrophobic silicon-based organic polymer PDMS.39,40 No
other Si compounds are visible in the Si photopeaks (Figures
S25−S27). This PDMS contamination most probably arises
from the silicone components of Furnace #1 (Figure S1a), as it
has been shown that dimethylsiloxane polymers evaporate even
at temperatures below 80 °C.41

Contamination of surface S1.1 with PDMS is additionally
confirmed by ToF-SIMS analysis. Figure 2f shows the ToF-
SIMS 2D map of the integrated intensity of the Si3C5H15O3

+,
Si2C5H15O

+, and SiC3H9
+ secondary ions. It is evident that the

sample S1.1 is homogeneously covered by a thin PDMS layer
(see also Figure S29).
The PDMS peak is also clearly observed in the XPS signal,

acquired on the sample S1.2 (the green curve in Figure 2e). The
Si concentrations, estimated from the survey spectrum recorded
on sample S1.2 and listed in Table S4, show a slight decrease in
the Si concentration after annealing in Furnace #2. This may
explain why the S1.2 surface became sticky, as seen from Figure
1 and Table S3. However, such small concentrations from the
survey spectrum acquired on rough surfaces (where the XPS
signal from the valleys is weaker than from the tops and where
the sputtering is not able to remove the same layer thickness

from the tops and the valleys of the rough surface) should be
interpreted with caution. Thus, further investigation beyond the
scope of this comment is needed to fully understand the
desorption of the thin PDMS film at temperatures around 100
°C.
A significantly smaller Si 2p photopeak than for samples S1.1

and S1.2 is observed on sample S2.2 (the blue curve in Figure
S2e). This confirms that cross-contamination occurred, as
samples S1.1 and S2 were annealed together in Furnace #2. A
small amount of PDMS explains the decreased wickability of the
still-superhydrophilic sample S2.2 (see Figure S7).
Annealing at 350 °C in Furnace #3 turned the hydrophobicity

off and returned the S1.3 sample into the initial superhydrophilic
state (Figure 1f). This is consistent with previous observations
that annealing at temperatures above 350 °C leads to PDMS
pyrolytic degradation to oxide films.42 As it is observable from
the position of the orange curve in Figure 2e (see also Figure
S28), the Si 2p peak is shifted toward higher binding energies
(102.5 eV), but not completely to SiO2 value (103.3 eV). This
indicates that the PDMS is oxidized toward SiO2.

40 Oxidation of
the PDMS film on the sample S1.1 after annealing at 350 °C in
Furnace #3 is additionally confirmed by ToF-SIMS analysis.
This is evident from the comparison of the normalized

Figure 3. Supplementary theoretical calculations. (a) Influence of the TiO2 thickness on the reflectivity of a titanium surface. (b) Theoretical
reflectivity of clean titanium (for the p-, s-, and unpolarized light) and theoretical reflectivity for the oxidized titanium (dox = 25 nm) as a function of the
incidence angle; measurements from ref.1 are shown as black triangles. (c) Reflectivity of titanium covered by a TiO2 layer and water as a function of the
water-layer thickness; results for three different oxide thicknesses dox are shown and the dashed curves present the average reflectivity. (d) Reflectivity
as a function of the oxide layer thickness for a dry sample (only oxide is present on a titanium surface, the black curve) and for a wet sample (the oxide is
additionally covered by water, the red curve). The green curve shows the ratio between the red and the black curves. Unless explicitly stated otherwise,
calculations are made for λ = 532 nm and for normal incidence (θi = 0°) of unpolarized light.
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intensities for the selected Si-containing secondary ions on
surfaces S1.1 and S1.3 (Table S7).
Switched-off hydrophobicity of the PDMS coated surfaces has

also been observed by Yuan et al.43 They turned the
hydrophobic properties of the PDMS coating off by annealing
the samples at 390 °C. In doing so, they demonstrated a high
degree of switchability in the wetting behavior (i.e., between
superhydrophobic and superhydrophilic states) of the PDMS-
coated surfaces.
To summarize, the presented supplementary experiments

clarify that annealing at 100 °C may conserve surface hydro-
philicity (when performing the annealing in an uncontaminated
atmosphere) or it may promote the wettability transition toward
hydrophobicity in the presence of the hydrophobic contami-
nants (in case of using the contaminated Furnace #1 and in the
experiments performed by Lian et al.1). This explains that
contradictory results by Lian et al.1 were observed, as the authors
did not appropriately control the contamination of the
atmosphere in their furnace. Their XPS measurements clearly
support this explanation.
However, as revealed by the presented supplementary

experiments, the surface contamination during the low-temper-
ature annealing may not arise only from the hydrocarbon
contamination, as the silicone components of the furnaces may
be an additional and usually overlooked source of low-surface-
energy contaminants. This is especially problematic in furnaces
with maximum temperatures up to 200 °C, because they may
contain silicone parts (such as seals and tubes for vacuum or gas
atmospheres) that are not present in the furnaces allowing
higher temperatures (where PDMS degrades) because of the
temperature limitations of silicone. As shown by the annealing
experiments in Furnace #3, the contamination can be reduced
by performing the annealing at 350 °C. In this context,
preheating of the furnace to high-enough temperatures can be
used to ensure contaminant-free annealing by degrading the
contaminants before the annealing process. Furthermore,
alternating the low-temperature annealing process in contami-
nated and contaminant-f ree furnaces may represent an additional
alternative method to achieve the reversibly switched wett-
ability. In case of PDMS contamination, this is of additional
importance, because the PDMS is known as an inert, nontoxic,
and biocompatible material.44 Consequently, such approach to
reversibly switching the surface wettability by annealing in an
(intentionally) PDMS-enriched atmosphere could be utilized in
biomedical applications.

■ REFLECTIVITY OF THE LASER-TEXTURED
METALLIC SURFACES

Lian et al.1 also reported a modification of reflectivity of the
laser-textured titanium samples, but their theoretical explanation
is incorrect for several reasons:

• During their experimentation, they used unpolarized
light, but the theoretical curve in Figure 5c from ref 1
explains the measured dependence of the reflectivity as a
function of the incident angle by using the equation that is
valid only for the s-polarization (called also TE). For this
reason, the shape of their theoretical description (when
analyzed carefully) does not correspond to the measured
data (compared in Figure 3b and showing the shape of
this dependence for s- and p-polarized as well as
unpolarized light).

• They neglected that titanium is a metal, not dielectric.
Because metals are conductive, they attenuate the
electromagnetic waves. As it is widely known45 and
explained in the Supporting Information, strong absorp-
tivity of metals is inevitably accompanied by high
reflectivity. Thus, the complex index of refraction (n̂ = n
+ iκ) should be used instead of the real one. For metals,
the imaginary part (i.e., the extinction coefficient κ) is
preponderant and, consequently, should not be neglected.

• They neglected the oxide film that forms on titanium due
to its strong affinity to oxygen. When exposed to air,
titanium is covered by a several nanometers thick oxide
film.46 This film becomes even thicker during laser
texturing because of the high temperatures induced by
laser ablation.47 As shown by the XPS measurements
(Figure 2a), the titanium surface after laser texturing is
completely covered by TiO2. The oxide film significantly
influences the optical properties of the titanium surface
(see Figure 3a).

• Figures 5a, b in ref 1 and the accompanying discussion
neglect the interference between the light reflected from
the air−water, water−oxide, and oxide−titanium inter-
faces. It is well-known that in case of thin films (with
thicknesses up to several hundred nanometers), the
interference should not be neglected even for the
conventional light sources (classified as “incoherent”
sources). The most-knownmanifestation of this phenom-
enon are multiple colors appearing on a soap bubble or on
an oil film floating on water because of light reflections.

The following theoretical investigation shows, how the results
in ref.1 related to the optical properties of the laser-function-
alized titanium surfaces are correctly interpreted. This is
demonstrated by supplementary theoretical calculations,
shown in Figure 3 and explained in details in sections S7−S9
of the Supporting Information. For the sake of this
demonstration, the measured results in ref 1 were digitalized
by appropriate image processing.

Reflectivity of the Titanium Surface. As reviewed in the
Supporting Information, several authors46,48−50 have measured
the refractive index of pure titanium as a function of the
wavelength. The reflectance for the normal incidence (θi = 0) in
air is calculated as

R
n n
n n

( )
( )normal

0
2 2

0
2 2

κ
κ

=
− +
+ + (1)

where n0 = 1 stands for the refractive index of air, whereas n =
n(λ) and κ = κ(λ) are the wavelength-dependent real and
imaginary parts of the refractive index n̂, respectively. A
comparison between the data in the literature and the measured
spectrum for the unprocessed surface (taken from Figure 4c in
ref.1) is made in Figure S30. As it is evident from Figure S30b,
the most similar reflectivity is obtained by using the refractive
index measured byMash andMotulevich.49 Thus, these data are
used for supplementary calculations supporting this comment.
The average reflectivity (for wavelengths in the range of 400−

1000 nm) calculated from ref 49 (the dark green curve in Figure
S30a) equals 0.55, whereas the average reflectivity, measured by
Lian et al.1 (the black curve in Figure S30) equals 0.41. There are
several reasons for this difference. The refractive index in ref 49
was measured on pure titanium (99.99%) and special care was
taken to minimize the surface oxidation. On the contrary, the
sample in ref 1 is an alloy with a titanium content of
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approximately 90% (see Table 1) and was covered by an oxide
layer even before the laser texturing process because of natural
oxidation. Additionally, the surface was most likely not perfectly
smooth and had some degree of roughness.
Influence of the Oxide Layer on Surface Reflectivity.

The effect of the oxide layer on the reflectivity at a wavelength of
532 nm and for normal incidence of the unpolarized light is
shown in Figure 3a. Here, the refractive index for titanium of n̂Ti
(532 nm) = 2.21 + i2.90 (taken from ref 49) and the refractive
index for TiO2 of n̂TiO2

(532 nm) = 2.6 + i0.37 (taken from ref
51) are used. The results in Figure 3a are obtained by calculating
the reflectivity for the electric field, when the metal is covered by
a single thin film (STF):51
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As explained in the Supporting Information, the rij in eq 2 stands
for the electric field reflectivity (Fresnel equations for the s- and
p-polarization (eqs S3 and S4)) on the i−j interface (1 denotes
air, 2 is TiO2, and 3 denotes titanium; see Figure S31), whereas
the intensity (or power) reflectivity is calculated as R = rSTF rSTF* ,
where the asterisk denotes the complex conjugate. In case of
unpolarized light, the intensity reflectance is the arithmeticmean
of the intensity reflectance for the p- and s-polarizations (see eq
S8).
The phase change shift of light passing through the oxide film

is calculated as n cos( )d
ox

4
ox ox

oxδ θ= ̂π
λ

, where dox denotes the

TiO2 thickness, θox is the angle of light propagation inside TiO2
(see Figure S31), and λ is the light wavelength in vacuum. As
demonstrated in section S8 in the Supporting Information, when
the complex refractive index n̂ox is used in δox, the extinction
coefficient in the exponential term of eq 2 appropriately
describes the light absorption in the thin film (the real part in eq
S17).
As clearly visible from Figure 3a, the reflectivity as a function

of the oxide thickness goes from 0.53 as for the clean titanium
(the black dashed line in Figure 3a) and reaches its minimum at
0.023 when the oxide thickness equals 34 nm. For an oxide
thickness exceeding 0.5 μm, the reflectivity stabilizes at 0.206.
This happens because of the complex refractive index of TiO2
used in the calculation. Consequently, the extinction coefficient
in phase change δox in eq 2 contributes to the absorption (see the
explanation in eqs S15−S17) already within submicrometer-
thin oxide layer, because κTiO2 = 0.37 gives the absorption length
of 114 nm. Here, the absorption length (i.e., the inverse Lambert
absorption coefficient) equals the length, where the (1 − e−1) =
63% of the light power is absorbed. Thus, when the oxide layer
becomes thicker, the titanium surface is not “visible” by the
incident light anymore. For this reason, calculations using eq 2
for thick TiO2 layer result in a similar value to the reflection from
the bulk TiO2, calculated by eq 1, which gives the reflectivity of
0.206 (shown by the dash-dotted orange line in Figure 3a).
Lian et al.1 reported that the reflectivity of their titanium

surfaces after texturing decreases to 0.092. They explained this as
the influence of the surface micro- and nanostructures.
However, it is evident from Figure 3a (the red-highlighted
region) that a similar effect will be observed, if the laser ablation
leads to a modified oxide thickness in the range of 19−55 nm.
Most likely, both effects, that is the modified surface topography
and the oxidation (i.e., the modified surface chemistry),
contribute to the decreased reflectivity after laser texturing.

However, as clearly demonstrated by the theoretical results in
Figure 3a, the influence of the interference effects on the oxide
layer should not be neglected and must be appropriately
evaluated.

Reflectivity of the Oxidized Titanium as a Function of
the Incident Angle. Lian et al.1 measured the reflectivity of the
laser-textured titanium as a function of the incident angle (the
black triangles in Figure 3b). They used the wrong theoretical
explanation of this behavior. Moreover, this wrong calculation
included the wrong refractive index of titanium, as they
completely neglected the extinction coefficient. Thus, similar
values between their theoretical calculation and the measured
reflectivity were just a coincidence.
The theoretically calculated reflectivity of titanium should

give similar results as the measured reflectivity on flat
(unprocessed) titanium. This happens if the correct refractive
index is used, as clearly observable from Figure 3b, where the
theoretical reflectivity for the p-, s-, and unpolarized light is
shown for λ = 532 nm. However, observations in ref 1 should
also be explained in the context of surface oxidation.
If a 25 nm thick TiO2 layer is assumed (as suggested from the

theoretical results in Figure 3a), the theoretical curve for the
unpolarized light (eq 2) corresponds well with the measure-
ments (the green curve in Figure 3b). However, to further
distinguish between the contributions of the surface roughness
and the oxide layer on the optical properties, additional surface
analyses (not available in ref 1) would be required. Such analyses
should include (i) the XPS characterization of the surface oxides
(only the survey provided in ref 1 is not enough, because narrow
scans−similar to those in Figure 2a−and corresponding
deconvolutions are needed to identify different types of titanium
oxides), and (ii) the evaluation of the oxide thickness, including
the oxide-thickness variation (e.g., by using combination of FIB
and SEM). Nevertheless, the supplementary theoretical
calculations presented in this comment clearly show that the
interference effects due to titanium oxidation should not be
neglected.

Influence of Surface Wetting on Surface Optical
Properties. Lian et al.1 report that the reflectivity changes
when the surface is wet (i.e., covered by a thin film of water).
Again, they neglected the interference effects even thoughas
evident from the theoretical calculations in Figure 3a, dthey
should not be neglected. As explained in the section S9 of the
Supporting Information, the reflectivity for an electric field in
case of a double thin-film layer (DTF) system can be calculated
as14
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where indices 1, 2, 3, and 4 stand for air, water, TiO2, and
titanium, respectively (see Figure S32), and the phase change
due to light propagation in water δw is calculated similarly as
phase change due to light propagation within the oxide film in eq
2.
The refractive index of water in the visible spectrum is real (n

= 1.33), since its absorption is negligible (especially in case of
thin films).52 Using the value of κ = 0 (κ = 1.5 × 10−9 at 532
nm,52 which gives an absorption length of 28 m and can be safely
neglected) in eq 3 does not result in any light attenuation within
the water film. Consequently, the amplitude in the modified
reflectivity due to altered thickness of the water layer is constant
(see Figure 3c for three different (fixed) thicknesses of TiO2
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layer). As evident from the results in Figure 3c, the period in the
reflectivity is below 250 nm (<λ/2) when the thickness of the
water layer is changing. The results in ref 1 indicate that the
surface roughness after the laser texturing is in the micrometer
range. Thus, the water layer thickness on the sample (when in
the superhydrophilic state) also changes within the micrometer
range. Consequently, the surface reflectivity can be averaged for
different thicknesses of the water layer (the dashed lines in
Figure 3c).
Lian et al.1 measured that the reflectivity of the wet textured

surface is always lower than the reflectivity of the dry structured
surface. They demonstrated that this can be used for the
switched optical properties, which is important from the
application point of view. Their (fair) experimental observation
can be correctly explained by the interference effect in the
double thin-layer system (Figure 3d). The calculations of the
reflectivity as a function of the TiO2 thickness for a dry sample
(eq 2 and the black curve in Figure 3d, denoted by RD) and for a
wet sample (eq 3 and the red curve in Figure 3d, denoted by RW)
show that this is true for almost all oxide layer thicknesses. The
ratio RW/RD (the green curve in Figure 2d) is above unity only if
the oxide thickness is in the range of 29.5−33.5 nm; otherwise, it
is always lower than 1, which agrees well with the experimental
observations by Lian et al.1 Calculations in Figure 3d are made
by using the averaged values (the dashed lines in Figure 3c) for
different thicknesses of the water layer, as is justified by the
explanation in the previous paragraph.
The results in ref 1 additionally show that the difference in the

reflectance between the dry and the wet textured surface changes
with varying scanning line separation used in laser texturing. The
theoretical result in Figure 3d suggests that this might happen
because different processing parameters lead to oxide layers with
different thicknesses. Thus, it would be worth measuring the
oxide thickness after texturing using different scanning lines
separations to compare the measured values with the results in
Figure 3d.

■ CONCLUDING REMARKS
Undoubtedly, laser texturing of metallic surfaces represents a
promising, straightforward, scalable, and chemical-free method
for fabrication of bioinspired surfaces with reversibly switchable
wettability and modified optical properties. However, advanced
approaches to exploit these switchable properties require correct
and in-depth understanding of (i) the wettability transition
during the low-temperature annealing and (ii) the light
reflection on laser-textured (oxidized) metallic surfaces. In this
context, the presented discussion of the already published results
and the supplementary experiments clarify that controlled
contamination is crucial in obtaining consistent surface
wettability alterations after low temperature annealing. It is
shown that low-temperature annealing in contaminated and
contaminant-f ree furnaces leads to completely different wett-
ability transitions. Nevertheless, this can be used as an additional
approach to obtain the reversibly switchable wettability. As
suggested by the experimental results reported in this comment,
preheating the furnace to temperatures exceeding 350 °C for
several hours can provide a contaminant-free annealing
environment. It is also shown that (usually overlooked)
contamination may arise from the silicone components of the
furnace. In this case, a ToF-SIMS analysis revealed the formation
of a thin and homogeneous hydrophobic PDMS film over the
whole annealed surface, which can be also recognized by the
appearance of the XPS photopeak at 101.8 eV binding energy.

However, heating to 350 °C leads to PDMS oxidation and
consequently returns the surface into the initial, super-
hydrophilic state.
The theoretical calculations of the reflectivity of a metallic

surface covered with thin layer(s) clearly demonstrate that the
interference effects should not be neglected to correctly
understand and describe its optical properties. Moreover, the
presented theoretical calculations also clearly show that
controlling the thickness of the laser-induced oxide layer or
even the thickness of an additional transparent liquid layer may
lead to advanced applications utilizing the switchable optical
properties of the laser-textured metallic surfaces.
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(14) Łeçka, K. M.; Woj́cik, M. R.; Antonćzak, A. J. Laser-Induced
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S1 Chemical Composition of the Titanium Sample 

The chemical composition of the titanium samples used in the supplementary experiments was 

assessed using X-ray fluorescence spectrometer (Thermo Scientific Niton XL3t GOLDD+) and is 

listed in Table S1. The titanium alloy with this chemical composition is classified as Ti-6Al-4V 

(also known as TC4 or Ti64). 

In the paper by Lian et al.,S1 the authors determined the chemical composition of their sample 

using energy-dispersive X-ray spectroscopy (EDS) with the following results recorded before laser 

texturing: 86.7% Ti, 6.5% Al, 3.3% V and 3.5% O. Since the X-ray fluorescence spectrometer 

used in the experiments supporting this study is not able to detect the O element, the results by 

Lian et al.S1 were normalized to Ti, Al, and V elements (excluding the O element) for a more 

consistent comparison. The normalized results are shown in the last row of Table S1.  

 Table S1. Chemical composition of the titanium sample (before laser processing) used in this study and in 

the study by Lian et al.S1 (in wt. %). 

Element Ti Al V Fe 

This study 89.3 6.2 4.3 0.16 

Lian et al.,S1 normalized to Ti, Al, V 89.8 6.7 3.4 / 

S2 Low-Temperature Annealing 

The titanium-alloy samples labeled S1 and S2 were firstly laser-textured utilizing the parameters 

listed in the main text. Afterwards, they were low-temperature annealed in the air atmosphere at 

normal pressure in furnaces, shown in Figure S1. 



 

S-5 

 

 

Figure S1. Photography of a Furnace #1, b Furnace #2 and c Furnace #3. 

S3 Measurements of the Total Volatile Organic Compounds 

(TVOC) Concentration 

The concentration of total volatile organic compounds (TVOC) was measured by using PID-AH2 

photoionization detector (Alphasense Ltd.) that is able to detect VOC with ionization potential 

< 10.6 eV. The detector was calibrated by isobutylene and it was placed inside all three furnaces 

at room temperature as it cannot be used at temperatures above 55 °C. The TVOC concentrations 

in g/m3 of the isobutylene equivalent as a function of time are shown in Figure S2. The signals 

are changing by time due to the equalization of the TVOC concetration inside and outside the 

furnace as well as due to different atmospheric conditions in the laboratory (e.g., opening of the 

windows and doors etc.). The sharp spikes can be considered as sensor noise. Nevertheless, it is 

evident that Furnace #1 has the lowest measured TVOC concentration. 
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The Furnace #1 is located in the basement of the Faculty of Mechanical Engineering, Ljubljana, 

Slovenia (46°02'49.3"N 14°29'56.1"E), while the Furnaces #2 and #3 are located in the same room 

at the ground floor of the Institute of Metals and Technology, Ljubljana, Slovenia (46°02'43.0"N 

14°29'44.0"E), near the workshop which is the most probable reason for the increased VOC 

contamination.  

The TVOC measurements in Furnace #1 were performed from 2:45 p.m., February 11th 2020 to 

6:45 a.m., February 12th 2020, local time.  

The TVOC measurements in Furnace #2 were performed from 8:15 a.m., February 13th 2020 to 

7:45 a.m. February 14th 2020, local time.  

The TVOC measurements in Furnace #3 were performed from 3:15 p. m., February 12nd 2020 to 

3:15 p.m., February 13th 2020, local time. 

For orientation, the regulation in Slovenia suggest that under normal conditions the TVOC 

concentration in offices should not exceed 600 g/m3 emitted from the building material 

(excluding the human emission or the emission of the human activity that may increase this value). 

 

Figure S2. TVOC concentration measurements inside the used furnaces. 
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S4 Wettability of the Laser-Textured Titanium Alloy 

Figure S3 shows the labeling of the samples after each step of the annealing experiments. 

The samples were prepared twice: 

 The first set of the samples was prepared within the period of December 18th–20th 2019 

(labeled as Period #1). 

 The second set of the samples was prepared within the period of February 10th–12th 2020 

(labeled as Period #2).   

The wettability of samples S1 and S2 (from the Period #1) immediately after the laser texturing 

are shown in Figure S4. After several seconds, the whole surface was wet (not shown in the 

images). The same result was observed on the samples S1 and S2 from the Period #2. 

The low-temperature annealing of sample S1 in the contaminated Furnace #1 for 24 h at 100 °C 

resulted in a superhydrophobic surface with a contact angle of 161.2° ± 4.6° and roll-off angle of 

15.3° ± 5°. All the contact angle measurements on the sample S1.1 from Period #1 are presented 

in Figure S5, while the raw data is listed in Tables S2 and S3. Similar results were measured on 

two additional S1.1 samples (A and B), prepared within Period #2. Their contact angle 

measurements are shown in Figure S6. The measurements from the Period #2 give the contact 

angle of 156.5° ± 2° and the roll-off angle of 20.4° ± 3°. The reason for slightly different wettability 

as from the Period #1 might be due to different humidity (during contact angle measurements) or 

due to slightly different surface contamination.  

In the next step, the superhydrophobic surface S1.1 and the fresh, superhydrophilic surface S2 

were annealed together for 24 h at 100 °C in the contaminant-free Furnace #2. After this procedure 

they are labeled as S1.2 and S2.2.  

The surface S2.2 (from Period #1) stayed superhydrophilic, as shown in Figure S7. Here, a thin 

water film spreads over the majority of the surface 2 s after a water droplet is put into contact with 

the surface, although the whole surface is not wetted at this time. Nevertheless, almost the entire 

surface is wet after > 2 min (Figure S8). Thus, this surface can still be classified as 

superhydrophilic and in the saturated Wenzel regimeS2-S4 with a contact angle of zero degrees. 
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Lower surface wickability (in comparison to the sample S2) most probably arises due to cross-

contamination, since the sample S2.2 was annealed together with the contaminated 

(superhydrophobic) sample S1.2. The same result was also observed on the surface S2.2 from 

Period #2.  

However, surface S1.2 (from Period #1) stayed hydrophobic with the contact angle of 159.3° ± 

2.2° (see Figure S9 and Table S2), but a desorption of the hydrophobic layer must have already 

started, since the surface became “sticky”. Its roll-off angle increased significantly, as revealed by 

the raw data in Table S3.  

The same result is observed for the matching sample prepared and analyzed in Period #2. Here, 

the contact angle of the sample S1.2 equals 152.8° ± 1.9° (Figure S10) and its surface – again – 

became “sticky” (see Tables S2 and S3). Thus, the wettability of this sample is also consistently 

lower as that of the sample S1.1, prepared within the same period.  Only sample A was analyzed 

here, since sample B was used for the XPS analysis after the first annealing step in Furnace #1. 

Samples S1.2 and S2.2 were simultaneously annealed further for 2 h at 350 °C in Furnace #3 and 

labeled as S1.3 and S2.3 after the annealing process. Higher temperature successfully modified the 

contaminated (hydrophobic) surface layer, since both samples returned to the initial 

superhydrophilic state (Figures S11 and S12). Although a water droplet spreads over the enitre 

surface after several seconds on both samples (not shown in Figures S11 and S12), a difference in 

wickability of individual surfaces exists. The wickability of the S1.3 (previously significantly 

contaminated) surface is slightly lower than that of the S2.3 (almost uncontaminated) surface 

indicating that it is likely that not all the surface hydrophobic contaminants were removed in these 

2 h.  

 

Figure S3. A diagram showing the labeling of the samples (within a single period). 
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Figure S4. Water spreading immediately after the laser texturing on samples S1 and S2.  

 

Figure S5. Contact angle measurements on the surface S1.1 (from Period #1) after annealing at 100 °C for 

24 h in a contaminated Furnace #1. Six measurements at different locations on the surface of the same 

sample are shown.  

 

Figure S6. Contact angle measurements on the surface S1.1 (from Period #2) after annealing at 100 °C for 

24 h in a contaminated Furnace #1. Six measurements at different locations on the sample A (top row) and 

the sample B (bottom row) are shown.  
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Figure S7. Water spreading on the S2.2 surface after annealing at 100 °C for 24 h (annealed together with 

the hydrophobic (contaminated) sample S1.2) in Furnace #2. A small water droplet stays in the center of 

the wet area.  

 

Figure S8. The same sample as in Figure S7 after longer observation times. 

 

Figure S9. Contact angle measurements on the surface S1.2 (from Period #1) after additional 24 h of 

annealing at 100 °C in a contaminant-free Furnace #2. Six measurements at different locations on the 

surface of the same sample are shown.   
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Figure S10. Contact angle measurements on the surface S1.2 (from Period #2, sample A) after additional 

24 h of annealing at 100 °C in a contaminant-free Furnace #2. Six measurements at different locations on 

the surface of the same sample are shown. 

 

Figure S11. Water spreading on the S1.3 surface after additional 2 h of annealing at 350 °C (in the 

contaminant-free Furnace #3) that turned off the hydrophobicity and returned the sample into the initial 

superhydrophilic state.  
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Figure S12. Water spreading on the S2.3 surface after additional 2 h of annealing at 350 °C (in the 

contaminant-free Furnace #3).  

Table S2. Contact angles for the hydrophobic samples (all six measurements per sample are shown). 

Sample #1 #2 #3 #4 #5 #6 

S1.1 after 24 h @ 100 °C in the contaminated 

Furnace #1, from Period #1 

152.4° 161.0° 165.9° 162.4° 163.1° 162.7° 

 S1.1 after 24 h @ 100 °C in the contaminated 

Furnace #1, from Period #2, sample A 

152.0° 157.7° 160.1° 156.3° 157.5° 155.8° 

 S1.1 after 24 h @ 100 °C in the contaminated 

Furnace #1, from Period #2, sample B 

157.1° 155.7° 157.6° 158.3° 154.9° 155.3° 

S1.2 after additional 24 h @ 100 °C in the 

contaminant-free Furnace #2, from Period #1 

159.1° 161.3° 161.4° 156.5° 156.8° 160.6° 

S1.2 after additional 24 h @ 100 °C in the 

contaminant-free Furnace #2, from Period 

#2, sample A 

153.2° 151.2° 153.3° 150.1° 155.7° 153.6° 
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Table S3. The roll-off angles for the hydrophobic samples (all eight measurements per sample are shown). 

Sample #1 #2 #3 #4 #5 #6 #7 #8 

S1.1 after 24 h @ 100 °C in the contaminated Furnace #1, 

from Period #1 

15° 14° 22° 11° 15° 9° 24° 12° 

S1.1 after 24 h @ 100 °C in the contaminated Furnace #1, 

from Period #2, sample A 

20° 22° 22° 19° 26° 19° 18° 16° 

S1.1 after 24 h @ 100 °C in the contaminated Furnace #1, 

from Period #2, sample B 

22° 20° 21° 14° 25° 24° 16° 23° 

S1.2 after additional 24 h @ 100 °C in the contaminant-

free Furnace #2, from Period #1 

NA NA NA 32° 78° NA 29° NA 

S1.2 after additional 24 h @ 100 °C in the contaminant-

free Furnace #2, from Period #2, sample A 

NA 58° NA NA 60° NA NA NA 

 

S5 XPS Analysis  

XPS analysis was performed on samples S1, S1.1, S1.2, S2.2, and S1.3 from Period #2. All 

samples were put into the XPS vacuum chamber within 3 h of fabrication.  

The survey spectra were acquired on the as-prepared samples and after a 3 min sputtering by Ar+ 

ions, which removed ~ 3 nm of the top surface layer. The survey spectra before the sputtering are 

shown in Figures S13–S17. The analyzed peaks (O 1s, Ti 2p, N 1s, C 1s, and Si 2p) are labeled.  

All the XPS spectra are calibrated using the C 1s peak of 284.6 eV. 

The survey spectra were used to determine the concentration of the analyzed elements before and 

after the Ar+ sputtering. The results are shown in Table S4 (the contact angle is also added for 

comparison). Note that the laser-textured surfaces are rough and thus sputtering removes the 

surface layer more efficiently from the tops than from the valleys of the rough surface. 

Figure S18 shows the narrow-scan XPS photopeak for O 1s, measured on the sample S1 

(immediately after the laser texturing). The shoulder at the higher binding energies of the O 1s 

peak can be deconvoluted by a peak at 533.5 eV characteristic for water molecules adsorbed to 



 

S-14 

 

TiO2 (the shaded area in Figure S18).S5-S6 Here, the Shirley-type background was used and the 

concentration of the H2O was estimated by using an asymmetric curve shape comprised of 60% of 

Gaussian and 40% of Lorentzian functions, defined as GL(40) in CasaXPS software. As shown in 

the main text, this shoulder disappears after annealing. 

The C 1s peaks were analyzed and deconvoluted. They were fitted using four peaks, corresponding 

to hydrocarbon chains and the graphitic structure (C-C/C-H, positioned at 284.6 eV), and three 

functional groups representing the absorption of alcohols/ether group (C-O, BE = +1.5 eV from 

the main peak), aldehydes/ketones (C=O,  BE = +2.7 eV from the main peak) and carboxyl/ester 

group (O-C=O, BE = +4.3 eV from the main peak).S7 Again, the Shirley-type background and 

the GL(40) curve shapes were used for fitting. The XPS spectra are shown in Figures S19–S23, 

while the concertation of the C-C/C-H compounds in C 1s peak is given in Table S5. The contact 

angle is added for comparison.  

A nitrogen N 1s peak is observed on the laser-textured surfaces before annealing (samples S1 and 

S2), as shown in Figure S24. This peak is deconvoluted using a linear background and two GL(40) 

peaks. The first one, centered at 407.3 eV, corresponds to NO3, while the second one, centered at 

400.5 eV, is due to the NO species.S6 The origin of the N 1s peak is most likely the laser-induced 

plasma during the laser texturing. As shown in the main text, this peak disappears after annealing.  

After annealing in Furnace #1, an Si 2p peak appeared on the sample S1.1. The analysis using a 

linear background and GL(40) peak reveals that it is centered at 101.8 eV (Figure S25). It has been 

shownS8-S9 that this peak corresponds to the hydrophobic polymer polydimethylsiloxane (PDMS). 

The same peak is also observed on the sample S1.2 (Figure S26, centered at 101.9 eV). A 

significantly lower peak is also detected on the sample S2.2 (Figure S27, centered at 101.7 eV). 

Here, it most probably appears due to cross contamination, since the contaminated sample S1.1 

and the freshly textured sample S2 were annealed together in the contaminant-free Furnace #2.   

Note that Figures S25-S27 have different binding-energy ranges and, thus, the Si 2p peaks are not 

visually aligned. 

Figure S28 reveals that after annealing at 350 °C in Furnace #3, the Si 2p peak on the sample S1.3 

is shifted towards higher binding energies (102.5 eV) indicating the oxidation of PDMS. 
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Figure S13. XPS survey spectrum on the sample S1. 

 

Figure S14. XPS survey spectrum on the sample S1.1. 

 



 

S-16 

 

 

Figure S15. XPS survey spectrum on the sample S1.2. 

 

Figure S16. XPS survey spectrum on the sample S2.2.  
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Figure S17. XPS survey spectrum on the sample S1.3.  

 

Figure S18. XPS spectrum of the O 1s peak on the sample S1. 
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Figure S19. XPS spectrum of the C 1s peak on the sample S1. 

 

Figure S20. XPS spectrum of the C 1s peak on the sample S1.1. 
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Figure S21. XPS spectrum of the C 1s peak on the sample S1.2. 

 

Figure S22. XPS spectrum of the C 1s peak on the sample S2.2. 
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Figure S23. XPS spectrum of the C 1s peak on the sample S1.3. 

 

Figure S24. XPS spectrum of the N 1s peak on the sample S1. 
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Figure S25. XPS spectrum of the Si 2p peak on the sample S1.1. 

 

Figure S26. XPS spectrum of the Si 2p peak on the sample S1.2. 
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Figure S27. XPS spectrum of the Si 2p peak on the sample S2.2. 

 

Figure S28. XPS spectrum of the Si 2p peaks on the samples S1.2 (the blue curve) and S1.3 (the red curve). 

The peak shifts for 0.6 eV towards higher binding energy after 2-h-long annealing at 350 °C. 
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Table S4. Concentration (in at. %) of the analyzed elements. The contact (CA) and roll-off angles (RoA), 

measured before the XPS analysis are shown for comparison.  

Sample Ti 2p C 1s O 1s Si 2p N 1s CA* RoA* 

S1 
as prepared 24.5 20.0 51.9 0.0 3.3 

0° NA 
Ar+ sputtered 38.1 2.2 59.6 0.0 0.0 

S1.1 
as prepared 25.8 22.9 48.2 3.1 0.0 

156.6°± 2.5° 20.3° ± 3° 
Ar+ sputtered 30.3 8.1 59.2 2.4 0.0 

S1.2 
as prepared 26.4 21.5 49.1 2.9 0.0 

152.8°± 1.9° NA 
Ar+ sputtered 33.1 6.6 58.7 1.6 0.0 

S2.2 
as prepared 31.0 17.0 51.4 0.6 0.0 

0° NA 
Ar+ sputtered 31.1 4.9 64.0 0.0 0.0 

S1.3 
as prepared 30.9 11.8 54.9 2.4 0.0 

0° NA 
Ar+ sputtered 34.8 2.7 60.8 1.8 0.0 

* S1.1 from Period #2, sample A (see the raw data in Tables S2 and S3); S1.2 from Period #2, sample B 

(see the raw data in Tables S2 an S3). 

Table S5. C-C/C-H concentration (in at. %) in C 1s peak. The contact and roll-off angles, measured before 

the XPS analysis are shown for comparison. 

Sample S1 S1.1* S1.2** S2.2 S1.3 

C-C/C-H Concentration 83.9 81.2 72.3 71.0 77.2 

Contact Angle 0° 156.6°± 2.5° 152.8°± 1.9° 0° 0° 

Roll-off Angle NA 20.3° ± 3° NA NA NA 

* S1.1 from Period #2, sample A (see the raw data in Tables S2 and S3). 

** S1.2 from Period #2, sample B (see the raw data in Tables S2 an S3). 

Table S6. Ratios between concentrations, listed in Table S4 for the as-prepared samples. 

Sample O/Ti C/Ti Si/Ti N/Ti 

S1 2.1 0.8 0.0 0.1 

S1.1 1.9 0.9 0.1 0.0 

S1.2 1.9 0.8 0.1 0.0 

S2.2 1.7 0.5 0.0 0.0 

S1.3 1.8 0.4 0.1 0.0 
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S6 ToF-SIMS Analysis 

To confirm that the Si 2p XPS photopeak really appears due to the PDMS contamination, samples 

S1.1 and S1.3 were additionally analyzed by the time-of-flight secondary ion mass spectroscopy 

(ToF-SIMS). 2D maps of the integrated intensity corresponding to Si3C5H15O3
+, Si2C5H15O

+ and 

SiC3H9
+ secondary ions, acquired at two 0.5×0.5 mm2 areas (512×512 pixels) on the sample S1.1 

are shown in Figure S29. The results confirm that the sample is homogeneously covered by a thin 

film of a hydrophobic PDMS contaminant following annealing in Furnace #1.  

The area normalized by the total ion intensity of the peaks for the selected secondary ions is shown 

in Table S7. The ratios between the same secondary ions detected on the sample S1.1 and S1.3 are 

also shown and confirm that the PDMS is oxidized at 350 °C in Furnace #3 (the shaded region in 

the last two columns of Table S7). 

 

Figure S29. ToF-SIMS 2D maps taken on two different regions of the S1.1 sample displaying the integrated 

intensity of the Si3C5H15O3
+, Si2C5H15O+ and SiC3H9

+ secondary ions. 
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Table S7. Normalized intensities of the ToF-SIMS peaks corresponding to the selected secondary ions. 

Secondary 

Ion 

S1.1 Intensity 

[a.u.] 

S1.3 Intensity 

[a.u.] 

S1.1 Intensity, 

normalized 

by S1.3 Intensity 

S1.3 Intensity, 

normalized 

 by S1.1 Intensity 

SiO3
- 0.00466 0.03750 0.1 8.0 

SiHO3
- 0.00604 0.04050 0.1 6.7 

Si2O5
- 0.00029 0.00106 0.3 3.6 

Si2HO5
- 0.00087 0.00302 0.3 3.5 

SiCH3O- 0.00175 0.00555 0.3 3.2 

SiO2
- 0.01790 0.03470 0.5 1.9 

SiHO2
- 0.00581 0.00791 0.7 1.4 

Si+ 0.00846 0.00711 1.2 0.8 

SiCH5
+ 0.00459 0.00159 2.9 0.3 

Si- 0.00073 0.00024 3.1 0.3 

SiC3H9
+ 0.03400 0.00420 8.1 0.1 

SiCH3O2
- 0.01100 0.00129 8.5 0.1 

Si3C5H15O3
+ 0.00184 0.00016 11.4 0.1 

Si2C5H15O+ 0.00601 0.00050 12.1 0.1 
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S7 Light Reflection from the Metallic Surface 

For the idealized physical model based on the classical theory of the electron, the basic equations 

relating to the electromagnetic propagation in metals (i.e., a conducting medium) differ from those 

describing the propagation in transparent dielectrics only in that the real refractive index n is 

replaced by a complex refractive index:S10  

 ˆ in n     (S1) 

where n and   (the extinction coefficient) are real. 

The Snell’s law of refraction still reads as:  

  t i

1
sin sin

n̂
    (S2) 

where t and i stand for the incident and transmitted angles, respectively. Since n̂  is complex, the 

quantity t is also complex.  

By introducing Equations (S1) and (S2), the well-known Fresnel equations for the reflectivity 

coefficients of the perpendicular (s, called also TE) and parallel (p, called also TM) polarizations 

of the electromagnetic field are still valid: 

   i t
p

i t

tan( )

tan( )
r

 

 





  (S3) 

 

   i t
s

i t

sin( )

sin( )
r

 

 


 


  (S4) 

 

The complex coefficients rp and rs can be expressed by the absolute values of the reflection 

coefficients p, s and by phase changes induced by reflection p, s: 

   pi

p per


   (S5) 

 

   si

s ser
   (S6) 
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The reflectance for the intensity (or power) is calculated as: 

 

   
2

*

p,s p,s p,s p,sR r r r    (S7) 

where the asterisk denotes the complex conjugate.  

 

In case of the unpolarized light (up), the intensity (or power) reflectance is the arithmetic mean of 

the intensity reflectance for both polarizations: 

 

   
s p

up
2

R R
R


  (S8) 

 

For normal incidence (i = 0°), rs = rp and the intensity reflection is expressed as: 

 

    
 

 

2 2

0 me me

normal 2 2

0 me me

n n
R

n n





 


 
  (S9) 

where indices 0 and “me” denote air and metal, respectively. 

 

Lian et al.S1 measured the spectrum of the light reflected from their (unprocessed) flat titanium 

surface. This spectrum is shown by the black curve in Figure S30. Several authorsS11-S14 have 

measured the refractive index of pure titanium as a function of the wavelength. The theoretical 

reflectivity, calculated from this data using Equation (S9), is shown by the color curves in Figure 

S30a for a comparison with the results obtained by Lian et al.S1 (the black curve). 

It is clearly evident from Figure S30a that all the data from the literature results in higher 

reflectivity as measured in Ref.S1 and that none of the colored curves have the same trend as a 

function of the wavelength. There are several reasons for this. The spectra, presented by the color 

curves, were measured on pure titanium with special care taken to minimize the surface oxidation. 

On the contrary, the sample in Ref.S1 was oxidized and contained only 87% of titanium (in fact it 

can be classified as Ti-6Al-4V titanium alloy) and – most probably – it was also not perfectly 

smooth, but it contained some roughness. However, for further supplementary calculations, the 
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refractive index reported by Mash and MotulevichS13 is used since the reflectance from their data 

is the most similar to the measurements from Ref.S1 (see Figure 30b). 

The average reflectivity in the 400 nm–1000 nm range calculated from Ref.S13 (the dark green 

curve in Figure S30a) equals Rtheor. = 0.55, while the average reflectivity, measured by Lian et al.S1 

(the black curve in Figure S30) equals Rmeas. = 0.41. The scaling factor β = Rmeas./Rtheor. = 0.8 was 

used to scale the theoretical curve in Figure S30b.  

 

Figure S30. Reflectivity of titanium as a function of the wavelength for normal incidence (i = 0°). The 

data reported by Lian et al.S1 for the unprocessed surface is marked by the black solid curve. a The color 

curves show the calculated spectra [using Equation (S9)] for the refractive indices of titanium measured by 

Johnson and Christy,S11 Hass and Bradford,S12 Mash and MotulevichS13 and reviewed by Palik.S14 b 

Reflectivity for titanium, calculated by using data from Ref.S13 and scaled to the measurement by Lian et 

al.S1 
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S8 Light Reflection from the Metallic Surface Covered by a Single 

Thin-Film Layer 

When a metallic surface is covered by a thin oxide layer, the interference effects due to light 

reflections from the air-oxide and oxide-metal interfaces should not be neglected.S12 In this case, 

the reflection can be modeled, as is schematically shown in Figure S31.  

The amplitude of the reflected electric field Er is a sum of all reflected beams and the ratio between 

the amplitudes of the reflected Er and the incident electric field Ei can be calculated as: 

   ox ox oxi 2i 3i2 3 2r
12 12 23 21 12 23 21 21 12 23 21 21

i

e e e
E

r t r t t r r t t r r t
E

  
       (S10) 

where index “ox” denotes the titanium (di)oxide, while indices 1, 2 and 3 stand for the first medium 

(air), the second medium (titanium (di)oxide) and the third medium (titanium), respectively.  

The difference in optical path between the ray that is reflected from the oxide film with thickness 

dox and the ray, reflected from the metallic surface equals 
ox ox ox

ˆ2 cos( )d n  . Thus, the phase change 

shift on passing through the oxide film in Equation (S10) equals: 

   ox
ox ox ox

4
ˆ cos( )

d
n


 


   (S11) 

where  stands for the wavelength of light in vacuum and ox is obtained from the incident angle 

i using Equation (S2). 

Using the following identities: 

   
21 12r r    (S12) 

   2

12 21 12 1t t r    (S13) 

the Equation (S10) can be written as: 

     oxi2 1 1r
12 12 12 23

1i

1 ( 1) e
mm m m

m

E
r r r r

E




 



      (S14) 

The reflectance rSTF for the electric field, when the metal is covered by a single thin film (STF) 

[Equation (S14)] can be presented in the following form:S15 
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ox

ox

i

12 23
STF i

12 23

e

1 e

r r
r

r r









  (S15) 

Note that Equation (S15) already considers the light absorption in the oxide film if a complex 

refractive index 
oxn̂ is used. In this case, the exponential term in Equation (S15) can be 

deconvoluted into imaginary and real component as: 

    
ox ox ox ox ox ox

ox ox ox ox
ox

4 cos( ) 4 cos( ) 4 cos( )
i ( i ) i -

i
e e e e

d d d
n n

     
 

   


    (S16) 

Here, the term 4ox/ = ox is the Lambert absorption coefficient for the oxide. Thus, relation in 

Equation (S16) for normal incidence reads as: 

   
ox

ox
ox ox ox

4

e e e

d
i n

i d


  

  (S17) 

 

The first (imaginary) part on the right-hand side in Equations (S16)―(S17) represents the phase 

change, while the second (real) part determines the light absorption. 

To calculate the electromagnetic field reflectance rSTF for different polarizations, the coefficients 

rij in Equation (S15) are calculated for the s and p polarized light using Equations (S3) and (S4). 

The intensity reflectance is further calculated by Equations (S7) and (S8).  

 

Figure S31. Schematic representation of the reflectance of the electric field from a thin oxide layer on the 

bulk titanium surface.  
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S9 Light Reflection from the Metallic Surface Covered by Double 

Thin-Film Layer 

When the oxidized titanium surface is additionally covered by a water layer, this results in a double 

thin-film system (DTF), which is schematically shown in Figure S32.  

In this case the reflectance for the electric field can be calculated as:S16   

   

 

 

w oxw ox

w oxw ox

ii i

12 23 34 12 23 34
DTF ii i

12 23 12 34 23 34

e e e

1 e e e

r r r r r r
r

r r r r r r

  

  





  


  
  (S18) 

In Equation (S18), w and ox are calculated by Equation (S11). The indices “w” and “ox” stand 

for the thin film of water and the titanium dioxide, respectively. 

Similarly, as in case of Equation (S15), the Equations (S3), (S4), (S7) and (S8) are used to calculate 

the intensity reflectance from the electric field reflectivity given by Equation (S18).  

 

Figure S32. Schematic representation of the reflectance and transmittance of the electric field from the 

air-water, water-oxide and oxide-titanium interfaces.  
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