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Replication of laser-textured alumina surfaces by polydimethylsiloxane:
Improvement of surface hydrophobicity
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ABSTRACT: Alumina tiles are textured by a laser beam to obtain improved hydrophobic characteristics at the surfaces. Since the tex-
tured surfaces are optically opaque, the resulting surfaces are copied and replicated by polydimethylsiloxane (PDMS). Some of the
texture features such as whiskers-like structures with complex shapes could not be copied by PDMS and synthesized silica particles
are deposited onto PDMS copied and replicated surfaces to create a lotus effect. Analytical tools are incorporated to characterize the
PDMS copied and replicated surfaces as well as synthesized silica particles deposited surfaces. Dynamic water contact angle measure-
ments are carried out to assess hydrophobic characteristics of the resulting surfaces. It is found that PDMS copied and replicated
surfaces have almost identical surface texture morphology to that of laser treated surface. Introducing synthesized silica particles
improved the lotus effect on the PDMS copied and replicated surfaces; in which case, the hysteresis of droplet contact angle remains

significantly low. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44015.
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INTRODUCTION

Self-cleaning of surfaces in relation to photovoltaic applications
(PV) is challenging in terms of cost-effective processing and
maintaining required optical properties of PV panel surface
after cleaning. Hydrophobicity of optical surfaces is one of the
key concerns towards achieving self-cleaning surface characteris-
tics. Surface hydrophobicity, mainly, depends on surface free
energy and surface texture, similar to the surfaces that are
widely observed in nature, such as lotus leaves, rice leaves, red
rose petals, fish scales, etc.' Low surface free energy and
micro/nano-textures create lotus effect, which is essential for
self-cleaning applications. Some of the popular techniques
towards achieving improved surface hydrophobicity include
phase separation,® electrochemical deposition,” plasma treat-
ment,® sol-gel processing,” electrospinning,'” and solution
immersion."" Micro/nano-texturing of surfaces have many chal-
lenges in terms of cost, processing time, and equipment. The
precision of operation is the crucial factor to achieve desired
surface textures composing of micro/nano pillars. Laser surface
texturing provides the precision of operation, low cost, and
short processing time; in which case, laser controlled ablation
can be used effectively to texture surfaces at micro/nano levels.'?
Laser controlled ablation of optically transparent surfaces such
as polycarbonate PV protective covers requires excessive efforts,
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which makes the process expensive.'? In addition, extremely low
thermal conductivity of the substrate material causes the forma-
tion of high thermal stresses due to excessive temperature gra-
dients formed in laser irradiated region. On the other hand,
texturing of ceramic surfaces, such as alumina (Al,O;), under
laser-controlled ablation provides hydrophobic surface struc-
tures. Ceramics are, in general, opaque to solar radiation and
could not be used as a protective cover of PV panels. However,
replicating laser-textured surfaces by using polydimethylsiloxane
(PDMS) can provide hydrophobic characteristics at the surface
with high optical transmittance. In addition, PDMS replication
of laser-textured surfaces can be repeated to obtain large area of
hydrophobic surfaces with high optical transmittance, i.e., laser
textured surface can be used as a mold to create optically trans-
parent wafer with hydrophobic surface characteristics. Conse-
quently, examination of laser texturing of a ceramic surface and
replicating of the textured surface by PDMS becomes fruitful.

Considerable research studies were carried out to examine laser
texturing of ceramic surfaces by a laser beam. Laser texturing of
a ceramic surface with the presence of TiC and B,C was studied
by Yilbas."> He demonstrated that surface texture comprising of
micro/nano poles and cavities was formed after laser ablation/
melting process. Laser treated surface had a hydrophobic char-
acteristic, which resulted in averaged contact angle of 130°.
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Laser ablation of rare-earth oxide ceramics towards achieving
superhydrophobic surfaces was carried out by Azimi et al.'* They
showed that laser textured surfaces had excellent water repellency
due to improved surface hydrophobicity. Laser texturing of alu-
mina surface for improved hydrophobicity was carried out by Yil-
bas et al'®> Their findings revealed that Wenzel and Cassie and
Baxter states were present at the treated surface due to the varia-
tion in the surface texture; overall, laser texturing improved the
surface hydrophobicity. Tribology and superhydrophobicity of
laser-controlled-melted alumina surfaces were investigated by Yil-
bas et al.'® The findings revealed that laser treatment produced
micropoles, nanopoles, and small size cavities at the surface,
which enhanced the hydrophobicity of the surface. Replication of
laser micromachined pattern in epoxy/alumina nanoparticle com-
posite towards achieving superhydrophobic surfaces was carried
out by Psarski et al.'” They indicated that chemical hydrophob-
ization with perfluorotetradecyltriethoxysilane (PFTDTES) pro-
vided superhydrophobic behavior in replicas with a water contact
angle of 160° and a sliding angle of 8°. Superhydrophobic flaky
v-alumina coating on stainless steel surface was presented by
Zhang et al.'® They showed that the y-alumina coating became
much softer after transforming from flat to flaky form. In addi-
tion, the flaky <y-alumina coating exhibited a phenomenon of
time-dependent plasticity and some flexibility. Laser-induced
hydrophobicity of alumina surface was studied by Jagdheesh.'
He showed that the geometry of the laser-machined pattern
played a major role in changing the wetting properties rather
than the chemical changes induced on the surface. Modification
of sol-gel-derived amorphous alumina thin films via excimer
laser irradiation was examined by Takeda et al*° It was reported
that the elimination of CO caused the marked change in struc-
ture and surface properties of the film.

Polydimethylsiloxane (PDMS) is one of the candidates towards
improving surface hydrophobic characteristics. Considerable
research studies were carried out to investigate surface hydro-
phobic characteristics by using PDMS. Fabrication of PDMS
micro/nano hybrid surface for increasing hydrophobicity was
studied by Kim et al*' The micro/nano hybrid PDMS surface
resulted in a higher water contact angle as compared with those
of flat, nano-patterned, and micro-patterned PDMS surfaces.
Hydrophobic characteristics of PDMS surfaces subjected to laser
micro/nano patterning were investigated by Jeong et al.** They
indicated that laser texturing resulted in superhydrophobic char-
acteristics at the surface. Hydrophobicity of micro-structured
PDMS surfaces was examined by Yeo et al.>> They showed that
the micro-pillars of an intrinsically hydrophobic material with a
high aspect ratio enhanced the hydrophobicity of the surface by
altering the surface topology. Effect of surface nanostructuring
of PDMS on wetting properties and hydrophobic recovery was
studied by Vlachopoulou et al** They showed that intense sur-
face topography led to a significant delay in hydrophobic recov-
ery of the surface. In vitro blood compatibility of modified
PDMS surfaces as superhydrophobic and superhydrophilic
materials was investigated by Khorasani and Mirzadeh.*> They
indicated that chemical structures, such as negative-charge polar
groups and wettability, were important factors in blood compat-
ibility of these surfaces and the superhydrophilic and superhy-
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drophobic modified PDMS surfaces had excellent blood
compatibility as compared to that of the unmodified PDMS
surface. Investigation of highly hydrophobic hierarchical nano/
micro roughness of polymer surface created via stamping and
laser micromachining was carried out by Cardoso et al.”*® They
reported that laser texturing produced hierarchal surface mor-
phology comprising of micro/nano-scale structures and exhibit-
ing water contact angles in excess of 160°. Fabrication of rough
polydimethylsiloxane (PDMS) surface containing micro-, sub-
micro- and nano-composite structures using a facile one-step
laser etching method was presented by Jin et al?’ They indi-
cated that the micro-, submicro-, and nano-structures formed
at the surface significantly enhanced the surface roughness and
led to the unusual self-cleaning property, which could be used
in micro-fluidic channels with diminished resistance.

Replicating micro/nano-textured surfaces by PDMS does not
always yield a lotus effect while increasing hysteresis of water
contact angles at hydrophobic surfaces. This is due to the
inability to copy and replicate nano-size fibers/whiskers-like fea-
tures due to the odd orientation of these fine size textures at
the surfaces. In order to improve hydrophobicity of PDMS cop-
ied and replicated surfaces, inclusion of nano-size colloidal par-
ticles at PDMS surfaces becomes unavoidable. Considerable
research studies were carried out to examine colloidal particles
on PDMS surfaces. Two-dimensional nano-patterning via
PDMS relief structures of polymeric colloidal crystals was stud-
ied by Nam et al.”® They presented two-dimensional colloidal
crystals derived from poly(methyl)methacrylate-microspheres
with a diameter of 380 nm and a negative surface charge
formed on the hemispherical micro-wells by electrostatic force
using positively charged poly(allylamine hydrochloride)-coated
PDMS as a template to produce multidimensional nanostruc-
tures. Micro-patterns of colloidal assembly on chemically pat-
terned surfaces were examined by Choi and Park.?® The
findings revealed that the aqueous suspension with ethanol
offered improved results of the microarrays of colloidal assem-
bly with ordered microstructures because of the low surface ten-
sion and fast evaporation rate of ethanol. Investigation of the
assembly of micro-size glass spheres on structured surfaces via
dewetting was carried out by Tull and Bartlett.”® The assembly
of spheres into the pits was found to be possible only when the
pits were hydrophilic and the top surface hydrophobic. Hydro-
phobic surfaces of fibrous materials with core-shell latex par-
ticles were studied by Nguyen et al.’' They developed a one-
step method based on the filtration of the colloidal particles to
obtain water-repellent fibrous materials such as paper or textiles
that maintained stable properties even after several washing/dry-
ing cycles. Synthesis and colloidal stability of poly(N-isopropyla-
crylamide) microgels was investigated by Zha et al’®> They
demonstrated that particle sizes and swelling ratios depended
on the reactions, which was due to the pH dependence of the
degree ionization of the decomposed fragments originating
from the initiators and their hydrophilicity—hydrophobicity
characteristics.

Although laser texturing of alumina surfaces towards improving
hydrophobic characteristics of the surface was studied ear-
lier,''® PDMS replicating of textured surfaces with the
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Table I. Laser Treatment Conditions
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Feed rate Power Frequency Nozzle gap Nozzle diameter Focus diameter N2 pressure
(m/s) (W) (Hz) (mm) (mm) (mm) (kPa)
0.1 2000 1500 1.5 1.5 0.3 600

inclusion of colloidal particles towards further reducing hystere-
sis angle and improved optical transmittance is left for the
future study. In the present study, PDMS copying and replicat-
ing of laser-textured alumina surfaces is carried out. Improve-
ment in surface hydrophobicity through deposition of
synthesized nano-size silica particles on replicated and copied
PDMS surfaces is investigated. Laser repetitive pulses are incor-
porated to create micro/nano size textures on alumina tile
surfaces and high-pressure nitrogen assisting gas is used during
the texturing process. One pot synthesis of silica particles is
introduced to functionalize the surface of spherical silica par-
ticles in line with the previous study.*

EXPERIMENTAL

Alumina (Al,O;) tiles (Ceram Tec-ETEC, 2010) with 3 mm
thickness were used as workpieces. The CO, laser (LC-
ALPHAIII with wavelength 10.6 pm) was used to irradiate the
alumina tile surfaces. The nominal output power of the laser
was 2 kW and the irradiated spot diameter at the workpiece
surface was about 200 pm. High pressure nitrogen gas jet
emerging from the conical nozzle was utilized during the laser
heating of the surfaces. The laser pulsing frequency was set at
1,500 Hz, which in turn gave rise to about 68% overlapping
ratio for the irradiated spots at the surface. Laser treated surface
properties were dependent on the proper selection of the laser

Figure 1. SEM micrograph of laser textured surfaces: (a) regular laser scanning tracks, (b) small cavity formed at the surface (marked in a white color

circle), (c) fine size textures, and (d) cross section of laser treated region. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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Figure 2. AFM images of laser treated surface: (a) three-dimensional view and (b) line scan showing texture heights at treated surface. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

processing parameters. Therefore, through controlling the laser
power settings, beam intensity distribution, pulse repetition
rate, spot size, and the scanning speed, crack free surface texture
could be realized. Laser treatment conditions are given in
Table 1.

Liquid polydimethylsiloxane (PDMS), which belongs to a group
of polymeric organosilicon compounds, was used to replicate
laser-textured surface. PDMS (Sylgard 184, Dow Corning) was
prepared by mixing the elastomer base with hardening agent in
10:1 wt %. The mixture was deposited onto the laser textured
surface and degasified in a vacuum chamber at 0.1 bar for 30
min. The deposited and degasified PDMS was left in the oven
at 150°C for 30 min for curing purposes. Solidified PDMS was
then removed from laser textured surface after the curing
period was over. PDMS was prepared again in 10:1 wt % (elas-
tomer base to hardening agent ratio), poured over the copied
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PDMS, degassed, and then cured in an oven using same
parameters.

The procedure adopted for synthesizing of silica nano particles
was similar to that reported in the previous study.” The process
is briskly described herein. Tetraethyl orthosilicate (TEOS) and
isobutyltrimethoxysilane (OTES), ethanol, and ammonium
hydroxide were used in the synthesizing process. In this case,
14.4 mL of ethanol, 1 mL of ultrapure water, and 25 mL of
ammonium hydroxide were mixed and stirred for 12 min. Later,
1 mL of TEOS was diluted with 4 mL of ethanol and added to
the mixture. Following 30 min after this process, 0.5 mL of
TEOS diluted in 4 mL ethanol was added. After 5 min, a modi-
fier silane molecule was added in a molar ratio of 3:4 with
respect to the second edition of TEOS. The final mixture was
stirred for 20 h at room temperature, and later centrifuged and
washed with ethanol for removal of reactants. The solvent

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44015


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

on 063

WILEYONLINELIBRARY.COM/APP

CIENCE

23.5459 uv.l

-31.1327 um I

Figure 3. Three-dimensional optical image of the laser textured surface. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

casting was applied to deposit the solution onto PDMS copied
and replicated surfaces. Upon vacuum drying, until all solvent
was evaporated, characterization of resulting surfaces was car-
ried out.

Material and surface characterization of laser textured, PDMS
copied and replicated, and synthesized silica particles deposited
surfaces was carried out using scanning electron microscope
(SEM) Jeol 6460. X-ray diffraction (XRD) measurements were
performed on Bruker D8 Advanced having CuKa radiation. A
typical setting of XRD was 40 kV and 30 mA and scanning angle
(26) was ranged 20°-80°. Atomic Force Microscopy/Scanning
Probe Microscopy (AFM/SPM) Microscope in contact mode was
used to analyze the surface texture. The tip was made of silicon
nitride (r = 20 — 60 nm) with a manufacturer specified force con-
stant, k, of 0.12 N/m. X-ray photoelectron spectroscopy (XPS)
measurements were performed in an ESCALAB 200-X spectrome-
ter (VG Instrument) using non-monochromatized AIK,, radiation
(1,486.6 eV) from a twin Mg/Al anode operating at 300 W. The
system was equipped with 4 KV differential pumped argon-ion
gun for depth profile study of workpieces. Ar” ions with energy
2 keV were used for this purpose. The ion current was main-
tained at 3 um/cm” The material removal rate was estimated as
0.3 nm/min.
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Figure 4. X-ray diffractogram of as received and laser treated alumina
surface.
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Fourier transform infrared spectroscopy (FTIR) was carried out
incorporating Nicolet Nexus 670 FTIR Spectrometer. The wetting
experiment was performed using Kyowa (model - DM 501) con-
tact angle goniometer. A sessile drop method was considered for
the contact angle measurements. The water contact angle between
the water droplet and the surface was measured with the fluid
medium as de-ionized water. Droplet volume was controlled with
an automatic dispensing system having a volume step resolution
of 0.1 pL. Still images were captured, and contact angle measure-
ments were performed after 1 sec of deposition of water droplet
on the surface. UV-VIS Spectrophotometer (Jenway 67 series)
was used to measure the transmittance of PDMS copied and
replicated workpieces prior and after synthesized colloidal par-
ticles deposition.

RESULTS AND DISCUSSION

Laser texturing of alumina surface is carried out under high-
pressure nitrogen assisting gas. Laser textured surfaces are cop-
ied and replicated by using Polydimethylsiloxane (PDMS). To
create the lotus effect and increase the surface hydrophobicity of
PDMS copied and replicated surface, synthesized silica particles
are introduced at the surface. The resulting surface characteris-
tics are analyzed using the analytical tools.

Figure 1 shows SEM micrograph of a laser textured alumina
surface while Figure 2 shows AFM images of three-dimensional
textured surface [Figure 2(a)] and texture profile along the sur-
face line scan [Figure 2(b)].
optical image of the laser-textured surface is shown in Figure 3.
Laser treated surface consists of regular laser scanning tracks
[Figure 1(a)], which are formed by the irradiated spots at the
surface during the laser repetitive pulse heating. Since the laser
pulsing frequency is 1,500 Hz, the overlapping ratio of the con-
secutive irradiated spots is in the order of 70%. Although laser
controlled melting and ablation at the surface results in high
temperature gradients in the surface region,” no thermally
induced crack is observed at the surface. The crack free laser
treated layer is also seen from SEM micrograph of the cross sec-
tion of the laser treated section [Figure 1(d)]. In this case, a
dense layer is formed at the surface because of the high cooling
rates. The crack free layer is associated with the closely spaced

In addition, three-dimensional
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Table II. EDS Data (wt %) of Laser Treated Alumina Surface

Spectrum N 0 Al

Spectrum 1 4.3 41.2 Balance
Spectrum 2 4.8 40.8 Balance
Spectrum 3 4.4 41.2 Balance

laser scanning tracks at the surface. In this case, heat conduc-
tion from recently formed laser scanning tracks towards the pre-
viously formed tracks modifies the cooling rate below the
surface. This, in turn, creates a self-annealing effect in the
treated region while lowering the thermal stresses formed in the
treated layer. Moreover, laser power intensity across the irradi-
ated spot is Gaussian, which gives rise to the occurrence of the
laser peak intensity at the irradiated spot center. This results in
surface evaporation at the irradiated spot center and melting
towards the irradiated spot edges. Therefore, a small cavity
forms at the irradiated spot center [Figure 1(b)]. However, the
melt flow from the neighboring irradiated spot modifies the
cavity size during the consecutive pulses. This causes the forma-
tion of textures with micro/nano size features at the surface
[Figure 1(c)]. This situation is also observed from Figures 2(a)
and 3, in which three-dimensional image of the surface is
shown. Since the regular laser scanning tracks take place at the
surface, the hierarchical texture consisting of micro/nano poles
is formed on the laser treated surface. The texture height varies,
which can be seen from Figure 2(b) and the average surface
roughness is in the order of 0.82 um. Figure 4 shows X-ray dif-
fractogram of laser treated and as received surfaces. Since nitro-
gen at high pressure is used as an assisting gas during laser
texturing of alumina surfaces, the nitride compound (AIN) is
formed at the surface, which is visible from the X-ray diffracto-
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gram of the surface. The peaks appeared in the X-ray diffracto-
gram include Al,O; (ICSD Collection Codes 010426 & 073076),
AIN (ICSD Collection Codes 041358 & 082790), and AIN
(ICSD Collection Codes 070032 & 070033). The aluminum
nitride is formed according to the following reactions. In the
first step, a single alumina oxide and carbon monoxide are
formed at the treated surface through a reaction A,O; +2C —
Al,O +2CO. In the following step, AIN compound is formed
through the reaction ALO + CO + N, — 2AIN + CO, under
the high pressure nitrogen environment during laser treatment
process.”® Energy dispersive spectroscopy (EDS) is carried out
to assess the elemental changes at the surface after the laser tex-
turing. The elemental composition of the laser-textured surface
is given in Table II. The data reveals that the elemental compo-
sition does not alter notably at the laser treated surface. How-
ever, nitrogen presence in EDS data indicates the formation of
nitride species at the surface, despite the fact that the precise
quantification of nitrogen is difficult in the EDS system because
of being a light element. To confirm the presence of AIN at the
laser treated surface, XPS measurements were carried out. The
XPS spectral lines for AIN, as shown in Figure 5, reveals the
presence of Al and N peaks. The Al 2p line is centered at 74.3
eV [Figure 5(a)] and N 1s line at 399 eV [Figure 5(b)]. These
lines are in similar position to those shown in the literature.*
Consequently, AIN compound is formed during the laser proc-
essing of the surface.

Figure 6 shows SEM micrographs of PDMS replicated surfaces.
PDMS replicated and laser textured surface are almost identical
in terms of surface morphology [Figures 1(a) and 6(a)]; in
which case, the presence of laser scanning tracks are evident on
the PDMS copied and replicated surfaces. However, close exam-
ination of the replicated surfaces reveals that some of the tex-
ture details are not replicated properly [Figure 6(b,c)]. In this
case, some nano-size whiskers-like texture are not copied onto

- N 1s (399 eV)

1510

1860

406 202 402 400

398 386 384

Binding Energy (eV)

(b)

Figure 5. XPS Spectral Lines for AIN: (a) Aluminum 2p line and (b) Nitrogen 1s line. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 6. SEM micrographs of PDMS replicated of laser-textured surfaces: (a) regular laser scanning tracks, (b) textured surface, (c) fine size textured

morphology, and (d) some AIN residues on the surface.

PDMS surface. This is associated with the irregular alignment
of these whiskers-like textures on the laser treated surface;
therefore, during peeling of PDMS from the laser-textured
surfaces, these textures are broken and remained as residues in
the PDMS copied surface. This situation is also seen from Fig-
ure 6(d), in which the presence of alumina residue on the
PDMS replicated surface is evident. Figure 7 shows AFM images
of PDMS copied and replicated surfaces. Three-dimensional
image [Figure 7(a)] shows that PDMS copied surface composes
of micro/nano textures with hierarchical structures. This is also
true for PDMS replicated surface [Figure 7(b)]. However, line
scan at PDMS copied surface shows that some of the nano-size
sharp waviness, as observed for the laser textured surface [Fig-
ure 2(b)], is replaced with rounded waviness. The same obser-
vation is made for the PDMS replicated surface. This is due to
the broken pieces of nano-size whiskers-like structures during
the removal of PDMS from the laser treated surface. In this
case, the broken parts remain as residues on the PDMS copied
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and replicated surfaces. The average surface roughness of the
PDMS copied and replicated surface are in the order of 0.72
pm and 0.87 pm, respectively. The small deviation of the aver-
age surface roughness is associated with the geometric feature of
the surface texture. In this case, valleys on PDMS copied surface
become hills on PDMS replicated surface since PDMS copied
surface is used as a mold for replicated PDMS surface.

Since nano-size whiskers could not be copied and replicated,
synthesized nano-size silica particles are introduced at PDMS
copied and replicated surfaces to generate lotus effect. It should
be noted that nano-size texture is crucial to create a lotus effect
on the surfaces, which lowers the contact angle hysteresis on the
treated surface. Figure 8 shows SEM micrographs of functional-
ized silica particles deposited onto PDMS replicated surfaces.
The deposited silica particles cover extensively PDMS replicated
surfaces and they are closely spaced on the surface [Figure
8(b)]. Since tetraethyl orthosilicate (TEOS) is used during the
synthesizing of silica particles, the functionalized shell distorts

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44015
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Figure 7. AFM images of PDMS copied and replicated surfaces, and line scan showing the texture heights at the surface: (a) PDMS copied surface and
(b) PDMS replicated surface. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the surface roughness of the particles; in which case, a small
increase in the cell size occurs.”” This can be related to the con-
densing monomer units, which are growing at a faster rate than
the nucleation rate.” Since diluted TEOS concentration with
ethanol is incorporated during synthesizing of silica particles,
the rate of formation of new nuclei is suppressed. This, in turn,
resulted in aggregation and adhesion of the particles [Figure
8(c,d)]. It should be noted that the hydroxyl groups on the
functionalized silica particle surfaces have different moieties and
can have different reactivity towards the modifier molecules.
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Hence, modifier silane results in side reactions and condensa-
tion on the silica surface.38 Figure 9 shows AFM images of
PDMS replicated surface after deposition of functionalized silica
particles. The surface texture does not change considerably after
the deposition of silica particles on PDMS replicated surfaces,
which can be observed from the three-dimensional image of the
surface [Figure 9(a)]. The presence of silica particles is evident
from the line scan [Figure 9(b)]. Since no loose silica particles
are observed from SEM micrographs (Figure 8) and AFM
images (Figure 9), functionalizing silica particles prior to
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Figure 8. SEM micrographs of PDMS replicated and functionalized silica particles deposited surface: (a) functionalized particles on replicated surface,

(b) large coverage area at PDMS copied surface, (c) aggregated functionalized silica particles, and (d) spherical shape of functionalized and aggregated

particles.

deposition onto PDMS replicated surface improves the adhesion
between the particles and the surface.

Figure 10 shows FTIR data for PDMS copied and replicated
surfaces. PDMS sample without copying and replicating is also
included for the comparison reason. In general, two groups of
data are visible from FTIR spectrums, namely Si-Methyl (SiMe)
and siloxane (SiOSi) groups. A doublet at 1,100 cm™' and
1,020 cm ™' correspond to asymmetric and symmetric stretching
vibration, respectively.” The SiMe structure peak occurs at
1,250 cm ™ '.% Slight differences in absorption as compared to that
reported in the literature® are associated with the solidification
rates of liquid PDMS, which takes longer duration for solidifica-
tion at laser-textured surface while slightly modifying the absorp-
tion characteristics. The presence of absorption peak at
2,960 cm~ ' corresponds to —CHj; (asymmetric) bend stretching
vibration.** In addition, the presence of a peak at 670 cm ™' is due
to the Al-N vibrations taking place for the PDMS copied and
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replicated samples. This is attributed to the residues of textured
alumina surfaces, such as whiskers, which remain in the PDMS
copied surface after removal from laser-textured surface. In the
case of FTIR, data for PDMS copied and replicated samples after
the deposition of functionalized silica particles, the regular PDMS
peaks are observed as similar to PDMS copied and replicated sam-
ples. The peak at 800 cm™ ' is related to the bending modes of Si-
O-Si. In addition, the occurrence of a peak at 3,420 cm ! s
related to stretching vibrations O-H on the silica surface, which
indicates that the surfaces are not fully covered with the grafted
groups. The absorption peak at 1,400 cm ™' is attributed to the
bending modes of C-H of any organic residues.43 Figure 11 shows
UV transmittance data for PDMS copied and replicated as well as
silica nano particles deposited samples. The data for as received
PDMS sample are also included for the comparison reason. UV
transmittance of PDMS copied and replicated samples reduce
slightly compared to that of the as-received flat PDMS sample.
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Figure 9. AFM image of PDMS replicated and functionalized silica particles deposited surface: (a) three-dimensional surface texture, and (b) line scan
showing the texture height at the surface. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Deposition of silica particles on PDMS copied and replicated
surfaces further lowers the UV transmittance for the wavelength
range 300 nm to 550 nm. However, as the wavelength increases,
transmittance improves for functionalized silica particle deposited
PDMS copied and replicated surfaces.

Figure 12 shows images of water droplets on laser textured,
PDMS copied, PDMS replicated, and colloidal particles depos-
ited surfaces. Water droplet contact angle remains high for the
laser-textured surface, and then follows colloidal particles depos-
ited surfaces, PDMS replicated, and PDMS copied surfaces. In
this case, low surface energy, due to AIN compounds formed at
the surface, and texture of laser treated alumina surface resulted
in high water droplet contact angle. The contact angle of the
droplets varies within 10% over the laser treated surface. This is
associated with one or all of the followings: (1) surface free
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energy of laser treated sample (51.6 * 4 mJ/m?) varies across
the surface because of non-uniform distribution of AIN com-
pounds at the surface, and (2) non-homogeneous texture mor-
phology of laser-treated surface. Nevertheless, the area covered
for high contact angle is considerably larger than that of low
contact angle region; in which case, the high contact angle
region is in the order of 93% of the total area of the laser
treated surface. Since whiskers-like geometric features could not
be copied by PDMS, the lotus effect is suppressed. This, in
turn, gives rise to the attainment of relatively lower water drop-
let contact angle for PDMS copied and replicated surfaces than
that of laser treated surface. This situation can be seen from
Table III, in which droplet contact angle and hysteresis are
given. It should be noted that contact angle hysteresis is deter-
mined from ehysteresis: eAdvancing_eRececling> where eAclvemcing is
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Figure 10. FTIR data for as received, and PDMS copied and replicated as
well as functionalized silica particles deposited surfaces.
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Figure 11. UV transmittance of as received and PDMS copied and repli-
cated as well as functionalized silica particles deposited samples.

reduces significantly contact angle hysteresis. Consequently,
nano-size silica particles create lotus effect on the deposited
surfaces.

the advancing angle and Ogeceding is the receding angle. Deposi-
tion of functionalized silica particles on PDMS copied and
replicated surfaces increases water droplet contact angle and

-y

Laser Treated PDMS Copied PDMS Replicated
PDMS Copied and PDMS Replicated and

Deposited Silica Particle Deposited Silica Particle

Figure 12. Images of water droplets used for contact angle measurements. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

Table III. Contact Angle Data and Hysteresis for as Received and Laser Treated Surfaces, PDMS Copied/Replicated Surfaces, and PDMS Copied/Repli-
cated and Functionalized Silica Particles Deposited Surfaces

Contact angle (degrees)

Hysteresis (degrees)

Untreated surface
Laser-treated surface

PDMS copied

PDMS replicated

PDMS copied and deposited
PDMS replicated and deposited

65.3 (+5/-5)
150.3 (+5/-5)
122.62 (+0.2/-0.2)
1237 (+1.1/-1.1)
157 (+1.5/-1.5)
155.5 (+0.8/-0.8)

42 (+3/-3)

18 (+5/-5)

17 (+1.8/-1.8)
20.9 (+1.9/-1.9)
4.0 (+3.3/-3.3)
2.6 (+1.9/-1.9)
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CONCLUSIONS

Laser texturing of alumina surfaces is carried out under high-
pressure nitrogen environments towards achieving hydrophobic
surfaces. Since the textured surfaces are optically opaque, polydi-
methylsiloxane (PDMS) is introduced to copy and replicate laser-
textured surfaces. Functionalized silica particles are deposited at
the surface to lower the contact angle hysteresis and thus create a
lotus effect. Tetraethyl orthosilicate (TEOS) mixed with ethanol
solution is used to synthesized silica particles. Functionalization
of silica particles gives rise to aggregation and improved adhesion
onto PDMS surface. Surface morphology of laser textured, PDMS
copied and replicated, and functionalized silica particles deposited
samples are assessed using scanning electron and atomic force
microscopes. To characterize the sample surfaces, X-ray diffrac-
tion, X-ray photoelectron spectroscopy, and Fourier-transform
infrared spectroscopy are carried out. UV transmittance of PDMS
copied and replicated as well as functionalized colloidal particles
deposited samples is measured. Surface hydrophobicity of the
samples is analyzed incorporating water contact angle measure-
ments. It is found that laser controlled melting and evaporation of
alumina surfaces results in surface texture composing of micro/
nano features. Formation of AIN at the textured surface lowers the
surface energy. Hence, micro/nano surface texture with low sur-
face energy gives rise to high water droplet contact angles with low
hysteresis. PDMS copied and replicated surfaces show similar sur-
face morphology to that of the laser textured surfaces. However,
whiskers-like nano-size structures at the laser-textured surface are
not copied by PDMS because of their complex geometry. Conse-
quently, water droplet contact angle reduces for PDMS copied
and replicated surfaces. Deposition of functionalized silica par-
ticles gives rise to a significant improvement in water droplet con-
tact angle. In this case, water droplet contact angle increases and
hysteresis reduces considerably. UV transmittance data reveals
that PDMS copying and replicating of laser textured surface
results in a reduction in the transmittance. Further small reduc-
tions in transmittance are observed after functionalized silica par-
ticles are deposited onto PDMS copied and replicated surfaces.
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