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The lotus leaf is known for its self-clean, superhydrophobic surface, which displays a hierarchical structure
covered with a thin wax-like material. In this study, three fabrication techniques, using silicon dioxide
particles to create surface roughness followed by a surface modification with a film of polydimethylsiloxane,
were applied on a transparent glass substrate. The fabrication techniques differed mainly on the deposition of
silicon dioxide particles, which included organic, inorganic, and physical methods. Each techniquewas used to
coat three samples of varying particle load. The surface of each sample was evaluated with contact angle
goniometer and optical spectrometer. Results confirmed the inverse relationships between contact angle and
optical transmissivity independent of fabrication techniques. Microstructural morphologies also suggested
the advantage of physical deposition over chemical methods. In summary, the direct sintering method proved
outstanding for its contact angle vs transmissivity efficiency, and capable of generating a contact angle as high
as 174°.
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1. Introduction

Many studies refer to the surface structure of lotus leaves for its
water repelling properties. They share a rough surface consisting of
micro- and nanostructures. In addition, the surface of these structures is
made of a wax-like material with surface energies much lower than
water. Aswater comes in contactwith sucha surface structure,most dirt
particles are wetted preferentially and carried off the surface. Thus, the
primary objective to bio-mimic a superhydrophobic self-clean surface is
to produce a desirable surface roughness with reduced surface energy.
However, surface roughness has been reported to compromise the
optical transmissivity due to scattering in the optical wavelengths [1].
Recently, Ling et al. [2] and Yanagisawa et al. [3] have separately
reported, in 2009, ways of pushing the limit of such an effect by
introducing a delicate nano-scale roughness. Paz et al. [4,5], Roméas et
al. [6], and others have also provided reports on fully transparent
photocatalytic methods towards self-clean surface solutions. In this
study, the fabrication of transparent self-clean treatments is focused
specifically on building superhydrophobic surface structures.

There is a wide variety of particle deposition methods available for
producing surface roughness microstructures, including electrochemi-
cal [7,8], electroless [9–12], electrospinning [13], plasma [14], RFD [15],
sintering [2], template [16–21], UV cure [22], and other sol–gel
fabrications in general [3,23–39]. Numerous literatures reported surface
modified superhydrophobicity [2,3,10,12–14,16–18,21,23,24,26–
28,30,33,40–50]. A number of surface structures are potentially highly
transparent [11–13,15,19,21,26,31,40,47,51]. The purpose of this study
is to extend such fabrication techniques reported that were performed
with opaque materials or opaque substrates, that involved expansive
equipments andhigh temperature process (N700 °C) incompatiblewith
ordinary window glass, that required special substrate material or
sample scales that were unsuitable for process industrialization, to a
fabrication method compatible with ordinary window glass at reason-
able costs. The transparent self-clean material is intended for outdoor
solar panels and LED covers. The fabricationmethods explored involved
three techniques, each using a combination of nano-sized round silicon
dioxide particles to create robust surface roughness with a surface
modification of polydimethylsiloxane (PDMS), on transparent glass
substrates. The fabrication techniques differedmainly on the deposition
of silicon dioxide particles, which included organic, inorganic, and
physical methods. Each technique was used to coat three samples of
varying particle load. The surfaces of each sample were evaluated by
contact angle, optical transmissivity, and ASTM D3363 pencil hardness
test [52].

2. Experimental details

The materials selected for surface roughness are silicon dioxide
particles due to its transparent optical properties, superior wear
resistance properties, andUV stable properties over polymericmaterials.

http://dx.doi.org/10.1016/j.tsf.2011.03.129
mailto:csclin@ntu.edu.tw
http://dx.doi.org/10.1016/j.tsf.2011.03.129
http://www.sciencedirect.com/science/journal/00406090


6225L.-D. Liu et al. / Thin Solid Films 519 (2011) 6224–6229
Two different sources of silica powder were used. In the organic
technique, uniform spherical nano-silica of 50 nm in diameter were
synthesised and attached to micro-silica of 1 μm as shown in Fig. 1(a).
The synthesis of such particles refers to the well-known Stöber
method [27,53,54]. The surface of nano-silica synthesised was reacted
with 3-Aminopropyl triethoxysilane (APS) to form a surface of \NH2

radicals, whilst the surface of micro-silica synthesised was reacted with
3-Glycidoxypropyl trimethoxysilane to form a surface of epoxide
radicals [27].Mixed in a bath of ethanol solution, the nano-silica attaches
itself to the micro-silica forming a hierarchical silica structure. In the
inorganic andphysical fabrication techniques, commercial silicaparticles
with an average diameter of 40 nmwere purchased. A scanning electron
microscope image of such particles was taken and shown in Fig. 1(b).
Details on the particle deposition are described in the following
subsections, including a final coat of non-polar water repelling PDMS
or phenyltrimethysilane on the rough surface.

2.1. Organic attachment

The hierarchical silica microstructural roughness consisted of
nano-scaled silica spheres attached on the surface of micron-sized
silica spheres. The silica spheres were produced according to Stöber's
sol–gel method according to Ming's recipe [27]. The precursor
chemical was tetraethoxysilane (TEOS), reacted in a solution contain-
ing organic solvents including methanol, ethanol, and isopropanol
with the addition of ammonia solution as the basic reaction catalyst.
The hybrid-sized silica spheres were attached to each other and to
the glass slide substrate via reaction between amine and epoxy end
groups on the surface of silica spheres. Similar end group reactions
were used to produce a final coat of PDMS on the outer surface of
the silica hierarchical structures as the final coat [13]. The specific
chemicals used to form the epoxy resin on the glass substrate con-
sisted of Trimethylolpropane triglycidyl ether and Poly(Propylene
Fig. 1. Silica powder used in (a) organic attachment, (b) inorganic route, and physical
binding methods.
glycol) Bis(2-Aminopropyl ether) (Jeffamine D-230). Nano-silica
particles covered the surface of micro-silica particles and exposed
\NH2 radicals on the surface to adhere on the epoxy resin on the
substrate. The resultant surface structure contained both\NH2 groups
and unreacted epoxide groups. Thus, all surface radicals were con-
verted to\NH2 end groups via reacting with Poly(Dimethylsiloxane),
Bis(3-Aminopropyl) terminated (n~2500) before a final reactionwith
Poly(Dimethylsiloxane), Monoglycidal ether terminated (n~5000)
(MGE-PDMS).

The processing steps above are illustrated in a graphical repre-
sentation shown in Fig. 2a with detailed molecular structure and
linking reactions illustrated in Fig. 3b. Three samples were produced
via this technique with increasing particle loads: RB-1, RB-2, and RB-3
(RB for chemical radical bonding).

2.2. Inorganic route

All chemicals were purchased from Sigma-Aldrich & Co., and used
as received. Millipore deionized water was used to prepare the
Fig. 2. a. Processing steps in organic attachment method proceeding from left to right.
Solid blue indicates bulk silica/glass substrate, transparent blue indicates bonding
medium, and orange outlines indicate water repellent surface chemistry. b. Detailed
chemical reactions between water repellent molecules, silica particles, and coupling
agents. The blue labels on the left column indicate the linking reactions that took place.
The red labels on the right column indicate the precursor chemicals before linking
reactions took place. In the molecular diagram, the silica particle(s) (transparent
blue circles) and representation of the linked molecular structures are not drawn to
scale. (-PDMS indicates PDMS end-group, -A indicates amino end-group, -E indicates
epoxy end-group, and -A and -E react to form linkage; the grey, red, and white 3-D
spheres represent silicon, oxygen, and hydrogen atoms respectively.)
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Fig. 3. a. Processing steps of the inorganic route proceeding from left to right. Solid blue
indicates bulk silica/glass substrate, transparent blue indicates bonding medium, and
orange outline indicates water repellent surface chemistry. b. Detailed chemical
reactions between water repellent molecules and silica particles. The blue labels on the
left column indicate the linking reactions that took place. The red labels on the right
column indicate the precursor chemicals before linking reactions took place. In the
molecular diagram, the silica particle(s) (transparent blue circles) and representation
of the linkedmolecular structures are not drawn to scale. (-Phenyl indicate phenyl-end-
group; the grey, red, and white 3-D spheres represent silicon, oxygen, and hydrogen
atoms respectively.)

Fig. 4. a. Processing steps of the physical binding method proceeding from left to right.
Solid blue indicates bulk silica/glass substrate and orange outline indicates water
repellent surface chemistry. b. Detailed chemical reactions between water repellent
molecules, coupling agents, and silica particles. The blue labels on the left column
indicate the linking reactions that took place. The red labels on the right column
indicate the precursor chemicals before linking reactions took place. In the molecular
diagram, the silica particle(s) (transparent blue circles) and representation of the
linked molecular structures are not drawn to scale. (-Phenyl indicate phenyl-end-
group; the grey, red, and white 3-D spheres represent silicon, oxygen, and hydrogen
atoms respectively.)
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suspensions. TEOS, ethanol, and deionized water were mixed in a
1:4:20 M ratio. The mixture was stirred evenly, using a magnetic
stirrer. A few drops of concentrated hydrochloric acid were added to
modify the pH value below the isoelectric point (IEP) of silica (pH=2)
as the reaction catalyst. The mixture was then stirred until it
was completely miscible. Silica particles were then added to the
solution in increasing weight concentrations: SG-1, SG-2, and SG-3
(SG for sol–gel curing). This formed the suspension with which the
glass surface was coated. The coated surface was first dried at 80 °C for
40 min in an oven then baked at 200 °C for 90 min. A rough surface
has now generated on the surface by sol–gel curing. To further react a
non-polar structure on the surface, a solution of phenyltrimethox-
ysilane in methanol, 5% by weight was prepared. The baked wafers
were then immersed in the solution for 8 h. Finally, the wafers
were dried at 50 °C for 30 min. A graphical process flowdiagram of the
sol–gel curing method is shown in Fig. 3a with detailed molecular
links illustrated in Fig. 5b.
2.3. Physical binding

Similarly, three particle loads of surface deposition were made:
DS-1, DS-2, DS-3 (DS for direct sintering). However, the process of
direct sintering eliminated the chemical processes required to fix
silica particles on the glass substrate. In physical binding, a high
temperature diffusional process was utilised at temperatures below
700 °C for a baking time of 4 h. Similar PDMS treatments were
followed from organic attachmentmethods, with slightmodifications.
Dilute APS solution in organic solvent (ethanol) was used to immerse
sintered samples with baking to cover \NH2 radicals on the surface,
and then a final reaction with MGE-PDMS to cap off the surface with
PDMS end groups. Similar processing flow diagram is shown in Fig. 4a
with detailed molecular links illustrated in Fig. 7b.
2.4. Surface evaluation

The surfaces of each sample were evaluated by contact angle and
optical transmissivity, each analysed by FTA125 contact angle goniom-
eter and Ocean Optics USB2000 Fibre Optic Spectrometer, respectively.
The particles that were synthesised or purchased as seen in Fig. 1 and
some of the resulting surface morphologies were observed with a FEI
Quanta 200 FEG Scanning ElectronMicroscope at accelerating voltage of
20 keV. Pencil scratch hardness was evaluated according to ASTM
D3363 standards [52] with a Gardco 3363 Pencil Scratch Hardness
Tester.

3. Results and discussion

3.1. Particle load

Fig. 5 shows the water droplet images taken with FTA125 contact
angle goniometer and their respective optical transmission spectra for
organic attachment (RB), inorganic route (SG), and physical binding
(DS) fabricationmethods from the lightest to the heaviest particle loads.
Visually, the samples of varying particle loads for each fabrication
method were tuned in a scale whilst kept optically translucent. In
Fig. 5 (a), the contact angles for the organic resin attached samples
increased from 98°, 126°, to 132°. In Fig. 5(b), the contact angles for the
inorganically cured samples increased from 90°, 121°, to 125°. In
Fig. 5(c), the contact angles of the directly sintered samples increased
from 166°, 172°, to 174°. In contrast, the corresponding optical
transmission spectra reduced as particle load was increased. Similar
trends marked for the three different fabrication methods. A slight
difference in the curvature of optical transmission spectrawasobserved.
At near-UV region, the sol–gel cured and direct sintered samples
showed highest absorption. However, the radical bonding samples
revealed significant absorption at wavelengths greater than 500 nm.

image of Fig.�3
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Fig. 5. Contact angles and transmittance spectra in the visible region for (a) organic
attachment (RB-1, RB-2, and RB-3), (b) inorganic route (SG-1, SG-2, and SG-3), and
(c) physical binding samples (DS-1, DS-2, and DS-3) in increasing particle loads.

Fig. 6. Contact angles for each sample are plotted against their average optical
transmittance.
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This effect is speculated as an indication of particle size due to scattering
phenomenon. Moreover, the effect of particle load on the amount of
scattering is clear: thicker coating and lower transmitted intensities.

In the three fabrication techniques, the water contact angles
increased with heavier particle loads. This indicates a greater surface
roughness producedwhenmore particles are deposited. However, the
organically attached and inorganically cured techniques failed to
achieve superhydrophobicity under the condition of optical trans-
missivity. A superhydrophobic surface generates a water contact
angle of greater than 150° and a roll off angle of less than 5°. RB series
achieved a highest 132° whilst SG series achieved a generous 125°. At
such contact angles, water droplets easily adsorbed to the surface
during contact. A standard 5 μl droplet remained stationary when the
samples were tilted up to 5°. However, the samples fabricated with
physically sintered methods exhibited properties of superhydropho-
bicity. At water contact angles of greater than 165°, it was difficult to
place a standard 5 μl droplet on the surface of DS-1 without bouncing
off the sample surface. On samples DS-2 and DS-3, the water droplet
bounced off the surface more freely than DS-1. The surface appeared
frictionless against the initial momentum camewith placing thewater
droplet. Given a precision needle tip, it was still almost impossible to
place a 5 μl still droplet on a completely levelled surface when contact
angles were greater than 170°.

3.2. Efficiency of contact angle vs optical transmittance

The results obtained and averaged fromFig. 5 are plotted in a contact
angle vs average optical transmittancegraph shown inFig. 6. FromFig. 6,
the compromise between the two crucial properties in transparent
water repelling optics is clearly seen in inverse relationships as reported
in TiO2 experiments by Nkajima et al. [1]. Despite the different type of
particles used in organic attachment and inorganically cured tech-
niques, the two fabrication methods shared a close resemblance in the
position of the curvature. The direct sintered samples were deposited
identical particles as the inorganically cured samples. However, DS
series have demonstrated a significant improvement in the efficiency of
contact angle vs optical transmittance relationship. At similar optical
transmissivity regions, the DS sample is capable of showing a contact
angle almost 40° greater than those produced by radical bonding or
sol–gel curing methods. For the purpose of this comparison, Fig. 7
illustrates the high magnification images taken with SEM. In the SEM
images, it became clear that the chemical methods applied in RB and SG
fabrication methods resulted in residues of excessive coupling agents.
The silica particles in Fig. 7a and b appeared to be surrounded with a
thick coating that reduced its overall roughness. However, in the pure
physical binding technique in DS, such a problem is clearly absent in
Fig. 7c. Each particle on or around agglomerate was seen as individual
grains. Presumably, the reaction mechanisms behind RB and SG
methods impose natural limitations to outstanding contact angles. In
the organic attachment technique, the adhesion between hybrid
particles and the glass substrate lays a film of soft epoxy resin. The
particles directly in contact with this soft epoxy slowly embed during
baking at raised temperatures. In the sol–gel curing technique, the gel
suspension itself hardens into a solid film as dehydration takes place.
Both of these effects eliminate the empty air space surrounding the
particles. Thus, many researchers in the field that takes the sol–gel
approach use a top–down technique to increase roughness in the solid
film [16–21,23,26]. In contrast, directly sintered particles theoretically
join at particle contact points only; this leaves a greater amount of
porosity surrounding the particle structures, as shown in Fig. 4a. The
intermittent porosity and particle pile-up structure result in superior
surface roughness and efficiency of contact angle-optical transmittance
relationship.
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Fig. 7.High magnification images of sample surfaces on (a) RB, (b) SG, and (c) DS. Black
arrow in (a) indicates the residual binder filling the voids between particles, where
particles in (b) are clearly embedded in sol–gel binder.
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The optimal compromise between contact angle and optical
transmittance in this study was found in sample DS-1. DS-1 had a
contact angle of 166° with 71% optical transmittance. The surface is
well above superhydrophobic, but the average transmissivity is not
adequate for optical devices. The physical binding technique is
optimistic in producing 150° contact angle with greater optical
transmissivity according to where the curve extends, and this was
well demonstrated in a high temperature process reported by Ling et
al. [2]. However, the curvature to the right of DS-1 is expected to soon
experience a sharp decay as the meniscus formed on rough surface
[33] structure collapses down to a contact angle with flat PDMS
structure. Here, lies a challenge of transparent self-clean glazing
materials. In order to reach the top right corner of the efficiency graph,
the surface structure must be thin enough to avoid optical scattering
whilst with the aspect ratio to sustain a surface roughness required for
superhydrophobicity. Where transparency is a top priority, the choice
of particle shape and method of particle deposition can be crucial to
form a rough nanoscale structure. In this current comparison, the
direct sintering fabrication method provides an efficient and poten-
tially economical solution with commercially available silica powder.

3.3. Mechanical stability

All samples from three different fabrication techniques have
endured 9H pencil scratch rating without additional weights added.
The rating was given on the basis that the surfaces of the samples
were rough structures of nano- andmicro-structured protrusions, and
the pencil mark would be retained if the surface structures remain
attached to the glass slide. Thus, it is not able to judge the degree of
surface damage given interface adhesion between the coating
material and substrate surface. It is recommended an environmental
simulation or long term outdoor testing to determine the deteriora-
tion of contact angle over time.

4. Conclusions

In this study, three fabrication techniques for transparent self-
clean glass panels were explored, each using silicon dioxide particles
to create durable surface roughness followed by a surface modifica-
tion with a film of PDMS or phenyl-radical, on transparent glass
substrates. Results confirmed compromise between the contact angle
and optical transmittance, in inverse relationships. The optimal
compromise between the contact angle and optical transmittance in
this study was found in sample DS-1. DS-1 had a contact angle of 166°
with 71% optical transmittance. The physical sintering technique is
optimistic in producing 150° contact angle with 70%-plus optical
transmissivity, more efficient than radical bonding and sol–gel
sintering methods. In summary, the direct sintering fabrication
method provides a potentially efficient and economical solution
with commercially available silica powder for its applications.
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