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ABSTRACT: We present a simple route for controlling the .

surface morphology of polydimethylsiloxane (PDMS) films ;:: 80 P
based on a standard replica molding technique incorporating a § i ppmce
microparticle-embedded elastomeric master for enhancing B ‘. ?
surface wetting properties. The elastomeric masters are simply E N ﬁ . .
prepared by embedding microparticles (MPs) firmly into a £ 2 '

surface of PDMS substrates using an abrasive air-jetting (AAJ) = - IS LILIEL
that can be potentially scaled up to large-area fabrication. The Co40 S0 600 700 800

surface geometries of the PDMS masters can be easily Wavelongth.nal

controlled by using MPs with different shape and size in the

AA]J process, resulting in easy control of the surface morphologies and resultant wetting and optical properties of the PDMS films
after replicating. The PDMS masters are found to be highly durable, enabling repeated use to produce superhydrophobic PDMS
films with similar characteristics. In addition, the fabricated PDMS films retain almost constant properties even under repetitive
compressing and stretching deformations thanks to the mechanical robustness enabled by their all-elastomeric architectures. We
show that the fabricated PDMS surfaces can be potentially employed as self-cleaning films in glass-based applications, even with
complex surfaces, owing to their enhanced wetting properties, fairly good optical transparency, and superior mechanical stability.

KEYWORDS: particle-embedded PDMS masters, superhydrophobic PDMS films, abrasive air-jetting, mechanical robustness,

self-cleaning capability

1. INTRODUCTION

Nature-inspired superhydrophobic surfaces have drawn consid-
erable attention over the past years for industrial applications,
demanding water-repellent surfaces, owing to their desirable
surface effects such as self-cleaning, drag reduction, anti-icing,
anti-bacterial adhesion, and so forth.'™'* In particular, the
superhydrophobicity of such solid surfaces is mostly influenced
by their surface roughness. Therefore, many efforts have been
continually devoted to demonstrating functional surface
structures by mimicking natural ones with unique surface
physics through various fabrication techniques.”"*"*~'” More
recently, research on artificial superhydrophobic surfaces has
rapidly been moving toward the development of simple,
scalable, and cost-effective fabrication methods, targeting to
their practical applications. Moreover, the needs for mechanical
durability and new functionalities such as mechanically flexible
and optically transparent performance of the surfaces have been
emphasized to expand potential applications, especially to
curved or glass-based substrates. Proper material selection and
the development of appropriate fabrication methods are very
important factors. In this regard, polydimethylsiloxane (PDMS)
is one of the most suitable structural materials for the
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fabrication of functional surfaces mainly due to its mechan-
ical/chemical stability, mechanical flexibility, optical trans-
parency, and low surface energy. For this reason, a wide variety
of approaches have been successfully developed to prepare
PDMS-based superhydrophobic surfaces, which can be usually
classified as either direct or indirect techniques depending on
the fabrication methodologies."® >® In direct techniques, the
PDMS surfaces are physically modified to create the surface
roughness mainly by direct nonlith0§raphic methods includin%
plasma etching,"* > laser ablation,”*** chemical corrosion,”
layer formation,”® and so forth. Although these techniques can
be effective pathways to roughen the PDMS surfaces to
enhance the wetting properties in a relatively simple manner,
strict process conditions or apparatuses are inevitably required
and must be controlled precisely to ensure process repeat-
ability. In indirect approaches, a replica molding technique
based on a well-established soft-lithographic process has been
most widely used to produce surface structures on PDMS
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Figure 1. Fabrication of the superhydrophobic PDMS films. (a) Fabrication procedures, (b) particle-embedded masters with differently scaled
surface geometries, (c) superhydrophobic PDMS films replicated from the particle-embedded masters of (a), and (d) AFM images of the prepared
PDMS films with different surface morphologies.

thanks to several advantages such as simplicity, repeatability is thus crucial for the achievement of superhydrophobic PDMS
and scalability in fabrication, cost-effectiveness (including surfaces based on the replica molding technique. Thus far,
reusability of masters), and so forth.”” Functional PDMS optical lithography techniques capable of obtaining highly
surface structures with various shapes and length scales ranging accurate and geometrically regular polymeric patterns have
from millimeters to sub-micrometers can be easily prepared by been most generally applied to prepare the masters.”® >’
negatively replicating the patterns on masters.”® " The However, specific process conditions related directly to pattern
development of an efficient method for fabricating the masters contrast and expensive equipment are still required for
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photosensitive polymers to be patterned on substrates. In
addition, it is also quite difficult to avoid fabrication complexity
due to the multiple steps of procedures. A laser ablation
technique could also be used to readily fabricate masters
containing regular patterns even without any lithographic
processes by irradiating a laser source directly onto target mold
substrates.>** Nevertheless, this method is still limited by strict
and expensive setups, and constraints for large-scale fabrication
might arise because laser-based machining processes are
generally cumbersome and time-consuming. Besides, substrates
with inherent surface roughness such as grit papers and natural
lotus leaves were efficiently employed as the masters,
contributing 3%reatly to simplifying the overall fabrication
procedures.”®”” However, surface morphology control of the
masters is almost impossible in this approach, which means that
the resultant properties of the replicated surfaces also become
uncontrollable.

Here, we propose a simple, scalable and cost-effective
nonlithographic way of fabricating the masters for demonstrat-
ing superhydrophobic PDMS films based on a replica molding
technique. The proposed masters were simply prepared by
firmly anchoring microparticles (MPs) across the top surface of
the PDMS substrate using a facile and scalable abrasive air-
jetting (AAJ) technique, followed by curing. In this way, the
surface morphology of the PDMS masters can be easily
determined depending on the shape and size of the particles,
which clearly suggests that the surface morphology of the
PDMS films replicated from the PDMS masters can also be
easily controlled by using the particles with different shape and
size in the AAJ process. Using the proposed PDMS masters,
superhydrophobic PDMS films that simultaneously have
desirable properties including mechanical flexibility and
durability, fairly good optical transparency, controllability of
the surface morphology, and low-temperature fabrication were
successfully demonstrated.

2. EXPERIMENTAL DETAILS

Fabrication of Superhydrophobic Films. The proposed
superhydrophobic PDMS films were simply fabricated by a replica
molding technique with microparticle-embedded PDMS masters
prepared by a facile and scalable AAJ technique, as illustrated
schematically in Figure la. A PDMS plate was first prepared and
employed as a supporting substrate of the master after accepting MPs.
For this, a PDMS prepolymer mixed with a curing agent at a weight
ratio of 10:1 was poured onto a silicon substrate after degassing to
entirely remove the air bubbles, followed by curing thermally in under-
polymerization conditions of PDMS (80 °C for 10 min). The
semicuring process is greatly helpful for holding MPs on the PDMS
surface by making the surface very sticky. The MPs were then sprayed
onto the semicured PDMS surface by the AAJ technique under
pressurized conditions at 4 bar. In this study, commercially-available
alumina (AlL,O;) microparticles with different dimensions were
employed to control the surface morphology of the PDMS masters.
After that, the MPs stuck on the PDMS masters were firmly anchored
by completely polymerizing the supporting PDMS substrate at 80 °C
for 30 min. The PDMS masters were then sonicated for 30 min to
define the surface morphology precisely depending on the shape and
size of the MPs used in the process by eliminating the excessive
portions attached weakly on the MPs anchored strongly onto the
PDMS surface. After that, the replica molding process was conducted
to fabricate the superhydrophobic PDMS films with inverted surface
morphologies from the MP-embedded PDMS masters. PDMS of 10:1
(base polymer:curing agent) was used after mixing with a volatile
solvent (toluene) at a weight ratio of 1:1 to facilitate infiltration and
conformity to the layered MPs by lowering the viscosity of the
mixture. Subsequently, the PDMS coated on the master was cured
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thermally at 80 °C for 30 min, while fully evaporating the solvent
components. A thin plasma-polymerized fluorocarbon (PPFC) film
based on a continuous C4F8 glow discharge was deposited on the
masters as an antiadhesion layer between the solidified PDMS and
masters before introducing the mixture onto the PDMS master.
Finally, the proposed superhydrophobic PDMS film with S00 pm
thickness was prepared by carefully peeling off the solidified PDMS
from the master.

Characterization. The surface morphologies of the fabricated
particle-embedded PDMS masters and the corresponding super-
hydrophobic PDMS films were investigated using field emission
scanning electron microscopy (FESEM; Hitachi, $4700) and atomic
force microscopy (AFM; Park Systems, XE-100).

The wetting properties of the fabricated superhydrophobic PDMS
films with different surface morphology were evaluated by character-
izing two important criteria: static contact angle (SCA) and contact
angle hysteresis (CAH). The measurements of the SCAs and CAHs
were performed on more than five different regions of each PDMS film
using a contact angle meter (KRUSS, DSA 20E) equipped with a CCD
camera module. Before the measurements, all the prepared PDMS
films were coated conformally with the thin-film PPFC to enhance the
hydrophobicity by lowering the intrinsic surface energy. The SCAs
were measured for deionized (DI) water drops (10 yL in volume)
sitting statically on the fabricated films based on a sessile drop
technique. To characterize the dynamic wetting behavior of the
fabricated PDMS films, the advancing and receding contact angles
were first measured while increasing (to 13 L) and decreasing (to 7
uL) the volume of the water droplet, respectively. The CAHs of the
films were obtained from the differences between the measured
advancing and receding contact angles.

The optical characteristics of the fabricated PDMS films were
investigated in the visible light region with wavelengths ranging from
350 nm to 800 nm using UV visible spectroscopy (SINCO, S$310).

Evaluation of Mechanical Robustness. The mechanical robust-
ness of the fabricated superhydrophobic PDMS films was examined
under repetitive compressing and stretching conditions using a
motorized stage (JISC, JSV-H1000) equipped with a push-pull force
gauge (JISC, H-10), while monitoring the wetting properties of the
films. The compression test was conducted by applying various levels
of force ranging from 1 to 5 N with a 1 N step perpendicularly to the
prepared PDMS film using a flat-top metallic tip connected to the
force gauge in the motorized system and repetitive compression for up
to 500 cycles with a maximum normal force of S N. As a further test
for the mechanical stability of the PDMS films, their wetting properties
were investigated with the application of tensile strain ranging from
10% to 50% with a 10% step at a stretching speed of 100 mm/min. In
addition, the films were tested under repetitive stretching for up to S00
cycles with a maximum tensile strain of 50%. For both the cyclic
mechanical tests, the SCAs and CAHs of the tested films were
measured every 100 cycles.

Self-Cleaning Test. The practical self-cleaning test was conducted
by the following procedures. The prepared PDMS film was first
attached carefully onto a slide glass (step I). The attached film was
then contaminated intentionally by scattering carbon black (CB)
nanoparticles with an average diameter of ~50 nm randomly onto its
surface (step II). After that, several water droplets were introduced
onto the contaminated film by a syringe to make the film clean while
tilting it by ~20° (step III). After fully evaporating the residual water
components in the PDMS film on a hot plate at 100 °C for S min, the
optical transmittance of the film at each step was investigated in the

visible light wavelengths.

3. RESULTS AND DISCUSSION

Figure 1b shows the SEM images of surfaces of the PDMS
masters prepared by the aforementioned fabrication procedures
using Al,O; MPs with different average diameters of
approximately 1, 10, and 20 ym (denoted as masters #1—#3,
respectively, in Figure 1b). The MP layers were stably built on
the PDMS supporting substrates with the differently scaled
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surface morphologies according to difference in size of the MPs
used in the AAJ process. The surface morphologies of the
prepared masters were transferred successfully onto the PDMS
films (denoted as films #1—#3 corresponding to masters #1—
#3, respectively) in an inverted manner by the simple replica
molding approach, as shown in Figure lc. The surface
morphologies of the prepared PDMS films were further
investigated using the AFM. The AFM images in Figure 1d
indicate that the PDMS films reveal the differently scaled
surface morphologies with the average roughness (R,) of 66,
247, and 369 nm for films #1, #2, and #3, respectively,
depending consistently on those of the masters (see the AFM
images of the masters in Figure S1 in the Supporting
Information). In addition, the surface morphologies of the
PDMS films can also be further controlled by replicating from
PDMS masters prepared by the MPs with various shapes and
sizes in the proposed approach.

Figure 2a shows the SCAs and CAHs measured on the
PDMS films with different morphologies after the PPFC
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Figure 2. Surface wetting and optical properties measured on the
superhydrophobic PDMS films with different surface morphologies.
(a) Static contact angle (SCA) and contact angle hysteresis (CAH)
(inset: water droplets (10 L in volume) placed on each film) and (b)
optical transmittance curves (inset: a paper printed with letters
underneath each film).

coating. The wetting properties of all the roughened surfaces of
the PDMS films were enhanced significantly compared to those
of the flat PDMS surface toward both increasing the SCAs and
decreasing the CAHs, as shown in Figure 2a. This suggests that
the surface roughness on the PDMS films plays a great role in
the development of air pockets that can entirely prevent water
droplets from touching the bottom surfaces, resulting in
reduction of the actual contact area at the interfaces between
the surfaces and water droplets, which makes the surfaces
superhydrophobic. Under the influence of the surface rough-
ness, the SCA (148.5 + 1.27°) and CAH (13.9 + 2.11°) of film
#1 (produced from master #1) were enhanced by 26.2 and 54.3
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%, respectively, compared to the flat PDMS film. Both the
highest SCA (152.8 + 0.67°) and the lowest CAH (8.8 +
0.43°) were found on film #2, which indicates that the number
of air pockets was more increased, and the actual contact area
was more decreased accordingly (with a reduction of solid
fraction). This might be because the microscaled valleys in
between the MPs on master #2 were transferred onto the
PDMS film as protrusions with higher aspect ratio and larger
spacing than those of film #1 after replicating. However, the
wetting properties of the PDMS films were deteriorated slightly
when replicated from the masters decorated with the larger
MPs (film #3). In principle, the much larger spacing between
the protrusions on film #3 would make it easy for the water
droplets to wet the surfaces, resulting in an increase of the solid
fraction, which might lead to dominant degradation in the
dynamic wetting properties (with ~2.4 times higher CAH than
film #2).

Figure 2b shows the optical transmittance spectra measured
on the PDMS films with different surface morphologies after
the PPFC coating. At a wavelength of 550 nm, the optical
transmittance of the bare PDMS film was measured to be ~88
%. The PDMS film gradually became less transparent as it was
roughened, as shown in Figure 2b. This may originate from the
fact that the incident light is more scattered at the surface
regions as the surface roughness of the film is increased.
Nevertheless, letters could be all clearly observed through film
#1, which had a transmittance of ~70 % at 550 nm wavelength,
as shown in the inset in Figure 2b. This suggests that the
surface-roughened PDMS films are potentially feasible to be
employed as self-cleanable films in glass-based applications
owing to their moderate optical transparency and enhanced
surface wetting properties.

The reusability of the proposed MP-embedded PDMS
masters was tested by repeating the replication process to
evaluate the mechanical durability of the masters under
repetitive use. Figure 3a shows the SEM images of the
PDMS master (master #1) after up to three uses. Significant
changes in surface morphology of the master were not observed
even after repetitive replications, as shown in Figure 3a and
Supporting Information Figure S2 (AFM images). This
indicates that the MPs were sufficiently anchored onto the
supporting PDMS substrate for them to withstand the
replication process without remarkable loss of the MPs, and
the release agent (PPFC) coated on the MP layer also played
an important role for sufficiently reducing the adhesion force
between the anchored MPs and PDMS substrate during release.
As a result, the PDMS films (film #1) replicated three times in
sequence from the same master showed almost constant
performance both in wetting properties and optical trans-
parency, as shown in Figure 3b and ¢, respectively, due to their
similar surface morphologies (see the AFM images of the
resultant PDMS films in Supporting Information Figure S3).
The experimental observations clearly suggest that the
proposed MP-embedded PDMS masters can be used
repeatedly without significant degradation in performance of
the resultant superhydrophobic PDMS films. This also implies
that the proposed approach is practically feasible for making the
fabrication of superhydrophobic PDMS films reproducible.

The mechanical robustness of such superhydrophobic
surfaces is one of the most crucial requirements for their
long-term stability in practical applications. The mechanical
stability of the fabricated superhydrophobic PDMS films was
examined under repetitive compressing and stretching con-
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Figure 3. Evaluation of reusability of the particle-embedded masters. (a) SEM images of the master after up to three uses (scale bars: S um), (b)
surface wetting properties of the films replicated three times from the same master (inset: SEM images of the resultant PDMS films, scale bars: S
um), and (c) optical transmittance characteristics of the prepared PDMS films (inset: transmittance values at a wavelength of 550 nm of each film).

ditions. Figure 4a shows the average SCAs of the PDMS film
(film #1), which were normalized with respect to the initial
contact angle, due to the applied normal force ranging from 1
to 5 N with a 1 N step and repetitive compression for up to 500
cycles with a maximum normal force of 5 N (inset graph in
Figure 4a). The static wetting property of the PDMS film was
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Figure 4. Normalized average SCAs of the superhydrophobic PDMS
film (film #1). (a) Due to normal force application under various
loading forces ranging from 1 to S N with a 1 N step (inset graph: due
to repetitive compressing up to 500 cycles with a maximum force of 5
N) and (b) due to stretching under various tensile strains ranging from
10% to 50% with a 10 % step (inset graph: due to repetitive stretching
up to 500 cycles with a maximum tensile strain of 50% at a loading
speed of 100 mm/min.).
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retained almost constantly with negligible deviations less than
0.4 % even under the repetitive compressing deformations, as
shown in Figure 4a.

Figure 4b shows the normalized average SCAs of the PDMS
film (film #1) as a function of tensile strain ranging from 10%
to 50% with a 10% step. The inset graph in Figure 4b shows the
normalized SCAs measured every 100 cycles during stretching
for up to 500 cycles with a maximum tensile strain of 50% at a
loading speed of 100 mm/min. The static wetting property of
the PDMS film was also found to be stable after the mechanical
stretching tests. Under both the compression and stretching
tests, the dynamic wetting property (CAH) of the PDMS film
was also maintained without appreciable discrepancies, as
shown in Supporting Information Figure S4. Moreover, no
significant changes in the surface morphologies of the films
were observed after the mechanical tests, as shown in
Supporting Information Figure SS. The mechanical robustness
of the superhydrophobic PDMS films can mostly be attributed
to the fact that all the parts (surface structures and supporting
substrates) of the superhydrophobic films are composed
homogeneously of highly elastic PDMS, resulting in reliable
performance.

Figure Sa shows the PDMS films attached on various glass-
based products with curved surfaces. The PDMS films were
easily laminated onto the glass products without tapes or
adhesives, ensuring good coverage due to their thin and
compliant architectures. To demonstrate the practical usability
of the superhydrophobic PDMS films, a self-cleaning test was
carried out after attaching them to a slide glass. Figure Sb shows
the optical transmittance curves of the superhydrophobic
PDMS film at each step (denoted as step I (as-prepared), step
II (contaminated), and step III (cleaned)) with digital images
of the film under each surface state. The optical transmittance
measured at a wavelength of 550 nm for the superhydrophobic
PDMS film at each step is summarized in Figure Sc. The
transmittance of the PDMS film was severely degraded (~90%
degradation) after being contaminated by losing a number of
paths of incident light (see the middle image in the inset in
Figure Sb). After the simple cleaning process, the transmittance

dx.doi.org/10.1021/am4053046 | ACS Appl. Mater. Interfaces 2014, 6, 2770—-2776
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Figure S. Practical demonstration of the superhydrophobic PDMS film (film #1). (a) Digital images of the PDMS films attached to various glass
products, (b) optical transmittance characteristics of the PDMS film attached on slide glasses under as-prepared, contaminated, and cleaned
conditions (inset: digital images of the PDMS film under each condition), and (c, d) transmittance values at a wavelength of S50 nm of the
superhydrophobic and flat PDMS films, respectively, under as-prepared, contaminated, and cleaned conditions.

was recovered ~83% with respect to that of the as-prepared
PDMS film due to its water-repellent surface property (see the
rightmost image in the inset in Figure Sb). For comparison, the
self-cleaning test was conducted for a flat PDMS film under the
same procedures described above. After cleaning, the
corresponding optical transmittance at a wavelength of 550
nm of the flat PDMS film was recovered only ~17% compared
to that in the as-prepared state, as shown in Figure 5d. These
results clearly demonstrate the potential of the proposed
superhydrophobic PDMS films to be employed practically in
glass-based applications based on their easy attachability to
glass and self-cleaning capability.

4. CONCLUSION

In summary, we have presented a simple method to
demonstrate a class of superhydrophobic PDMS surfaces that
are potentially applicable to glass-based systems even with
complex surfaces. The AAJ technique makes it possible to
fabricate the PDMS masters in a simple and cost-effective
manner by simply embedding the MPs onto the surfaces of
PDMS substrates. The surface morphologies of the PDMS
masters could be tailored simply by using MPs with different
shape or size in the AAJ process. In this way, we have
successfully realized superhydrophobic PDMS films with
different levels of surface morphologies through a standard
soft-lithographic replication process. The fabricated PDMS
films showed good surface wetting properties (SCA of 148.5 +
1.27°, CAH of 139 + 2.11° for film #1) and fair optical
transparency (~70% at a wavelength of S50 nm for film #1),
and were robust against both repetitive compression (under a
normal force of S N for S00 cycles) and stretching (under
tensile strain of 50% 500 cycles) with almost no degradation in
performance owing to their all-elastomeric architectures.
Furthermore, the PDMS films replicated multiple times from
the same master revealed no significant disparities in both
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wetting and optical properties thanks to the mechanical
durability of the PDMS masters. As a potential application,
the self-cleaning capability of the fabricated superhydrophobic
PDMS films was successfully demonstrated by attaching it onto
a slide glass. The optical transmittance of the contaminated
PDMS film was recovered ~83% with respect to that in the
initial state after cleaning. We believe that the unique non-
lithographic method is highly feasible for use as an efficient
route for the preparation of superhydrophobic PDMS films in
diverse practical applications due to the simplicity and
rapidness of fabrication, as well as the cost-effectiveness,
potential scalability, and reproducibility in the process.
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AFM images of the particle-embedded masters with differently
scaled surface geometries (masters #1—#3) (Figure S1); AFM
images of the masters (master #1) after up to three uses
(Figure S2); AFM images of the superhydrophobic PDMS film
(film #1) replicated three times from the same master (Figure
S3); CAHs of the PDMS film due to compressing and
stretching deformations (Figure $4); SEM images of the PDMS
film (film #1) before and after repetitive compressing (500
cycles) and stretching (500 cycles) tests (Figure SS). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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