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We present a simple method for the fabrication of robust super-

omniphobic surfaces with high transmittance (>90%) and durability

(<6 months). The method consists of direct micromolding of

mushroom-like micropillars and C4F8 gas surface treatment. Such

re-entrant structures were found to be highly resistant against

wetting by various liquids and oils with a wide range of surface

tensions from 22.3 (ethanol) to 72.1 mN m�1 (water). Optimal

structural parameters were derived based on the measurements of

static contact angle and contact angle hysteresis.
Research on superhydrophobic surfaces, which may be defined as

those with a high contact angle (CA) (>�150�) and a low contact

angle hysteresis (CAH) (<�10�), is becoming mature in terms of

fundamental understanding and fabrication skills. Extensive efforts

have been made for the last few decades to develop fabrication

techniques for superhydrophobic surfaces based on various top-

down and bottom-up approaches.1–5 It is now well understood that

the wetting state can be accurately described by the Wenzel and the

Cassie–Baxter models for fully and partially wetted surfaces. The key

contributions from surface modification (chemical) and surface

texture (physical) are also well described by the two models.6,7

Since the discovery by Cohen and coworkers of oleophobic and

superoleophobic surfaces,8–11 the oil-repellent surfaces are also gain-

ing interest from academia as well as from industry. Practically, these

non-sticky surfaces to oils and inks are important in various appli-

cations such as inkjet printing,12 xerography,13 home appliances,14 etc.

In general, oils have relatively low surface tension and smaller CA

than water, which causes a significant hurdle to superoleophobic

surfaces; most surfaces would be oleophilic according to the Wenzel

model.15,16 To address this challenge, researchers have introduced

several unusual surfaces, such as reentrant, negative-slope structures,

to make the surface ‘‘metastable’’ in the Cassie–Baxter regime.17,18

Obviously, in such a metastable state, it would be difficult to develop
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a robust, superoleophobic surface that can resist the energetically

favorable Wenzel state.19,20

To achieve both mechanically robust and energetically favorable

omniphobic surfaces, it is of paramount importance to form a

unique, re-entrant profile of microstructures. Microstructures with a

simple negative slope (e.g., overhanging shapes such as inverse-

trapezoidal microstructures)14 are also helpful, but it was reported

that a permanent Cassie–Baxter state cannot be ensured for such

structures. Although dual scale (typically micro/nano) structures,

when combined with a suitable fluorocarbon surface treatment, also

turned out to be useful for oleophobic surfaces,21–23 a genuine

superoleophobic surface has not been demonstrated to date using this

approach.

In the re-entrant surface structures, a central idea is that the

meniscus of a liquid droplet has a convex curvature, thus getting

pinned to the entrance part of the microstructure. Then, themeniscus

exerts a net force upward, competing with the collapse of the droplet

by the internal pressure (i.e., gravity) to a certain extent even for

liquids with low surface tension. Accordingly, recent approaches have

employed chemically treated rigid or inorganicmaterials such as glass

and silicon oxides to make re-entrant, oil-repellent structures.11,14,23

The widespread use of the methods has been limited in that they are

prone to surface contamination upon multiple usage and involve

complicated and high-cost processes.

To solve some of these limitations, we present here polymeric

superomniphobic surfaces by utilizing simple micromolding and

fluorocarbon surface treatment. The micromolding approach is an

intrinsically cheap, low-expertise route to mass production; polymer

replicas are generated without limitation from the same master

pattern. We propose that mushroom-like micropillars, which have

proven effective for smart, dry adhesive surfaces inspired from gecko

toe pad,15,24–26 also represent efficient re-entrant profiles, thus allowing

for superomniphobic surfaces for a wide range of liquids with

different surface tensions. To evaluate superomniphobic properties,

we measured static CA and CAH of various liquids, ranging from

water (glv ¼ 72.1 mN m�1) to ethanol (glv ¼ 22.3 mN m�1).

Furthermore, the fabricated surfaces are transparent in the visible

spectrum and durable for a long period of time up to 6 months as

evidenced by the UV-VIS transmittance measurement and aging

experiment.

A schematic flow of the fabrication process is shown in Fig. 1(a).

Briefly, a 4 inch silicon on insulator (SOI) wafer was patterned

using standard photolithography in the shape of a 5 mm hole with

10 different spacing ratios (SR ¼ space/diameter) over an area of

10 mm� 10 mm. After anisotropic dry etching the top silicon layer
Soft Matter, 2012, 8, 8563–8568 | 8563
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Fig. 1 (a) Fabrication scheme of PDMS and PFPE mushroom-like

micropillar arrays. The bottom SEM images show that the two structures

have the identical geometry after dual duplication processes. SEM images

of the fabricated PDMS (b–d) and PFPE micropillars (e–g) with side

(upper panels) and top views (lower panels), respectively. The micro-

pillars have 5 mm pillar diameter, 8.5 mm top disk diameter, 10 mm height

with different SRs: SR ¼ 1 for (b) and (e), 6 for (c) and (f), and 10 for (d)

and (g).
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(upper gray area of SOI wafer in Fig. 1(a)) was removed until it

reached the SiO2 etch-stop layer (lower yellow area of SOI wafer in

Fig. 1(a)). A slight over-etching was performed in the lateral direction

on the etch-stop layer in order to replicate mushroom-like, bulged

microstructures from the SOI wafer.27 Then, the polydimethyl

siloxane (PDMS) precursor was back-filled, cured thermally, and

peeled off from the master mold, leaving behind the 1st PDMS

replica.28 Subsequently, UV-curable polyurethane acrylate (PUA)

and perfluoropolyether (PFPE) precursors were poured and cured

completely, resulting in the 2nd PFPE replica. To make the surface

evenmore omniphobic, a fluorocarbon surface treatment was carried

out using octafluorocyclobutane (C4F8) gas in an ICP deposition

chamber.29 The C4F8 gas is frequently adopted in the famous
8564 | Soft Matter, 2012, 8, 8563–8568
BOSCH process in a deep reactive ion etch (DRIE) system. It is

known that a thin polymeric film of�50 nm forms as a result of this

surface treatment.30 In our experiment, the use of C4F8 gas poly-

merization offers better reproducibility and robustness compared

with previous surface treatment methods. Also, it was found that the

modification is uniform and does not significantly influence the

as-prepared polymer structures (see ESI† for details).

Fig. 1(b–g) show representative SEM images of PDMS and PFPE

micropillar arrays replicated from the SOI master pattern (5 mm

diameter, 10 mm height with SR of 1–10). As shown in the figure, the

PDMS and PFPE microstructures exhibited high structural fidelity

with well-defined vertical edge profiles. No structural differences were

observed between the PDMS and PFPE microstructures. Further-

more, the samemicrostructures could be produced without structural

defects or degradations (�20 times) over a large area. For generating

uniform microstructured surfaces, care should be taken during the

2nd replication step so as to preserve the original height of the PDMS

replica. To expel trapped air in the replication, a roller was mildly

rounded several times on top of a flat polyethylene terephthalate

(PET) film that was used as a supporting substrate (see Experimental

section). Also, the curing time needs to be controlled for maintaining

the PFPE surface inactive to the PUA material, recognizing that the

same double bonds are present in the backbone of both materials. It

turned out that an overnight curing step (>12 h) was a prerequisite to

ensure a sufficiently inert, non-reactive PUA surface with clean

release of the 2nd PFPE replica.31 It is worthwhile noting that the

fabricationmethod presented here is highly reproducible and scalable

with an ability to tailor the geometry of replicated micropillars.

Fig. 2 shows the measurement of CA and CAH for various

re-entrant, mushroom-like structures with 10 different SRs (SR ¼
1–10). For consistency, the micropillars of 5 mm diameter and 10 mm

height were used throughout the experiment. The liquids and oils

tested here display a wide range of surface tensions (glv): water¼ 72.1

(highest), glycerol ¼ 63, mineral oil ¼ 32, hexadecane ¼ 27.5, and

ethanol ¼ 22.3 mN m�1 (lowest) (see ESI† for details).

Several notable findings are derived from the figure. First, the

microstructured PDMS surface shows an omniphobic characteristic

(CA� 160�) regardless of the surface tension of the liquid. According
to the Wenzel model, the structured surfaces would be more oleo-

philic for low surface tension liquids like ethanol. It appears that the

wetting state consists of ‘‘metastable’’ configurations where a

meniscus is pinned to the undercut profiles of the re-entrant struc-

tures. Second, a certain SR is needed tomaintain superomniphobicity

both on the PDMS and PFPE surfaces. As shown in Fig. 2(a), water

drops prefer to exist in the Cassie–Baxter regime with the increase of

SR.No collapse of the drops was observed for the entire SR range. In

sharp contrast, for ethanol drops, the SR should be higher than 4 so

as to yield superoleophobicitywith aCA>150�. If the SR is too high,

i.e., >7, then the drops started to penetrate into the structures,

resulting in lower CA and higher CAH. Third, a unique wetting

profile was observed for the ethanol drops in contact with the PFPE

micropillar arrays. For the structured PDMS surfaces, the Cassie–

Baxter state was maintained in the range of SR ¼ 4–7 and decayed

afterwards, which corresponds to our earlier observations for water

drops on structured PDMS surfaces.32 The initial CA (�140�) was
relatively higher even for a dense micropillar array (SR¼ 1). For the

structured PFPE surfaces, the initial three SRs gave rise to composite

wetting states of the Wenzel and Cassie–Baxter models with oleo-

philicity. At least, the ratio should be higher than 4 to exhibit
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Static CAs and CAH graphs of DI water (a and b) and ethanol (c and d) on the PDMS and PFPE micropillar arrays as a function of SR. Inset

images are representative CAs at specific SR.

Fig. 3 Schematic illustrations for the competition between Laplace (Pc)

and internal pressures (Pi) of a droplet on truncated pyramids (Wt <Wb)

(a), overhang structures (Wt >Wb) (b), and mushroom-like structures (c).

As shown, the mushroom-like shape can be viewed as an extreme case of

overhang structures. The arrows denoted relative magnitude and direc-

tion of each pressure.
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superoleophobicity. This dramatic wetting transition is not accurately

described by the existing wetting models; one possible explanation is

that the ethanol has affinity to the fluorocarbon-modified Teflon

surface, so that the liquid might collapse into the structures for dense

pillar arrays.

Based on these observations, optimal design parameters for both

materials can be derived to achieve robust superomniphobicity with a

large CA and a lower CAH. Considering difficulty in preparing high

aspect ratio master patterns, a microstructured PDMS or PFPE

surface with an SR of 5–6 would be optimal to maintain stable

superomniphobicity. Therefore, the optimal SR was set at 6 for the

conditions used in our experiment, which was used for the trans-

mittance and durability tests unless otherwise noted. Although we

have not tested the variation of the pillar height, a sufficiently high

micropillar array would be needed to avoid direct contact of a local

meniscus to the bottom of the substrate.

The advantages of mushroom-like, re-entrant profiles of micro-

pillars are well represented in Fig. 3. Here, the collapse of drops is a

result of competition between the internal gravity (Pi) and the

critical pressure (Pc, i.e., Laplace pressure),31–33 which is the

maximum sustainable pressure of the Cassie–Baxter state. As

shown, the truncated pyramids, which are usual profiles for
This journal is ª The Royal Society of Chemistry 2012
microfabrication, bring about an immediate collapse of drops since

both pressures are acting downward. The overhang structures,

which have been employed by many research groups for super-

omniphobic surfaces, would be useful in resisting the collapse to a

certain extent by utilizing the force balance between the two terms.

Robust superoleophobicity, however, is hard to expect from this

profile as the drops are intrinsically metastable, thus easily pene-

trating into the structures via external perturbations such as

vibration or mechanical loading. It is noted in this regard that the
Soft Matter, 2012, 8, 8563–8568 | 8565
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mushroom-like, re-entrant micropillars may be viewed as an

extreme case of the overhang structures; the local meniscus would

be pinned to the starting point of the undercut profiles (see

Fig. 3(c)), with a strong resistance (or energy barrier) being exerted

upward to resist further wetting into the structures. These theo-

retical descriptions can further be supported by an additional

control experiment with regular micropillar arrays of 5 mm diameter

and 10 mm height. We observed that the wetting angle in this case

ranged from 60 to 70� for various SRs (SR < 8), suggesting that the

mushroom-like structure is indeed critical for superomniphobic

properties (see ESI† for details). A trade-off arises here such that

the superoleophobicity is diminished by the enhanced solid fraction,

i.e., stability of the drops. This appears to be associated with the

fact that the surface treatment by C4F8 gas polymerization was

mainly required in our experiment to obtain superior oleophobicity.

For example, the CA of the ethanol droplet increased from 44.1� to
62.5� as a result of the C4F8 gas deposition on the PDMS surface.

Without such treatment, the surfaces frequently rendered a sharp

transition to the Wenzel state even for intrinsic hydrophobic

materials like PDMS or PFPE. A detailed theoretical study is

currently underway to accurately describe superoleophobic

behavior on these mushroom-like structures.

In addition to superoleophobic properties, we investigated the

transparency of the fabricated polymer surfaces with UV-VIS

transmittance spectra, for potential applications to flexible display or

home appliances. In these applications, windshield and anti-wetting

windows would become more and more important to prevent

contamination from water and organic liquids.13,14,34 Fig. 4(a) shows

the transmittance profiles of various samples including a bare PDMS,

a structured PDMS surface (no C4F8 treatment), and structured

PDMS and PFPE surfaces with C4F8 treatment. The transmittance

of a bare PDMSwas 93–94% in the visible spectral range from 380 to

780 nm, which was slightly reduced to <90% (PDMS: 88–89%,

PFPE: 86–88%) when the surfaces were structured with pillar arrays.

Nonetheless, the visibility was not significantly deteriorated as seen

from the transparent text images in Fig. 4(b). The relatively large

distance between micropillars (SR ¼ 6) as well as the small thickness

of the deposited layer of fluorocarbon compounds (�50 nm) may

attribute to the transparency of fabricated superomniphobic surfaces.

These superior optical properties are potentially beneficial for optical

applications.

Finally, we tested the durability of the PDMS and PFPE super-

omniphobic surfaces under ambient conditions. Fig. 4(c and d)

demonstrate the robustness of superomniphobicity using the mush-

room-like micropillars of SR ¼ 6 over a time period of 6 months, in

which no noticeable changes or degradations were observed. The

inset photographs show the CAs of various liquids: DI water

(transparent), mineral oil (blue), hexadecane (red) and ethanol

(yellow) at different time points, indicating that the super-

omniphobicity can be maintained without aging effects.

In conclusion, we have presented a simple fabrication approach to

make superomniphobic surfaces with high transmittance (>90%) and

durability (<6 months). By utilizing re-entrant, mushroom-like

structures, which have proven useful in the field of dry adhesives,

both superhydrophobic and superoleophobic surfaces were achieved

in a one-step molding (replication) process. The method is based on

well-established soft lithographic microfabrication, allowing for a

simple and low-expertise route to the fabrication of superoleophobic

surfaces. Also, the method is applied to other thermal or UV-curable
8566 | Soft Matter, 2012, 8, 8563–8568
materials, and scalable to the 4 inch wafer level with excellent

reproducibility and robustness.

Based on the measurements of CA and CAHof water and ethanol

drops, we have derived optimal design parameters for PDMS and

PFPE materials: the SR needs to be in the range of 4–7 to maintain

robust superomniphobicity with an optimum SR of �6 for both

materials. Also, the structured surfaces were optically transparent

and durable over a long period of time. Despite these advantages,

there are potential shortcomings of the current approach. Since the

materials are polymer based, the surfaces would be mechanically

weak, being prone to scratches, UV, or other harsh environments.

Also, the C4F8 gas surface treatment was required to render super-

omniphobicity even for intrinsic hydrophobic materials like PDMS

and PFPE. These issues are currently under investigation to achieve

more viable superomniphobic surfaces. It is envisioned that this

simple, yet robust fabricationmethodwould be useful in awide range

of applications in which water- and oil-repellent surfaces are required

without harsh environmental conditions.
Experimental

SOI master fabrication

4 inch SOI wafer was purchased from Mico MST Co. (Korea). The

wafer consists of three layers: a p-type (100) bare silicon wafer

(resistivity: 1–30U), a SiO2 etch-stop layer of 500 nm thickness, and a

polysilicon layer of 10 mm thickness. First, using tetraethoxysilane

(TEOS), an 800 nm thick SiO2 layer was deposited on the SOI wafer

by a plasma-enhanced chemical vapor deposition process. Then, hole

patterns of 5 mm diameter and 10 mm height with 10 different SRs

were formed by conventional photolithography using a AZ1512

photoresist (PR). Subsequently, pattern transfer to the SiO2 layer was

carried out using the PR etch mask, which was followed by removal

of the PR. Then, the polysilicon layer was anisotropically etched via

SF6 and Ar gas plasma until the exposure of the SiO2 etch-stop layer

in an inductively coupled plasma (ICP) chamber with 13.56 MHz

radio-frequency power generators. The same etching was performed

further utilizing an extremely high etch selectivity between polysilicon

and SiO2 etch-stop layer in order to over-etch the polysilicon layer to

the lateral direction.
Fabrication of mushroom-like micropillars with re-entrant

curvature

A mixture of 10 : 1 PDMS pre-polymer (Sylgard 184 Silicon elas-

tomer, Dow Corning, USA) and curing agent was poured on the

patterned SOIwafer and placed in an oven at 70 �C for 1 h. Then, the

PDMS replica was peeled off from the SOI wafer (1st replica). The

UV-curable PUA precursor was drop-dispensed on the PDMS 1st

replica and gently covered by a 50 mm PET film, which was followed

by UV (l ¼ 250 to �400 nm) exposure for a few tens of seconds.

After obtaining the PUA replica, the 2nd PFPE replica (PFPE

precursor, Solvay Co. Ltd, USA) was replicated using the same

process after overnight curing of the PUA replica (>12 h). This step

was a prerequisite to ensure a sufficiently inert, non-reactive PUA

surface with clean release of the 2nd PFPE replica. The resulting

PDMS and PFPE replicas had mushroom-like micropillar arrays

with re-entrant profiles (see Fig. 1).
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 (a) Transmittance spectra of various samples over UV-VIS wavelength regime. (b) Photographs of the PDMS and PFPE samples (bare and

structured) on a text paper. No significant difference was observed from both samples. (c and d) Measurement of static CAs of the PDMS (c) and PFPE

(d) samples (SR ¼ 6) over a time period of 6 months. Inset photographs show the CAs of various liquids: DI water (transparent), mineral oil (blue),

hexadecane (red) and ethanol (yellow) at different time points.
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Fluorocarbon surface treatment

The fluorocarbon source of octafluorocyclobutane (C4F8) was

treated on the surface of micropillars by chemical plasma deposition

with an ICP etching chamber. The samples were exposed to the gas

steam under the conditions of 2000 W power, 10 W bias power,

25 mTorr and C4F8 150 sccm gas flow for 8 s. A �50 nm thick

polymer layer of fluorocarbon compounds is known to be deposited

in this process.
Measurement of CA and CAH

The static CAs of various liquids were measured by using a contact

angle analyzer (Drop Shape Analysis System DSA100, Kruss, Ger-

many). Drops of 5–10 ml of each liquid were gently placed on the
This journal is ª The Royal Society of Chemistry 2012
micro-structured surface and theCAHwas calculated by taking time-

period pictures.

Analysis of transmittance

UV-VIS transmittance spectra taken with a PerkinElmer Lambda 45

UV/VIS spectrometer were used to analyze the transmittance of

fabricated PDMS and PFPE samples in the range of visible light

wavelength of 190–800 nm.

Scanning electron microscopy (SEM)

A 20 nm thick Pt layer was deposited on the micro-structured surface

to avoid charging effects. High-resolution SEM images of the

micropillars were obtained by using a HITACHI S-48000 scanning

electron microscope (Hitachi, Japan).
Soft Matter, 2012, 8, 8563–8568 | 8567
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