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This paper proposes a facile, versatile, and low-cost approach for batch production of
engineering superlyophobic surfaces (SLS, simultaneously superhydrophobic and
superoleophobic) on various curable materials. Based on the soft replication using
poly(dimethylsiloxane) (PDMS) as the intermediate mold, T-shape overhang microstructures
on Si and dual-resist masters have been transferred to curable materials including poly(methyl
methacrylate) (PMMA), PDMS and glass resin. As-fabricated polymer SLS replicas exhibit
high structure fidelity, comparable nonwettability and excellent reproducibility for both water

and oil during the 10X 10 replication, and possess new features such as tunable transparency.

The proposed microfabrication approach for SLS decouples the material and process
dependence, greatly dilutes the fabrication cost and enables high-performance SLS on a wide
range of materials, which may initialize the broad applications of engineering SLS for various
low-contamination, low-adhesion and self-cleaning liquid handling in academy, industry and

daily life.
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Introduction

Superhydrophobic surfaces, which show high contact angle (CA) typically above 150°
and low contact angle hysteresis (CAH) for water and other aqueous solutions, have been

studied for several decades, developed by various techniques,' ' and widely used for water-

11-14 15, 16

handling applications such as anti-ice or anti-frost coatings, stain-resistant textiles,
and various anti-fouling, self-cleaning surfaces.'” ** Nevertheless, they usually do not repel
low-surface-tension liquids (typical surface tension 15-35 mN m™) such as oil, organic
solutions and aqueous solutions with surfactants or high temperature.” This can be briefly
explained in Fig.la. For superhydrophobic surfaces typically with trapezoid or pillar
microstructures, oil pressure P,; generated by the Laplace pressure and gravity drives the
contact line (CL) to move downward. Due to the low intrinsic CA (Young’s CA, &), surface
tension v}, acting on the CL yields downward pressure Pcp, which accelerates the collapse of
the composite Cassie-Baxter (C-B) meta-stable state.”* Here subscripts 1, v stand for liquid
and vapor, respectively. To generate upward vy, or Pcr to balance P, well-designed overhang
(or re-entrant) structures are found crucial to obtain oleophobicity.”> " Oil can be pinned on
the bottom part of beads (Fig. 1c) or sharp corners (Fig. 1b, d). According to the Gibbs

26, 28

inequation, the maximum pinning CA 6,;, on the corner with solid angle o (defined as the

angle on the CL formed by the slope tangent and the liquid-air interface, as shown in Fig.1) is
enlarged to 6,;,=180°-6+6, thus a small 6 ensures a high 6, resulting in the upward y;, and
Pcy to balance P,;. Hence on the carefully designed and controlled overhang microstructures,
both water and oil can be effectively suspended by surface tension. As the extension and

enhancement of superhydrophobic surfaces, superlyophobic surfaces (SLS) with such

26, 29-31 5

overhang features, also called omniphobic surfaces’ > or superamphiphobic

2
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36-39

surfaces, are simultaneously superhydrophobic and superoleophobic, which exhibit
excellent nonwetting performances for almost any liquid, no matter Newton and non-
Newton,* high-surface-tension or low-surface-tension.”> Due to their universal repellence and
huge potential for academic and industrial applications, recently intensive research interests
have been focused on the fabrication of SLS based on either random structures

(nanoparticles,™ *"" ** nanopores,* ** nanowires,”' etc.) or regular patterns (microhoodoos,”

26, 29, 30 40, 46

T-shape micropillars, inverse trapezoids,® textile fibers, etc.). There are also some
reports on characterization and modeling of interesting liquid behaviors on SLS,*% 3032 47.48
as well as some application demonstrations for microfluidics® and chemical shielding.*’
However, existing fabrication technologies for SLS so far suffer from two major difficulties,
which stem from the great fabrication challenge of special overhang micro/nano structures.
Firstly, various micro/nano fabrication techniques of SLS highly rely on specific and few
materials such as Si,?>2%%3% poly(dimethylsiloxane) (PDMS),**** and some nanomaterials,*"
429930 5nly on which overhang structures can be created. As the results, new fabrication or
synthesis techniques have to be developed for particular materials. Such coupling of materials
and processes is a great restriction for SLS fabrication, performances and applications.
Secondly, low-cost and robust SLS remains a significant challenge. Their geometrics such as
pitches (P), pillar diameters (D), overhang profiles and so on, need to be well controlled, since
the nonwetting performances including CA, CAH and pressure stability are highly related to
these geometric details.”® ** #** For random structures, it would be essentially difficult to
control geometric details and structure uniformity on a large area, although they may be

. . . . Tt
created in a cost-effective manner through chemical synthesis,” electrospinning®® or even

candle soot deposition.® On the other hand, regular structures can be precisely defined in the



Journal of Materials Chemistry A

Journal of Materials Chemistry A RSCPublishing

ARTICLE

fashion called “what you see is what you get (WYSIWYG)” by using fabrication technologies

of micro electromechanical systems (MEMS), and their processes can be compatible with IC
batch production. However, MEMS fabrication for SLS typically requires expensive and

. . 25.2
demanding processes such as XeF, etching,®*°

reactive ion etching (RIE), deep reactive ion
etching (DRIE)*”*° and 3D diffuser lithography.*’

To unblock the two bottlenecks, herein we propose a facile and inexpensive
microfabrication approach for high-performance and mass-production of SLS on various
curable materials. By employing PDMS as the intermediate mold, T-shape micropillars on Si
master or inverse T-shape microcavities on dual-layer resist can be precisely and readily
transferred to various polymer substrates. Such replication solves the first bottleneck by
decoupling materials and fabrication processes for SLS, hence feasible to a wide range of
inexpensive, curable materials with mild phase-change conditions, such as paper pulp, powder,
resin, plastics and various polymer with useful properties. Multiple transfer of T-shape pillars
using inexpensive PDMS soft mold helps to break the second bottleneck. PDMS has excellent
flexibility, high replication precision (up to nm order’') and high durability (at least 100 times

52,53

without degradation®® >*), which make it very popular as the intermediate mold.>* > T-shape

pillar is chosen because we have demonstrated its mechanical robustness, easy profile control

and excellent suspending ability for both water and oil,*®

and they can be easily demolded
with small undercuts. Furthermore, by selectively developing dual-layer resist’® to form
inverse T-shape microcavities and casting PDMS, T-shape micropillars with controllable
undercuts are obtained, which is much more facile and inexpensive than typical dry etching.*>

262930 Based on these methods, batch replication of low-cost, high-performance SLS

becomes possible on various curable materials with new features (flexibility, transparency,

4
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etc.). Considering the significantly increased material choices, reduced fabrication complexity

and cost, as well as excellent replication performances, we believe this strategy enables the
mass production of engineering SLS for broad academic, industrial or daily-life applications.
Microfabrication strategy

To enable well-defined T-shape microstructures on various materials, the proposed
microfabrication strategy using PDMS-based soft replication and dual-resist photolithography
is illustrated in Fig. 2 (see details in the Experimental Section). We firstly demonstrated the
soft replication method using the Si master (Fig. 2g-j), which was fabricated using DRIE
process with thermally grown SiO, over the Si substrate (Fig. 2a and b) as described in our
previous reports.zé’ 3% Then they were treated with fluorinated self-assembled monolayer (F-
SAM) to facilitate easy demolding. After that, PDMS was dispensed and cured as the
intermediate mold to further transfer patterns to many daughter SLS on curable materials, as
long as they were in the liquid phase or dissolved in solution before curing, and their curing
temperatures were not too high (less than 343 °C, the decomposition temperature of PDMS).
Then they may be coated with low-surface-tension fluorocarbon using C4Fg plasma®® or F-
SAM to achieve the superlyophobicity. Note that small undercuts of T-shape pillars will not
be damaged thanks to the flexible and stretchable elastomer, which is superior for the
overhang structure transfer. The repeatable and durable use of Si master and PDMS molds
enables high-throughput and large-scale SLS replication. Benefited from the dual-replication
process, the number of replicas is calculated as “number of PDMS molds (M) x number of
daughter replicas (N)”. Since Si master is much more durable than PDMS (M>N2>100), one

Si master can produce more than 10,000 replicas. Note that PDMS and many curable



Journal of Materials Chemistry A

Journal of Materials Chemistry A RSCPublishing

ARTICLE

materials are inexpensive, this method is believed to greatly dilute the replica cost and

promote the low-cost application of SLS.

To further reduce the fabrication complexity and cost, we replaced the Si master with a
polymer one where inverse T-shape microcavities were fabricated in a single photo-
lithography process based on dual-layer resist (Fig. 2¢-f). After spin-coating two resist layers
on the Si substrate, thin electron-beam resist AR-P 5460 (not sensitive to UV) and thick
photoresist SU-8, SU-8 was patterned and AR-P resist was over-developed in several minutes
to yield a controlled undercut. After casting and demolding PDMS against the hard-baked
dual-resist layers, the T-shape intermediate PDMS mold was achieved, which can be further
modified with better hydrophobicity using F-SAM or CF, deposition.

Experimental

Fabrication of Si master

Si0; (300 nm-thick) was thermally grown on the Si (100) wafer, and a thin positive resist
AZ1500 (1.5 pm-thick, AZ Electronic Materials) was spin-coated and patterned using the
standard photolithography. Exposed SiO, was etched by RIE using CF4 plasma, followed by
dicing and photoresist stripping. The T-shaped profile was etched using DRIE (MUC 21,
SPTS Co.) by tuning the SF4 etching rate and the C4Fg deposition rates. After O, plasma
cleaning, samples were treated by vapor-phase F-SAM using 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (PFTS, n-CF3(CF,)s(CH;),SiCl3) at 140 °C for 4 min (see more
details in previous reports®® ).

Fabrication of polymer master

A layer of AR-P 5460 resist (1.5 um-thick, Allresist Gmbh) was spin-coated on the clean Si

wafer and baked at 160 °C for 5 min. Then, SU8-2050 (20 um-thick, Microchem Co.) was

Page 6 of 24
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spin-coated and patterned using the standard photolithography. After the SU-8 development,

the wafer was immersed in ethanol to avoid bubbles, and then developed using the AR
developer 300-47 (1:3 diluted by DI water to extend the development time). Then cast PDMS
(Sylgard 184, Dow Corning Co.) with base:curing agent=10:1 against the dual-resist sample
using the standard soft lithography. After peeling the PDMS master with T-shape micropillars
was obtained. C4Fg plasma was used to deposit fluorocarbon coating (80 nm-thick) on the
PDMS master for easy demolding.

Soft replication

PDMS was poured into a clean dish with a Si or PDMS master with a fluorocarbon coating,
degassed and baked (70 °C for 45 min). After peeling the PDMS mold from the master,
thermally curable materials like PDMS, poly(methyl methacrylate) (PMMA, 410k Dalton,
Wako Co.) and glass resin (GR 650, Techneglas Co.) were poured onto the PDMS
intermediate mold, degassed, and cured at 70 °C for 2 h (for PDMS and PMMA) and 90 °C
for 3 h (glass resin), respectively. PDMS was peeled off from these curable materials and the

polymer replicas were achieved.

Sample characterization

Before taking pictures using scanning electron microscope (SEM) (S4800, Hitachi Co.) a gold
layer (~20 nm-thick) was sputtered onto polymer samples for better conductivity. Static and
dynamic CAs were measured using the contact angle meter (DSA 30, Kruss Gmbh) at room
temperature, and each CA value was measured for at least 5 times by fitting tangents near the
CL. Water and hexadecane droplets were less than 5 pulL so that gravity can be ignored. The
optical transmission of PDMS and PMMA samples (thickness ~2 mm) was measured by an

UV-visible spectrophotometer (Shimadzu Co.).
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Results and discussion

Microstructures

A typical microscopic picture of as-fabricated T-shape micropillars on Si with 300 nm-thick
Si0, cap and undercut ~100 nm is shown in Fig. 3a using SEM. The etching depth was ~30
um, the undercut was ~100 nm, the pitch P=50 um and diameters D=15, 25, 35 pm, yielding
solid fraction f; (defined as the solid/liquid area fraction in a unit structure) from 0.07 to 0.38.

According to our previous study,***°

these geometric parameters enables high CA, low CAH
and good pressure stability for both water and oil. As the demonstration of soft replication,
two commonly used materials, glass resin and PMMA were cast against the PDMS mold (Fig.
3b) as shown in Fig. 3¢ and d, which exhibited high fidelity of their Si master.

The microstructures of polymer replicas with different undercuts and materials (PDMS
and PMMA) fabricated using the dual-resist photolithography are shown in Fig. 4a-c. The cap
thickness was ~1.5 pm and the pillar height was ~20 pum. As plot in Fig. 4d, the undercut is

approximately linear with the AR-P resist developing time. By developing from 1 min to 2.5
min, undercuts varied from 1 um to 8 um.

Nonwetting performances

Two probing liquids, de-ionized (DI) water (surface tension y,=72 mN m™) and hexadecane
(yv=27 mN m™) were used to characterize the nonwetting performances on each master and
replica. Fig. 5a-c show comparable static CA 6:>150° for both liquids on a Si master (solid
fraction f;=0.07) and its PMMA and glass resin replica. Similar results were found for the
PDMS master (Fig. 5d) and its PMMA replica (Fig. 5e) based on the dual-resist photo-
lithography and soft replication. Clearly these static CAs were fairly close due to the excellent

replication precision.
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To quantitatively compare the nonwetting performances between masters and replicas,

experimental data of &, advancing CAs 6,4, and receding CA 8. are plot in Fig. 6. For Si and
its first PMMA replica these CAs for both water and hexadecane were close, while for PDMS
master and its PMMA replica, although water and hexadecane &, and 6,4, were also
comparable for different f;, hexadecane &, on the PDMS sample was significantly larger than
that on PMMA, especially for high £;=0.385. This deviation may be caused by the soft, porous
nature of swelling PDMS which incurred more dissipation for moving contact lines. We
compared the measured & with the theoretical equilibrium CA &g using the C-B model,
written as cosécg = r¢ ficosby + fi -1= fi(cosé, +1) -1, where r¢ is the roughness of wetted
surface, defined as the actual wetted surface area divided by its projected surface area. The
measured data of static and dynamic CAs for water and hexadecane on flat Si, PMMA and

PDMS after F-SAM are listed in ESIT. Note that although both &cg and 6, decreased with

increasing f;, hexadecane 6, was significantly higher than its theoretical prediction fcg for
high f;, consistent with previous reports.” >4’ This deviation indicates that the C-B model
is not accurate for low-surface-tension liquid on SLS, which involves complicated contact line
profiles due to the overhang structures, and calls for new wetting models to understand more
solid-liquid details of SLS.

Reproducibility

Reproducibility of daughter replicas is crucial for mass production of engineering SLS. Fig. 7

showed the evolution of & of daughter SLS during the 10X 10 replication from three Si

masters and three PDMS intermediate molds based on the dual-layer resist with varying f;.
For Si-based PMMA daughters after the F-SAM treatment, the average value and scattering

range of &, was (161£3.6)° for water, (145.843.5)° for hexadecane when f=0.07, and
9
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(151.7£5.6)° for water, (141.1£3.6)° for hexadecane when f;=0.385. On the other hand, for

resist-based PDMS daughters, these values were respectively (140.7+2.7)° for water,
(134.1£2.4)° for hexadecane when f=0.11, and (141.1£2.4)° for water, (131.2+6.7)° for
hexadecane when £,=0.385. Generally the daughter &, were close to their master values, and
the scattering ranges sometimes increased slightly with increasing f;. It seems that these
daughters did not show inferior CA performances with increasing replication times, and the
scattering range was acceptable, which can be further improved by microfabrication
optimization. However, the C-B model gave poor estimation for most of measured €. As
shown with solid and dashed lines in Figure 7, water @cg was roughly in an agreement with
scattering 6, for Si-based PMMA replicas, yet it was higher than those for resist-based PDMS
replicas, supposed to be affected by some rough and hydrophilic defects on the resist-based
replicas (see Fig. 4). Again, most scattering hexadecane €, data for £>0.19 were significantly
higher than their fcp, indicating the C-B model fails to capture the contact line physics of
low-surface-tension oil on SLS.

We also compared the dynamic CAs on Si-based PMMA daughter SLS with their
theoretical values in Fig. 8 using the model proposed by Choi et al., **! who suggested that

for SLS with discrete pillars, 6,3,=180° and n9rec=\/75 (cos@+1)-1. According to the calculation,

most of measured water &, and all measured hexadecane 6., were respectively smaller and
larger than this model predicted. To our best knowledge there is rare literature on modeling
static and dynamic CAs on SLS with varying f; and materials, and more research efforts
should focus on the oil behavior on SLS.

Optical transparency

10
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Extended choices of curable materials endow SLS with very useful new features, such as

chemical inertness, scalability, flexibility and transparency. As an example, Fig. 9 shows the
optical transmission of PMMA replica (based on the Si master) and PDMS replica (based on
the resist master). The transmittance of smooth PMMA was above 70% in the visible light
wavelength range, while its SLS samples with £=0.19 and 0.38 had slightly reduced
transparency down to respectively its 82% and 77% at the wavelength 600 nm. The PDMS
film had a higher transmission around 90%, and the transmission of its SLS was still around
75% when £,=0.38. One can expect that reducing f; helps to increase the transparency. Their
transparency and superlyophobicity were shown in Fig. 9, where various droplets including
DI water, hexadecane and ethanol (y,=22.3 mN m™) can stand as balls on these transparent
polymer SLS, and our laboratory logo can be clearly read through them.

Conclusions

To unblock the two bottlenecks of SLS fabrication, namely the coupling of materials and
processes and the demanding fabrication requirement for constructing controllable overhang
micro/nano structures, we have proposed a novel fabrication approach to transfer 3D T-shape

microstructures to various curable materials using PDMS as the intermediate mold. 10X 10

daughter replicas from both Si master etched by DRIE and dual-resist master formed in a
single photo-lithography process have been demonstrated on widely used polymers (PMMA,
PDMS, glass resin) with high structure fidelity, comparable static and dynamic CAs and
excellent reproducibility, as well as tunable transparency. Existing CA models (by Cassie-
Baxter and Choi et al.) could not provide accurate prediction for most measured CAs on these
materials. The deviations were more pronounced for oil, and call for further theoretical

exploration on modeling liquid behaviors on various SLS.

11
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Supporting Information
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and dynamic CAs on different flat substrates. See DOI: 10.1039/b000000x/
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Fig.1 Illustration showing that overhang microstructure is crucial for obtaining oleophobicity.
(a) A typical trapezoidal microstructure with solid angle & > 90° where v;, yields downward
Pc1, and the C-B state collapses. (b) An inverse-trapezoidal microstructure with 6<90° where
v yields upward Pcr to balance P (c) A ball-like microstructure can pin oil on the bottom
part so that upward Pcp may balance P, (d) A T-shape microstructure with 6=90° also

enables upward Pc.
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Fig. 2 Schematic illustration of the microfabrication strategy. (a) Patterning SiO, cap on Si. (b)
Microfabrication of T-shaped pillars using DRIE. (c) Spin-coating ARP-5460 thin resist and
SU-8 thick resist, and patterning SU-8. (d) Over-developing ARP-5460 resist to form inverse
T-shape microcavities. (e) Casting PDMS using the standard soft lithography. (f) Conformally
coating CFy on PDMS T-shape pillars using C4Fg plasma. (g) Casting PDMS onto Si (or

PDMS) master. (h) Peeling PDMS intermediate mold off the master. (i) Pouring curable
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materials onto the PDMS mold and curing with proper thermal or UV conditions. (j) Low-

surface-tension treatment with F-SAM or CFy coating.

Fig. 3 SEM pictures of Si master and its replicas based on DRIE and soft replication. (a)
Bird’s view of SiO; caps on the Si substrate with small undercut ~100 nm. (b) Cross-sectional
view of the PDMS intermediate mold. (c) Glass resin replica (d) PMMA replica. Scale bar 20

um for all.
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Fig. 4 SEM pictures of PMMA (a, b) and PDMS (c) replicas based on the dual-resist photo-
lithography and soft replication. Insert is the cross-sectional view of PDMS replica. (d)

Undercut length varied with the developing time of AR-P resist. Scare bar 20 um for all.
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Fig. 5 Static CAs for water (72 mN m™) and hexadecane (27 mN m™) on the SLS with same f;

\
0,=151.5°

=0.07 (P=50 pm, D=15 pm) and different substrates. (a)-(c) Si master and its PMMA and
glass resin replicas. (d)-(e) PDMS mold and its PMMA replica using the resist master. Scale

bar 1 mm for all.
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Fig. 6 Comparison of static and dynamic CAs on polymer replicas and their corresponding
masters. All CAs for water and hexadecane were comparable for master SLS and their
PMMA replicas except the hexadecane .. on PMMA replicas based on the PDMS mold
using the dual-resist method. ¢ had significant deviations with measured 6 especially for

hexadecane at high f;.
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Fig. 7 Comparison of static CAs during 10X 10 soft replication. (a) Plot for Si-based PMMA

replicas; (b) Plot for resist-based PDMS replicas. For the legend “a-b”, “a” represents the

replication times of the PDMS intermediate mold, and “b” represents the replication times of

the polymer daughter replica. 5 did not show systematic degrade during the replication, and

the scattering range did not clearly depend on f;. However, the C-B model could not provide

accurate prediction for most measured ;.
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Fig. 8 Evolution of dynamic CAs of PMMA replicas and their Si master. (a) Dynamic CAs

for water. (b) Dynamic CAs for hexadecane. Dashed and solid curves represent respectively

theoretical .4, and 6, predicted by Choi et al.
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Fig. 9 Optical transmission measurement of PMMA (a) and PDMS (b) SLS and their

corresponding smooth samples (thickness ~2 mm). Water and oil droplets sit on these

transparent SLS on a paper printed with the logo.

24

Page 24 of 24



