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ABSTRACT: It is of great value to develop a simple, controllable, and scalable
method of making superamphiphobic surfaces. Here we present a facile one-
step photolithographic method to engineer superamphiphobic surfaces
consisting of photoresist micropillars decorated with nanoparticles of the
same photoresist. The surface or coating is optically transparent and versatile,
and can be fabricated on a broad range of substrates including stretchable
elastomers. During the development of the micropillar array, photoresist
nanoparticles are spontaneously grown on the micropillars by a well-controlled
emulsification process of the un-cross-linked residual photoresist. This creates a
hierarchical structure with a re-entrant and convex morphology which is the
key for superoleophobicity. The chemical bonding between the nanoparticles
and the micropillars is strong producing a robust and durable coating. This
facile method is scalable and industry-applicable for a variety of applications

such as self-cleaning, antifouling, and deicing/antifrosting.

KEYWORDS: superoleophobicity, superamphiphobicity, photolithography, hierarchical structure, photoresist,

spontaneous emulsification

B INTRODUCTION

It is a challenge to create superamphiphobic surfaces which
completely resist wetting not only by water, but also by organic
liquids such as oils. While many surfaces found in nature, e.g,,
plant leaves, bird feathers, and insect legs/ ely’cra/\,vings,l_4 are
superhydrophobic (super-repellent to water), no known natural
surfaces are superoleophobic (super-repellent to oil). Recently
a number of artificial superoleophobic surfaces have been
engineered, with an oil (e.g,, hexadecane) contact angle larger
than 150°.*" These surfaces have diverse potential
applications such as self-cleaning, antifouling, deicing, antifrost,
antifog, water/oil separation, drag reduction, and control of
heat transfer."> However, typical preparation methods of such
surfaces are complex and costly, and cannot be applied on a
large scale. The difficulties are mostly related to the
manufacturing of a robust hierarchical structure with re-entrant
and convex morphology which is the key for superoleopho-
bicity. Here we show a simple but robust, one-step photolitho-
graphic method for engineering transparent superoleophobic
surfaces that can be deposited on a wide variety of substrates.
Such surfaces consist of photoresist micropillars decorated with
photoresist nanoparticles; the latter are grown in situ in the
course of development of the micropillar array via a
spontaneous emulsification process of the un-cross-linked
residual photoresist.
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The general concept to produce surfaces with ultralow
wettability is well-known and relies on rough or textured
surfaces instead of flat surfaces.!®!” On a flat surface, the Young
contact angle 6y, is determined by Young’s equation

cos Oy = (loy = ¥or) /My (1)

where y denotes the surface energy/tension, and the subscripts
S, L, and V stand for solid, liquid, and vapor, respectively [the
solid—liquid surface tension can be estimated from the other
two as follows, 75, = ¥syv + 71v —2(Fsv7iy)2'%]. If we consider
a flat solid surface terminated with —CF; groups, the one that
has the lowest surface energy ysy ~ 6 mJ/m>" the Young’s
contact angles for oils are always less than 90°. For example,
hexadecane has a surface energy of 71y, = 27.6 mJ/m,” and &g,
~ 80° (while for water 0y, ~ 120°).*° In other words, all flat
surfaces are intrinsically oleophilic, regardless of surface
chemical composition. By contrast, on a rough or textured
surface, a liquid droplet can be “impaled” on top of the
roughness asperities, in a state of heterogeneous wetting. This
mechanism can be described by the Cassie—Baxter”' equation
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cos 0% = —1 + f(1 + cos 6;,,) (2)

where 0% is the apparent contact angle on the rough/textured
surface and f is the fraction of solid surface area in contact with
the liquid. If f < 1, a contact angle 8% much larger than 0y,
(ultimately, 6* —180° when f — 0) and a low roll-off angle for
the liquid droplet are achieved. Typically, if 6* is larger than
150°, the surface is considered to be super-repellent. The first
ingredient for superamphiphobicity is therefore a hierarchical
surface morphology with multiscale (e.§., both micro- and
nanoscale) roughness, ideally a fractal,”*** which can strongly
reduce the value of f.

In contrast to superhydrophobicity, achieving superoleopho-
bicity requires, however, a second crucial ingredient, a very
specific surface morphology—re-entrant/overhanging surface
features,*>*> as explained below. Besides, a convex surface
profile'®** is needed to stabilize the liquid—solid—vapor
contact line. Hence, our approach to the design of the
superamphiphobic coating is illustrated in Figure 1. The most

Figure 1. Basics of superamphiphobicity. (a) Water is pinned at the
top halves of the spheres. (b) Oil can only be pinned at the lower parts
of the spheres (overhanging/re-entrant features). (c) A very simple
design of superamphiphobic surface combining re-entrancy and
convexity, that we implement in our experiments.

generic shape that combines both convexity and re-entrancy is a
sphere placed on a flat surface (Figure la,b). Comparison
between parts a and b of Figure 1 clarifies why the re-entrant/
overhanging feature of roughness is necessary for intrinsically
oleophilic materials (6, < 90°) to make a superoleophobic
surface. In our design, microscale pillars on the surface are
decorated with nanospheres. Exclusion of a large fraction of the
solid surface from contacting the liquid is first induced on a
microscale with the micropillars and then further enhanced on a
nanoscale with the nanospheres (Figure 1c). In this work,
nanospheres are produced with a novel spontaneous
emulsification process incorporated in the photoresist-based
fabrication of the micropillars, as described in detail below.

Bl RESULTS AND DISCUSSION

Making hierarchical and re-entrant structures is challenging. In

pioneering studies, superoleophobic surfaces were produced via

a range of methods, including chemical etchin§,25’26 ion-
227 . 28-30 313

etching,”” anodizing, electrodeposition, template
2 1033 . 34-36 . 37,38

replication, pyrolysis, spray coating, and photo-

lithography.'"'>*” Most of these methods are relatively

complex and costly and cannot be applied to large scale

substrates. Moreover, due to the practical problems including

complicated fabrication processes that typically include many

steps, limitation to certain substrates or chemicals, and poor
mechanical flexibility and durability, commercial exploitation of
superoleophobic surfaces has not been realized. Here we show
a robust method that stems from simple conventional
photolithography. Photolithography can produce regular
photoresist patterns such as micropillar array. However, the
micropillars lack re-entrant/overhanging features. We achieve
superamphiphobicity by randomly decorating the tops of
micropillars with spherical nanoparticles. The nanoparticles
are subsequently cross-linked to micropillars to form robust
multiscale re-entrant and convex structures. Such a surface
becomes superamphiphobic after vapor fluorination. Compared
to previous studies that involved multiple steps of micro/
nanofabrication, our method includes only one simple step of
photolithography, which greatly simplifies the fabrication
process of a complex hierarchical and re-entrant morphology.

Figure 2A shows a schematic of the entire process for the
fabrication of the nanoparticles-on-micropillars surface. The

Figure 2. Schematic illustration of one-step photolithography process
for engineering superamphiphobicity. (A) Process for the fabrication
of micropillars decorated with nanoparticles to achieve super-
amphiphobicity. (B) SEM image of the nanoparticles’ inlaid
micropillar (6 ym in diameter). (C) Schematic showing the formation
of nanoparticles by the “Ouzo effect”, where (1) isopropanol diffuses
into the residual un-cross-linked SU-8 solution in developer; (2)
supersaturation of the SU-8 causes homogeneous nanometric size
droplets; (3) diffusion of SU-8 into nearby droplets forms bigger
droplets; (4) SU-8 droplets attach to pillars after isopropanol is
removed.

negative photoresist (SU-8 3010) was spin-coated on a
precleaned substrate, which was then baked at 95 °C to
remove the excess solvent from the SU-8 layer. Next, the SU-8
layer was exposed to ultraviolet (UV) light through a
photomask (sensor wavelength = 365 nm, UV intensity 6
mW/cm?) for a specific duration. After polymerization of the
SU-8 under postexposure baking, the sample was developed in
SU-8 developer solution for a period shorter than the time
normally required for fully washing away the un-cross-linked
photoresist as described below. Finally, after the sample has
been rinsed using isopropanol and dried, it was exposed to a
UV lamp to fully cure the photoresist having the desirable
hierarchical structure (Figure 2B). The key parameter here is
the development time of the photoresist. By tuning the
development time shorter than normally recommended for full
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development, some un-cross-linked residual photoresist is
allowed to remain on the surface of polymerized micropillars
after development. When the surface is rinsed with isopropanol,
a liquid—liquid nucleation process occurs forming the photo-
resist nanoparticles. This process is similar to the Ouzo effect or
spontaneous emulsification,**~** where a milky microemulsion
forms when water is added to the liqueur Ouzo forming a
ternary system of water, hydrophobic anise oils, and ethanol. In
our case, the un-cross-linked photoresist solution forms
spherical nanoparticles with the addition of isopropanol as an
immiscible agent (Figure 2C). Here, the negative photoresist,
developer, and isopropanol play roles similar to those of the
anisole oil, ethanol, and water in Ouzo, respectively. When
brought into contact with isopropanol, the negative photoresist
solution in the developer becomes supersaturated, due to the
diffusion of isopropanol into the solution and diffusion of
developer out of the solution into the bulk isopropanol (so-
called “solvent displacement” mechanism). This leads to the
nucleation of photoresist nanodroplets. Subsequently, the
supersaturation decreases until no further nucleation can
occur.**~* Interestingly, in our experiments the nanoparticles
were observed to mostly aggregate around the tops of the
pillars instead of filling the gaps between the pillars (Figure
3A-D).

Figure 3. Hierarchical nanoparticle-on-micropillar structure of SU-8
pattern on Si wafer. (A—D) SEM images of the nanoparticles inlaid
micropillar surfaces obtained at 30, 40, 60, and 90 s of development
time, respectively. (E, F) High magnification SEM images showing the
size dependence of the nanoparticles vs development time, 30 and 60
s, respectively.

We analyzed how the surface morphology changes with the
development time, and concluded that, for the most efficient
formation of the nanoparticles, there exists an optimum
development time of about 60 s (Figure 3C). As observed by
SEM, short development times (30—40 s, Figure 3A,B) result
in a patchy film of un-cross-linked photoresist covering the top
of the pillars. However, long development times exceeding 90 s
show that most of the un-cross-linked photoresist has been
washed away and almost no nanoparticles are formed (Figure
3D), leaving a smooth micropillar array (Supporting
Information Figure S1). The size of the nanoparticles also

depends on the development time. As shown in Figure 3EF,
the particles formed within 60 s of development time range in
size from 200 to 400 nm in diameter, and they are smaller and
more uniform than those with development times less 30 s
(130—800 nm). After fluorination, all the surfaces depicted in
Figure 3B—D are superhydrophobic. The static contact angles
of water for these surfaces are all near 180° so that a water
droplet rolls off under the smallest mechanical disturbance, and
it is difficult to keep it steady on the surface. However, oils were
found to behave differently on these surfaces. For a bare pillar
surface (Supporting Information Figure S1), the static contact
angle of hexadecane is ~135°, and the droplet does not roll off
when the surface is tilted and even turned over; i.e., the oil fills
the valleys between the pillars. By contrast, the static contact
angle of hexadecane on the nanoparticles/micropillars surface
(Figure 3C) is ~160° and the hexadecane droplet rolls off
easily with a sliding angle <10°. Methanol was observed to have
a static contact angle of ~120° (the measurement error for the
contact angle was ~2° in all cases). The qualitative change from
superhydrophobicity to superoleophobicity and thus super-
amphiphobicity is attributed to the hierarchical and re-entrant
structure comprising convex nanoparticles and micropillars, as
was designed above (Figure 1). We emphasize that super-
amphiphobicity of the surface is versatile. It should manifest for
a wide range of oils, provided their surface tension is not
extremely low.

We have also studied how the superamphiphobic properties
of the engineered surfaces depend on the area fraction of the
pillars tops, f (relative to the total surface area). We prepared a
set of surfaces with pillars of different diameter, from d = 6 ym
(as in Figure 3) to d = 14 um at constant pitch of p = 25 um,
which corresponded to a range of area fraction f = 7d”/4p* from
f=0.045 up to f = 0.246. Note that this estimation of the area
fraction f is simplified as it does not account for the presence of
the nanoparticles. As shown in Figure 4A, both for the bare
micropillars and for the nanoparticles—micropillars surfaces, the
contact angle for hexadecane monotonically decreases with f.
One should note that the bare pillars’ surface was never
observed to be superoleophobic (i.e., the contact angle for oil is
always <150°) no matter what the value of f was. By contrast,
the nanoparticle—micropillar surface was observed to be
superamphiphobic when f < 0.12. For all the studied values
of f, the hierarchically textured surface showed high oil contact
angles, and the oil droplets rolled off without leaving any trace
of the oil on the surface, upon a slight inclination of the
substrate on the order of 10° or less. For the nanoparticle—
micropillar surface, the dependence of the hexadecane contact
angle on f corresponds to the Cassie—Baxter equation for
heterogeneous wetting (eq 2).*' Indeed, the data for the pillars
with the nanoparticles from Figure 4A (red line and circles) can
be very precisely approximated via eq 2, as attested by Figure
4B. From the slope of the linear fit one can immediately find
that 1 + cos O, = 1.17 + 0.04, i.e,, g, =~ 80 + 2°. This value
precisely matches the known value in the literature of the “flat”
contact angle &g, ~ 80° for hexadecane on the CF;-terminated
surface.*

Tape tests were conducted to investigate the mechanical
durability of the obtained superamphiphobic coatings. Because
nanoparticles and micropillars consist of the same cross-linked
negative photoresist, as verified by FTIR (Supporting
Information Figure S2), the bonding between the nanoparticles
and the micropillars is very strong, resulting in a very robust
multiscale structure. We found that the surface could endure
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Figure 4. Hexadecane oil wettability and optical transparency of the SU-8 superamphiphobic coatings. (A) Contact angle as a function of area
fraction for pillar only and nanoparticle/micropillar surface. (B) Fit of the data depicted in part A (nanoparticles/micropillars surface) via the
Cassie—Baxter formula eq 2. (C) UV—vis spectrum showing the transparency of the superamphiphobic coating on the glass slide (pillars of ~50 ym
in height, and ~6 um in diameter). (D) Optical image of various liquids (silicon oil, blue; hexadecane, colorless; water, black) on the
superoleophobic coated glass slide; transparency of the superoleophobic glass slide versus the original glass slide.

seven repetitions of tape tests, before the superoleophobicity
was compromised to the extent that a hexadecane droplet could
not roll off the surface (Supporting Information Table S1).
Even then, the surface was still superhydrophobic with water
contact angle >150° and the sliding angle <10°.

Nontransparency of coatings often limits their applications.
Since the negative photoresist used is a transparent material,
the resulting superamphiphobic surfaces are highly transparent
as well. As verified by UV—vis spectrophotometer (Figure 4C),
a pillar array with ~50 ym height retained 70% of transparency
in the visible wavelength from 400 to 800 nm. One can easily
read the letters underneath the superoleophobic surface coated
glass (Figure 4D). The nearly perfect spherical shape of various
liquid droplets further illustrates the excellent super-repellent
properties of the coating. Note that the transparency of the
surface should generally decrease with increasing the area
fraction of pillars. The nanoparticles appear nontransparent,
which is the major contributor to opacity. However, within the
limited useful range of the area fraction of the pillars for
superoleophobicity, f < 0.12, the transparency should not be
affected drastically.

More importantly, the present photolithography-based
method can be applied to other negative photoresists, such as
KMPR. In addition, since negative photoresists possess high
surface adhesion to various substrates, the present method for
engineering superamphiphobic surfaces can be realized on a
wide variety of substrate materials. To demonstrate its
versatility, superamphiphobicity was achieved by this method
using the KMPR photoresist, and on a range of substrates
including elastomers and metals (Supporting Information
Table S1). On elastomers, excellent superamphiphobicity can
be maintained even during the stretching—releasing cycles up
to 30% tensile strain (Supporting Information Figure S4).

H CONCLUSION

In summary, we have developed a simple but versatile method
to fabricate superamphiphobic surfaces, a method derived from
conventional photolithography of forming an array of photo-
resist micropillars which can be made using common
photoresists on a broad range of substrates. In the course of
solution-based development of the photoresist micropillars, we
engineered spontaneous emulsification of the photoresist (the
“Ouzo effect”) and made photoresist nanoparticles super-
imposed on top of the photoresist micropillars composed of the
same material. This hierarchical design leads to the formation of
a re-entrant and convex surface morphology that is essential for
superoleophobicity. The bonding between the nanoparticles
and pillars is very strong because of the chemical cross-links,
endowing the superoleophobic surface high mechanical
durability. Hexadecane can have contact angle larger than
160° on such surface, and the oil droplets can easily roll off
when the surface is tilted by 10°. The superoleophobic layer is
transparent and can be applied to a wide variety of substrates
including metals, polymers, and elastomers. This simple but
novel method for engineering superamphiphobic surfaces
promises wide industrial applications in self-cleaning, antifoul-
ing, deicing/antifrosting etc.

B ASSOCIATED CONTENT
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