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Nanostructured Superhydrophobic, Superoleophobic and/or
Superomniphobic Coatings, Methods for Fabrication, and
Applications Thereof

Cross Reference to Related Application
[0001] This patent document claims priority to U.S. Provisional Patent Application
Serial No. 61/089,847 to Sungho Jin et al., entitled “Self-Cleaning, Superhydrophobic
Coatings,” and filed August 18, 2008, the entire disclosure of which is incorporated herein by

reference.

Technical Field
[0002] This patent document relates to coatings that are hydrophobic, oleophobic or

omniphobic.

Background

[0003] Clean technology is the application of the environmental sciences and
engineering knowledge to conserve natural environment and resources. This emerging sector
deals with products and processes that harness renewable energy sources, reduce the
depletion of natural resources including water supply, and minimize pollution and waste.

[0004] With the ever increasing shortage of energy and water, clean technology may
offer many opportunities for innovations, business markets and job creation. For example,
water is often used for washing or cleaning of automobiles, house windows and high-rise
building windows. Self-cleaning coatings on glasses which may no longer need the use of
washing water can be one of the approaches to reducing water consumption.

[0005] The science and technology of self-cleaning coatings have been advancing in
recent years. Their potential as a commercial product can be huge yet their global market has
not been fully exploited. Potential applications of self-cleaning coatings may range from
window glass, building exterior, textiles for reducing the usage of water, cleaning chemicals,
and labor costs, to processes and materials for enhancing safety/reliability in transportations
and communications by minimizing dirt or snow accumulations on airplane cockpit windows,

wings and telecommunication antennas.
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[0006] There are two different technical approaches for self-cleaning coatings -
hydrophobic vs. hydrophilic. These two types of coatings both clean themselves through the
action of water. The underlying mechanism in the case of hydrophobic surface is the rolling
droplets taking away the dirt and dust while the sheeting water carrying away dirt is the
mechanism for hydrophilic surface. Nature prefers hydrophobic self-cleaning coatings like
Lotus leaf to hydrophilic coatings. There are more than 200 species of plants known to
utilize superhydrophobic rolling droplets of water to keep clean.

[0007] Hydrophilic coatings, if a TiO, type material is used, have an additional
property of photocatalytic breakdown of adsorbed organic dirt by UV (sunlight) illumination,
which is then washed away when it rains. For environments with minimal rain over the year,
hydrophobic self-cleaning coatings which eliminate the need to use water or chemicals may
be preferred over hydrophilic coatings, as hydrophobic coatings are more proactive measures
that prevent the accumulation of rain-carried dirt in the first place.

[0008] The self-cleaning action of hydrophobic coatings (commonly known as the
“Lotus Effect”) arises from their high water contact angles. Water on these surfaces can form
almost spherical droplets which do not adhere to the surface at all as they roll away very
easily, carrying dust and dirt with them. Dirty water falling onto a hydrophobic coating may
thus be rapidly removed before it can evaporate. Droplets tend to roll only on surfaces with
very high contact angles (4.). If the contact angle is very high, e.g., . > ~140 or 160°, the

surface can be referred to as superhydrophobic.

Summary

[0009] This patent document provides systems, techniques and applications for
nanoscale coating structures and materials that are superhydrophobic with awater contact
angle greater than about 140° or 160° and/or superoleophobic with an oil contact angle greater
than about 140° or 160°. The nanostructured coatings can include Si or metallic, ceramic or
polymeric nanowires that may have a re-entrant or mushroom-like tip geometry. The
nanowired coatings can be used in various self-cleaning applications ranging from glass
windows for high-rise buildings and non-wash automobiles to surface coatings for
biomedical implants and pipeline inner surface coatings.

[0010] In one aspect, an article is disclosed to include a substrate and nanowires
formed on the substrate to form a hydrophobic surface coating exhibiting a contact angle with

water droplet that is greater than about 140 degrees.
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[0011] In another aspect, a method of making an article is provided to include
forming a silicon (Si) layer on a substrate; and etching the silicon layer to form a plurality of
silicon nanowires on the substrate to provide the article having a contact angle with water
droplet that is greater than about 140 degrees.

[0012] In another aspect, a method of making an article is provided to include
forming a layer of aluminum oxide (Al,Os) with a plurality of pores on a substrate; and
widening the plurality of pores by etching to form a plurality of aluminum oxide nanowires
having tips on the substrate to provide the article having a contact angle with water droplet
that is greater than about 140 degrees.

[0013] In another aspect, a method of making an article is provided to include
forming a metal coating on a glass substrate; annealing the metal coating to form balled-up
metal islands; and etching the glass substrate using the balled-up metal islands as a mask to
form a plurality of glass nanowires to provide the article having a contact angle with water
droplet that is greater than about 140 degrees.

[0014] In another aspect, an article is provided to include a substrate and a plurality of
nanowires formed on the substrate and having re-entrant or mushroom tips. The article has a
contact angle with water droplet and a contact angle with oil droplet that both are greater than
about 140 degrees.

[0015] In another aspect, a method of making an article is provided to include
forming a plurality of nanowires of a first material on a substrate; and depositing a second
material onto the plurality of nanowires to form a re-entrant or mushroom tip geometry to
provide the article having a contact angle with water droplet and a contact angle with oil
droplet that both are greater than about 140 degrees.

[0016] In another aspect, a method of making an article is provided to include
forming a plurality of nanowires having tips on a substrate; coating the tips of the plurality of
nanowires with a polymer liquid; and hardening the polymer liquid coated on the nanowire
tips to form a mushroom tip geometry to provide the article having a contact angle with water
droplet and a contact angle with oil droplet that both are greater than about 140 degrees.

[0017] In another aspect, a method of making an article is provided to include coating
a layer of metal or polymer on a substrate; annealing the metal or polymer layer to form
balled-up metal or polymer islands; etching the substrate using the balled-up metal or
polymer islands as a mask to form a plurality of nanowires having a re-entrant or mushroom

tip geometry. One implementation of this method can include removing the balled-up metal
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or polymer islands to provide the article having a contact angle with water droplet and a
contact angle with oil droplet that both are greater than about 140 degrees.

[0018] In another aspect, a method of making an article is provided to include
forming a plurality of nanowires having tips and side walls on a substrate; depositing a
surface mask over the tips of the plurality of nanowires; and etching the side walls of the
plurality of nanowires to provide a re-entrant or mushroom tip geometry; and removing the
surface mask to provide the article having a contact angle with water droplet and a contact
angle with oil droplet that both are greater than about 140 degrees.

[0019] In another aspect, a method of making an article is provided to include
providing a compliant stamp having a layer of liquid polymer disposed thereon; providing a
non-flat substrate with a plurality of nanowires having tips formed thereon; pressing the
compliant stamp and the non-flat substrate together so as to conform the compliant stamp to
the non-flat substrate to transfer the liquid polymer onto the tips of the plurality of nanowires;
and hardening the liquid polymer transferred onto the nanowire tips to form a re-entrant or
mushroom tip geometry to provide the article having a contact angle with water droplet and a
contact angle with oil droplet that both are greater than about 140 degrees.

[0020] In another aspect, a method of making an article is provided to include
depositing a coating having a plurality of nanoparticles on a substrate, drying or heating the
coating to form a plurality of islands of nanoparticles on the substrate; and etching the
substrate using the plurality of nanoparticle islands as a mask to form a plurality of nanowires
having a re-entrant or mushroom tip geometry. One implementation of this method includes
removing the plurality of nanoparticle islands to provide the article having a contact angle
with water droplet and a contact angle with oil droplet that both are greater than about 140
degrees.

[0021] In another aspect, a method of making an article is provided to include coating
on a substrate a layer of material capable of decomposing into two or more phases;
decomposing the material into the two or more phases; forming a plurality of islands of at
least one of the two or more phases on the substrate by removing the rest of the two or more
phases; and etching the substrate using the plurality of islands as a mask to form a plurality of
nanowires having a re-entrant or mushroom tip geometry. In one implementation of this
method, the islands can be removed to provide the article having a contact angle with water
droplet and a contact angle with oil droplet that both are greater than about 140 degrees.

[0022] In another aspect, a method of making an article is provided to include
covering a non-flat substrate with a conformable mask sheet having a plurality of openings;

4
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and etching the substrate through the plurality of openings to form a plurality of nanowires
having a re-entrant or mushroom tip geometry to provide the article having a contact angle
with water droplet and a contact angle with oil droplet that both are greater than about 140
degrees.

[0023] In another aspect, a method of making an article is provided to include
contacting a conformable stamp having patterned photoresist with a surface of a non-flat
substrate so as to transfer the photoresist onto the substrate surface to form an etch mask
thereon; and etching the substrate through the etch mask to form a plurality of nanowires
having a re-entrant or mushroom tip geometry to provide the article having a contact angle
with water droplet and a contact angle with oil droplet that both are greater than about 140
degrees.

[0024] In another aspect, a method of making an article is provided to include
forming on a substrate a metal or polymer coating having a plurality of nanowires with an re-
entrant or mushroom geometry; removing the metal or polymer coating from the substrate;
rolling up the removed metal or polymer coating into a cylinder with the plurality of
nanowires disposed on an inside surface of the cylinder; applying an adhesive layer onto an
outside surface of the rolled-up cylinder; and attaching the cylinder onto an inside wall of a
tube by the adhesive layer to provide the article having a contact angle with water droplet and
a contact angle with oil droplet that both are greater than about 140 degrees.

[0025] In another aspect, a method of making an article is provided to include coating
a layer of liquid polymer on an inside surface of a tube; inserting an imprinting tool into the
tube to radially imprint the liquid polymer coating; while holding the imprinting tool in place,
hardening the imprinted liquid polymer coating to form a plurality of nanowires having a re-
entrant or mushroom tip geometry; and removing the imprinting tool to provide the article
having a contact angle with water droplet and a contact angle with oil droplet that both are
greater than about 140 degrees.

[0026] In another aspect, a method of making a superhydrophobic coating is provided
to include forming a thin silicon layer; and etching the silicon layer to form a plurality of
silicon nanowires to provide the superhydrophobic coating that has a water contact angle
greater than about 160 °. Implementing of the above method may include one or more of the
following features: (1) drying the silicon nanowires with supercritical CO;; (2) controlling the
drying of the silicon nanowires with supercritical CO2 to obtain a nanowire structure with
reduced agglomeration with at least 30% less number of nanowires involved in tangled
bundles; (3) the superhydrophobic coating has a water contact angle greater than about 175°;

5
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(4) oxidizing the silicon nanowires to form silica nanowires; (5) the silicon layer has a
thickness of about 1-5 micrometers; (6) the silicon nanowire remaining after chemical etching
has a thickness (height) of 0.1 — 2 micrometers; and (7) the coating is optically transparent
with transmission ratio of at least 80%, preferably at least 95%.

[0027] In another aspect, a method of making a superhydrophobic coating is provided
to include forming a thin alumina layer; anodizing the alumina layer to form pores; and
etching the anodized alumina layer to widen the pores to form a plurality of alumina
nanowires to provide the superhydrophobic coating that has a water contact angle greater
than about 160°. The implementation of the above method can include one or more of the
following features: (1) the alumina layer has a thickness of about 300 nanometers; (2) the
hydrophobic coating has a water contact angle greater than about 165°.

[0028] In yet another aspect, a superhydrophobic coating is provided to include
nanowires of silicon, silica, alumina, or combinations thereof to have a water contact angle
greater than about 160°. The implementation of the above method can include one or more of
the following features: (1) the coating has a water contact angle greater than about 175°; (2)
the coating is optically transparent with transmission ratio of at least 80%, preferably at least
95%:; (3) the substrate for the coating is a window glass for home, building, automobile or
airplane.

[0029] The above and other coatings can be formed on various substrates which
include telecommunication antennas, and transportation machinery including automobile
bodies and airplane wings.

[0030] These and other aspects and their embodiments and implementations are

described in greater detail in the drawings, the description and the claims.

Brief Descriptions of the Drawings

[0031] Figure 1(a)-1(c) schematically illustrates contact angles for (a) hydrophilic, (b)
hydrophobic, and (c) superhydrophobic surfaces. A similar definition of oleophilic,
oleophobic, and superoleophobic surfaces also applies for the case of oil wetting instead of
water wetting.

[0032] Figures 2(a)-2(d) are SEM micrographs and contact angle measurements of
exemplary superhydrophobic Si nanowire arrays with regular dry ((a) & (b)) and supercritical
CO, dry ((c) & (d)).

[0033] Figure 3 shows selected movie frames illustrating superhydrophobicity on an

exemplary Si nanowired surface.
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[0034] Figures 4(a)-4(b) show an exemplary nanoscale superhydrophobic Al,Os
coating that has a water contact angle of about 165°.

[0035] Figure 5 shows an exemplary nanoscale superhydrophobic Al,Os coating that
has a water contact angle greater than about 170°.

[0036] Figures 6(a)-6(d) schematically illustrate an exemplary process of widening
pores on a solid substrate to create a nanowire array that can be superhydrophobic.

[0037] Figures 7(a)-7(d) schematically illustrate an exemplary process of sharpening
the tips of nanowires by etching that may improve superhydrophobic characteristic.

[0038] Figure 8(a)-8(d) schematically illustrate an exemplary process of fabricating a
superhydrophobic glass.

[0039] Figure 9(a)-9(e) schematically illustrate another exemplary process of
fabricating a superhydrophobic glass.

[0040] Figure 10: (a) contact angle (water droplet) vs. deposited Ag layer thickness
for example RIE etched glass; (b) SEM micrograph of Ag islands that are balled up at 500°C
from an example 15 nm thick Ag layer deposited on soda-lime glass; and (c) SEM
micrograph showing an example nanowired glass surface after RIE etching and removal of
the Ag mask islands.

[0041] Figure 11: (a) contact angle (water droplet) reaches a maximum at about 48
seconds of diluted HF chemical etching through the unprotected (shadowed) regions in an
example soda-lime glass surface that is masked by balled-up Ag with Ti/Au coating; and (b)
SEM micrograph showing an example glass surface that has been etched with diluted HF
with about 48 seconds.

[0042] Figure 12 shows optical transmission behavior of an example non-symmetrical
transmission glass with leftover Ag islands that is made by RIE etching. The inset shows a
semi-transparent behavior.

[0043] Figure 13 shows a comparison of optical transmission behavior between an
example glass made using Ag ball-up masked RIE and an example glass made by shadowed
chemical etching.

[0044] Figure 14 shows contact angles of water droplet and oil droplet on a sample
flat, untreated Si surface.

[0045] Figure 15 shows contact angles of water droplet and oil droplet on the sample
flat Si surface shown in Fig. 14 that is coated with silane.

[0046] Figure 16 shows contact angles of water droplet and oil droplet on the sample
flat surface shown in Fig. 14 that is made into a nanowired surface with silane coating.

7
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[0047] Figure 17 shows wetting behavior of water and oil droplets on the Si
nanowired surface of Fig. 16 that is modified by oblique incident deposition of about 20 nm
thick Si film with silane coating.

[0048] Figure 18 shows wetting behavior of water and oil droplets on the Si
nanowired surface of Fig. 16 that is modified by oblique incident deposition of about 100 nm
thick Si film with silane coating.

[0049] Figure 19(a)-19(d) schematically illustrate an exemplary process of fabricating
a polymer-based, superomniphobic surface.

[0050] Figure 20(a)-20(c) schematically illustrate an exemplary process of fabricating
a superomniphobic coating on a non-flat surface.

[0051] Figure 21(a)-21(d) schematically illustrate an exemplary process of fabricating
a superhydrophobic, superoleophobic, and/or superomniphobic coating on a substrate.

[0052] Figure 22(a)-22(d) schematically illustrate another exemplary process of
fabricating a superhydrophobic, superoleophobic, and/or superomniphobic coating on a
substrate.

[0053] Figure 23(a)-23(e) schematically illustrate yet another exemplary process of
fabricating a superhydrophobic, superoleophobic, and/or superomniphobic coating on a
substrate.

[0054] Figure 24(a)&24(b) schematically illustrate a further exemplary process of
fabricating a superhydrophobic, superoleophobic, and/or superomniphobic coating on a
substrate.

[0055] Figure 25(a)&25(b) schematically illustrate an exemplary process of forming a
superhydrophobic, superoleophobic and/or superomniphobic surface on the inside wall of a
tube-shaped substrate.

[0056] Figure 26(a)-26(c) schematically illustrate exemplary nanowired coating

structures with protective spacer array to withhold compressive and/or shear stresses.

Detailed Description
[0057] Understanding the behavior of water droplets on a surface can help design
superhydrophobic self-cleaning coatings. The interplay between the surface free energies of
the solid—liquid, solid—gas and liquid—gas boundaries often determines the water contact
angle. Fig. 1 schematically illustrates contact angles for hydrophilic, hydrophobic, and
superhydrophobic surfaces. For contact angle of less than 90°, the surface wetting is more
energetically favored for such hydrophilic surface. If the dry surface is more favored, then

8
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the surface is hydrophobic, and its contact angle is greater than 90°. In the Cassie-Baxter
Model (which is also called “the air pocket model”), the presence of the two-phased surface
is assumed, with one of the phases being air. In this model, air can be trapped below a water
drop, with the drop sitting mostly on air leading to a superhydrophobic behavior. The Cassie-
Baxter Model may be represented by the following equation:

cos8. = fi*cos6 + f>*cos G (1)
where €. is the apparent contact angle of the liquid droplet, f; and f> are the projected area
fraction of phase 1 (e.g., water) and phase 2 (e.g., air), respectively. The angles & and & are
the equilibrium contact angle of the droplet on flat surface of the phase 1 and phase 2
materials, respectively. Since the water contact angle 6, in air is 180° (non-wetting), cosé =
-1. Together with the relationship of f; + /> = 1, Eq. (1) becomes:

cos@. = fi*(cosf + 1)-1 2)
If f;1is very small, like a sharp needle array, there can be a relatively large amount of air
under the water droplet, and cosé@. may approach -1 with the water droplet contact angle 6.
becoming closer to 180° in the case of superhydrophobic surface.

[0058] By utilizing a film of chemically hydrophobic materials such as fluorinated
polymers, the contact angle can be made in the regime of 90-130°. However, the contact
angles of flat polymer layers may not be high enough to cause the rolling motion necessary
for true self-cleaning. Geometrical surface roughness can help impart superhydrophobicity.

[0059] While superhydrophobic surface can be used to prevent or minimize wetting
of water, there may be needs to reduce or avoid wetting of oil based or organic based
contaminants. For such applications, superoleophobic (non-wetting for oils) surface may be
used. If the surface coating is highly resistant to both water and oil wetting
(superomniphobic), it may prevent or minimize contamination of various surfaces against a
number of different types of contaminants.

[0060] This patent document provides systems, techniques and applications for
hydrophobic, oleophobic and/or omniphobic coating structures and materials that are based
on nanostructure manipulations. For example, nanostructured materials having
superhydrophobic, superoleophobic and/or superomniophobic (both superhydrophobic and
superoleophobic with water and oil contact angles both greater than about 140° or 160°)
characteristics are described. Such materials can be useful for industrially viable self-
cleaning (e.g., no or reduced need to wash/clean) coating materials, as well as water-proof

and/or oil-proof coatings.
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[0061] In various embodiments, the superhydrophobic, superoleophobic and/or
superomniphobic coating structures and materials described herein can include Si nanowires,
or metallic, ceramic or polymeric nanowires. Representative examples of suitable metallic
nanowires can include nanowires based on Ni, Co, Au, Pt, Pd, W or their alloys.
Representative examples of suitable ceramic nanowires can include nanowires based on
single element or alloy oxides (e.g., Al,O3, ZnO, MgO, SiO,, TiO,, ZrO,, and other transition
metal or refractory metal oxides), carbides, nitrides, silicides, borides, or fluorides.
Representative examples of suitable polymeric nanowires can include nanowires based on
PMMA (polymethyl methacrylate) or PDMS (polydimethylsiloxane).

[0062] In various implementations, the Si nanowires and metallic, ceramic or
polymeric nanowires can be prepared by a number of different means. For example, the
nanowires may be fabricated by electroless chemical etching, electrochemical etching,
patterned (masked) chemical etching, patterned (masked) deep-UV (DUV) etching, self
assembly growth, chemical vapor growth, physical vapor growth, and electrochemical
deposition.

[0063] In some embodiments, the nanowires can have an average diameter of about
10-500 nm. In some embodiments, the nanowires can have an average diameter of about 20-
200 nm. In some embodiments, the nanowires can have an average diameter of about 30-100
nm.

[0064] In some embodiments, the nanowires can have an average height of about 0.1-
200 pm. In some embodiments, the nanowires can have an average height of about 1-100 um.
In some embodiments, the nanowires can have an average height of about 5-50 um.

[0065] In some embodiments, the nanowires can have an average density of about 15-
25 nanowires/um’. In some embodiments, the nanowires can have an average density of
about 40-60 nanowires/um’. In some embodiments, the nanowires can have an average
density of about 80-120 nanowires/um?>.

[0066] In various embodiments, the superhydrophobic, superoleophobic and/or
superomniphobic coating structures and materials described herein can have a water contact
angle and/or an oil contact angle that are greater than about 140°, 150°, 160°, 170°, 175° or
even 178°.

[0067] Some embodiments can include superhydrophobic Si nanowire coatings.
Some embodiments can include superhydrophobic coatings using Al,O3 nanostructures that
may be optically transparent. Some embodiments can include superhydrophobic glasses with
induced surface nanostructures. Some embodiments can include superomniphobic coatings

10
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that are based on Si, ceramic or metallic nanowires with modified tip geometry. Some
embodiments can include polymer-based, superomniphobic surfaces. Some embodiments
can include cylindrical, superomniphobic elastomer surfaces.

[0068] Figs. 2(a)-2(d) show SEM micrographs and contact angles measured on
exemplary silicon (Si) nanowires that are superhydrophic. In some implementations, the Si
nanowires can be fabricated by chemically etching a Si substrate at about room temperature.
In some embodiments, the Si substrate can be etched using a mixed etchant of HF and
AgNO:;s (e.g., 4.6 and 0.02 mol/liter, respectively). In some embodiments, the Si nanowires
can be dried using supercritical CO; (scCO;), which may remove undesirable tangling and
bundling of the Si nanowires. After scCO, dry, the contact angle of a water droplet on the Si
nanowire coating can become very large, e.g., about 178-179°, indicating high
superhydrophobicity of the nanostructured Si coating.

[0069] Fig. 3 shows some frames of a movie taken for a bouncing water droplet
which is so hydrophobic that it doesn’t sit on the sample Si nanowired surface. The substrate
would have to be vacuum suctioned to intentionally create a concave surface (curved by
about 1-2 degrees) to make the droplet stay in place so as to enable the measurement of the
contact angle.

[0070] Two approaches may be used for large area fabrication of superhydrophobic
Si nanowire coatings. One approach is to use liquid Si deposition method as a means of
providing thin Si layer as the basis for Si nanowire formation. In some implementations,
diluted cyclopentasilane (SisH,) solution may be spin coated on glass substrates, UV cured
and annealed at about 300°C to form a thin Si layer, which can then be chemically etched to
form a superhydrophobic Si nanowire coating structure. Another approach is to continuously
evaporate a thin film of Si (e.g., about 1-2 micrometer thick) on glass surfaces, followed by
chemical etching to form superhydrophobic Si nanowire coatings. The Si nanowires can then
be oxidized to SiO; to become optically more transparent. While one can use single crystal
or polycrystal Si wafers to fabricate surface Si nanowires, using such Si can be costly, and Si
is often opaque, rather than transparent.

[0071] Another type of superhydrophobic coatings can use aluminum oxide (Al,O3)
nanostructures. Fig. 4 shows an exemplary superhydrophobic Al,Os-based coating that
includes a nanowire structure having about 30 nm scale and about 100 nm thick Al,O3
nanowire arrays. In some implementations, the Al,Oz coating can be made by room
temperature aluminum (Al) layer evaporation, followed by anodization treatment at room
temperature. In some embodiments, the Al layer can be about 300 nm thick on a solid
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substrate. In some embodiments, the anodization treatment can be conducted using 0.3 M
oxalic acid by applying 20 V voltage. The Al,O; nanowire coating can be optically
transparent. The Al,O3; nanowire coating may have small cross-sectional area (small f; in Eq.
2), which can make the coating highly superhydrophobic. In some embodiments, the Al,O3
nanowire coating can have a contact angle of at least about 165° in an unoptimized condition.
The microstructure of the Al,O; coating can be further refined by inducing periodic and equal
diameter anodized holes followed by uniformly etching/pore-widening. In some
implementations, the contact angle may be further increased to about 170° or higher (see, e.g.,
Fig. 5). In some implementations, the Al,O3 nanowire arrays can be made by first fabricating
vertical pore arrays of anodized Al,O3, then employing a pore widening chemical etch so that
the neighboring pores may eventually meet and the remaining triangular regions can become
like nanowire arrays. Figs. 6(a)-(6d) illustrate an example of a fabrication of such an array.
In some implementations, the Al,O; nanowire array can be sharpened with chemical etch or
reactive ion etch (RIE) so that the contact angle may be further increased. As illustrated in
Figs. 7(a)-7(d), an aluminum coating can be first deposited on a glass sheet surface which
may be flat or curved. A vapor deposition process, for example, may be used to form this
aluminum coating. The aluminum layer is then treated by an anodization treatment to form a
layer of Al,O5; nanowires that are highly superhydrophobic. Next, the Al,O; nanowire array
can be sharpened with chemical etch or reactive ion etch (RIE) so that the contact angle may
be further increased to improve the superhydrophobic property. Al,Os is often mechanically
stronger than Si and thus may provide a more durable superhydrophobic coating than Si.

[0072] Yet other examples of superhydrophobic nanowire structures can include self-
cleaning glasses with induced surface nanostructures that may be transparent. In some
implementations, the superhydrophobic glasses can be fabricated using metal ball-up process
followed by etching. In some embodiments, the superhydrophobic glasses can be fabricating
by surface metal layer deposition, ball-up annealing and reactive ion etch. Figs. 8(a)-8(d)
illustrate an exemplary process in which, a layer of silver (Ag) can first be deposited on the
surface of a soda-lime glass and the Ag layer can then be annealed to form balled-up Ag
islands on the glass surface. Using the Ag islands as a mask, the glass can be etched using
RIE to form a nanowire array. The Ag islands can then be optionally removed to expose the
glass nanowire array.

[0073] In some embodiments, the superhydrophobic glasses can be fabricated using
chemical etch through shadow regions on metal ball-up islands. Figs. 9(a)-9(d) show an
example. A layer of Ag can first be deposited on the surface of a soda-lime glass. The Ag
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layer can then be annealed to form balled-up Ag islands on the glass surface. A protective
layer can be coated over the balled-up Ag islands and the exposed glass surface by sputter
deposition of Ti/Au, while leaving the corner regions between the Ag islands and the glass
surface open to chemical etching so as to form nanowires. The Ag islands with Ti/Au
coating can then be removed to expose the glass nanowire array.

[0074] Fig. 10 shows an example of a superhydrophobic glass that can be fabricated
using the process illustrated in Fig. 8. Fig. 10(a) shows that the water contact angle can
increase to about 170° when the initial Ag layer thickness is increased to about 15 nm. Fig.
10(b) shows that a 15 nm Ag layer deposited on a soda-lime glass can ball up into Ag islands
at about 500 °C. Fig. 10(c) shows an exemplary nanowired glass surface that can be formed
by RIE over the glass substrate using the Ag islands as a mask.

[0075] Fig. 11 shows an example of a superhydrophobic glass that can be fabricated
using the process illustrated in Fig. 9. Fig. 11(a) shows that the water contact angle can
increase from about 110 ° to about 172° when the chemical etching is increased from about 20
seconds to about 48 seconds and then decrease to about 115° when further increasing the
chemical etching time to about 70 seconds. The highest contact angle can be about 172
degree at 48-second etching, and the contact angles over 150 degree may be obtained for an
etching period in the range of about 43-52 seconds. Fig. 11(b) shows an example of a
nanostructured, superhydrophobic glass surface that has been etched with a diluted HF for
about 48 seconds.

[0076] In some embodiments, the superhydrophobic glasses described herein can
have a non-symmetrical light transmission (e.g., the light transmission from one side of the
glass is very different from the light transmission through the opposite direction, like a one-
way transmission) when the masking islands aren’t removed after the glass has been etched.
Such glasses may be useful for special window applications. Fig. 12 shows an example of a
non-symmetrical transmission glass that can be made by RIE etching. In this exemplary
glass, the light transmission from the bottom to the top shows slightly suppressed
transmission (tinted) in the UV to visible wavelength regime of about 320-800 nm, while the
light transmission from the top to the bottom is highly asymmetrical (one-way like) with
particularly suppressed transmission in the UV to violet wavelength range of about 330-450
nm.

[0077] In some embodiments, the superhydrophobic glasses described herein can
have UV-reducing or tinting optical transmission properties. Such properties may be useful
for window glass applications for reduction of UV radiation entering a building or room
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interior. Fig. 13 shows an example of a tinted glass that can be made by shadowed chemical
etching. Compared with RIE etching, the chemical etch method may produce more tinted
glasses with reduced light transmission that is more pronounced at shorter wavelengths (near
the UV regime).

[0078] For many self-cleaning applications, superomniphobic coatings that are both
superhydrophobic and superoleophobic may be needed. For example, superomniphobic
surfaces can minimize fouling of implanted devices such as stents and various other surfaces
of implants and human-body-touching medical devices by reducing the adherence of water-
based liquid as well as oil-based liquid.

[0079] In various embodiments, superomniphobic coatings can include a nanoscale
re-entrant tip/mushroom geometry that may be fabricated by a number of different
approaches. For example, the re-entrant/mushroom nanostructure geometry can be made by
first forming a nanowire structure, followed by sputter or evaporation coating of Si, or
metallic, ceramic or polymeric materials or graphite, optionally at a vertical angle or
preferably at an oblique incident angle, so as to selectively add more material near the tip of
the nanowires. The nanoscale re-entrant/mushroom geometry can also be made by first
preparing a nanowire structure and then brush coating or spray coating of polymer material
on the nanowire surface so as to selectively add more material near the tip of the nanowires.
The re-entrant/mushroom nanostructure geometry can further be made by first spin coating a
thin layer of liquid polymer (e.g., PMMA or PDMS) on a flat substrate (e.g., Si) and then
contact a pre-fabricated nanowired structure with the liquid polymer coating to allow the tips
of the nanowires to adsorb a small amount of the liquid polymer that can be cured later. The
nanoscale re-entrant/mushroom geometry can also be made by first coating a thin layer of
metal or polymer on a substrate, followed by balling-up of the metal or polymer coating to
form discrete nano-islands and then etching of the substrate using the metallic or polymeric
nano-islands as a mask. The nanoscale re-entrant/mushroom geometry can further be made
by first forming a nanowire structure, followed by adding a surface mask at the tips of the
nanowires, or on or near the top surface of the nanowire structure by physical or chemical
deposition of metal, ceramic, carbon or less soluble or non-soluble polymer. Chemical or
RIE etch can then be used to selectively (or preferentially) remove material from the
nanowire walls rather than from the nanowire tips, followed by removal of the mask material.

[0080] Fig. 14 shows the contact angle data of water droplet and oil droplet on a
sample Si surface. Both water and oil can wet the silicon surface reasonably well with small
contact angles, thus Si is neither hydrophobic or oleophobic or omniphobic. When the
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sample Si surface shown in Fig. 14 is coated with silane, the contact angles may increase (see
Fig. 15), but the surface is still not superhydrophobic or superoleophobic or superomniphobic.
When the sample Si surface shown in Fig. 14 is made into a nanoneedle geometry that
includes Si nanowires having sharp tips, the nanowired Si surface can become
superhydrophobic with a very large water contact angle of about 178°, and become closer to
superoleophobic with a large oil contact angle of about 128° (see Fig. 16).

[0081] The Si nanowire structure of Fig. 16 can become superomniphobic (both
superhydrophobic and superoleophobic with water and oil contact angles both greater than
about 140° or 160°) by preferentially depositing extra Si material near the tips of the Si
nanowires to create a nanoscale re-entrant/mushroom tip geometry on the Si nanowired
surface. In some embodiments, the extra Si deposited can have an average thickness of about
10-30 nm. In some embodiments, the extra Si deposited can have an average thickness of
about 80-120 nm. In some embodiments, the extra Si deposited can have an average
thickness of about 150-250 nm. In some implementations, the extra Si can be deposited at an
oblique incident angle of about 45° or less. In some implementations, the extra Si can be
deposited at an oblique incident angle of about 30° or less. In some implementations, the
extra Si can be deposited at an oblique incident angle of about 10° or less. In some
implementations, the substrate stage can rotate during deposition so as to form a uniform
coating of Si on the tip area of the nanowires.

[0082] In Fig. 17, the top of the Si nanowire sample is sputter deposited with about 20
nm thick Si at an oblique incident angle of 30°. Compared to the original nanowire geometry
shown in Fig. 16, the Si deposition can make the nanowire tips notably thicker and change
their shape from needle like to re-entrant. This change in the Si nanowire tip geometry can
substantially maintain the superhydrophobic properties of the Si nanowired surface (the
contact angle against water droplet is slightly reduced to ~162°), but significantly improve the
superoleophobic characteristics (the contact angle against oil drop is now increased to ~143°),
In Fig. 18, the thickness of the oblique-incident sputtered Si material is increased to about
100 nm so that the Si nanowire tips are now in a mushroom-like shape, as illustrated in the
schematic nanowire shape drawn on the rightside of Fig. 18. Such a modification to the Si
nanowire tips can still keep the nanostructured sample to remain highly superhydrophobic
(the contact angle against water droplet drops slightly to ~ 157°), but considerably enhance
the superoleophobic characteristics (the contact angle against oil drop rises to ~149°). The

examples shown in Figs. 17-18 use Si nanowires for illustration purpose. The same
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principles apply to other types of nanowires including metallic, ceramic or polymeric
nanowires.

[0083] In various implementations, polymer-based superomniphobic surfaces can be
fabricated by a number of different techniques. Figs. 19(a)-19(d) schematically illustrate an
exemplary process of fabricating polymer-based superomniphobic surfaces. In this
fabrication process, Si or metallic, ceramic or polymeric nanowires can first be created on a
Si or polymeric, ceramic or metallic substrate using any suitable means such as chemical etch,
electrochemical etch, chemical vapor deposition growth, anodized aluminum oxide pore
deposition, or the like. The tips of the nanowires can then be pressed into a polymer liquid so
as to coat the nanowire tips with a small amount of the liquid polymer. In some embodiments,
the liquid polymer can include PMMA. In some embodiments, the liquid polymer can
include PDMS. The liquid polymer balls coated on the nanowire tips can then be hardened to
introduce a re-entrant/mushroom tip geometry on the nanowire surface. In some
embodiments, the liquid polymer can be hardened by thermal or UV curing. In some
embodiments, the liquid polymer can be hardened by room temperature air drying.

[0084] In some implementaions, polymer-based superomniphobic surfaces can be
made by first spin coating a thin layer of PDMS on a flat substrate (e.g., Si), followed by
contacting an array of PDMS nanowires (e.g., pre-fabricated by nano-imprinting) with the
PDMS coating layer so as to form small PDMS drops at the nanowire tips. The PDMS drops
can then be cured by heating or UV exposure to provide the PDMS nanowires with
mushroom-like tip shape.

[0085] In some implementations, polymer-based superomniphobic surfaces can be
made by sputter or evaporation coating of polymer or Teflon material, preferably at an
oblique incident angle (or optionally at a vertical angle) onto pre-fabricated Si or metallic,
ceramic, or polymeric nanowires, so as to selectively add more material near the tips of the
nanowires. In some implementations, polymer-based superomniphobic surfaces can be made
by brush coating or spray coating of polymer material on a nanowired surface so as to
selectively add more material near the tip of Si, or metallic, ceramic, or polymeric nanowires.
In some implementations, polymer-based superomniphobic surfaces can be made by first
preparing a polymeric nanowire array and then adding a surface mask at the tips, on or near
the top surface of the polymeric nanowires (e.g., with metal, ceramic, carbon or less soluble
or non-soluble polymer by physical or chemical deposition). Chemical or RIE etch can then

used to selectively (or preferentially) remove material from the unprotected nanowire
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sidewall rather than from the protected nanowire tips. After removing the mask material, a
mushroom-like tip geometry can be formed on the nanowired surface.

[0086] In many applications, material surfaces may not be flat. Even if a material
surface is supposed to be nominally flat, there may be surface roughness, steps, curvatures,
and the like. To form a superomniphobic coating on a non-flat surface, a compliant stamp
based on an elastomeric material can be used to accommodate the surface unevenness. Figs.
20(a)-20(c) schematically illustrate an exemplary process of fabricating a superomniphobic
coating on an uneven surface. In this fabrication process, Si or metallic, ceramic or
polymeric nanowires can first be created on the non-flat surface using any suitable means
such as chemical etch, electrochemical etch, chemical vapor deposition growth, anodized
aluminum oxide pore deposition, or the like. A liquid polymer (e.g., PMMA or PDMS) can
then be coated on the surface of a compliant stamp that is made of an elastomer. The
compliant stamp can then be pressed onto the nanowired uneven surface, with the liquid
polymer coating in contact with the nanowires. The compliance of the stamp may allow it to
deform/deflect to conform to the uneven surface. As such, a small amount of the liquid
polymer can be transferred onto the tips of the nanowires. The polymer balls covering the
nanowire tips can then be hardened (e.g., by thermal or UV curing or room temperature air
drying) to form a re-entrant/mushroom tip geometry over the nanowired uneven surface.

[0087] In various applications, non-flat devices can advantageously have internal
and/or external surfaces that are superhydrophobic, superoleophobic and/or superomniphobic.
For example, it may be desirable to impart bio-inert (e.g., superhydrophobic and/or
superoleophobic) properties on the surface of electrical lead wires that are implanted for
neural stimulations (such as pacemaker parts, brain stimulator parts) or on the surface of
plastic protection tubes in which electrical wires are inserted. Over time natural body
reactions and immune responses can cause adhesion and accumulation of body proteins, extra
cellular matrix, and scar tissues on the external surfaces of the implanted devices, making
those devices less functional both mechanically and electrically.

[0088] Another example of non-flat devices that may need superhydrophobic,
superoleophobic and/or superomniphobic surface is the inside wall of tubular biomedical
devices such as hearing aid and ear mold components. A superhydrophobic and/or
superoleophobic internal surface can minimize the trapping of sweat, water, ear wax, and the
like on such devices. Other examples of non-flat components that may superhydrophobic,
superoleophobic and/or superomniphobic surface can include tubular-shaped connection parts
for implanted devices such as fluid-transporting or fluid-draining tube connections, or
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implanted drug-delivery outlet tubes (for example, insulin pumps) that may become clogged
over time as proteins and scar tissues accumulate.

[0089] Figs. 21(a)-21(d) schematically illustrate an exemplary process of fabricating a
superhydrophobic, superoleophobic and/or superomniphobic coating on a substrate that can
be flat or non-flat. This fabrication process uses a wire as an example substrate. The process
can be applied to any suitable substrates that may include wire, rod, mesh surface, inside wall
of a tube and more and that can be made of metal, ceramic, carbon, polymer or the like. In
this fabrication process, the surface of the wire substrate can first be covered with a liquid
coating that contains nanoparticles of polymer, metal, ceramic, or the like. The liquid coating
can then be dried or heated to form isolated islands of nanoparticles that are adhered on the
wire surface as mask islands. Subsequent etching by chemical, electrochemical or RIE
etching through the mask islands can produce an array of radially protruding nanowires that
may be re-entrant with substantially equal diameters. The tips of the nanowires can be made
more mushroom-like by utilizing the tip modification methods as described above.

[0090] Figs. 22(a)-22(d) schematically illustrate another exemplary process of
fabricating a superhydrophobic, superoleophobic and/or superomniphobic coating on a
substrate that can be flat or non-flat. This fabrication process also uses a wire as an example
substrate. The process can also be applied to any suitable substrates that may include wire,
rod, mesh surface, inside wall of a tube and more and that can be made of metal, ceramic,
carbon, polymer or the like. In this fabrication process, a semi-wettable coating that may be
balled up later can be applied on the wire surface. One example of such a coating that can be
balled up later may be a metallic coating (such as Ni, Ag, Cu sputter coated or evaporation
coated film). Another example material that can be balled up may be an uncured polymer
liquid coating (such as epoxy) that can be applied by, e.g., spray coating, dip coating or brush
coating. In some embodiments, a sputtered or evaporated metal film can ball up into island
arrays when the metal film is heated to a temperature of about 300-600°C. In some
embodiments, a polymer liquid coating can ball up upon drying of solvent. In some
implementations, an epoxy coating can ball up to form discrete islands without drying or
heating. The balled-up islands can serve as etch-mask islands on subsequent chemical or
electrochemical or RIE etching of the wire surface so as to form an array of nanowires that
may have a re-entrant/mushroom tip shape.

[0091] Figs. 23(a)-23(e) schematically illustrate yet another exemplary process of
fabricating a superhydrophobic, superoleophobic and/or superomniphobic coating on a
substrate that can be flat or non-flat. This fabrication process also uses a wire as an example
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substrate. The process can also be applied to any suitable substrates that may include wire,
rod, mesh surface, inside wall of a tube and more and that can be made of metal, ceramic,
carbon, polymer or the like. In this fabrication process, a two-phase decomposable polymer
or metal can be used as an etch mask. In some embodiments, two immiscible metals can be
co-sputtered on the wire surface followed by heating to decompose into two-phases. In some
embodiments, a spinodally decomposing alloy (such as Cu-Ni-Fe) can be sputtered on the
wire surface followed by aging to spinodally decompose into two phases. In some
embodiments, a decomposable diblock copolymer (such as PMMA-polystyrene) can be
coated on the wire surface followed by heating to decompose into two phases. After
decomposition into a two-phase nanostructure, one of the two phases can be preferentially
etched away by, e.g., acid or solvent to form an etch-mask island array. A surface nanowire
structure that may have a re-entrant/mushroom tip geometry can then be formed upon
subsequent masked etching of the wire surface by, e.g., chemical or electrochemical or RIE
etching.

[0092] Figs. 24(a) and 24(b) schematically illustrate still another exemplary process
of fabricating a superhydrophobic, superoleophobic and/or superomniphobic coating on a
substrate that can be flat or non-flat. This fabrication process uses a cylindrical substrate as
an example. The process can be applied to any suitable substrates that may include wire, rod,
mesh surface, inside wall of a tube and more and that can be made of metal, ceramic, carbon,
polymer or the like. In some implementations (see, €.g., Fig. 24(a)), a conformable or
stretchable mask sheet (e.g., made of a pre-hole-patterned rubber sheet) can be wrapped
around the cylindrical substrate surface to provide a masked cover. Local etching and guided
patterning through the holes on the mask sheet can produce nanowires on the substrate
surface that may have a re-entrant/mushroom tip geometry. In some implementations (see,
e.g., Fig. 24(b)), an elastomeric nano-imprint stamp with photoresist on the nano-imprint tips
can be used for roll stamping transfer of the photoresist onto the cylindrical substrate surface
to form a patterned etch mask. Local etching and guided patterning through the pattern on
the mask can produce a nanowire array on the substrate surface that may be re-entrant or
mushroom-like. In some implementations, a rod-like nano-implant stamp having photoresist
on the nano-imprint tips can be inserted into a tube-shaped substrate and rotated while being
pressed onto the inside wall of the tube to form a patterned etch mask on the inside surface of
the tube. Local etching and guided patterning through the pattern on the mask can produce an

array of nanowires on the inside tube surface that may have a re-entrant/mushroom tip shape.
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[0093] Figs. 25(a) and 25(b) schematically illustrate an exemplary process of forming
a superhydrophobic, superoleophobic and/or superomniphobic surface on the inside wall of a
tube-shaped substrate. In this process, a nanoscale polymer coating (e.g., PDMS or Teflon)
or metal foil (e.g., Ni, Co, Au, Pt, Pd, W or their alloys) can first be fabricated (e.g., by nano-
imprinting) on a flat substrate (Fig. 25(a)). The nanoscale polymer coating or metal foil can
include nanowires that may have a re-entrant/mushroom tip geometry so as to impart the
coating/foil surface with superhydrophobic, superoleophobic and/or superomniphobic
characteristics. The polymer coating or metal foil can be peeled-off from the substrate and
then rolled up into a cylindrical shape ((Fig. 25(b)). A thin adhesive layer can be applied on
the outside diameter of the rolled-up cylinder, and the cylinder can then be attached onto the
inside wall of the tube-shaped substrate (e.g., ear mold bore). In some embodiments, an
expandable tool can be used to press the rolled-up cylinder outward so as to apply pressure on
the adhesive layer to bond with the inside tube wall.

[0094] In some implementations, a superhydrophobic, superoleophobic and/or
superomniphobic coating can be fabricated in-situ by first applying a thin coating of a liquid
elastomer (e.g., PDMS) on the inside wall of a tube-shaped substrate (e.g., ear mold bore).
An imprinting tool (e.g., two-piece, semi-cylindrical metal tool with outer surface pre-
patterned as an imprint stamp) can then be inserted into the tube to radially imprint the
polymer coating. The radially imprinted polymer coating can be cured with the imprinting
tool still in place. Subsequent removal of the imprinting tool can leave cured polymer
nanowires that may be re-entrant or mushroom like on the inside surface of the tube-shaped
substrate. The radial imprinting tool can be equipped with electric heating elements so as to
heat the polymer coating for curing. This may advantageously eliminate the need to subject
the whole substrate to curing at a high temperature (e.g., 60-120°C).

[0095] In some embodiments, the superhydrophobic, superoleophobic and/or
superomniphobic coatings described herein can include an array of spacers in a nanowire
coating to enhance the durability of the coating. For example, an array of larger dimensioned,
flat topped protective spacers can be added to a nanowire coating to withhold compressive
and/or shear stresses, thereby making the nanostructured coating last longer. Such a spacer
can have a lateral dimension greater than the lateral dimension of a nanowire and can have a
height that is equal or different from that of the nanowires. As illustrated in three examples
of different shapes of the nanowires with flat tips, sharpened or tapered tips and mushroom
like caps on nanowire tips in Figs. 26(a)-26(c), such spacers can be a periodic array that are
distributed sporadically amongst the nanowires so that multiple nanowires are located
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between two adjacent spacers. In some implementations, the height of the spacer array can
be about 5-30 % larger than the thickness of the nanowired coating. The spacer can be made
of the same material as the substrate, or can be made of one or more stronger materials such
as ceramic or silica or metal. The spacer islands can be of any suitable shape such as circular,
square, rectangular or random shape. In some implementations, the diameter of each spacer
island can be about 1-100 micrometer. In some implementations, the spacer array can occupy
about 1-20% of the surface area of the coating. The spacers can be deposited by any suitable
processes such as imprinting, nano-imprinting, screen printing, sputter deposition through
shadow mask, or photolithographic patterning, and the like.

[0096] The superhydrophobic, superoleophobic and/or superomniphobic coatings
described herein can be well adherent and made with low cost. Using the Al,Os-based
coating nanostructures described herein as an example, aluminum can be quite adherent on
glass (as it is often used as metallization for mirrors); the anodization processing can be done
at room temperature, and large area, parallel anodization processing of many glass sheets
may be performed.

[0097] The nanoscale superhydrophobic, superoleophobic and/or superomniphobic
surface coating structures and materials described herein can have many potential
applications. For example, the nanostructured coatings described herein may be used on self-
cleaning glass panels and windows for homes, exterior of homes and buildings (e.g.,
brickwall, stonewall, concrete wall), high-rise building windows. Washing/cleaning of
building windows or exterior can be a hassle that may cause waste of water and induce
environmental pollution if cleaned with chemicals. Self-cleaning coatings on housing
windows and exterior which may no longer need the use of washing water can be one of the
approaches to reducing water consumption via clean technology. The nanostructured
coatings described herein can also prevent or minimize water, rain and/or snow related dirt
accumulation, as well as organic stuff in the air sticking/adhering to the surface, so less
frequent or no cleaning may be needed.

[0098] The nanostructured coatings described herein may also be used for UV
filtering windows, tinted glasses, one-way see-through type special windows.

[0099] The nanostructured coatings described herein may further be used on airplane
cockpit windows. During flight, many substances, rain, snow may make the cockpit outside
window dirty, which cannot be cleaned with windshield wipers and sprinkled water at high
altitudes with freezing temperature. Transparent surface coatings that are superhydrophobic
and/or superoleophobic can prevent rain, snow and other substances from sticking onto the
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window for maintenance-free, safe navigation of the airplanes. The superhydrophobic Si
nanowire surfaces and the superhydrophobic Al,O3; nanowire surfaces described herein can
be well suitable for such applications since ice doesn’t stick to those nanowired surfaces even
at a temperature below -10°C.

[0100] The nanostructured coatings described herein may be used on aircraft wings.
Accumulation of ice and snow on aircraft wings can cause some main airplane accidents.
Very superhydrophobic surface coatings can keep these surfaces clean, thus preventing or
minimizing accumulation of snow and ice for safer operation of commercial jet aircrafts.
Airplane body and wings are often made of aluminum-containing alloys such as duralumin
(e.g., ~93.5% Al-4.4%Cu-1.5%Mg and other alloying elements). These airplane materials
can be suitable to form aluminum oxide nanowire covered surface. The anodization
processing for forming aluminum oxide nanowires on the airplane wing surface and other
processes for forming superhydrophobic and/or superoleophobic coatings may help reduce
flight delays and tragic accidents caused by snow/ice accumulation on the airplane wings.

[0101] The nanostrutured coatings described herein may also be used for self-
cleaning toilet bowls, kitchen cookwares/pots that may need no or at least less frequent
washing/cleaning. This can lead to environmental cleantech products with less need to use
ammonia type chemical cleaners.

[0102] The nanostructured coatings described herein may further be used on no-wash
automobiles (e.g., as a coating on windshield or painted surface) to reduce water consumption
and car-wash-related environmental contaminations. For instance, application of
superhydrophobic and/or superoleophobic surface coatings to automobile bodies can prevent
rain, snow and other substances from sticking onto the car body exterior surfaces for
cleaning-free operations, thus leading to water conservation and reduced pollution from
washing chemicals/detergents.

[0103] The nanostructured coatings described herein may be used on safety
telecommunication antennas and satellites. Minimizing snow or ice accumulations on
telecommunication antennas and satellite surfaces can help to provide safer and more reliable
operations of such devices and systems. The superhydrophobic Si nanowire surfaces and the
superhydrophobic Al,O3; nanowire surfaces described herein can be well suitable for such
applications since ice doesn’t stick to those nanowired surfaces even at a temperature below -
10°C.

[0104] The nanostrucured coatings described herein may also be used in water/oil or
water/oil-containing liquid transport such as pipeline inner-surface coating to minimize oil or
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water fluid drag to enhance pipeline lifetime, reduce need for replacements, minimize
contamination and conserve energy. For instance, if the interior surface of pipelines (e.g.,
pipelines for oil transport, factory transport of fluids, drinking water transport) is made
superhydrophobic and superoleophobic and thus tends to repel water/oil, there can be less
drag force for liquid transport through the pipe and the wear/tear of the pipe may be much
reduced.

[0105] The nanostructured coatings described herein may further be used in many
biomedical implant applications that would have to deal with scar tissues grabbing and
covering up the implants, protein adhesion and blockage of tubes, drug-release paths,
electrical wiring, and the like. Superhydrophobic and/or superoleophobic surfaces can
minimize fouling of implanted devices such as stents and various other surfaces of implants
and human-touching devices by reducing the adherence of water-based liquid and/or oil-
based liquid.

[0106] The nanostructured coatings described herein may be used on boats, yachts,
and ship bottoms where sea shells, fungi, sea weeds, and other proteins may stick and cause
fouling, drag for speedy movement, and the like. Superhydrophobic and/or superoleophobic
coatings can make the boats, yachts or ships last longer before cleaning.

[0107] While this document contains many specifics, these should not be construed as
limitations on the scope of an invention that is claimed or of what may be claimed, but rather
as descriptions of features specific to particular embodiments. Certain features that are
described in this document in the context of separate embodiments can also be implemented
in combination in a single embodiment. Conversely, various features that are described in the
context of a single embodiment can also be implemented in multiple embodiments separately
or in any suitable sub-combination. Moreover, although features may be described above as
acting in certain combinations and even initially claimed as such, one or more features from a
claimed combination can in some cases be excised from the combination, and the claimed
combination may be directed to a sub-combination or a variation of a sub-combination.
Similarly, while operations are depicted in the drawings in a particular order, this should not
be understood as requiring that such operations be performed in the particular order shown or
in sequential order, or that all illustrated operations be performed, to achieve desirable results.

[0108] Only a few examples and implementations are disclosed. Variations,
modifications, and enhancements to the described examples and implementations and other

implementations can be made based on what is disclosed.
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What is claimed is:

10.

11.

An article comprising a substrate and a plurality of nanowires formed on the substrate
to form a hydrophobic surface coating exhibiting a contact angle with water droplet

that is greater than about 140 degrees.

The article of claim 1, wherein the article has a contact angle with water droplet that

is about or higher than 170 degrees.

The article of claim 1, wherein the article has a contact angle with water droplet that

is about 178-179 degrees.

The article of claim 1, wherein the plurality of nanowires have tips that are sharpened

by etching.

The article of claim 1, wherein the plurality of nanowires comprise silicon (Si) or

silicon oxide (Si0O,).

The article of claim 1, wherein the plurality of nanowires comprise aluminum oxide

(ALLO3).

The article of claim 1, wherein the article is a single piece of glass.

The article of claim 7, wherein the glass has a non-symmetrical light transmission.

The article of claim 7, wherein the glass has a reduced UV transmission.

The article of claim 1 further comprising a plurality of spacers to withhold

compressive or shear stresses or both.

The article of claim 1, wherein the article comprises a glass window or panel, a
building exterior, a component of an automobile, a kitchenware, a component of an
airplane, a component of a telecommunication antenna or satellite, a pipeline for
transporting liquid containing water or oil or both, a biomedical implant, or a bottom

for a boat, yacht or ship.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

A method of making an article, comprising:

forming a silicon (Si) layer on a substrate; and

etching the silicon layer to form a plurality of silicon nanowires on the
substrate to provide the article having a contact angle with water droplet that is greater

than about 140 degrees.

The method of claim 12, wherein the silicon layer is formed using a liquid deposition

method.

The method of claim 12, wherein the silicon layer is formed using a vapor

evaporation method.

The method of claim 12 further comprising drying the plurality of silicon nanowires

with supercritical CO,.

The method of claim 12 further comprising oxidizing the plurality of silicon

nanowires to form a plurality of silicon oxide nanowires.

A method of making an article, comprising:

forming a layer of aluminum oxide (Al,Os) with a plurality of pores on a
substrate; and

widening the plurality of pores by etching to form a plurality of aluminum
oxide nanowires having tips on the substrate to provide the article having a contact

angle with water droplet that is greater than about 140 degrees.

The method of claim 17, wherein forming the aluminum oxide layer comprises
depositing a layer of aluminum (Al) on the substrate, followed by anodization

treatment.

The method of claim 17, wherein the plurality of pores are substantially periodic and

equal in diameter.

The method of claim 17 further comprising sharpening the tips of the plurality of
aluminum oxide nanowires by etching.
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21.

22.

23.

24.

25.

26.

27.

28.

29.

A method of making an article, comprising:

forming a metal coating on a glass substrate;

annealing the metal coating to form balled-up metal islands; and

etching the glass substrate using the balled-up metal islands as a mask to form
a plurality of glass nanowires to provide the article having a contact angle with water

droplet that is greater than about 140 degrees.

The method of claim 21, wherein the metal comprises silver (Ag).

The method of claim 21, wherein the glass substrate is etched using reactive ion etch.

The method of claim 21, wherein the glass substrate is etched with a chemical etchant
after a protective layer is deposited onto the glass substrate having the balled-up metal

islands.

The method of claim 21 further comprising removing the balled-up metal islands after

the plurality of glass nanowires are formed.

An article comprising a substrate and a plurality of nanowires formed on the substrate
and having re-entrant or mushroom tips, wherein the article has a contact angle with
water droplet and a contact angle with oil droplet that both are greater than about 140

degrees.

The article of claim 26, wherein the article has a contact angle with water droplet that
is about 160 degree or higher and a contact angle with oil droplet that is about 150
degree or higher.

The article of claim 26, wherein the plurality of nanowires have an average diameter

of about 20-200 nm.

The article of claim 26, wherein the plurality of nanowires have an average height of

about 1-100 um.
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30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

The article of claim 26, wherein the plurality of nanowires have an average density of

about 40-60 nanowires/um’.

The article of claim 26, wherein the plurality of nanowires comprise silicon, a

metallic element, a ceramic compound, a polymeric material, or graphite.

The article of claim 31, wherein the metallic element comprises Ni, Co, Au, Pt, Pd, W,

or an alloy thereof.

The article of claim 31, wherein the ceramic compound comprises oxide, carbide,

nitride, silicide, boride, or fluoride of a metal element or alloy, or a mixture thereof.

The article of claim 33, wherein the oxide comprises Al,O3, ZnO, MgO, SiO,, TiO,,

Zr0O,, or a mixture thereof.

The article of claim 31, wherein the polymeric material comprises polymethyl

methacrylate (PMMA) or polydimethylsiloxane (PDMS).

The article of claim 26, wherein the substrate comprises silicon, a metal, a ceramic, or

a polymer.

The article of claim 26 further comprising a plurality of spacers to withhold

compressive or shear stresses or both.

The article of claim 26, wherein the article comprises a glass window or panel, a
building exterior, a component of an automobile, a kitchenware, a component of an
airplane, a component of a telecommunication antenna or satellite, a pipeline for
transporting liquid containing water or oil or both, a biomedical implant, or a bottom

for a boat, yacht or ship.

A method of making an article, comprising:
forming a plurality of nanowires of a first material on a substrate; and
depositing a second material onto the plurality of nanowires to form a re-

entrant or mushroom tip geometry to provide the article having a contact angle with

27



WO 2010/022107 PCT/US2009/054235

40.

41.

42.

43.

44,

45.

46.

47.

water droplet and a contact angle with oil droplet that both are greater than about 140

degrees.

The method of claim 39, wherein the second material is deposited at an incident angle

of 30 degree or less.

The method of claim 39, wherein the substrate rotates during deposition.

The method of claim 39, wherein the first material and the second material are the

same material.

A method of making an article, comprising:
forming a plurality of nanowires having tips on a substrate;
coating the tips of the plurality of nanowires with a polymer liquid; and
hardening the polymer liquid coated on the nanowire tips to form a mushroom
tip geometry to provide the article having a contact angle with water droplet and a

contact angle with oil droplet that both are greater than about 140 degrees.

The method of claim 43, wherein the polymer liquid comprises polymethyl
methacrylate (PMMA) or polydimethylsiloxane (PDMS).

A method of making an article, comprising:

coating a layer of metal or polymer on a substrate;

annealing the metal or polymer layer to form balled-up metal or polymer
islands; and

etching the substrate using the balled-up metal or polymer islands as a mask to

form a plurality of nanowires having a re-entrant or mushroom tip geometry.

The method of claim 45, comprising removing the balled-up metal or polymer islands
to provide the article having a contact angle with water droplet and a contact angle
with oil droplet that both are greater than about 140 degrees.

The method of claim 45, wherein the substrate comprises a non-flat substrate.
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48.

49.

50.

51.

52.

The method of claim 45, wherein the substrate comprises a wire.

The method of claim 45, wherein the substrate comprises an inside wall of a tube.

A method of making an article, comprising:
forming a plurality of nanowires having tips and side walls on a substrate;
depositing a surface mask over the tips of the plurality of nanowires; and
etching the side walls of the plurality of nanowires to provide a re-entrant or
mushroom tip geometry; and
removing the surface mask to provide the article having a contact angle with
water droplet and a contact angle with oil droplet that both are greater than about 140

degrees.

A method of making an article, comprising:

providing a compliant stamp having a layer of liquid polymer disposed
thereon;

providing a non-flat substrate with a plurality of nanowires having tips formed
thereon;

pressing the compliant stamp and the non-flat substrate together so as to
conform the compliant stamp to the non-flat substrate to transfer the liquid polymer
onto the tips of the plurality of nanowires; and

hardening the liquid polymer transferred onto the nanowire tips to form a re-
entrant or mushroom tip geometry to provide the article having a contact angle with
water droplet and a contact angle with oil droplet that both are greater than about 140

degrees.

A method of making an article, comprising:

depositing a coating having a plurality of nanoparticles on a substrate;

drying or heating the coating to form a plurality of islands of nanoparticles on
the substrate; and

etching the substrate using the plurality of nanoparticle islands as a mask to

form a plurality of nanowires having a re-entrant or mushroom tip geometry.
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53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

The method of claim 52, comprising removing the plurality of nanoparticle islands to
provide the article having a contact angle with water droplet and a contact angle with

oil droplet that both are greater than about 140 degrees.
The method of claim 52, wherein the substrate comprises a non-flat substrate.
The method of claim 52, wherein the substrate comprises a wire.
The method of claim 52, wherein the substrate comprises an inside wall of a tube.
A method of making an article, comprising:

coating on a substrate a layer of material capable of decomposing into two or
more phases;

decomposing the material into the two or more phases;

forming a plurality of islands of at least one of the two or more phases on the
substrate by removing the rest of the two or more phases; and

etching the substrate using the plurality of islands as a mask to form a plurality
of nanowires having a re-entrant or mushroom tip geometry.
The method of claim 57, comprising removing the plurality of islands to provide the
article having a contact angle with water droplet and a contact angle with oil droplet
that both are greater than about 140 degrees.
The method of claim 57, wherein the substrate comprises a non-flat substrate.
The method of claim 57, wherein the substrate comprises a wire.
The method of claim 57, wherein the substrate comprises an inside wall of a tube.

The method of claim 57, wherein the material comprises two immiscible metal.

The method of claim 57, wherein the material comprises a spinodally decomposable

alloy.

30



WO 2010/022107 PCT/US2009/054235

64.

65.

66.

67.

68.

The method of claim 57, wherein the material comprises a decomposable diblock

copolymer.

A method of making an article, comprising:

covering a non-flat substrate with a conformable mask sheet having a plurality
of openings; and

etching the substrate through the plurality of openings to form a plurality of
nanowires having a re-entrant or mushroom tip geometry to provide the article having
a contact angle with water droplet and a contact angle with oil droplet that both are

greater than about 140 degrees.

A method of making an article, comprising:

contacting a conformable stamp having patterned photoresist with a surface of
a non-flat substrate so as to transfer the photoresist onto the substrate surface to form
an etch mask thereon; and

etching the substrate through the etch mask to form a plurality of nanowires
having a re-entrant or mushroom tip geometry to provide the article having a contact
angle with water droplet and a contact angle with oil droplet that both are greater than

about 140 degrees.

A method of making an article, comprising:

forming on a substrate a metal or polymer coating having a plurality of
nanowires with an re-entrant or mushroom geometry;

removing the metal or polymer coating from the substrate;

rolling up the removed metal or polymer coating into a cylinder with the
plurality of nanowires disposed on an inside surface of the cylinder;

applying an adhesive layer onto an outside surface of the rolled-up cylinder;
and

attaching the cylinder onto an inside wall of a tube by the adhesive layer to
provide the article having a contact angle with water droplet and a contact angle with

oil droplet that both are greater than about 140 degrees.

A method of making an article, comprising:
coating a layer of liquid polymer on an inside surface of a tube;
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inserting an imprinting tool into the tube to radially imprint the liquid polymer
coating;

while holding the imprinting tool in place, hardening the imprinted liquid
polymer coating to form a plurality of nanowires having a re-entrant or mushroom tip
geometry; and

removing the imprinting tool to provide the article having a contact angle with
water droplet and a contact angle with oil droplet that both are greater than about 140

degrees.
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Flat or non-flat substrate (wire,
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(b)

polymer balling up on drying, or a
sputtered or evaporated metal film
balling up into islands on heating)
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