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ABSTRACT: Superhydrophobic surfaces without low surface-energy (hydro-
phobic) modification such as silanization or (fluoro)polymer coatings are
crucial for water-repellent applications that need to survive under harsh UV or
IR exposures and mechanical abrasion. In this work, robust low-hysteresis
superhydrophobic surfaces are demonstrated using a novel hierarchical silicon
structure without a low surface-energy coating. The proposed geometry
produces superhydrophobicity out of silicon that is naturally hydrophilic. The
structure is composed of collapsed silicon nanowires on top and bottom of T-
shaped micropillars. Collapsed silicon nanowires cause superhydrophobicity
due to nanoscale air pockets trapped below them. T-shaped micropillars
significantly decrease the water contact angle hysteresis because microscale air
pockets are trapped between them and can not easily escape. Robustness is
studied under mechanical polishing, high-energy photoexposure, high temper-
ature, high-pressure water shower, and different acidic and solvent environments. Mechanical abrasion damages the nanowires on
top of micropillars, but those at the bottom survive. Small increase of hysteresis is seen, but the surface is still superhydrophobic
after abrasion.
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1. INTRODUCTION

Superhydrophobicity means high contact angle (>150°), low
hysteresis (small difference in advancing and receding contact
angles), and easy roll-off (a tilt angle of a few degrees).1−9 It has
been a very active research field recently due to its promise in a
wide field of applications, including solar cells, sensing, self-
cleaning, drug delivery, and microfluidic devices.10−21

Superhydrophobicity was inspired by the lotus effect, and its
basic mechanism includes both the topography and the surface
chemistry. There are two superhydrophobic states defined by
contact angle hysteresis that is a difference between advancing
and receding angles. One is a low hysteresis state (rolling state
or “Cassie−Baxter” (CB) state), and the other is a high
hysteresis state (sticky state or “Wenzel” state). The CB state is
explained by trapped (hydrophobic) air between the micro-
structures. Water droplets remain almost spherical on both
states, but they will easily roll off from CB surface even by a
slight tilting of the surface, while they stick to the surface in
Wenzel state.
Typically roll-off superhydrophobicity is achieved by

separately making the topography single or dual (hierarchical)
scale, followed by applying a low surface-energy coating on it.
There are some examples of these low surface-energy materials
reported in literature such as perfluorooctyl trichlorosilane
(PFOS), 3,3,3-trifluoropropyl trichlorosilane (TFPS), dodecyl
trichlorosilane (DTS), octadecyl trichlorosilane (ODTS),

perfluorooctyl trichlorosilane (PFOS), and (fluoro)polymer
(CHF3 or C4F8).

17,20,22−28

However, low surface-energy coatings cause problems in
many practical applications due to the degradation of organic
coating caused by mechanical wear, UV radiation, or abrasive
particles. As an example, UV exposure is common in
microfluidic devices to switch hydrophilic sites to be super-
hydrophilic, while superhydrophobic walls surround them.29

Long-term exposures cause decomposition of coatings on
superhydrophobic walls and liquid leaks through the walls.
Additionally, the conformality of many coatings is not good
enough to cover the nanostructures without changing the
topography. Quite often the limiting factor for the use of
superhydrophobic surfaces is the stability of the fluoropolymer,
silane, or other coatings.
Some oxide nanowires (like zinc oxide), which are produced

by chemical sintering methods, are also reported to be
superhydrophobic without low surface-energy coatings, but
they are not robust in high temperatures and during UV
treatment; in fact they become hydrophilic after some minutes
of UV exposure.30−32

Metal-assisted chemical etching (MaCE) is a process to
create nanostructures of silicon. Many papers report super-
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hydrophobicity of MaCE nanostructures, but low surface-
energy chemical coating was needed to get superhydrophobic
surfaces.23,24,26,33−35 In MaCE, an aqueous solution containing
hydrogen fluoride (HF) and an oxidant hydrogen peroxide
(H2O2) etches silicon anisotropically when a thin layer of noble
metal (e.g., Ag, Au, Pt) is used as a catalyst.36 Noble metal acts
as a cathode that is reduced in the solution and produces holes.
These holes diffuse through the noble metal into silicon that is
in contact with metal. Silicon is oxidized and dissolved by HF,
forming nanopillars or pores.37,38

MaCE silicon structures have also been reported to show
superhydrophobicity without polymer coatings.22,39 In these
papers either stability was not studied or it was reported to be
inadequate, and low surface-energy coating was used
eventually.33 Turning intrinsically hydrophilic materials to
superhydrophobic using single scale T-shape structures has
been reported by other groups, but robustness was not
reported.40,41

Here we report stable superhydrophobicity based on
collapsed bushes of MaCE nanopillars on top and at the
bottom of silicon T-shape micropillars (Figure 1). Importantly,
a low surface-energy coating is not needed for super-
hydrophobicity. The superhydrophobicity is also robust against
UV and IR exposure, chemical exposure, mechanical abrasion,
water pressure, and high-temperature annealing. Main novelty
is dual scale micro/nano overhangs with much-improved
robustness. Micro-overhangs (T-shape micropillars) protect

nano-overhangs (collapsed nanowires on the bottom) during
mechanical abrasion. Also, dual scale micro/nano air pockets
trapped below dual scale overhangs cause reduction of
hysteresis dramatically.

2. EXPERIMENTAL SECTION
2.1. Fabrication of T-Shaped Silicon Micropillars (silicon

thick-cap hoodoos). Our fabrication process is shown in Figure 2
(a−k). One-side polished p-type silicon wafer was used as substrate.
Atomic layer deposition (ALD) of thin-layer aluminum oxide (Al2O3)
25 nm ± 1% thick at 300 °C was used as a mask during silicon etching
(Figure 2a). Aluminum oxide layer was grown in a Beneq TFS-500
reactor using trimethylaluminum (TMA) as a metal precursor and
water as a precursor for oxidation. The pressure in the reactor was 4
Torr. Nitrogen was used as a carrier gas and to purge reaction gases
from the reactor during each reactin half cycle. 250 ms precursor
pulses and 1 s purge pulses (the same for both precursors) were used.
To pattern the aluminum oxide layer, 1.5 μm of AZ5214 photoresist
was spin-coated on it (Figure 2b). Hexamethyl disilazane (HMDS)
was used to improve the adhesion of photoresist to the substrate. After
photolithography, aluminum oxide layer was wet-etched at 50 °C
(Figure 2c). Etchant contained 80 wt % phosphoric acid, 5 wt % nitric
acid, and the remaining 15 wt % was water. Patterns consisted of 20
μm squares with 5 μm spacing. After patterning the Al2O3 layer, silicon
was anisotropically etched using inductively coupled plasma and deep
reactive-ion etching (ICP-DRIE, Plasmalab System 100, Oxford
Instruments) at −120 °C for 1 min to make the 1 μm thick cap
(Figure 2d). All the ICP etching steps were done in 10 mTorr
chamber pressure. A mixture of SF6/O2 was used as the anisotropic
etching gas, and their flows were set to 40 sccm/6.5 sccm, while the

Figure 1. Side-view schematic of hoodoo structure. (a) Typical structure in literature with thin cap. (b) Our hierarchical structure. (c) SEM
micrograph of nanowires on top of hoodoos.

Figure 2. Schematic of fabrication process. (a) Al2O3 deposition on flat silicon wafer. (b) Photoresist spin-coated on Al2O3. (c) Photolithography to
pattern Al2O3. (d) Anisotropic silicon etching. (e) Removing the photoresist and depositing TiO2. (f) Anisotropic etching of TiO2 in ICP resulting
in protected sidewalls. (g) Isotropic etching of silicon to produce the neck of hoodoos. (h) Anisotropic etching of silicon to increase pillar height. (i)
Wet etching of Al2O3. (j) Deposition of noncontinues Ti/Au thin film. (k) Metal-assisted etching of silicon in HF/H2O2 solution.
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powers of inductively and capacitively coupled power sources were
1000 and 2 W, respectively.
Then photoresist was removed in acetone, and 25 nm of titanium

oxide (TiO2) was deposited using the same ALD system for
passivation of the surface (Figure 2e). Water and TiCl4 were used
as precursors for ALD of TiO2. 250 ms precursor pulses and 250 ms
purge pulses (the same for both precursors) were used. Mixture of SF6
and oxygen (40 sccm/6.5 sccm) in ICP reactor was used to etch TiO2
(Figure 2f). Next step is isotropic silicon etching, and it was done
using SF6 80 sccm without oxygen (Figure 2g). We did another
anisotropic silicon etching step for 8 min to get 8 μm bodies of
microhoodoos (Figure 2h). Then the resistive Al2O3 layer was etched
using the same wet etching as explained (Figure 2i).
2.2. Collapsed Silicon Nanowires (nanobushes). Metal-

assisted chemical etching (MaCE) was used to make the nanowires
on top and bottom of hoodoos (Figure 2 j,k). We deposited 2 nm of
Ti/5 nm of Au on our samples and on a reference sample using e-
beam evaporation system (IM-9912 from Instrumentti Mattila Oy).
The base pressure was 4 × 10−7 Torr at room temperature. Deposition
rate was 1.2 Å/s for both materials as measured by quartz crystal
microbalance. A solution of 1:1 HF (50%) and H2O2 (30%) was
prepared for MaCE. We etched the samples for 10 s and then rinsed
them with deionized water for 1 min and dried them immediately with
N2 blowing gun. The remaining gold was removed in aqua regia (1:3
volume mixture of 69% HNO3 and 37% HCl) for 1 min at room
temperature and 5 s dipping in solution of 1:1 HF (50%) and H2O2

(30%).
2.3. Sample Characterization. Advancing and receding contact

angles were measured using the sessile droplet method (Theta, Biolin
Scientific, Espoo, Finland). Results are averages of ten measurements.
XPS wide-scan spectra were recorded using a Kratos Axis UltraDLD

instrument (Kratos Ltd., Telford, U.K.) equipped with a mono-

chromated aluminum anode (Al Kα 1486 eV) operating at 100 W
(12.5 kV and 8 mA) with 160 eV of pass energy. A hybrid lens mode
was employed during analysis (electrostatic and magnetic). Spectra
were measured at three areas on each sample, and the value presented
here corresponding to each sample is the average of three
measurements. The photoelectron takeoff angle with respect to the
normal to the surface in all measurements is 0°. The measured binding
energy positions were charge corrected with reference to 285.0 eV,
corresponding to the C−C/C−H species. The elemental peaks of the
spectra were quantified using CasaXPS software.

A 1500 W infrared lamp (Infrared IC Heater T962) and a UV lamp
1300 W with 105 mW/cm2 and 365 nm wavelength (ECE 2000
Modular DYMAX) was used for IR and UV exposure. We used a flat
silicon wafer coated with 1H,1H,2H,2H-perfluorododecyltrichlorosi-
lane (Sigma-Aldrich) for 2 h in gas phase in room temperature and
atmospheric pressure, as reference sample to study the robustness of
superhydrophobicity in IR and UV exposure. Heat treatment was done
using PEO-601 furnace.

Mechanical stability of superhydrophobic samples was tested using a
polyester/cellulose Technicloth II wipes (ITW Texwipe, TX 1112) for
abrasion with pressure of 3.50 kPa.24 The superhydrophobic surface
was faced to the wipe paper and moved in one direction for 25 cm
with speed of 60 mm/s in 4 s. Water contact angle and hysteresis
measurements were carried out before and after abrasion test.

3. RESULTS AND DISCUSSION

3.1. Superhydrophobic Silicon Produced by MaCE.
Advancing and receding contact angle measurements are
collected in Table 1. It shows MaCE on flat silicon (reference
sample) produces superhydrophobicity with 152° water contact
angle and hysteresis is 22° although HF-treated flat silicon is

Table 1. Water Contact Angle Measurements
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hydrophilic before MaCE. Sliding angle for flat silicon samples
after MaCE is ∼20°.
Only 10 s of MaCE is enough to get 1 μm of high silicon

nanowires. We used a thin layer of evaporated gold as a catalyst.
Titanium layer improved the adhesion of gold to silicon.
Otherwise the gold layer would be peeled off immediately
during the MaCE process. The islands of gold act as starting
point for MaCE etching, resulting in vertical silicon wires. The
key points are optimizing the noble metal thickness to get a
large number of uniformly sized and uniformly distributed gold
nanoislands on the silicon surface. We used 5 nm of Au with 2
nm of titanium adhesion layers. Thicker metal layer causes a
uniform etching due to lack of nanoislands, which is not
desired. Duration of etching is also important because long
etching can cause destruction of the nanowires.
Collapse of silicon nanowires into nanobushes (Figure 3d)

causes superhydrophobicity without low surface-energy coating.
This is due to nanoscale air pockets that are captured and kept
under collapsed nanowires. It is important to notice that
aligned nanowires are not robustly superhydrophobic because
air pockets can escape easily from them and because they need
to have final low surface-energy modification to be super-
hydrophobic.33

High surface tension of water during the rinsing step after
MaCE causes the nanowires to stick together and to collapse to
nanobushes like those reported in ref 42. For robust
superhydrophobicity, collapsed nanowires are desirable due to
re-entrant structures that are necessary for making low contact
fraction of solid−liquid, which are the main reason for
superhydrophobicity without low surface-energy coatings.
Although MaCE on flat silicon produces superhydrophobic

surfaces, the hysteresis of 22° is not low enough to result in a
small sliding angle. On the other hand mechanical abrasion can

easily destroy nanowires on the surface, and superhydropho-
bicity will be lost.

3.2. MaCE on Top and Bottom of T-shape Pillars. To
improve the performance of the planar MaCE surface, we
added a second roughness scale with T-shape micropillars to
our nanostructures. If cap of T-shape pillars are made out of
thick silicon, then MaCE can be done on top and bottom of
them (Figure 3a,b).
Our T-shape micropillar fabrication technique is based on

sidewall passivation by ALD of TiO2. DRIE is anisotropic
process that does not etch the thin film on the sidewall, but
removes it from horizontal surfaces. T-shape cap thickness is
simply determined by the duration of the first DRIE etch step.
MaCE of the thick silicon cap makes the nanowire bushes. A
highly regular array of T-shape micropillars with 20 μm
diameter, 5 μm pitches, and 25 μm height was demonstrated in
this work (Figure 3). But we are able to tune all the dimensions
of the pillars: height, diameter, and spacing, cap thickness, and
nanowire dimensions, too (bigger collapsed silicon nanowires
are demonstrated in Supporting Information, Figure S2).
The first critical challenge is to make a thick cap for T-shape

pillars to use it as a substrate in MaCE process. To do so, we
need to consider two main points: (1) use a deposition method
that is assuring good step coverage of the sidewalls, (2) use a
material that is resistant in isotropic ICP-DRIE of silicon.
Atomic layer deposition of TiO2 is the choice that meets

both requirements. Step coverage of ALD is excellent, and ALD
of TiO2 protects the sidewalls of the cap of the T-shape pillars
during isotropic etching. On the other hand, TiO2 is etchable in
a gas mixture of SF6 and O2 (anisotropic silicon etching in ICP-
DRIE), while it is resistant to SF6 during isotropic silicon
etching. The etch rate of silicon is much higher than etch rate
of TiO2 using SF6, so the oxide remains as protection of cap,
while silicon is getting etched to form the overhanging

Figure 3. SEM micrograph of hoodoos after DRIE process and (a) before MaCE and (b) after MaCE. Top view high magnification of nanowire
bushes (c) on top of a hoodoo after MaCE and (d) on flat silicon after MaCE.
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structure. Final anisotropic silicon etching step was done to
increase the amount of microscale air pockets to improve the
robustness of T-shape pillars.
Comparing contact angle measurements (Table 1) of MaCE

on flat silicon and on thick cap T-shape micropillars shows
huge reduction of hysteresis (22° to 2°) on hierarchical T-
shape structures, which confirms our hypothesis of embedding
microscale air pockets between T-shape micropillars. Schematic
of microscale air pockets captured between two super-
hydrophobic surfaces is illustrated in Figure 4.

Rolling state of hierarchical superhydrophobic samples is
shown in Figure 5. A 4 μL water drop comes close to the
surface, and it rolls off as soon as it is released from the needle.
The rolling angle is less than 5°.
Tuteja introduced hoodoo (T-shape) structures;43 over-

hanging shelves on top of micropillars (Figure 1a), but they
used thin silicon dioxide as the cap of hoodoos to make
overhanging structures. Since oxides are hydrophilic they need
to be modified with a low surface-energy coating. Our
structures (Figure 1b) consist of a thick silicon cap instead of
thin oxides. Thick silicon cap on hoodoos is necessary
otherwise MaCE can not be done on top of them.
To study the T-shape overhanging effect on hysteresis, we

also studied the superhydrophobicity of samples with MaCE
collapsed nanowires on top of cylindrical micropillars (without
T-shape micro-overhanging effect) with 20 μm diameter, 5 μm
pitches, and 25 μm height (Figure 6). They do not show low
hysteresis superhydrophobicity. Static water contact angle of
these samples is 155° with 18° hysteresis. It shows how
microscale air pockets are critical for low hysteresis super-
hydrophobicity. Air pockets escape easily from cylindrical
pillars. Water penetration between cylindrical pillars increases
the hysteresis.
3.3. XPS Measurement. For better understanding the

effect of MaCE process on surface chemistry, we prepared two
samples: one dipped in HF (50%) and the other in HF/H2O2
(1:1). The elemental surface composition of samples was
characterized using XPS, and the data are collected in Table 2.

The relative atomic percentage of fluorine was measured to be
0.2% ± 0.2% and 0.3% ± 0.1% for samples HF and HF + H2O2,
respectively. This clearly shows that there is no significant
change in the fluorine content during the surface treatment.
Interestingly, there was at least a 2-fold difference in the value
of O/Si ratio, 0.2 for HF sample, and 0.5 for HF/H2O2 sample.
This increased O/Si ratio for HF/H2O2 sample suggests an
elevated amount of oxidized silicon on the surface. Incorpo-
ration of O on the surface of HF/H2O2 sample also caused an
increase in the value of relative atomic percentage of O, from
16.2% ± 0.4% for HF sample to 30.6% ± 0.4% for the sample
corresponding to HF/H2O2. The carbon content of the surface
remained unchanged, 8.9% ± 0.6% for HF sample and 8.8% ±
0.3% for HF/H2O2 sample, hence, showing that the changes in
O/Si ratio and Si percentage are not due to any chemical
modifications of surface-bound carbonaceous contaminants.
Increasing the contact angle of flat silicon to 71 ± 2° after HF
treatment (Table 1), compared to contact angle before
treatment (36 ± 1°), is associated with Si−H and Si−CHx
groups on the surface44 (hydrogen is not detectable on XPS,
but 9% carbon was detected).

3.4. Study of Robustness. 3.4.1. UV and IR Exposure. To
show how our superhydrophobic samples are more robust than
the ones with organic low surface-energy coatings, we exposed
our samples with high-energy UV and IR lamps that are
typically used for decomposition of organic molecules. Water
contact angle measurements of our samples after 30 min of UV
exposure are collected in Table 1. This time is usually enough
to remove low surface-energy coatings such as organic materials
from the surfaces.45 Our samples, however, maintained the
ultralow hysteresis superhydrophobic after 30 min of exposure.
Because the superhydrophobicity depends on structure rather
than surface chemistry, it is robust under UV exposure. We

Figure 4. Schematic of hierarchical silicon structures. Nanoscale air
pockets (○) trapped under collapsed nanowires on top and bottom of
T-shape micropillars make dual-layer superhydrophobicity, while
microscale air pockets (open +) sandwiched between micropillars
significantly decrease the hysteresis.

Figure 5. Rolling state for 4 μL water drop on hierarchical structures showing sliding angle <5°.

Figure 6. Nanostructures produced by MaCE on top and bottom of
cylindrical micropillars.
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used a flat silicon wafer with a low surface-energy coating as
reference sample. Water contact angle of reference sample
before exposure was 125°, and it was reduced to 50° after 30
min of exposure due to decomposition of organic molecules
from the surface. On the other hand, superhydrophobic TiO2

or ZnO nanowires or nanoparticles become hydrophilic after
30 min of UV treatment.30−32

3.4.2. Thermal Annealing. The samples were annealed up to
800 °C to study the thermal stability of superhydrophobicity of
the samples. Samples are superhydrophobic up to 400 °C.
Although superhydrophobicity was lost after 1 h at 450 °C,

we discovered a very simple recovery process: by dipping the
samples for a few seconds in HF/H2O2 (1:1) solution the
original superhydrophobic surface was reconstructed. The
changes in the water contact angle for annealed samples as a
function of time and the dipping times for recovery to rolling
superhydrophobic state (hysteresis <2°) are shown in Figure 7.
We explain the loss of superhydrophobicity by oxidation

during annealing above 400 °C. Fast recovery is achieved due
to oxide removal by 10 s of dipping time for the sample
annealed for 1 h in 450 °C, and dipping time increased to 3 min
for sample annealed at 800 °C. This fast recovery without any
thin-film deposition is a big advantage of our work compared to
low surface-energy coated superhydrophobic surfaces. Readers
should be aware of dangers of HF processing. One can reduce
the danger of HF by diluting the acid with water, but it
increased the recovery time to minutes. A diluted solution of
HF/H2O2/H2O (1:1:10) makes the recovery time to 60 s of
dipping for the sample annealed for 1 h in 450 °C and 15 min
for the sample annealed at 800 °C.
There is a limit for the number of recovery cycles due to

etching the silicon in HF + H2O2 solution. We estimated 1000
recovery cycles to low hysteresis superhydrophobic state if
every cycle takes 10 s. We considered the cap of hoodoos
thickness of 1 μm and the etch rate of silicon in solution is 0.1
nm/s. Although the entire cap would have etched away after

1000 recovery cycles, surface would be superhydrophobic, but
with higher hysteresis similar to cylindrical pillars with MaCE
(Table 1).

3.4.3. Chemical Exposure. The chemical robustness of
samples was studied by dipping them for 6 h in water,
hydrofluoric acid (50%), acetic acid (99.8%), hydrochloric acid
(37%), nitric acid (69%), acetone, isopropanol, and also
hexane. Samples showed no change in contact angles in any of
the cases.

3.4.4. Mechanical Abrasion. Table 1 shows that after
abrasion our hierarchical samples remained superhydrophobic
with contact angle of 155° and hysteresis of 25°. For better
understanding the effect of our hierarchical structures on
mechanical robustness, we did the same abrasion study on five
other reference samples as mentioned in Table 1.

1. HF-treated flat silicon before MaCE: hydrophilic before
abrasion with contact angle of 71° and became more
hydrophilic with contact angle of 40° due to more
roughening after abrasion.

2. Flat silicon after MaCE: superhydrophobic before
abrasion with contact angle of 152° due to nanoscale
overhangs but became hydrophilic with contact angle of
50°. Although abrasion adds some roughening to the
surface, the nanoscale overhangs were destroyed, and
surface was not hydrophobic any more.

3. Cylindrical pillars before MaCE: hydrophilic before
abrasion and became more hydrophilic due to more
roughening after abrasion.

4. Cylindrical pillars after MaCE: superhydrophobic with
contact angle of 155° and hysteresis of 18° and became
less hydrophobic with contact angle of 145° in sticky
state with high hysteresis of 30° after abrasion. It means
water droplet can easily penetrate through the cylindrical
pillars after abrasion and stick to the surface due to
destruction of nano-overhangs on top of pillars.

Table 2. XPS Data

C atom % O atom % F atom % Si atom % O/Si ratio

HF 8.9 ± 0.6 16.2 ± 0.4 0.2 ± 0.2 74.6 ± 0.8 0.2 ± 0.0
HF + H2O2 8.8 ± 0.3 30.6 ± 0.4 0.3 ± 0.1 60.3 ± 0.5 0.5 ± 0.0

Figure 7. (a) Water contact angle after annealing treatment. (b) Recovery to superhydrophobic rolling state of samples after annealing by dipping
them in HF/H2O2/H2O solution.
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5. Microhoodoos before MaCE: hydrophobic with contact
angle of 100° with hysteresis of 15° and became
superhydrophilic after abrasion. The hydrophobic state
of microhoodoos before MaCE is specifically due to the
trapped microscale air pockets below them; after
roughening (abrasion) the overhangs are destroyed,
and the air pockets can easily escape. Dual scale micro/
nano roughening causes the superhydrophilicity of
silicon.

For microhoodoos with MaCE, although micropillars are
destroyed after abrasion, the bottom superhydrophobic layer
plays a backup role and keeps the surface superhydrophobic,
although with a higher hysteresis. Micropillars act as sacrificial
layer during mechanical abrasion to improve survival of
nanostructures at the bottom to keep the surface super-
hydrophobic.46 We correlate the increase of hysteresis after
abrasion to semipenetration of water droplet through micro-
pillars. An SEM micrograph of destroyed micropillars after
abrasion is shown in Figure 8. It shows how nanostructures at
the bottom survive the abrasion. A schematic of water droplet
on microhoodoos with MaCE before and after abrasion is
illustrated in Figure 9. It shows a water droplet can
semipenetrate through micropillars after abrasion but does
not wet the bottom surface due to survival of MaCE
nanostructures on the bottom. Surface remained super-

hydrophobic but with higher hysteresis compare to the surface
before abrasion.

3.4.5. Water Pressure. We compare the robustness of our T-
shape hierarchical samples with reference sample (MaCE on
flat silicon) and also cylindrical hierarchical samples under
water pressure. We dipped them for 5 cm under water. Our
hierarchical sample superhydrophobicity was not changed after
6 h, and the contact angle was measured 165°. We also kept the
T-shape sample with MaCE under tap water for 1 h, and it
remained superhydrophobic without increasing the hysteresis.
A movie of the same sample under tap water is available in
Supporting Information. Both reference sample and cylindrical
hierarchical sample become totally wet after 15 min with
contact angle close to zero. Microscale air pockets escape easily
from cylindrical micropillars. Water can penetrate through the
cylindrical pillars after 15 min of dipping time and surface is not
in rolling state superhydrophobic anymore.
Results show that T-shape micropillars are necessary for

robust superhydrophobicity under water pressure. This is
explained by microscale air pockets trapped below T-shape
micropillars and can not easily escape from them.

4. CONCLUSIONS

We introduce a new method to fabricate robust low hysteresis
superhydrophobic silicon surfaces without low surface-energy
coatings. Decomposition of low surface-energy coatings in

Figure 8. SEM micrograph of the sample after abrasion. (left) Microstructures act as sacrificial layer to survive the nanostructures at the bottom, and
sample remained superhydrophobic. (right) Side-view of the same sample.

Figure 9. Schematic of water droplet on top of microhoodoos after MaCE. (a) Before abrasion droplet can not penetrate through, and hysteresis is
very low. (b) Abrasion destroys MaCE nanostructures on top of pillars, but the surface still has considerably nanoscale roughness. Droplet
semipenetrates through the micropillars and shows higher hysteresis but can not fully wet the bottom surface because of the MaCE nanowires
protection, and the surface remained superhydrophobic.
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superhydrophobic surfaces is the main reason for avoiding them
in long-term practical applications. Although HF-treated silicon
is intrinsically hydrophilic (contact angle 71°), the proposed
hierarchical structuring makes silicon superhydrophobic. We
showed that structuring the surface can be dominant over the
chemistry. Because the superhydrophobicity depends on
structure rather than surface chemistry, it is robust under UV,
IR, and chemical exposure, water pressure, and thermal
treatments. It is also robust under mechanical abrasion due to
existence of dual-layer structure.
About 10% of sunlight is in the UV range, and 95% of that

can penetrate through the atmosphere. This is enough to
reduce the robustness of superhydrophobicity based on organic
low surface-energy coatings due to decomposition, over time.
Our approach can improve the stability of superhydrophobic
materials that are used in open environments such as self-
cleaning buildings and cloths.
Chemically robust superhydrophobic surfaces have many

applications in both research and industry. For example acidic
rain causes loss of water-repelling properties of self-cleaning
solar cells because of chemical reactions between organic
coatings and acids.47 Our approach can improve the efficiency
of solar cells that are often located in industrial areas with high
concentration of nitrogen oxide that produce nitric acid in
acidic rains.
In fact these types of surfaces have a dual approach for their

practical applications. On one hand they are very robust under
harsh conditions below 400 °C. On the other hand they can be
used in switching applications in higher temperature (>400 °C)
environments where they become superhydrophilic.
The concept of embedding microscale air pockets in dual-

layer superhydrophobic surfaces can be utilized in marine
industry to reduce biofouling. For example the estimated costs
due to fouling for the U.S. Navy fleet is between $180 M and
$260 M per year.48

In future one can think of robust superhydrophobic surface
in higher temperatures without low surface-energy coatings for
heat-transfer systems. Recent studies revealed that superbiphilic
(combination of superhydrophobic and superhydrophilic)
surfaces are the most efficient surfaces for heat-transfer
systems.49 Our suggested surfaces have the ability to
dramatically change the surface energy and can be used for
heat-transfer systems involving superbiphilic approaches.
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