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Superhydrophobic coatings repel liquids by trapping air inside microscopic surface textures. However,
the resulting composite interface is prone to collapse under external pressure. Nanometer-size textures
should facilitate more resilient coatings owing to geometry and confinement effects at the nanoscale.
Here, we use in situ x-ray diffraction to study the collapse of the superhydrophobic state in arrays of
≈20 nm-wide silicon textures with cylindrical, conical, and linear features defined by block-copolymer
self-assembly and plasma etching. We reveal that the superhydrophobic state vanishes above critical
pressures which depend on texture shape and size. This phenomenon is irreversible for all but the conical
surface textures which exhibit a spontaneous, partial reappearance of the trapped gas phase upon liquid
depressurization. This process is influenced by the kinetics of gas-liquid exchange.
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The performance of smart materials with self-cleaning
[1,2], anti-icing [3], enhanced heat transfer [4,5], or
reduced passive fluid drag [6] properties depends on
controlling the behavior of water at hydrophobic surfaces.
Studies have suggested that these “superhydrophobic”
properties stem from the combination of hydrophobic
surface chemistry and surface textures on the micro- and
nanoscale [7–10]. This effect can be rationalized using an
argument by Cassie and Baxter (CB) [7] whereby air
bubbles trapped in the hydrophobic texture reduce the area
fraction of the solid-liquid interface, thereby enhancing the
hydrophobicity and the ability of droplets to roll off the
surface. Although the superhydrophobic state may either be
thermodynamically stable or metastable, it vanishes at high
humidity [11] or pressure [12,13] for which water infiltrates
the surface texture completely (Wenzel state [14]). In
particular, pressure-induced infiltration occurs because
the liquid-air interface above the rough solid can sustain
only a finite pressure approximately equal to the capillary
pressure proportional to γ=ðd − wÞ, where γ denotes the
water-air surface tension; w and d are the feature size and
spacing, respectively [15] (c.f., Fig. 3).
According to capillary theory, reducing the texture size d

may lead to more robust superhydrophobic surfaces.
However, spatial confinements of less than 100 nm may
modify both wetting [16] and gas-liquid exchange proper-
ties [17], thus rendering macroscopic models inadequate
for reliably capturing the physical behavior of multi-phase
interfaces. For example, the microscopic contact angle—
and hence the threshold pressure for infiltration—may
differ from the one expected from macroscopic wetting
measurements due to the gas-liquid-solid contact line

tension [18]. Further, there is experimental evidence that
nanometer-size gas bubbles forming at hydrophobic sur-
faces immersed in water have exceedingly long lifetimes, in
apparent contradiction to classical thermodynamics [19].
This underscores the complexity and a lack of basic
understanding of gas-liquid exchanges at the nanoscale.
In this context, experiments designed to probe water
infiltration into hydrophobic nanotextures provide much
needed insight into these important issues and facilitate the
design of extremely robust superhydrophobic surfaces.
Previous experiments using optical diffraction [20] and

fluorescence microscopy [21] have found that the collapse
of the CB state in micron-sized textures proceeds via
sagging of the liquid-gas interface inside the texture and/
or depinning of the three-phase contact line. However,
probing the structure of the buried liquid-nanotextured solid
interface in situ is more challenging. To date, only ex situ
imaging of composite interfaces in submicron scale textures
has been achieved using cryogenic scanning electron
microscopy [22] and freeze fracture [23]. Here we present
a comprehensive, in situ study of forced water infiltration
into various hydrophobic nanotextures in order to quanti-
tatively understand the role of surface geometry and
air-liquid exchange for the collapse and reversibility of
superhydrophobicity at the nanoscale. In our investigations,
we exploited block copolymer self-assembly and plasma
etching in order to create large-area (cm2) silicon surfaces
containing features with uniform size and spacing on a
length scale ≈10 nm [24,25]. Anisotropic silicon etching
produced cylindrical pillars and lamellaewith nearly vertical
sidewalls [see Figs. 1(a) and 1(b)] [30]. Tapered conical
structures ≈10 nm wide at their tips [Figs. 1(c) and 1(d)]
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were obtained by introducing a slow lateral etch rate [24].
Nanostructured silicon surfaces were rendered hydrophobic
by silane coating. All nanostructures have a feature spacing
of d ≈ 50 nm, whereas the feature size w at the top surface,
the feature height h, and the sidewall angle α vary within the
range 15 nm < w < 35 nm, 75 nm < h < 180 nm, and
1° < α < 10°, respectively (seeTable I).Wenote that similar
texture geometries have been used to reduce fluid drag at
solid surfaces [6,31,32].
Lamellae and cylindrical pillars exhibited similar contact

angles (≈150°) and a contact angle hysteresis significantly
more pronounced than that on flat substrates. In contrast,
the tapered cone nanotextures exhibited the largest macro-
scopic contact angles and the weakest hysteresis. This
behavior is described quantitatively using the CB model in
which a macroscopic drop of water resting on a nano-
textured surface makes contact only with the top of the
texture without significantly penetrating into the voids
between the features. Under these conditions, the drop
contact angle on the composite surface is provided by [7,9]

cos θCB ¼ ϕSLð1þ cos θFÞ − 1; (1)

where θF ≡ θF;adv ¼ 112° is the contact angle on the
corresponding flat surface and ϕSL is the area fraction
of solid-liquid interface. We have estimated that ϕSL ≈
w=d ≈ 0.5 for the lamellae and ϕSL ≈ ðπw2=2

ffiffiffi
3

p
d2Þ ≈ 0.3

(0.07) for the hexagonal arrays of cylindrical pillars

(tapered cones), using the numerical values in Table I.
The reasonable agreement of θCB with the experimental
advancing contact angles of water on the various textured
surfaces (see Table I) suggests that water does not penetrate
significantly into the texture consistent with earlier
studies [33].
The high degree of nanostructured surface periodicity

and uniformity allowed us to use transmission small-angle
x-ray scattering (SAXS) as a highly sensitive in situ probe
of water infiltration into the nanostructured surfaces in a
range of hydrostatic pressures 0 < ΔP < 50 atm in excess
of atmospheric pressure. SAXS has been previously uti-
lized for structural studies of water-superhydrophobic
solid interfaces but only at atmospheric pressure [33,34].
The x-ray compatible pressure cell used for the experiments
consisted of an aluminum body with two windows made of
a nanopatterned silicon wafer and a thin plastic foil,
respectively. [see Fig. 2(a) and Supplemental Material
[25]]. A representative SAXS pattern generated by the
array of nanopillars at ΔP ¼ 0 consists of two powder
diffraction rings—a brighter inner h10i ring and a fainter
h11i outer ring—characteristic of the random distribution
of the domains of the 2D hexagonal lattice [Fig. 2(b)]. The
azimuthally integrated, background-subtracted h10i peak
intensity was found to have a nearly constant amplitude for
overpressures up to ≈ 15 atm and to decrease monoto-
nously beyond that point up to ΔP¼ 45 atm [see Fig. 2(c)].
A similar qualitative behavior was observed for all nano-
textured surfaces.
The observed reduction of diffracted intensity reflects

the loss of electron density contrast caused by water
infiltration into the texture. If the liquid penetrates the
texture to a laterally uniform depth (see inset to Fig. 3), the
volume fraction ϕVðΔPÞ of the texture that is filled with
water (ρw) is given in good approximation by [25]

ϕVðΔPÞ ¼
ρsi
ρw

½1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aRðΔPÞ

p
�; (2)

where RðΔPÞ ¼ IðΔPÞ=Ið0Þ is the ratio between the h10i
peak intensity at ΔP and at atmospheric pressure, and a is a
normalization factor introduced to account for the obser-
vation that for all nanotextures there is some spontaneous
infiltration ϕ0, even at ΔP ¼ 0. ϕ0 was found through
independent SAXS experiments [25] to be 0.05 for the

FIG. 1. Oblique side-view scanning electron microscope pic-
tures of silicon surfaces patterned with (a) a hexagonal array of
nanopillars, (b) nanolamellae, and (c),(d) hexagonal arrays of
nanocones with different aspect ratio (the scale bar is the same for
all pictures).

TABLE I. Geometrical parameters, water advancing contact angle, contact angle hysteresis Δθ ¼ θadv–θrec, and the CB contact angle
for textured surfaces as described in the main text.

Surface texture d (�0.5 nm) w (�2 nm) h (�5 nm) α ð�2°Þ θadv ð�2°Þ Δθ ð�3°Þ θCB

Flat � � � � � � � � � � � � 112° 6° � � �
Lamellae 48.3 nm 25 nm 75 nm 1° 146° 28° 134°
Pillars 51.8 nm 35 nm 180 nm 1° 150° 30° 144°
Short cones 51.8 nm 15 nm 75 nm 10° 165° 5° 162°
Tall cones 51.8 nm 15 nm 170 nm 6° 165° 6° 162°
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nanocones and nanolamellae and 0.08 for the nanopillars
[accounted for by setting a ¼ 0.95 and 0.93, respectively,
in Eq. (2)]. These results are consistent with earlier studies
on wetting of hydrophobic cavities by water [33] as well as
with more recent freeze fracture experiments [23]. Since the
upper parts of the texture are actually rounded the liquid
spontaneously penetrates the texture to a depth where the
liquid-air interface spanning the sculptures is nearly flat
(i.e., nearly zero capillary pressure) [33].
The infiltration isotherms for our shallower textures, i.e.,

nanocones and nanolamellae, as inferred from Eq. (2), are
shown in Fig. 3 (green circles and blue triangles, respec-
tively). There was very little infiltration up to a critical
pressure ΔPc beyond which the isotherms increase
strongly. ΔPc ≈ 5 atm and ≈25 atm for the nanocones
and the nanolamellae, respectively (see the arrows in
Fig. 3). Complete filling (i.e., the Wenzel state) is reached
at ΔP ¼ 22 atm for the nanocones and at 41 atm for the
nanolamellae. Another quantitative difference between the
infiltration of the two textures is that (up to ϕV ¼ 0.5)
the infiltration curve for the nanolamellae is steeper than for
the nanocones. When the pressure was progressively
reduced to the atmospheric one (hollow symbols) no liquid
extrusion was observed for the nanocones whereas ϕV
decreased to 0.94 for the nanolamellae. The isotherms for
the taller nanocones and the nanopillars were qualitatively
similar [see Fig. 4(a), green circles and red squares,
respectively]. As in Fig. 3, infiltration increased abruptly
at ΔPc ≈ 5 atm and 28 atm for the nanocones and the
nanopillars, respectively. Complete filling was reached at
ΔP ≈ 35 atm for the nanocones whereas for the nanopillars
the maximum filling of 0.95 was obtained at ΔP ¼ 45 atm

(corresponding to the maximum pressure attainable with
our setup). However, the liquid extrusion curves (hollow
symbols) exhibited remarkable differences between the
two samples. Whereas the infiltration decreased only
slightly for the nanopillars (from 0.95 down to 0.88 at
ΔP ¼ 0 atm), for the nanocones a significant amount of air
continuously re-adsorbed into the texture, filling about half
the void volume, upon progressively reducing the pressure.
This significant liquid extrusion was observed exclusively
in textures of nanocones with a high aspect ratio.
In order to investigate this phenomenon further, we

performed additional infiltration experiments for the taller
nanocone texture, in which the pressure was cycled several
times to reach intermediate infiltrations before increasing
enough to completely fill the textures. The detailed infil-
tration path is indicated by arrows in Fig. 4(b). Initially the
pressure was raised gradually up to ΔP ¼ 14 atm with
infiltration reaching approximately 0.5, in quantitative
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FIG. 2 (color online). (a) Schematics of the SAXS experiment.
(b) Transmitted SAXS pattern from the array of nanopillars at
ΔP ¼ 0 atm where the arrows denote the position of the h10i and
h11i Bragg rings (the latter being evidenced by the dashed line).
(c) Azimuthally integrated x-ray intensity scattered from the
sample with nanopillars as a function of the wave vector transfer
q at various pressures.

FIG. 3 (color online). Filling fraction ϕV versus hydrostatic
pressure in excess of atmospheric pressure, ΔP, for the short
nanocones (green circles, h ¼ 75 nm), and the nanolamellae
(blue triangles, h ¼ 75 nm). Filled and hollow symbols represent
the intrusion and the extrusion curve, respectively. Dashed lines
correspond to the theoretical intrusion curves.

∆∆

φ
∆

∆

(a) (b)

FIG. 4 (color online). (a) Infiltration isotherm for 170 nm tall
nanocones (green circles) and 180 nm tall nanopillars (red
squares); filled and hollow symbols represent the intrusion and
extrusion curve, respectively. (b) Isotherm for 170 nm tall
nanocones obtained by varying the hydrostatic pressure cyclically
as indicated by the arrows.
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agreement with the data in Fig. 4(a). Next, the pressure was
reduced gradually to 2.5 atm and this path of the isotherm
was irreversible with the infiltration decreasing linearly
with pressure down to 0.37. However, a pressure rise back
to ΔP ¼ 14 atm resulted in an almost reversible path
ending at a slightly higher infiltration of 0.55. A further
increase of pressure to 17.7 atm led to ϕV ¼ 0.67, con-
sistent with the data in Fig. 4(a). Subsequently, the pressure
was reduced to 1.7 atm and then raised again, causing the
infiltration to drop to 0.45 and then raise to 0.71. At this
stage the pressure was increased up to 35 atm causing water
to infiltrate the texture almost entirely. Finally, when the
pressure was then released completely, the infiltration
remained constant down to 15 atm, and dropped linearly
to 0.85 below this pressure. These results indicate that the
desorption isotherms depend not only on the texture
geometry and the aspect ratio but also on the sample
history.
We have determined theoretically the adsorption iso-

therms by using simple force balance arguments and
classical capillary theory [35,36]. We hypothesize that
initially the contact line is pinned due to contact angle
hysteresis [37] and the local contact angle may assume any
value between the advancing and the receding angles. A
rise of hydrostatic pressure increases the interfacial curva-
ture and hence the contact angle until at a certain critical
pressure ΔPc the advancing angle θF;adv is reached and the
contact line becomes unstable. In the case of substrate
features with oblique sidewalls, for ΔP > ΔPc the liquid
will gradually penetrate into the texture. The actual inter-
face position is determined by balancing the hydrostatic
pressure and the component normal to the textured
surface of the forces due to the water surface tension γ
at θ ¼ θF;adv. In the specific case of periodic arrays of
identical features, this force balance is given by

ΔP ¼ −γ cosðθF;adv − αÞ L
Ap

; (3)

where L and Ap are the length of the contact line and the
area of the gas-liquid interface projected onto the horizontal
plane of the substrate, respectively, within a unit cell of the
periodic lattice. Equation (3) evaluated at the top of the
textures provides the critical pressure ΔPc. We have
modeled the nanotextured surfaces as hexagonal arrays
of truncated cones, or parallel trapezoidal lamellae. Despite
its macroscopic character this model turned out to capture
the essential implications of the geometrical features of the
textures. Accordingly, Eq. (3) takes the form

ΔPc ¼ −γ cosðθF;adv − αÞ
(

4πw
2
ffiffi
3

p
d2−πw2 ðcones; pillarsÞ

2
d−w ðlamellaeÞ:

(4)

With γ ¼ 0.072 N=m and θF;adv ¼ 112° for all textures,
Eq. (4) renders ΔPcones

c ≈ 4.7 atm, ΔPpillars
c ¼ ΔPcones

c ×
ðα ¼ 0Þ ≈ 31.8 atm, and ΔPlamellae

c ≈ 24.6 atm in good

agreement with the experimental data in Figs. 3 and 4(a).
The full infiltration curves ϕVðΔPÞ are determined by
using Eq. (3) and accounting for the change of L and Ap as
the liquid infiltrates the texture (see Supplemental
Material [25]). As shown in Fig. 3 (dashed lines), our
model provides a very good description of the exper-
imental infiltration data for all textures, using the values
for the geometric parameters consistent with the actual
pattern dimensions together with a 5%–10% feature size
distribution (see Supplemental Material [25]). The lamel-
lae exhibit the steepest infiltration curve due to their
nearly vertical sidewalls. The sorption isotherm for the
pillars varies less steeply, possibly due to their nonuni-
form cross section diameter. This sample also shows a
pronounced preinfiltration (within the pressure range
15 atm < ΔP < 30 atm) which is not captured by our
model, potentially due to the corrugation of the sidewalls
mentioned above. The model assumption that upon
increasing ΔP the interface may be initially pinned in
a metastable configuration (leading to ΔPc > 0) is con-
sistent with the results for the nanocones and the nano-
lamellae, where very little infiltration occurs until the
critical pressure ΔPc is reached. An important finding of
this study is that the infiltration curves can be modeled
well without invoking line tension effects. This result
does not necessarily imply the absence of line tension
effects but rather that the magnitude of the line tension is
≤ 10−11 N, consistent with previous experimental [38]
and theoretical [18] results.
We identify three possible mechanisms leading to the

hysteresis of the infiltration isotherms: an irreversible
transfer of gas into the liquid phase when the liquid invades
the texture, pinning of the interface inside the texture, and
trapping in metastable states which depend on the texture
geometry. Infiltration compresses the air trapped in the
texture and this facilitates its dissolution by increasing—
according to Henry’s law—the gas solubility. Further, the
diffusion coefficient of air in water at room temperature is
2 × 10−3 mm2 =s and thus, after dissolution, the gas can
diffuse ≈100 μm away from the interface during the typical
time of a SAXSmeasurement (≈1 min.). This effect occurs
at any gas compression ratio [as indicated by the multiloop
isotherm in Fig. 4(b)] thereby allowing air to escape the
texture as if the system was effectively open (i.e., air could
freely flow laterally through the texture). When the
pressure is reduced the gas phase nucleates into the texture
voids. This effect is more pronounced in the case of
structures with high aspect ratios for which a larger air
volume had been transferred into the liquid upon complet-
ing infiltration (thereby leading to higher gas concentration
in the proximity of the solid-liquid interface). However, the
extrusion curve is shifted towards lower pressures due to
pinning of the contact line at surface defects. Furthermore,
our theoretical analysis of the free energy landscape
corresponding to the infiltration in nanostructured
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substrates with various geometries (see Supplemental
Material [25], Fig. S1) shows the occurrence of at least
two distinct metastable states, i.e., CB state ϕV < 1 and the
Wenzel state ϕV ¼ 1, separated by free energy barriers
much larger than kBT. For lamellar features forming
trapezoidal grooves this barrier is much more pronounced
than for the ones forming triangular grooves. This may
explain the significant liquid extrusion observed experi-
mentally for tall nanocones.
These results indicate that macroscopic capillary theory

might provide an adequate description of water infiltration
into surface nanotextures with a variety of geometries,
suggesting that line tension and thermal fluctuations of the
gas-liquid interface do not play a predominant role at the
10 nm scale. As water infiltrates the texture, trapped gas
dissolves irreversibly into the liquid and this mass transfer
is not inhibited by the spatial confinement of the liquid-gas
interface. Despite the complete gas dissolution observed at
high pressure, the reappearance of the gas phase upon
reducing the pressure may occur spontaneously owing to
the texture geometry and favorable aspect ratios. However,
this process is affected by the kinetics of the gas-liquid
exchange. These results have profound implications for the
understanding and the rational design of nanosized, multi-
phase systems.
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