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S
urfaces with special wetting properties
have the potential to transform several
industries, including power genera-

tion,1�4 transportation,5�8 water desalina-
tion,9 gas and oil production,10 and micro-
electronics thermal management.1 Of parti-
cular interest are surfaces with extreme
wetting properties, which are efficient at
either repelling or attracting liquids such
as water11�19 and oils20,21 but can also pre-
vent formation of biofilms,22,23 ice,5�8,16,24,25

and clathrate hydrates.10 The degree of sur-
face wetting, typically measured by a drop's
contact angle, depends on the balance of the
products of corresponding interfacial surface
areas and surface energies. From a theoreti-
cal perspective, the contact angle of a liquid
interacting with a flat solid is predicted using
Young's equation.11,12,26,27 However, to
achieve extreme wetting properties, the in-
terfacial region between the droplet and the
substrate must be structured and often con-
tains an additional gas or liquid phase.11 For
example, nano- and/or microscale roughen-
ing of a flat hydrophobic substrate yields a
superhydrophobic surface. Furthermore, the
amount of air or intermediate liquid trapped
between the topological features of such a
surface determines what liquids are repelled
by it11,20,21,28,29 and whether drops of those
liquids are in a “sticky” Wenzel state28 or a
“nonsticky” Cassie�Baxter state.29 Predict-
ing the wetting properties of these special
surfaces using thermodynamics requires
detailed knowledge of the composition
and geometry of the interfacial region.
Though there have been a few studies on
static30�36 and dynamic3,19,37 aspects of the
exterior three-phase contact line on tex-
tured surfaces, a quantitative method for
direct nanoscale visualization of the three-
dimensional droplet and substrate interface
has not been developed. Light interference
imaging works only in a few special cases

involving smooth interfaces,26,38,39 while
light microscopy40,41 and in situ small-
angle X-ray scattering42,43 can typically be
used only to quantify the amount of air
trapped between the topological features.
Papadopoulos et al.44 recently applied laser
scanning confocal microscopy to image the
shape of a water droplet with a diameter of
a few millimeters deposited on a micro-
structured polymer surface. While promis-
ing, the need to stain the water droplet with
a fluorescent dye and the 250 to 700 nm
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ABSTRACT

Surfaces with special wetting properties not only can efficiently repel or attract liquids such as

water and oils but also can prevent formation of biofilms, ice, and clathrate hydrates.

Predicting the wetting properties of these special surfaces requires detailed knowledge of the

composition and geometry of the interfacial region between the droplet and the underlying

substrate. In this work we introduce a 3D quantitative method for direct nanoscale

visualization of such interfaces. Specifically, we demonstrate direct nano- to microscale

imaging of complex fluidic interfaces using cryostabilization in combination with cryogenic

focused ion beam milling and SEM imaging. We show that application of this method yields

quantitative information about the interfacial geometry of water condensate on super-

hydrophilic, superhydrophobic, and lubricant-impregnated surfaces with previously unattain-

able nanoscale resolution. This type of information is crucial to a fundamental understanding

as well as the design of surfaces with special wetting properties.

KEYWORDS: complex nanostructures . cryo-FIB/SEM . superhydrophobicity .
lubricant-impregnated surfaces . nanoscale water condensation
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spatial resolution44 do not allow for studies involving
nanoscale topological features as well as water con-
densation. Water�solid interfaces can be directly im-
aged with nanoscale resolution using transmission
mode of an environmental scanning electron micro-
scope;19,45,46 unfortunately, electron scattering limits
applicability of this approach to submicrometer drop-
lets.46�48 Ensikat et al.49 developed an interesting
approach, inwhich droplets are frozen through contact
with liquid nitrogen cooled superhydrophobic surfaces
and, after careful “peeling off” of the substrate, are
imaged using cryogenic scanning electronmicroscopy
(cryo-SEM). However, this method works only for
macroscopic droplets and is limited by a slow cooling
rate, which results in the formation of crystalline ice
and deformation of the geometry of the water droplet.
Similarity, the freeze fracturing shadow casting cryo-
SEM approach, developed by Isa et al.50 to measure
contact angles of solid particles on liquid�liquid inter-
faces, works only for liquid films and is not applicable to
droplets. In this work, we demonstrate a direct method
for nano- to microscale imaging of complex inter-
faces using cryostabilization, cryogenic focused ion
beam (FIB) milling, and SEM imaging (cryo-FIB/SEM).
Specifically, we show that microscale water droplets
condensed on a variety of substrates retain their
morphology during the nitrogen slush plunge freezing
process and can be effectively cross-sectioned using
FIB milling and imaged using SEM. We show examples
of direct imaging of composite interfaces involv-
ing solid, liquid, and gas phases below water droplets
condensed on silicon nanowire forests with hydrophilic

and hydrophobic surface termination in the presence
or absence of an intermediate water-repelling oil18,24

with previously unattainable nanoscale resolution. We
demonstrate that cryo-FIB/SEM is particularly suited for
this application because of the advantages of second-
ary and backscatter electron imaging, energy disper-
sive spectrometry (EDS), and three-dimensional destruc-
tive tomography.

RESULTS AND DISCUSSION

In recent years cryo-FIB/SEM has become increas-
ingly popular for cross-sectional imaging and TEM
sample preparation of softmaterials.51�54 The first step
of the process is cryostabilization of the sample, which
is an established electron microscopy technique for
preserving the geometry of hydrated biological52,53,55

and geological51 specimens aswell as colloidal suspen-
sions and emulsions.56 The sample is first mounted to a
metal stub and attached to a transfer holder. In our
experiments, we encouraged water condensation on
the sample by cooling the sample-holder assembly to
about 0 �C using a Peltier element in the presence of
moist air for about 2 min (Figure 1a).3,57 Subsequently,
we submerged the sample-holder assembly in liquid
nitrogen slush for about 30 s, transported it under low-
vacuum conditions into a high-vacuum transfer cham-
ber, and coated it with a 10 to 20 nm conductive
platinum layer at �180 �C (Figure 1b,c). The freezing
rates during liquid nitrogen slush plunge freezing are
on the order of 20 000 �C per second58 and vitrify water
microdroplets within a few microseconds.59�63 Thus
cryostabilization of the microdroplets was significantly

Figure 1. Step-by-step schematic of the cryo-FIB/SEMmethod: (a) water condensation on precooled sample, (b) rapid plunge
freezing in liquid nitrogen slush (LN2), (c) vacuum transfer and in situ conductive metal deposition, and (d) cryo-FIB/SEM
milling and imaging; (e, f) top-down and 52� tilt SEM images of frozen water droplets that were condensed on a silicon wafer
modifiedwith a hydrophobic promoter coating;white arrows indicate freezing artifacts, and (g) 52� tilt cross-sectional images
of the droplet highlighted in (f).
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faster than any changes of the droplet's geometry due
to condensation64�68 and evaporation,69,70 which oc-
cur on a millisecond to second time scale in experi-
mental conditions comparable to our procedure.
Accordingly, most microdroplets condensed on a flat
silicon wafer modified with a hydrophobic promoter
retained their hemispherical shape during the plunge
freezing process (Figure 1e,f). In some cases, we ob-
served noticeable freezing artifacts such as minor
deformation in the plunge direction and fusion of
two droplets (Figure 1e,f). Importantly, we did not
see evidence of water crystallization, which strongly
deforms the geometry of the water droplets frozen
through contact with liquid nitrogen cooled sub-
strates.49 During the transfer process, a 100 to
200 nm conformal ice layer formed, but did not affect
visualization of the interface (Figure 1g). Once in the
cryo-FIB/SEM chamber, the samples were exposed to a
10 to 20 s pulse of an organometallic gas containing
platinum. The resulting few micrometer thick layer
encapsulatedmost of the drop and, after a short curing
using the ion beam, aided uniform milling during the
cross-sectioning step.53 The images in Figure 1g show
that the subsequent FIB milling and SEM imaging

clearly reveal the flat droplet and substrate interface.
While the ion beammilling process is unlikely to cause
thermal damage to vitreous ice,52,71,72 we observed
minor morphological changes to the cut water face
due to prolonged high-magnification SEM imaging
(Figure 1g). FIBmilling of large droplets, which required
large ion beam currents of several nanoamperes,
resulted in formation of minor cracks within the frozen
samples. We also observed that sample heating from
prolonged sputtering and/or organometallic gas ex-
posure can be significant and detrimental. This type of
surface heating can result in selective sublimation of
the frozen water, without affecting the outer layer,
consisting of sputtered metal and deposited organo-
metallic paste. As described in detail in the Methods
section, careful adjustment of the process settings
mitigates freezing and heating artifacts. We also note
that while in this work we used a FIB with a gallium ion
source, which is well suited for milling sub-150 μm
objects, the cryostabilization process is compatible
with the newer plasma source FIBs, which can easily
cut through significantly larger objects.73

We investigated the interfacial geometry of water
condensing out of air onto a silicon nanowire forest

Figure 2. 52� tilt cryo-FIB/SEM images of water condensed on (a) superhydrophilic surface consisting of hydrophilic silicon
nanowires (Si NW), (b) superhydrophobic surface consisting of Si NW coated with a hydrophobic promoter, (c) example of
three-dimensional reconstruction of a droplet condensed on the superhydrophobic surface imaged using cryo-FIB/SEM
tomography; example vertical and horizontal cross sections are also included, (d) schematic illustrating the difference
between flat and locally bent droplet�substrate interface, and (e) top-down SEM image of FIB-cut Si NW section used to
calculate the Si NW solid fraction.
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with hydrophilic and hydrophobic surface termina-
tions. We first examined water condensation on the
as-grown nanowires, which contain a thin hydrophilic
native oxide layer. The cross-sectional images in
Figure 2a show that condensation on this superhydro-
philic surface results in formation of a uniform film of
water. Imaging of this cross-section was instructive, as
it highlights the difference between imaging in second-
ary (SE) and backscattered (BSE) electron modes. Spe-
cifically, by imaging in the BSE mode, we observed a
much stronger contrast between the silicon nanowires,
their gold nanoparticle top, and the liquid. Second, we
demonstrated that condensation on the silicon nano-
wire forest modified with perfluorinated silane pro-
duced dramatically different results. After chemical
modification, the surface became superhydrophobic
and condensing water formed nearly spherical micro-
droplets. The SEM images of this interface show that
the droplet is in a nonwetting Cassie�Baxter state and
has a contact angle above 170� (Figure 2b). The single
cross section shows that the droplet sits on top of the
nanowires and that only submicroscopic bending of
the liquid surface occurs in the vicinity of the nanos-
tructures. We obtained significantly more quantitative
information about the interface through FIB/SEM to-
mography of the drop. This three-dimensional visuali-
zation technique is often referred to as destructive
tomography because the object of interest is gradually
sliced away during serial FIB milling and SEM imaging.
After alignment, resampling, and segmentation of an
acquired set of images, the entire object as well as
arbitrary planar cross sections in any orientation can be
reconstructed from the volumetric data set. Results of
this procedure are illustrated in Figure 2c and Movie 1,
containing example vertical and horizontal cross sec-
tions as well as a full three-dimensional reconstruction
of a ∼7.5 μm diameter droplet condensed on the
nanowires. The surface of this droplet is in contact
with 11 nanowires, of which only one penetrates the
liquid to a depth of 460 ( 30 nm. The most pro-
nounced bending of the liquid interface in the vicinity
of a nanowire has a radius of curvature of about
650 nm. Using the volumetric data set we quantified
the total liquid�air, base liquid�air, and liquid�solid
interfacial areas as approximately 176, 30, and 1 μm2,
respectively (the base liquid�air area was assumed to
be the surface area of the liquid below the horizontal
plane that passes the highest nanowire-liquid inter-
section point). Cassie and Baxter26,29 related the ap-
parent contact angle, θ*, to the flat surface's contact
angle, θ, and to the solid area fraction, f, through

cos θ� ¼ f (1þ cos θ) � 1 (1)

We compared predictions of eq 1 for the idealized
case of a flat interface, often assumed in the
literature,12,14,21,29,74 and our directly measured values
quantifying the local interface bending around the

nanowires (see Figure 2d). For both of the cases we
used θ = 104�, which is the experimentally measured
value of contact angle of a silicon wafer surface
modified with the perfluorinated silane (see Methods
section for further details). We estimated f = 0.27 for the
flat interface case by measuring the fraction of the
substrate area occupied by the base of horizontally FIB-
cut nanowires (see Figure 2e).3 Substituting the θ and
the f values for the flat interface case into eq 1 yields a
significantly underpredicted value of θ* = 143�. In turn,
substituting our directly measured value of f = 1/30
into eq 1 we obtained θ* = 169�, which is in close
agreement with both the θ* = 167.5� macroscopic
contact angle measured using a goniometer and the
θ* ≈ 170� microscopic contact angle estimated from
the volumetric data set.
We also investigated the interfacial geometry of

four-phase lubricant-impregnated surfaces24,75 (such
hybrid liquid�solid surfaces have also been referred
to as hemisolid and hemiliquid,11 slippery presuff-
used surfaces,17 and slippery liquid infused porous

Figure 3. (a, b) Top-down and 52� tilt cross-sectional
images of water droplets condensed on hydrophilic Si NW
impregnated with oil and EDS spectra of (c) Pt coating, (d)
water drop, (e) oil-impregnated Si NW, and (f) Si substrate.
All cross-sectional imaging is performed in the BSE mode.
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surfaces16,25), which consisted of air, water, oil, and a
nanostructured solid. In particular, we studied the
wetting characteristics of condensed water droplets
on superhydrophilic and superhydrophobic silicon
nanowire surfaces impregnated with oil, which is
immiscible with water (we refer to these surfaces as
LIS-1 and LIS-2 hereafter). Top-down SEM images in
Figure 3a show that on LIS-1 only some microdro-
plets with diameters below 75 μm appear to have a
circular circumference, while all larger drops have
irregular shapes. Interestingly, the cross section
shown in Figure 3b reveals that the shape observed
from the top-down perspective is only the exposed
tip of a larger subsurface droplet. The droplet
emerges at most 10 μm above the planar air�liquid
interface with an apparent diameter of about 65 μm.
At its true base, located about 25 μm below the
planar air�liquid interface, the drop has a diameter
of about 100 μm. We used EDS elemental analysis to
identify each observed phase in the cross section.
The acquired spectra are presented in Figure 3c�f.
As expected, the top layer consisted primarily of
carbon, oxygen, and platinum and corresponded to
the protective conductive coating (Figure 3c).76 The
drop, which penetrated all the way to the bottom of
the nanowires layer, consisted predominantly of
oxygen and is relatively free of carbon, and thus
corresponded to water (Figure 3d). The second fluid
phase showed strong carbon, oxygen, and fluorine
signals and was identified as vacuum oil (Figure 3e).

The fluorine signal came from the polytetrafluor-
oethylene particles, which are contained within the
vacuum oil (this spectrum also contains a silicon
signal because it corresponds to the liquid layer
between the nanowires in Figure 4b; see Methods
section). As expected, the spectrum of the silicon
substrate primarily consisted of silicon. We note that
all layers included trace gallium as well as carbon
and oxygen signals due to ion implantation and
material redeposition during milling. Thus, our ima-
ging method confirmed that LIS-1 is unstable,16,17

and condensing water droplets can entirely substi-
tute for the oil film encapsulating the hydrophilic
nanowires.
Coating of the nanowires with the hydrophobic

promoter prior to impregnation with the oil pro-
duced a stable LIS, consistent with previously re-
ported studies.16,17,25 Water condensation on this
surface led to formation of droplets, which, from a
top-down perspective, had circular circumferences
for all size ranges (Figure 4a). Cross-sectioning such
droplets clearly revealed floating lens-type geome-
try and formation of an oil meniscus near the drop
edge (Figure 4b�e). The three-dimensional recon-
struction of the oil�nanowire layer shown in
Figure 4c and Movie 2, obtained through FIB/SEM
tomography and image processing, shows the cra-
ter-like geometry of this meniscus with internal and
external radii of curvature of about 2.5 and 5 μm,
respectively. In turn, the water lens has a height and

Figure 4. (a) Top-down images, (b) 52� tilt cross-sectional images, (c) 3D reconstruction obtained using cryo-FIB/SEM
tomography, and (d) vertical and (e) horizontal cross sections of a water lens condensed on hydrophobic silicon nanowires
impregnatedwith oil; in (c) the water lens is separated from the LIS surface to clearly show the oil meniscus. The darker shade
of blue on the surface of the drop indicates the location of minor voids formed during sample preparation. All cross-sectional
imaging is performed in the BSE mode.
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diameter of about 9 and 15 μm, respectively. The
vertical and planar cross sections in Figure 4d,e

clearly show that the water lens is penetrated by
significantly more nanowires than the droplet con-
densed on the superhydrophobic surface. Specifi-
cally, the lens surface is in contact with 70 nanowires,
of which 32 penetrate the water surface to an
average and a maximum depth of 478 ( 230 and
930 ( 63 nm, respectively. As in the case of the
superhydrophobic surface, we observed local inter-
face bending in the vicinity of the nanowires with a
typical radius of curvature of 500 to 1500 nm.
Furthermore, using the volumetric data set we quan-
tified the total water�air, water�oil, and water�
solid contact areas as approximately 485, 476, and
9 μm2, respectively. We did not attempt to use
these values to predict the contact angle, as a
theoretical understanding of LIS is just beginning
to emerge.24,77 Lastly, we note that in the case of the
stable LIS-2 surface significantly more interactions
between the solid and water phases were observed
than in the case of the superhydrophobic surface.

CONCLUSIONS

In conclusion, in this work we demonstrated two-
and three-dimensional direct nano- to microscale
imaging of complex fluidic interfaces on silicon
nanowire forests with varied wetting properties
using cryostabilization in combination with cryo-
FIB/SEM. We showed that application of this method
yields quantitative information about the interfacial
areas of water condensate on superhydrophilic,
superhydrophobic, and lubricant-impregnated
surfaces with previously unattainable nanoscale
resolution. For the case of the superhydrophobic
silicon nanowire surface, we demonstrated that
the Cassie�Baxter equation yields a much more
accurate prediction of the drop's contact angle
with substitution of the directly measured interfa-
cial areas rather than the estimates based on the
typically used flat interface assumption. The nano-
scale resolution quantitative information about
the interfacial region attainable using our method
is crucial to a fundamental understanding as well
as the design of surfaces with special wetting
properties.

METHODS

Cryo-FIB FIB/SEM Procedure. The low-temperature experiments
were carried out using an FEI Nova Nanolab 600 Dual Beam78

equipped with a Quorum PP2000T cryo-transfer system and an
INCA XMax 80 mm2 SDD EDS detector (Oxford, Abingdon,
Oxfordshire, U.K.). Three to four ∼3 mm by ∼3 mm samples
were attached to a 10 mm diameter copper stub using double-
sided carbon tape and placed in a brass cryo-stage holder. The
sample-holder assembly was cooled to about 0 �C using a
1.2 cm by 1.2 cm Analog Technologies thermoelectric cooler
modulemounted to a 2.5 cm� 5 cm� 5 cmaluminumheat sink
for a period of 2 min. Rapid water condensation was

encouraged by placing an open cup of nearly boiling water in
the vicinity of the sample-holder assembly, which locally pro-
vided a source of warm and moist air. Subsequently, the
samples were submerged into liquid nitrogen slush, which
was made by partially evacuating a chamber containing liquid
nitrogen. After about 30 s, when bubble formation around the
sample terminated, the freezing chamber was evacuated. Next,
the samples were moved to the transfer chamber under
vacuum. The chamber was pre-evacuated to a pressure of
10�3 to 10�2 Pa and precooled to a temperature of �180 to
�190 �C. In situ conductive metal deposition was achieved by
plasma sputtering in an argon gas environment with a 5 mA

Figure 5. (a) Low-magnification view of the sample and GIS
needle during Pt deposition. (b�f) Example of typical cryo-
FIB/SEM imaging procedure: (b) frozen droplets on the
superhydrophobic nanowires, (c) droplets covered with
frozen Pt layer, (d) same droplets after ion beam curing of
the Pt layer, (e, f) images of droplet with FIB milled three-
side trench (e) before and (f) during slice-and-view imaging
(the insets in top right corner show the FIB view). (g�i)
Progressive cross sections through a hollow droplet shell.
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current. To minimize potential heating effects, sputtering was
done in three 30 s periods with 60 s breaks in between.
Subsequently the coated samples were transferred directly into
the FIB/SEM chamber, which had a stage and decontamination
coldfinger precooled to�150 to�160 �C and�180 to�190 �C,
respectively. Prior to FIB milling, the samples were exposed to a
10 to 20 s pulse of a C9H16Pt gas precursor at 28 �C, which was
introduced into the microscope chamber using a built-in gas
injection system (GIS). Specifically, the gas was introduced
through a 500 μm inner diameter needle that was placed about
500 μm above the sample (Figure 5a). During the exposure the
gas froze to the surface, resulting in about a 1 to 2 μm
amorphous layer encapsulating most of the drops (see differ-
ence between Figure 5b and c). Because this layer was initially
electrically insulating, it was cured using a short exposure to the
ion beam at 30 keV, 0.92 nA, and 100 ns dwell time per pixel. The
time of the exposure varied depending on the sample and
region of interest and was adjusted based on morphological
changes of the platinum layer (i.e., change from choppy to
smooth; see difference between Figure 5 c and d). This addi-
tional coating prevented shape distortion due to direct ion
beam exposure and indirect effects such as material redeposi-
tion as well as aided uniformmilling during the cross-sectioning
step.53 The above-described sample preparation procedure
mitigated detrimental heating effects, which can result in
formation of significant voids in the ice and, in extreme cases,
nearly hollow spherical shells made of the organometallic
coating (see Figure 5g�i). For example, in the case of the water
lens illustrated in Figure 4c, only about 13% of the ice volume
was replaced by voids.

FIB milling was performed with normal incidence of the ion
beam (sample tilt of 52� to 53�) and at an ion beam energy of
30 keV, an ion current of 0.48 to 21 nA, and a dwell time of 1 μs
per pixel. The structure cross sections were obtained by FIB
milling 10 to 50 μm deep trenches at an ion beam current of 9.3 to
21 nA. Subsequently the surfaces were polished at 0.48 to
2.6 nA. Serial milling and imaging was performed using FEI's
Auto Slice andView toolwith a slice thicknessof 100nm. For three-
dimensional visualization, the collected images were aligned,
resampled, and semiautomatically segmented using Avizo 7
Fire software from VSG. All structures were imaged at 0� and 52�
tilt in the objective lens immersionmode using either secondary
or backscattered electrons with electron beam energies of 1 to
2 keV and an electron beam current of 13 to 120 pA. To collect
the EDS spectra, electron beam energy and current were
increased to 3 keV and 1.1 nA, respectively. All reported distance
values are averages of six independent measurements, and the
associated uncertainty is expressed with a coverage factor of 1.
We note that quantification of the uncertainty of the surface
areas estimated from the volumetric data set is quite challen-
ging and is not attempted in this work. Thus, we report only
approximate area values.

Material Preparation. The silicon nanowires with diameters
between 50 and 200 nm and height of about 8.6 μm were
grown in a custom-designed horizontal hot-walled chemical
vapor deposition system at 850 �C using a SiCl4/H2/N2 gaseous
mixture. The vapor�liquid�solid (VLS) growthwas catalyzed by
gold nanoparticles formed on a Si(111) substrate by annealing a
5 nm thick gold (Au) film. Further details of the nanowire growth
can be found elsewhere.79 The as-grown nanowires with a
native oxide outer layer were referred to as hydrophilic. To
produce the hydrophobic and superhydrophobic surfaces, flat
silicon wafers and the silicon nanowire forests were modified
with a hydrophobic promoter. Specifically, the surfaces were
first rinsed using 2-propanol and cleaned using UV ozone for
approximately 15min to remove the adventitious hydrocarbon.
After cleaning and subsequent rinsingwith 2-propanol, samples
were blown dry with nitrogen and placed in a desiccator, which
was purged using dry N2 and evacuated with roughing vacuum.
Monolayer formation on the wafers by vapor deposition was
accomplished by exposure to 1H,1H,2H,2H-perfluorodecyltri-
chlorosilane (Alfa Aesar) in the desiccator under vacuum for
24 to 48 h. To fabricate the LIS, the edge of the nanowire sample
was put in contact with a small drop17 of 25/6 Fomblin LVAC
diffusion pump oil. To prevent an excess oil layer from forming

on top of the nanowires, the oil wicking process was monitored
using a lightmicroscope. Themacroscopic water contact angles
of the hydrophobic, superhydrophobic, and LIS-2 surfaces were
104 ( 4�, 167.5 ( 3.5�, and 114 ( 1�, respectively. Water
droplets began to slide from the LIS-2 surface when the surface
was tilted to about 10�. The water contact angle on both the
superhydrophilic and LIS-1 surfaces was below 5�.
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