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ABSTRACT: Omniphobic surfaces based on reentrant surface
structures repel all liquids, regardless of the surface material,
without requiring low-surface-energy coatings. Although omni-
phobic surfaces have been designed and demonstrated, they can
fail during condensation, a phenomenon ubiquitous in both
nature and industrial applications. Specifically, as condensate
nucleates within the reentrant geometry, omniphobicity is
destroyed. Here, we show a nanostructured surface that can
repel liquids even during condensation. This surface consists of
isolated reentrant cavities with a pitch on the order of 100 nm to
prevent droplets from nucleating and spreading within all structures. We developed a model to guide surface design and
subsequently fabricated and tested these surfaces with various liquids. We demonstrated repellency to 10 °C below the
dew point and showed durability over 3 weeks. This work provides important insights for achieving robust, omniphobic
surfaces.
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Surfaces that are repellent to liquids during condensation
have broad applications in antifouling,1,2 chemical
shielding,3 heat transfer enhancement,4,5 biomimetics,6

drag reduction,7 self-cleaning,8 water purification,9 icephobic
surfaces,10 and super-repellent surfaces.11 Chemical modifica-
tion of surfaces with low-surface-energy coatings has been used
but is typically limited to high-surface-energy liquids, like
water.12 Furthermore, such modifications can degrade over
time, where a robust solutiondespite more than eight
decades of work developing coatings of different types6,13−15
has yet to be found and widely implemented in applications
where condensation occurs.16−18 In contrast to low-surface-
energy coatings, reentrant micro- and nanostructures allow a
surface to repel fluid,19,20 and even exhibit omniphobicity,21

without chemical modification. Such surfaces utilize geometry
to create a local energy barrier for liquid propagation, thereby
maintaining air pockets below the liquid on the surface,
suspending the liquid on top of the structures in what is called
the Cassie wetting state. Specifically, the three-phase contact
line pins at the reentrant feature, which produces a surface
tension force that prevents liquid from entering the structure
(see Supporting Information, section S1, for a description of
reentrant surfaces). The development of numerous fabrication
methods and geometries has enabled reentrant surfaces to
repel many different liquids.22−26 In the extreme case, this
repellency is achieved using arbitrary materials.21 However,
due to the fact that the surface material is often intrinsically
wetting, reentrant surfaces fail when the liquid enters the
microstructure and propagates. The air trapped within the

structure is displaced by the propagating liquid, and the surface
loses its omniphobicity as it transitions to a Wenzel wetting
state (no air trapped beneath the droplet). This failure can
result from multiple causes, for example, (i) exceeding the
breakthrough pressure (the maximum sustainable liquid
pressure) of the surface,20,27 (ii) a defect in the reentrant
structure,28,29 and (iii) condensation due to the presence of
supersaturated vapor21,30−34 or contact with a liquid that is
hotter than the surface.35,36 Rational design has been used to
improve robustness for the first two failure modes, but prior to
this work a surface that adequately addresses all failure modes
simultaneously had not yet been developed, greatly limiting
application of omniphobic surfaces (further description of the
failure modes and when they occur are found in the Supporting
Information, section S2).
Condensation-induced failure has been particularly challeng-

ing to address. When liquid is condensed on a reentrant pillar
surface that is designed to repel impinging droplets, the
repellency is lost (Figure 1a and supplementary Video S1) due
to nucleating droplets within the microstructure. As seen in the
environmental scanning electron microscope (ESEM), when
water condenses on the reentrant pillar surface (Figure 1b),
nucleating droplets grow within the structures. The nucleating
droplets merge with droplets suspended on the surface,
providing a pathway for liquid on top of the microstructure
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to transition to the Wenzel state, as depicted in Figure 1c. As
such, a typical reentrant surface that is considered super-
repellent loses its fluid repellency when condensation occurs,
as shown in Figure 1d.
In contrast, we developed a nanoscale, reentrant cavity

surface to prevent nucleating droplets from spreading between
structures and thereby preserve the trapped air in any cavity

without a nucleating droplet (Figure 1e). As long as a
nucleation site does not occur within all cavities (which is
achieved by creating structures with characteristic spacing
smaller than that of nucleating droplets), the repellency is
retained. As such, the fabricated nanoscale reentrant cavity
surface maintained its advantageous repellency during
condensation of different fluids (Figure 1f). We demonstrated

Figure 1. (a) Images of a suspended water droplet on a reentrant pillar surface as condensation began. The contact angle was high initially
due to the surface maintaining a Cassie state with trapped air below the droplet. However, during condensation, the surface transitioned to a
Wenzel state as nucleating droplets within the structure displaced the trapped air, destroying all repellency. (b) Time-lapse ESEM images of
condensation occurring on the reentrant pillar surface. Condensing droplets form within the microstructure, preventing air from being
trapped and precluding droplets in a Cassie state. (c) Schematic showing a nucleating droplet growing within reentrant structures, causing
the suspended droplet to transition to a Wenzel state. (d) Water droplets placed on a reentrant pillar surface. All repellency was destroyed
during condensation due to a transition to the Wenzel state. (e) Schematic depicting a reentrant surface that prevents wicking of condensate
between structures, thereby preserving the Cassie state locally for areas without nucleating droplets. (f) Water droplets placed on the
nonwicking nanostructure developed in this work. The colors in the left image are caused by the periodic nanoscale reentrant features
diffracting visible light. In contrast to the reentrant pillar surface, the contact angle of droplets placed on the surface was maintained during
condensation, as shown in the right image. Diffraction in the right image is not as strong as the left image due to the condensing droplets
growing on the surface. The condensing droplets are just visible in the image, appearing as a light speckle on the otherwise shiny surface.
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condensation-resistant repellency without a low-surface-energy
coating for both water and ethylene glycol. Furthermore,
additional benefits of our design are the robustness to large
defect densities in the microstructure due to the nonwicking
structures (Supporting Information, section S2), and the
higher breakthrough pressure due to the nanoscale feature
size.20 Our proof-of-concept work shows the potential use of
reentrant geometry to tailor wettability in the presence of
condensation, which is necessary for the viability of
omniphobic reentrant surfaces in various applications.

RESULTS
Model for Condensation-Resistant Surface. In order to

properly design a condensation-resistant reentrant surface, we
developed a model to capture the wetting behavior. Liquid on
a reentrant surface forms a composite interface of air, liquid,
and solid material, where the apparent contact angle of liquids
has been described by the Cassie−Baxter relation.37 However,
this relation is only valid when the entire surface is in the
Cassie wetting state, which is not the case with condensation
due to nucleating droplets causing a local transition to the
Wenzel state. To design condensation-resistant reentrant
surfaces, as well as interpret experimental contact angles of
the fabricated surfaces, the effect of the fraction of the cavities
beneath the suspended droplet in the “local” Wenzel and
Cassie states (Figure S3) is considered. We derived a modified
Cassie−Baxter relation (see complete derivation in Supporting
Information, section S3) for the apparent liquid contact angle
with the surface, θ*:

θ ϕ θ ϕ

ϕ

* = − − −

+ −

r X

X

cos cos (1 )(1 )

(1 )
Wenzel

Wenzel (1)

where r is the wetted surface roughness factor, ϕ is the surface
solid fraction, θ is the Young’s angle (contact angle on flat
surface; see Table S1 for the Young’s angle of fluids
demonstrated in this work), and XWenzel is the fraction of
cavities beneath the suspended droplet in the local Wenzel
state. However, a composite interface does not have a single
apparent contact angle due to distortion of the three-phase

contact line and variation in the surface solid fraction on the
heterogeneous surface.38−40 To address the discrepancy in
values predicted by the Cassie−Baxter relation with those
observed experimentally, the local solid fraction of the solid−
liquid interface at the three-phase contact line has been
used.26,41 Accordingly, eq 1 can be further modified to define
the advancing contact angle, θadv, as

θ θ= − − −

+ −

rf f X

f X

cos cos (1 )(1 )

(1 )

adv sl sl Wenzel

sl Wenzel (2)

where fsl is the local solid fraction. For reentrant cavity surfaces,
ϕ= − −f 1 1sl and ϕ = 1 − (L − D)2/L2.26 In this work,

we focus on the advancing contact angle due to its dependence
on XWenzel, as opposed to the receding angle which is
independent of XWenzel for reentrant cavity surfaces (see
Supporting Information, section S3, for discussion on the
receding contact angle, contact angle hysteresis (CAH), and its
importance to repellency). Therefore, based on eq 2, the
maximum advancing contact angle occurs when XWenzel = 0 and
reduces as XWenzel increases. In order for the reentrant surface
to maintain its advantageous wetting properties, XWenzel must
remain small, that is, no nucleating droplet within most
cavities.

Design of Condensation-Resistant Reentrant Geom-
etry. We achieved a low XWenzel by fulfilling two requirements.
First, the structure needs to prevent local transitions to the
Wenzel state from propagating. A simple reentrant structure
that can achieve this nonwicking behavior is a reentrant cavity
structure, depicted in Figure 2a (L is the pitch, H is the height,
t is the thickness of the reentrant cap, α is the sidewall angle,
and D is the width of the cap). The grid of interconnected
features prevents propagation of liquid in the local Wenzel
state, and hence, it maintains a local Cassie state in the cavities
without nucleating droplets. Therefore, the second require-
ment for the surface to maintain its wetting properties with
condensation is that the surface needs to prevent droplets from
nucleating within the majority of cavities, such that they
remain filled with air.

Figure 2. (a) Schematic of a reentrant cavity surface with interconnected features that prevent flow of liquid (blue) between cavities. D is the
width of the reentrant cap, H is the height of the structures, α is the angle the reentrant geometry forms with the plane parallel to the surface,
t is the thickness of the cap overhang, and L is the pitch of the structures. (b) Typical nucleation densities observed in the literature and
nucleation site spacing. The Poisson distribution (dashed line with ln = (1/2)N−0.5) and a uniform distribution (solid line with ln = N−0.5) are
shown. If no nucleation spacing was reported in the reference, the average of the uniform and Poisson distribution was plotted.
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When nucleation occurs on a surface, a finite number of
discrete droplets form. Numerous studies have measured
nucleation density (number of droplets per area), N, of water
on surfaces during condensation.42−47 Typical nucleation
densities correspond to an average nucleation spacing
(distance between droplets), ln, ranging from hundreds of
nanometers to tens of microns (Figure 2b). Nucleation density
depends on factors such as surface temperature relative to the
vapor temperature, liquid surface tension and contact angle,
and roughness.47 Therefore, the condensing fluid and specific
reentrant geometry (roughness) could influence the nucleation
density, although trends similar to those reported for water and
rough surfaces are expected. In order to prevent nucleation
from occurring within every cavity of the surface, the pitch of
the structure should be less than the nucleation spacing.
Therefore, for the condensation-resistant reentrant surfaces in
this work, we fabricated samples with pitch ranging from 0.5 to
108 μm, spanning the range of nucleation spacing reported in
the literature for water. A table listing all properties of the
fabricated surfaces and a short discussion on the choice of
geometric parameters other than pitch (while pitch drives the
overall design) are included in the Supporting Information,
section S4.
Fabrication of Reentrant Cavities of Varied Pitch. We

fabricated samples with large pitch (L > 10 μm) using standard
methods previously developed for omniphobic reentrant
surfaces (the features were defined using photolithography
and the reentrant overhang created with an isotropic XeF2

silicon etch). The smallest pitch surface (L = 0.5 μm),
however, could not be fabricated using traditional methods due
to limitations in the smallest feature size as well as the lack of
precise control over the isotropic etch depth that ultimately
creates the reentrant feature. Instead, we developed a method,
as depicted in Figure 3a, for nanoscale pitch reentrant features.
We used interference lithography48 to pattern the photoresist
(Figure 3a(i)), reactive ion etching to transfer the pattern into
the silicon nitride and silicon (Figure 3a(ii)), and oxidation of
silicon (Figure 3a(iii)), with subsequent removal of the oxide
using hydrofluoric acid (Figure 3a(iv)) to create the nanoscale
reentrant geometry. Silicon nitride was chosen as the material
for the reentrant cap due to its use in local oxidation of silicon
(LOCOS) and its etch selectivity over silicon dioxide in
hydrofluoric acid.49 The scanning electron microscope (SEM)
images in Figure 3b show cleaved sections of the 0.5 μm pitch
sample between steps i and ii (photoresist still on the surface),
after step iii, and after step iv. Top-down microscope images of
all the fabricated reentrant cavity surfaces are shown in Figure
3c (all images are at the same magnification).

Contact Angle during Condensation. The advancing
contact angles on the reentrant cavity surfaces with pitch
between 0.5 and 108 μm, along with a reentrant pillar surface
with a pitch of 108 μm, were measured for various liquids with
a custom-built experimental setup (Figure 4a). A syringe pump
was used to add and remove liquid from the reentrant surface
at various temperatures, Tsurf, while a camera recorded the
contact angle after 2 min at Tsurf. The ambient temperature

Figure 3. (a) Schematic of fabrication steps for nanoscale pitch reentrant cavities: (i) spin, expose, and develop photoresist; (ii) reactive ion
etch and photoresist removal; (iii) silicon dioxide growth; (iv) removal of silicon dioxide with hydrofluoric acid. (For larger pitch samples,
xenon difluoride was used to etch silicon to create the reentrant overhang, replacing steps iii and iv.) (b) SEM images of the L = 0.5 μm pitch
sample at different steps of fabrication. The left image is between steps i and ii before the photoresist was removed; the middle image is after
step iii, and the right image is after step iv. The inset shows a magnified view of a single reentrant feature coated with palladium to increase
image quality. The reentrant geometry, a 30 nm overhang made of 35 nm thick silicon nitride, is circled in red. (c) Top-down microscope
images of all fabricated reentrant cavity surfaces with pitch, L, spanning 3 orders of magnitude.
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(Tamb), liquid droplet temperature (Tsat,drop), and ambient
saturation temperature (Tsat,air) were set inside an environ-
mental enclosure. Representative results for tests with water
are shown in Figure 4b (where Tamb = 23 °C, Tsat,drop = 23 °C,
and Tsat,air = 12.5 °C). The reentrant pillar surface was initially
repellent but failed when the surface temperature decreased
below Tsat,drop due to condensation caused by the relatively
warmer droplet water increasing the saturation temperature
locally around the droplet. The reentrant cavity surfaces,
however, maintained wetting properties below Tsat,drop as well
as below Tsat,air. Large pitch samples (L > 10 μm) failed at
small subcooling (ΔT = Tsurf − Tsat,air) once the surface
dropped below Tsat,air because nucleation occurred within the
majority of the cavities on the surface. Smaller pitch (L < 1
μm) samples retained properties until lower temperatures due
to a larger fraction of the cavities remaining in the local Cassie
state, as expected. Note that a nanocavity surface without
reentrance does not exhibit the same behavior (Figure S5).
Retention of Wetting Properties during Condensa-

tion. The contact angle measurements were normalized as
(θadv − θmin)/(θmax − θmin) and are shown as a function of
subcooling in Figure 5a for water. The modified Cassie−Baxter
relation (eq 2) was used to predict the maximum and
minimum expected contact angles, θmax and θmin, of the
surfaces for the normalization (raw data may be found in the
Supporting Information, section S5, and a discussion of
uncertainty in section S6). The maximum corresponds to a
surface entirely in the Cassie state, whereas the minimum
corresponds to the entire surface in the Wenzel state. The
reentrant pillar surface (purple vertical bowtie) did not have a
contact angle starting at the theoretical maximum contact
angle of 180°, as expected, due to external energy input such as
laboratory vibrations causing suspended droplets to partially
relax.26 When Tsurf was set below Tsat,drop, the advancing
contact angle of the reentrant pillar surface dropped to the
minimum expected value. The reentrant cavity surfaces,
however, maintained the original contact angle below Tsat,drop,
due to their nonwicking behavior even though the relatively
warmer droplet induced condensation in the microstructure
below the droplet. Once the surface temperature decreased
below Tsat,air, condensation due to surface subcooling began
from the air ambient. The contact angle of large pitch samples
(green horizontal bowtie) reduced to the minimum expected
value within 2 °C subcooling. At smaller pitches, the contact

angle was maintained to subcooling of a greater magnitude. In
fact, the smallest pitch sample (L = 0.5 μm, black square) had
not reached the minimum expected value at a subcooling
beyond 10 °C (freezing of water on the surface prevented
further subcooling). This result suggests a fraction of the
cavities remained in the local Cassie state, which is a vast
improvement over both reentrant pillar surfaces and larger
pitch reentrant cavity surfaces. Once a cavity transitioned from
the local Cassie to the local Wenzel state, however, it could
only be reversed by drying the surface. Point 1 (filled black
square) in Figure 5a was measured after the lowest subcooling
of sample L = 0.5 μm without drying in between. Thus, the
advancing contact angle remained low. The measurement
indicated by point 2 was conducted after the condensate had
evaporated and the original contact angle of the sample was
recovered.
To support the claim that nucleation did not occur within all

cavities, experiments were conducted in an ESEM to visualize
droplet nucleation and growth (Figure 5b). Tests were
conducted in a pure water vapor environment (saturation
temperature of 12 °C) with low surface subcooling (∼0.1 °C).
The L = 12 μm pitch reentrant cavity surface was used because
the microstructures were visible in the ESEM, and the surface
maintained its contact angle better than larger pitch surfaces
(Figure 5a). The spacing between nucleating droplets was
larger than the structure pitch as nucleation occurred on the
surface (Figure S6). Therefore, as the droplets grew, a high
advancing contact angle was maintained due to the local Cassie
state of the surrounding cavities.
The fraction of cavities that had nucleation sites and were

therefore in the local Wenzel state, XWenzel, was determined
based on experimental data and the modified Cassie−Baxter
relation (Figure 5c). As expected, the reentrant pillar surface
transitioned completely to the Wenzel state immediately after
any condensation occurred on the surface due to the ability of
a single nucleation site to cause the entire surface to manifest
in the Wenzel state, whereas the reentrant cavity surfaces
prevented liquid spreading and did not fail due to the small
number of nucleation sites. However, because large pitch
structures were larger than the typical nucleation spacing, the
surfaces transitioned completely to the Wenzel state once the
surface dropped below Tsat,air, which induced condensation in
the majority of the cavities on the surface. As pitch was
reduced, the fraction of the surface in the local Wenzel state

Figure 4. (a) Schematic of experimental setup for measuring contact angle. The samples were mounted on a thermoelectric stage that
controls the sample temperature. A syringe added and removed liquid from a droplet on the surface, while a camera recorded the droplet.
(b) Images of advancing contact angle of water with varied temperature for L = 0.5 μm and L = 108 μm. The advancing contact angle of the
smaller pitch sample (L = 0.5 μm) was retained to lower temperatures and still had not reached its minimum expected value of 24° at a
temperature more than 10 °C below the saturation temperature of the water vapor in the air ambient.
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was reduced for a given subcooling, leading to enhanced
retention of wetting properties.
Our results highlight the ability of nonwicking nanoscale

reentrant features to maintain wetting properties during
condensation and, as such, the viability of such structures to
tailor wettability in many applications. Tests were done
without any chemical modification of the surface, that is, no
low-surface-energy coating and intrinsically wetting materials.
Therefore, the geometry presented in this work represents a
potential alternative to low-surface-energy coatings. Because
the wetting properties are achieved via geometry rather than
material choice, surfaces that use more robust materials for the
micro/nanostructures (such as the silicon nitride used in this
work) may be created, aiding the transition to real-world
applications.50 This was demonstrated in Figure 5d by
condensing water on a surface continuously (ΔT = −2.5 °C,
Tsat,air = 12.5 °C) for 3 weeks and remeasuring the contact
angle during condensation (filled black squares). No
degradation in performance was observed relative to a newly

fabricated surface (open black squares), indicating the surface
nanostructure was unaltered.
Furthermore, because reentrant surfaces have been devel-

oped to repel many fluids, the surface fabricated in this work
also presents an opportunity to tailor the wettability during
condensation of fluids other than water. The 0.5 μm pitch
reentrant cavity surface successfully maintained wetting
properties for ethylene glycol, a common heat transfer fluid,
during condensation (blue diamonds in Figure 5d). Further
discussion on condensation of other fluids and at different
vapor conditions may be found in Supporting Information,
section S7. Finally, it is important to note that the structure
and fabrication method developed in this work are not
necessarily ideal for all applications. The solid fraction of the
0.5 μm pitch surface was too high to achieve very large contact
angles, as seen in Figure 4b, but this behavior can be addressed
with improved fabrication. For example, the theoretical
minimum solid fraction for the hexagonal array of circular
cavities used in this work is ≈0.1, which would produce an

Figure 5. (a) Normalized advancing contact angle of the different pitch surfaces for various surface temperatures relative to the saturation
temperature of the water vapor in the air ambient (ΔT = Tsurf − Tsat,air). As subcooling increased, the advancing contact angle of all samples
decreased. The smaller the pitch of the structures, the greater the retention of wetting properties with subcooling. Point 1 was measured
immediately after the lowest subcooling of sample L = 0.5 μm without drying in between. Point 2 was measured after point 1, after the
condensate had evaporated. This observation highlights that the wetting properties were only recoverable by removing liquid from filled
cavities. (b) Time-lapse of environmental scanning electron microscope images during condensation on a surface in saturated water vapor
with L = 12 μm and ∼0.1 °C subcooling. Nucleation sites did not occur in all cavities of the surface, allowing the advancing contact angle to
be maintained. (c) Fraction of filled cavities, XWenzel, for different subcooling. The smaller pitch samples maintained a larger advancing
contact angle at a given subcooling due to a larger percentage of cavities remaining unfilled with condensate. The reentrant pillar surface
failed immediately due to the ability of liquid to spread between structures. (d) Normalized advancing contact angle on the 0.5 μm pitch
sample with ethylene glycol (blue diamonds), a common heat transfer fluid, with a saturation temperature of 21 °C compared to water for a
just fabricated surface (open black squares) and a surface after 3 weeks of continuous testing (filled black squares). No degradation in
performance was observed.
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advancing contact angle of 156° based on eq 2. Furthermore,
reentrant cavity surfaces tend to have CAH higher than that of
reentrant pillar surfaces, which prevents shedding of droplets.
CAH may be reduced by using hierarchical structures that
incorporate the nanoscale reentrant cavities in this work onto
existing surface roughness, such as pillars (Supporting
Information, S3).

CONCLUSIONS
We demonstrated a reentrant cavity surface design that
achieves and maintains fluid repellency during condensation
without the need for low-surface-energy coatings. This work is
important for the viability of omniphobic surface modification
in light of the prevalence of condensation in nature and
industrial applications. For example, dew commonly forms on
surfaces that would benefit from self-cleaning coatings, and
condensation is an important process for electricity produc-
tion. The surface demonstrated in this work incorporated
cavities to prevent wicking between structures and defined
pitches smaller than typical nucleation densities to prevent
nucleation within all structures. Furthermore, due to the
specific nanoscale geometry used, the surface was robust in
terms of breakthrough pressure and defects. Modeling of the
expected contact angle suggests the surface retained fluid
repellency during condensation due to a fraction of the surface
structures remaining in the Cassie state. This retention of
repellency is important for use of reentrant surfaces in
applications including antifouling, heat transfer enhancement,
drag reduction, and self-cleaning surfaces.

METHODS
Contact Angle Measurements. The custom-built experimental

setup depicted in Figure 4a was used to measure contact angle. The
humidity of the enclosure was set using a humidifier (Ultrasonic
Humidifier, Taotronics) and measured with a humidity meter
(RH820U, Omega). The dew points of liquids other than water
were measured with a chilled mirror dew point meter. The air and
liquid temperature within the enclosure remained close to the
surrounding laboratory temperature and pressure. A small fan within
the enclosure gently circulated air to maintain uniform conditions.
The sample was attached to a thermoelectric temperature-controlled
stage (CP-031, TE Technology, Inc.) and controller (TC-720, TE
Technology, Inc.) using conductive copper tape. A thermocouple (K-
type, Omega) on the stage next to the surface monitored temperature.
A syringe pump (Micro4, World Precision Instruments) was used to
add and remove water from a droplet on the surface. A DSLR camera
(EOS Rebel T3, Cannon) and macro lens were used to collect images
of the droplet advancing on the surface. Lighting of the droplet was
supplied with a light source (Intenselight C-HGFI, Nikon) and lens
(C-HGFIB, Nikon). Contact angle was extracted from the images
using ImageJ. The surface was maintained at temperature for 2 min
before the contact angle tests were conducted. The surface was dried
between tests unless stated otherwise.
Photoresist Exposure and Development. We used interfer-

ence lithography to define the etch mask for samples with a pitch of
0.5 μm. An 80 nm thick silicon dioxide layer was deposited with
electron beam evaporation. Then, a 180 nm thick antireflection
coating (Brewer Xhri-16) was spin-coated on the surface, followed by
a 190 °C bake on a hot plate for 60 s. 440 nm of photoresist (NR7-
250) was subsequently spin-coated and baked at 150 °C for 60 s. A
custom-built Lloyd’s mirror was then used to expose a hexagonal array
with a pitch of 0.5 μm. This photoresist was developed for 90 s in a
3:1 mixture of RD6 and deionized water. For all of the larger pitch
samples, a 2 μm layer of photoresist (Microposit S1813) was used and
exposed using an MLA150 maskless aligner. The resist was developed
for 90 s in CD26.

Reactive Ion Etch. Samples with a pitch of 0.5 μm were first
etched (790 series, Plasmatherm) in helium and oxygen to remove the
antireflection coating. Next, CF4 was used to etch the silicon dioxide
and silicon nitride. Finally, HBr was used to etch the silicon. All larger
pitch samples were first etched using CF4 (MPX/LPX RIE, STS) to
remove the silicon nitride. Then, the silicon was etched with deep
reactive ion etching (Rapier DRIE, SPTS).

Oxide Growth and Etch. Samples with a pitch of 0.5 μm used
oxidation of silicon and subsequent removal of the oxide with
hydrofluoric acid (HF) to create the reentrant feature. Silicon was
oxidized via dry oxidation at 1000 °C. This silicon was then removed
with HF.

Xenon Difluoride Etch. All larger pitch samples used a xenon
difluoride etch (ES-2000XM, SE Tech) to create the reentrant
geometry. Chamber etch pressure was set to 2800 mTorr, with a 60 s
hold time, and 20 s evacuation time for each etch cycle. Cycles were
repeated until the desired etch depth was reached and varied between
samples of different pitch.

Surface Cleaning. After fabrication, all samples had the
photoresist removed via a combination of solvent cleaning and
plasma cleaning, were RCA cleaned, and were finally oxygen plasma
cleaned for 30 min (expanded plasma cleaner PDC-001, Harrick
Plasma). Samples were tested after roughly 1 day in the laboratory
environment after plasma cleaning.

Environmental Scanning Electron Microscopy. Environ-
mental scanning electron microscope images were taken in a Zeiss
EVO 50 scanning electron microscope. Samples were mounted on a
temperature-controlled stage. After evacuating the ESEM, pure water
vapor was added and the saturation temperature was set at 12 °C. The
surface temperature was set slightly below the saturation temperature
via the temperature-controlled stage, and images were taken with a
secondary electron detector. The accelerating voltage (EHT) was 15
kV and probe current was 2 nA.
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S1. Reentrant Microstructure Omniphobicity and Types 

Reentrant structures achieve fluid repellency by trapping air underneath liquid on 

the surface via specific “reentrant” microstructures that prevent liquid from entering the 

structure. The geometry takes advantage of the surface tension of the fluid to create a local 

energy barrier to fluid propagation which keeps liquid from entering the microstructure. 

Depending on the level of reentrance of the geometry, α, the surface is able to repel fluids 

with different contact angles, θ (depicted in Figure S1). The black arrows in the schematics 

represent the direction of the surface tension force generated due to the reentrant geometry 

that prevents liquid from entering the structure. For a regular microstructure (α > 90 

degrees), the surface tension force only acts to prevent liquid entering the microstructure if 

θ > α. As the level of reentrance increases, the surface is able to repel liquids with lower 

contact angles. A reentrant microstructure (0 degrees > α > 90 degrees) can repel liquids 



S2 

 

with a contact angle less than 90 degrees. However, for perfectly wetting fluids with θ = 0 

degrees, the surface tension force would no longer have a component in the vertical 

direction. Therefore, to repel all fluids, including perfectly wetting fluids, a doubly 

reentrant microstructure is needed. 

Reentrant geometry have been applied to a variety of microstructures including pillars, 

lines, cavities, etc.1 In this work, we use reentrant pillar and cavity surfaces, depicted in 

Figure S2, to demonstrate condensation-resistant reentrant structures.  

 

S2. Failure Modes of Omniphobic Reentrant Surfaces 

A reentrant surface uses geometry to trap air and prevent liquid from entering the 

microstructure. However, because the materials used are often intrinsically wetting, this 

state is only a local energy minimum. A global energy minimum exists in the state when 

the microstructure is completely filled with liquid. Therefore, in many cases, a single defect 

or transition to a local Wenzel state can cause the entire surface to lose its omniphobicity. 

Three modes of failure include: i) exceeding the breakthrough pressure (the maximum 

sustainable liquid pressure) of the surface; ii) a defect in the reentrant structure; and iii) 

condensation due to the presence of supersaturated vapor or condensation due to contact 

with a liquid that is hotter than the surface. 

Exceeding the breakthrough pressure (Figure S3a) occurs when the pressure of the 

liquid on the surface is great enough that liquid is pushed past the reentrant geometry. This 

may occur in multiple ways. A few examples are from a droplet impacting the surface with 

some velocity, a droplet becoming so small that the curvature of the droplet induces a large 
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pressure (i.e., pressure described by the Young-Laplace equation), or hydrostatic pressure 

(for example, the pressure exerted on someone diving in the ocean). The breakthrough 

pressure, P, of a reentrant surface scales as 𝑃 ∝ 2𝛾sin𝜃/𝑙𝑐ℎ𝑎𝑟 where γ is the liquid surface 

tension, θ is the contact angle the liquid makes with a flat surface of the same material as 

the reentrant geometry, and lchar is the characteristic length of the surface (where, for an 

estimate, half of the pitch of the reentrant structure can be used). Due to the submicron 

pitch of the surfaces developed in this work, the breakthrough pressure is large. For water 

at 20 °C, the breakthrough pressure is expected to be approximately 334 kPa (which is 

equivalent to a spherical droplet of water with a radius of ~430 nm or 33 meters below the 

surface of the ocean). 

Defects in the structures (Figure S3b) may occur during fabrication or due to 

physical damage of the surface. This failure mode may be overcome by creating a non-

wicking structure so that a defect does not cause the entire surface to fail. Therefore, the 

surface designed in this work is robust to defects. In fact, a surface with a defect density of 

similar magnitude to the nucleation density observed in this work should still function. 

Failure due to condensation (Figure S3c) occurs because the location of nucleating 

droplets is difficult to control and may happen anywhere on the surface. Therefore, droplets 

may condense and grow within the reentrant geometry, destroying the omniphobicity in a 

similar fashion to defects. Condensation occurs when the surface temperature is below the 

saturation point of the surrounding vapor, i.e., surface subcooling. This subcool can occur 

if warm liquid comes in contact with a relatively colder surface. The warm liquid raises the 

saturation point locally, causing condensation to occur within the vicinity of the liquid in 

contact with the surface. The subcooling may also occur if the surface is colder than the 
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saturation temperature of the surrounding vapor. In this case, condensation occurs 

everywhere on the surface, as opposed to only locally around liquid on the surface. 

Condensation may occur in many potential applications of omniphobic surfaces. A small 

number of examples for applications cited in the main manuscript are given here. 

Anti-fouling: A medical device inserted into the body, such as a catheter, may be initially 

colder than the body itself. This would induce condensation on the surface.  

Heat transfer enhancement: Condensation heat transfer is commonly enhanced in the 

literature by promoting shedding of condensate via chemical modification of the condenser 

surface. This enables dropwise or jumping-droplet condensation. An omniphobic reentrant 

surface that is not condensation-resistant could not be used in this case. 

Drag reduction: A ship with a drag reduction coating on its hull may pass through a region 

of relatively warmer water. This would induce condensation on the surface. 

Self-cleaning: Dewing (condensation) often occurs on windows, solar panels, and other 

surfaces. A self-cleaning coating on these surfaces would need to be condensation-resistant 

to function properly. 

 

S3. Derivation of a Modified Cassie-Baxter Relation 

A droplet advancing on the reentrant cavity surface used in this study will interact 

with a composite interface that includes both local Cassie and local Wenzel states, depicted 

in Figure S4. We can consider the change in the Gibbs free energy, dG, of the system for a 

droplet displacement, dm: 
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𝑑𝐺

𝑑𝑚
= (𝛾𝑠𝑙 − 𝛾𝑠𝑣)𝑟𝜙 + 𝛾𝑙𝑣 cos 𝜃∗ + (1 − 𝜙)𝑋𝑤𝑒𝑛𝑧𝑒𝑙𝛾𝑙𝑣 − (1 − 𝜙)(1 − 𝑋𝑤𝑒𝑛𝑧𝑒𝑙)𝛾𝑙𝑣 = 0 (S1) 

where γsl is the solid liquid surface energy, γsv is the solid vapor surface energy, r is the 

wetted surface roughness factor, ϕ is the solid fraction of the surface (𝜙 = 1 −
(𝐿−𝐷)2

𝐿2
 for a 

reentrant cavity surface), γlv is the liquid vapor surface energy, θ* is the apparent contact 

angle of the droplet on the surface, and Xwenzel is the fraction of cells in the Wenzel state. 

The first term on the right hand side represents the replacement of solid vapor interface 

with solid liquid interface. The second term represents the creation of liquid vapor interface. 

The third term represents the removal of liquid vapor interface in cells in the local Wenzel 

state, and the final term represents the creation of liquid vapor interface in cells in the local 

Cassie state. Using Young’s equation: 

𝛾𝑠𝑣 − 𝛾𝑠𝑙 = 𝛾𝑙𝑣𝑐𝑜𝑠𝜃 (S2) 

where θ is the Young’s angle (contact angle of the liquid with a flat surface), a modified 

Cassie-Baxter equation is derived as: 

cos 𝜃∗ = 𝑟𝜙cos𝜃 − (1 − 𝜙)(1 − 𝑋𝑊𝑒𝑛𝑧𝑒𝑙) + (1 − 𝜙)𝑋𝑊𝑒𝑛𝑧𝑒𝑙 (S3) 

This modified relation is then adjusted to account for the heterogeneous surface by using 

the local solid fraction, fsl, at the three phase contact line.1 The advancing contact angle, 

θadv, of the surface is found to be: 

cos 𝜃𝑎𝑑𝑣 = 𝑟𝑓𝑠𝑙cos𝜃 − (1 − 𝑓𝑠𝑙)(1 − 𝑋𝑊𝑒𝑛𝑧𝑒𝑙) + (1 − 𝑓𝑠𝑙)𝑋𝑊𝑒𝑛𝑧𝑒𝑙 (S4) 

The receding contact angle, θrec, for the reentrant cavity surface is then: 

cos 𝜃𝑟𝑒𝑐 = 𝑟𝑓𝑠𝑙cos𝜃 + (1 − 𝑓𝑠𝑙)(1 − 𝑋𝑊𝑒𝑛𝑧𝑒𝑙) + (1 − 𝑓𝑠𝑙)𝑋𝑊𝑒𝑛𝑧𝑒𝑙 (S5) 
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where fsl is identical in the receding and advancing cases. 𝑓𝑠𝑙 = 1 − √1 − 𝜙 for a reentrant 

cavity surface.1 The difference between the advancing and receding angle is known as 

contact angle hysteresis (CAH) and influences shedding of droplets on the surface. CAH 

on omniphobic surfaces with interconnected features such as reentrant cavity surfaces tends 

to be higher than that on surfaces with disconnected features like reentrant pillar surfaces.1 

CAH hysteresis can be reduced using hierarchical textures.2 Therefore, a hierarchical 

combination of the reentrant cavity nanostructures developed in this work on disconnected, 

pillar-like roughness would lead to a super-repellent surface. 

 

S4. Reentrant Surface Geometry and Properties 

Various geometric parameters are shown in Table S2. The pitches of the surfaces 

were determined based on typical nucleation spacing between condensing droplets 

observed in literature, and range from larger-than-typical nucleation spacing to smaller. 

The rest of the geometry was set to ensure a robust reentrant surface that may repel water 

without low-surface-energy coatings.3 The reentrant cap width, D, relative to pitch 

determines the solid fraction and local solid fraction of the surface. Generally, the smaller 

the cap width, the more of the composite interface will be in the Cassie state. For this work, 

the cap width was kept between 1/4 and 1/2 of the pitch so that enough of the surface was 

in a Cassie state for the surface structuring to greatly modify wetting behavior compared to 

a flat surface. Cap thickness, t, determines the roughness, r, of the surface. A low roughness 

is desirable. Therefore, cap thickness was kept much smaller than the feature pitch. The 

height of the structures was set large enough such that the meniscus of the droplet on the 
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surface was unable to contact the bottom surface below the structures, which would cause 

the surface to transition to a Wenzel state. Other parameters of the fabricated surfaces 

important for calculating the expected contact angles and fraction of cells in the Wenzel 

state are shown in Table S3.  

 

S5. Advancing Contact Angle Measurement Results 

Raw data for the advancing contact angles for different surface subcooling is shown in 

Figure S7. The maximum expected contact angle corresponds to a surface entirely in the Cassie 

state, whereas the minimum corresponds to the entire surface in the Wenzel state. When the surface 

temperature was set below Tsat,drop, the advancing contact angle of the reentrant pillar surface 

dropped to 0 degrees (completely Wenzel state). The reentrant cavity surfaces, however, 

maintained their contact angle below Tsat,drop, showing little reduction in contact angle due to 

droplet-induced condensation. Once the surface temperature decreased below Tsat,air, condensation 

due to surface subcooling began. The contact angle of large pitch samples (L = 108 μm) dropped 

to the minimum expected value within 2 °C of subcooling. At smaller pitches, contact angle was 

maintained to lower subcooling. In fact, the smallest pitch (L = 0.5 μm) sample had not reached 

the minimum expected value at subcooling beyond 10 °C (where freezing of water on the surface 

prevented further subcooling). This result suggests the surface was still partially in the Cassie state 

which is a vast improvement over both reentrant pillar surfaces and large pitch reentrant cavity 

surfaces. The transition of a cell from the local Cassie to the local Wenzel state, however, was only 

reversible by drying the surface. Point 1 in Figure S7 was measured immediately after the lowest 

subcooling of sample L = 0.5 μm without drying in between. Thus, the advancing contact angle 
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remained low. The measurement indicated by point 2 was conducted after the condensate had 

evaporated, and the original contact angle of the sample was recovered. 

 

S6. Uncertainty Propagation 

This section presents the method used for uncertainty propagation of the experimental 

results. The method for determining uncertainty is described in NIST Technical Note 1297.4 

Individual measurements are assumed to be uncorrelated and random. Therefore, the uncertainty, 

U, in a calculated quantity, Y, is determined as 

𝑈 = √∑ (
𝜕𝑌

𝜕𝑋𝑖
)

2

𝑈𝑥
2

𝑖

 (S6) 

where X is the measured variable, and Ux is the uncertainty in the measured variable. Table S4 

summarizes the uncertainty associated with each experimental measurement that was then 

propagated according to Equation S6 to determine uncertainty.  

 

S7. Condensation of Different Fluids at Different Conditions on Condensation-Resistant 

Omniphobic Surfaces 

The decrease in contact angle with increasing subcool of the surface is associated with an 

increase in nucleation density on the surface. Nucleation density is also affected by other factors, 

such as the liquid being condensed, condensation conditions such as saturation temperature, the 

surface geometry, and the surface chemistry. Figure S8 shows normalized contact angle 

measurements varying some of these parameters. First, water was condensed at a higher saturation 
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temperature (21 °C), which has been observed to increase the nucleation density for a given 

subcool. Accordingly, the contact angle of the surface was also less for the same subcool. 

Second, because reentrant surfaces have been developed to repel many fluids, the surface 

structure fabricated herein presents an opportunity to also tailor the wettability during 

condensation of fluids other than water. The 0.5 μm reentrant cavity surface successfully 

maintained wetting properties for ethylene glycol, a common heat transfer fluid, during 

condensation at Tsat,air = 21 °C. Performance is comparable or slightly better than water, likely due 

to the low vapor pressure of ethylene glycol causing nucleation density to be low5. 

However, because the current design is not doubly reentrant, it is not able to repel perfectly 

wetting fluids. Ethanol, a low surface tension fluid, has a Young’s angle of 0 degrees on silicon 

nitride and wets the cavities of the surface. These very low surface tension fluids may be 

successfully repelled with the addition of a low-surface-energy-coating, through a different 

material choice, or through the creation of doubly reentrant geometry. To demonstrate this, the 

sample was coated with trichloro(1,1,2,2-perfluorooctyl)silane using a chemical vapor deposition 

procedure6, which increased the Young’s angle for ethanol to 42 degrees, after which similar 

behavior was observed and wetting properties maintained during condensation. The slight 

reduction in performance compared to water may be a result of the lower surface tension and 

higher vapor pressure of ethanol, which would increase nucleation density. 
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Figure S1. Different types of micro/nanostructures and liquids they are able to repel based on 

contact angle. The black arrow represents the direction of the force generated by surface tension 

that prevents liquid from entering the microstructure. To trap air within the structure for a fluid 

with contact angle less than 90 degrees, reentrant structures are needed. To repel perfectly wetting 

fluids (where the contact angle is 0 degrees), doubly reentrant structures are needed. 

 

 

Figure S2. Schematics of two types of reentrant geometry used in this work. On the left are 

reentrant pillar structures, and on the right are reentrant cavity structures. 
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Figure S3. Schematics showing failure modes of reentrant surfaces, including (a) exceeding the 

breakthrough pressure, (b) a defect in the structure, and (c) condensation from supersaturated vapor 

or relatively warm liquid on the surface. 
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Figure S4. Schematic of an advancing droplet on top of a reentrant cavity surface with a portion 

of cells filled by condensate and therefore in the local Wenzel state for the advancing droplet. dm 

is the displacement of the three-phase contact line, θ* is the apparent contact angle of the surface, 

L is the structure pitch, and D is the width of the reentrant cap. 
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Figure S5. (a) Time-lapse images show the advancing contact angle of water on a cavity surface 

with pitch of 108 μm; however, the surface does not have reentrance. Therefore, all cavities are in 

the local Wenzel state and the observed contact angle is near the minimum expected value 

predicted by equation S4. This behavior has also been observed on nanocavity surfaces without 

reentrance.7 (b) In contrast, a 108 μm cavity surface with reentrance exhibits an advancing contact 

angle near the maximum expected value predicted by equation s4 because the cavities are in the 

local Cassie state.  
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Figure S6. Time-lapse of environmental scanning electron microscope images during 

condensation on a surface in saturated water vapor with L = 12 μm and ≈ 0.1 °C subcooling. 

Nucleation sites (red circles) did not occur in all cavities of the surface. A nucleation spacing of ≈ 

54 μm was calculated based on the images. This is significantly larger than the pitch, allowing the 

advancing contact angle to be maintained. 
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Figure S7. Advancing contact angle of the different pitch surfaces for various surface temperatures 

relative to the saturation temperature. As subcooling increased the advancing contact angle of all 

samples decreased. The smaller the pitch of the structures, the smaller the sensitivity of contact 

angle to subcooling. Point 1 was conducted immediately after the lowest subcooling of sample L 

= 0.5 μm without drying in between. Point 2 was conducted after point 1 after the condensate had 

evaporated. This result indicates that the wetting properties are only recoverable by removing 

liquid from filled cells. 
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Figure S8. Normalized advancing contact angle on the 0.5 μm pitch sample with several fluids at 

different saturation conditions. Ethylene glycol (a common heat transfer fluid) and water at 

different saturation temperatures were successfully repelled without a low surface energy coating. 

Because the geometry developed here is not doubly reentrant, ethanol (which is perfectly wetting 

on silicon nitride) was only repelled with a low-surface-energy coating to increase the intrinsic 

contact angle with silicon nitride. This could be also be addressed by using different geometry 

(i.e., doubly reentrant) or a different material with a non-zero contact angle with the liquid. 
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Table S1. Young’s angle (contact angle on a flat surface) for fluids tested in this work on 

a flat silicon nitride surface with and without a low-surface-energy coating. The coating 

used in this work was trichloro(1,1,2,2-perfluorooctyl)silane (TFTS). Because doubly 

reentrant geometry was not used, a perfectly wetting fluid on silicon nitride cannot be 

repelled. 

Fluid Surface Young’s Angle [deg] 

Water Silicon Nitride 36 

Ethylene Glycol Silicon Nitride 38 

Ethanol Silicon Nitride 0 

Ethanol TFTS Silicon Nitride 42 

 

Table S2. Geometry of fabricated reentrant samples. 

Sample 

Geometry 

Style 

Pitch, 

L [μm] 

Cap width, 

D [μm] 

Cap thickness, t 

[μm] 

Structure height, 

H [μm] 

Reentrance 

angle, α [deg] 

1 Cavity 0.5 0.25 0.035 0.5 0 

2 Cavity 12 3 0.1 12 0 

3 Cavity 36 9 0.1 36 0 

4 Cavity 108 27 0.1 36 0 

5 Pillar 108 27 0.1 36 0 

 

Table S3. Geometric parameters and expected contact angles of fabricated reentrant 

samples. 

Sample 

Roughness, 

r [-] 

Solid 

fraction, Φ 

[-] 

Local areal 

fraction, 

fsl [-] 

Maximum expected 

advancing contact 

angle, θadv,max [deg] 

Minimum expected 

advancing contact 

angle, θadv,min [deg] 

1 1.039 0.82 0.58 85.51 24.01 

2 1.057 0.4375 0.25 122.20 17.04 

3 1.019 0.4375 0.25 122.80 17.21 

4 1.006 0.4375 0.25 123.00 17.27 

5 1.015 0.05 0.22 180 0 
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Table S4. Uncertainties corresponding to experimental measurements. 

Experimental Measurement Uncertainty 

Ambient Temperature (Tamb) 0.5 °C 

Saturated vapor temperature for water (Tsat,air) 0.5 °C 

Saturated vapor temperature for fluids other than water (Tsat,air) 1 °C 

Contact angle measurement (θ) 5 degrees  

 

 

Video Captions 

Video S1. High speed camera video (slowed 200x) of the condensation induced transition of a 

droplet to the Wenzel state for a reentrant pillar surface with feature pitch of L = 108 μm. At the 

beginning of the video, the droplet is in the Cassie state, with a large apparent contact angle. 

However, because the surface is being cooled, condensation occurs within the reentrant 

structures below the droplet. The nucleating droplets induce a transition to the Wenzel state that 

propagates through the surface structures, completely destroying the surface repellency.  
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