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Abstract—Mechanically robust superhydrophobic Si-based
membranes are described. The membranes are prepared using
microelectromechanical-systems-type processing and implement
“nanonail” design features that enable superlyophobic (also called
omniphobic, superolephobic) behavior. A variety of low- and highsurface-tension liquids are repelled by such porous membranes
without liquid penetrating into the pores of the membrane. Electrowetting transitions have been successfully implemented as a
way to demonstrate electrically triggered and tunable permeability of the structures. Long-term stability of the hydrophobic
coatings based on fluoropolymers has been evaluated using contact
angle measurements. Among those, Teflon-based coatings tend to
show the best survivability in aqueous and organic electrolytes
for periods longer than 200 days of continuous exposure at room
temperature and at 60 ◦ C. Such robust membranes are currently
used in reserve microbattery technology and microfluidic devices
and, potentially, could enable other applications involving fluid
separation, fuel cells, and filtration.
[2010-0147]
Index Terms—Battery, electrowetting, membrane, microelectromechanical systems (MEMS) processing, porous,
superhydrophobic.

I. I NTRODUCTION

F

ABRICATION and processing of superhydrophobic surfaces is, by now, a well-established research direction in
the surface science and nanotechnology fields [1]–[6]. In fact, it
is at the intersection of these two fields that superhydrophobic
materials and properties associated with this state are found.
Many parallels to the structures can be found in nature, such
as superhydrophobic surfaces and structures developed in the
course of evolution on lotus leafs, beetles, butterflies, and
others [7].
The subject of superhydrophobicity is wide ranging and
includes the art of making such materials, nanofabrication
and testing and, more recently, commercialization of products
that include superhydrophobic properties [2], [8]–[13]. The
superhydrophobic state is typically characterized by a very
high contact angle, free-moving (or so called “rolling” ball)
droplets, and very low contact angle hysteresis. “Sticky” superhydrophobic surfaces have also been presented in literature
[14], [15]. Concurrently with the superhydrophobic materials
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surface-tension liquids), omniphobic (also referred to as superoleophobic, superlyophibic) materials have recently been described [11], [16]. These are highly repelling materials against
not only aqueous high-surface-tension liquids, but also against
low-surface-tension organic liquids such as oils and alcohols.
In a regular superhydrophobic material, a droplet of liquid
is supported by the very tips of the nano- and microstructures
required to obtain the superhydrophobic behavior. Since superhydrophobicity is a surface phenomenon, properties of the
underlying materials (bulk or nanostructured as well) play no
role in the observation of the effect. Consequently, most of the
superhydrophobic materials consist of a bulk material (e.g., Si
wafer, metal plate, polymer sheet) that are etched on the surface
and/or coated with nanoparticles to create nanostructures on
its surface. While this approach has its merits in cases where
only the surface of the material will come in contact with
the fluid, we expanded this approach and imagined situations
where the liquid may be required to flow through the bulk
of the superhydrophobic material, and where a switchable
or controllable permeability of the superhydrophobic material
may assist in fluid separation, filtration, and other frequently
employed microfluidic techniques. By controllable permeability, we envisioned the ability of a porous material to repel the
liquid on its surface, and yet on command, allow the liquid to
fill the pores of the material to reach the opposite end and,
under the right conditions, to exit the pores. That is to say, a
complete transfer of the liquid from the top to the backside of
the porous material throughout its thickness can be achieved.
On the other hand, controllable permeability may also manifest
itself by allowing liquids of certain (low) surface tension to go
through the membrane, while repelling the high-surface-tension
liquids, thus, preventing them from going through the porous
substrate. The design and fabrication of mechanically stable Sibased membranes with controllable permeability is the subject
of this paper.
Previously, we reported on the design and fabrication of thin
silicon-on-insulator (SOI)-based superhydrophobic and superlyophobic membranes [Fig. 1(a)] [11], [17]. We demonstrated
controllable permeability in 30-μm thick porous silicon membranes by implementing electrowetting transitions. With a pool
of liquid placed on such tunable membrane, and by applying
a short voltage pulse, the balance of surface energies at the
“solid–liquid–vapor” interfaces was altered and the liquid began to spread and permeate through the thickness of the membrane. With a layer of hydrophilic material (acting as a wick)
placed directly under the bottom surface of the membrane, complete transfer of the liquid throughout the membrane’s thickness
was demonstrated [Fig. 1(c)]. In this approach, the SOI device
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Fig. 1. Comparison of thick and thin membranes (hatched area is the porous area, empty area is the handle/thick Si wafer): (a) not-to-scale cross section through
the 30-μm thick SOI membrane and (b) not-to-scale cross section through the 300-μm thick membrane. Schematic depiction of a droplet of liquid sitting on top
of the membrane before the electrowetting transition and after the transition, when the liquid is absorbed by a layer of wicking material underneath the membrane.

layer defines the thickness of the membrane (e.g., 30-μm thick)
and the handle layer determines the overall thickness (e.g.,
300 μm). Fig. 1(a) and (b) show a schematic cross section
through the SOI and thick Si membranes. Fig. 1(c) represents a
process of electrowetting that will be discussed in more details
in Section II-D.
In the SOI-based process, a photolithography step, followed
by the through-wafer deep reactive-ion etching (DRIE), formed
the pores of the membrane. The backside (handle) layer was
also etched to expose the buried oxide and when it was subsequently etched, a thin porous membrane was produced, surrounded by a thick frame (device + handle thickness). The SOI
membranes having these characteristics have been integrated
into microfluidic reserve microbatteries and are sufficiently
robust to survive limited handling, including dip coating and
assembly procedures [18]–[20]. The pores investigated were
in the 10–40 μm range, with the walls separating adjacent
pores ∼1-μm wide. We note that porous silicon can also be
prepared electrochemically but it does not offer the same degree
of control over the size and uniformity across the substrate as
photolithography/DRIE process provides.
In the aforementioned design, we also implemented a
so-called “nanonail” feature, which imparts superlyophobic
properties to the hydrophobic membrane [11]. Without such
features, the membrane supports only high-surface-tension liquids. However, by adding the overhang feature, we produced
a structure that supports a wide range of liquids, from water
to ethanol and hexane, with the surface tension from 72 to
18 mN/m. The essence of this method is the creation of surface
structures that set the energy barrier for transitioning from
metastable Cassie–Baxter (rolling ball) state, to a stable Wenzel
(fully wetted) state, sufficiently high to prevent the transition
and to effectively pin the liquid in the desired nonwetting state.
Visually, the top surface of the membrane is fabricated to have
an overhang lip protruding inside the pore, with the overhang
feature creating a re-entrant structure that pins the liquid in the
metastable nonwetting state that prevents it from wetting the
surface and entering the pores. We typically used silicon nitride
as the structural layer to form the overhang by undercutting the
Si substrate underneath it.
However, several drawbacks still exist. Since the membranes
are only 30-μm thick, they are easily damaged by sharp objects
such as tweezers or even fingers during handling, as well as by

the smallest pressure if it is applied directly to the membrane
and not to the thick silicon frame (e.g., by air pressure during
blow drying). The SOI membranes tend to sag under their own
weight and particularly when a droplet of liquid is placed on top
of it. Preparation of large-area membranes is complicated by the
stress in the overhang layer that tends to buckle and ultimately
break the membranes during backside etch or buried oxide
release step. Such fragility prevents their wider integration
into the microbatteries or other applications, particularly those
subjected to high acceleration levels and shock environments.
To alleviate these fragility issues, we set on to develop
mechanically robust Si structures to create membranes with the
uniform thickness across the entire wafer. As an example, we
envisioned a membrane 300-μm thick, with the porous region
having the same thickness as the silicon frame surrounding it,
prepared on a 300-μm thick wafer [Fig. 1(b)]. The structure presented below can be thought of as an extension of the SOI-based
approach, with the added advantage of providing significantly
improved mechanical robustness of the membranes.
II. E XPERIMENTAL S ECTION
A. Membrane Fabrication
We created a process based on the regular (non-SOI) Si
wafers that produces 300-μm thick membranes, with the die
size from 18 × 18 mm to 30 × 30 mm and porous regions
from 5–10 mm on a side, including single and multiple regions
on the same die (see Fig. 2 for a brief outline of the process).
The size of the porous region is not a limiting factor, and in
this paper, it was dictated by the footprint required for our
target application. The uniformity of the DRIE process was
maintained repeatedly across the entire 6-in wafer. The process
starts by using an off-the-shelf thinned silicon wafer followed
by the deposition silicon nitride that forms the overhang layer;
70-nm thick in most of the experiment described here. Next,
DRIE processing follows the photolithography, to form the
pores (Figs. 2 and 3). Using our process, the silicon nitride
overhang is formed as a result of controlled undercutting of
the silicon nitride layer on the Si wafer (that is, Si substrate
immediately underneath SiN is etched away to a certain depth,
creating an overhanging SiN structure). Our results indicated
that overhangs of various lengths could be formed by carefully
monitoring the length of time during the etching steps, along
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Outline of the process flow for thick Si membranes. For a detailed discussion of the nanonail geometry, see [11].

Fig. 3. (a) Optical and (b) SEM photographs of the membrane; (c) and (d) show the details of the overhang structures; (e) is the same image as (d) with the
overhang outlined for easier viewing; (f) Photograph of a multicell porous membrane, 30 × 30 mm in size, 300-μm thick, each porous region is 5 × 5 mm.

with careful cycle control of passivation/etching. We found that
the longer the overhang, the more stable the structure is against
being wetted by a liquid.
Based on our previous experience, we decided to keep the
pore size fixed at 30-μm in diameter and varied the width of
walls separating adjacent pores. The reason to keep the walls
as narrow as possible is to minimize the solid–liquid area
of contact, to make sure the surface behaves as a superhydrophobic surface after being treated with a hydrophobic layer.
Although we achieved wall widths as narrow as 0.8 μm in our
previous work using thin SOI-based membranes, for simplicity

of processing, we decided against using such narrow walls on
the thick membranes. Therefore, widths of 5, 8, 10, 12, 15, and
20 μm have been investigated. Practically, we found that the
widths less than 10 μm do not reliably survive the DRIE etch
on the thick 300-μm membranes, so we narrowed down the
selection to 12 and 15 μm; where 20-μm walls were deemed
unnecessarily wide. Typically, when the wall is formed during
the etching step, it may be completely etched or it may be
severely overetched deep inside the pore’s thickness, making
it impossible to determine if there was a successful etch by
visual observation from the outside of the structure. Only upon
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Fig. 4. Cross section through the etched wafers. (a) 10-μm wide walls; (b) 12-μm walls and (c) 15-μm walls. Notice damaged walls inside the sample with
10-μm walls. Using 15-μm walls allows for creation of more uniform walls throughout the thickness.

cross-sectioning, these structures could it be determined if the
thru-holes connecting adjacent pores have been formed (Fig. 4).
Clearly, this structural condition is unacceptable from the device performance point of view and thicker walls must be used,
e.g., 15 μm. Even though wall widths of 10 and 12 μm can be
created, the process remained poorly controlled, often resulting
in the damaged walls, so that we further narrowed down our
selection to the walls 15-μm wide, and in the following discussion, we present the results based on this type of the membrane,
unless noted otherwise. As seen in Fig. 4(c), using wider walls
helps achieve much more uniform wall width throughout the
entire thickness of the membrane. Another manifestation of the
poorly tuned DRIE process is significant narrowing of the pore
size on the exit (bottom) side of the membrane. In our initial
tests, we have seen narrowing pores from 30 μm on the front
side to 10–15 μm on the backside, resulting in significantly
wider walls on that side [Fig. 4(a) and (b)]. In addition to single
membrane cells, we prepared multimembrane samples, with up
to 12 individual membranes on a single sample [Fig. 3(f)]. From
the processing point of view, there is no difference in processing
single or multimembranes.
Thermal oxidation was performed as the last wafer-level
step in order to grow a uniform, pin-hole-free SiO2 dielectric
layer 30 nm thick. A dielectric is not required to achieve
superlyophobic behavior but was prepared for the follow-up
tests on controllable permeability using electrowetting. The significance of the dielectric is well known in studies dealing with

the electrowetting transition (often referred to as “electrowetting on dielectric”) [6], [21]–[23]. The effect of the dielectric
thickness on the trigger voltage for electrowetting on thin SOI
Si membranes has been discussed in our previous report [17].
The final step in processing after DRIE, thermal oxidation,
and dicing is to coat the samples with a hydrophobic coating, to
render them superhydrophobic. Thickness and uniformity of the
deposited coating are critical that it should not plug up the pores
after coating. We dip coated using 1 and 3 wt. % solutions of
Teflon AF 1600; fluoropolymer solutions provided by Cytonix
LLC, as well as Repellix vapor-deposited silane-based coatings
developed by Integrated Surface Technologies. Dip coating was
performed using a bench-top dip coater, TL0-01 (MTI Corp), at
0.1 mm/s pulling speed. The Teflon films were then dried in an
oven at 200 ◦ C for 2 h in nitrogen atmosphere. Cytonix coatings
were dip coated using the same parameters and air dried at
130–160 ◦ C depending on the type of the coating as specified by the manufacturer. Vapor-deposited coatings were used
unmodified as deposited by the provider. All methods appear
to provide thin uniform coatings, approximately 100–500-nm
thick. We have investigated dip-coated membranes in SEM and
have not seen any evidence of pore closing or narrowing as a
result of the polymer coating the inner walls of the structure.
The vapor-deposited coatings, provided by Integrated Surface
Technologies, consist of a network of ceramic nanoparticles,
held together by a special linker chemistry and overcoated with
a thin layer similar in properties (including wettability and
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Fig. 5. Contact angle of various liquids as a function of the membrane wall
width. Contact angle on the flat surface is given for comparison. Surface tension
of water is 72 mN/m, propylene carbonate 42 mN/m, EC-DMC electrolyte
33 mN/m.

contact angle) to fluorinated silane self-assembled monolayers.
The differentiating factor in choosing the coating is the reliability or longevity of the coating when in a prolonged contact with
the liquid, which is subject of the Section II-C.
Qualitatively, we compared mechanical robustness of the
thick membranes and the thin SOI membranes using a wellknown approach in the thin film community called a “Scotch
tape” peel test. On several samples, we covered porous regions
with a Scotch tape (or sometimes Kapton tape) and then pulled
the tape off the samples. Thin SOI membranes were always
sheared off and damaged in these tests, whereas thick membranes always remained intact even after repeated pull off tests,
thus highlighting their increased robustness.

5

Fig. 6. “Cos-cos” wetting-non-wetting diagram for porous Si membranes
showing cosine of the contact angle of the membrane versus cosine of the
contact angle on the flat surface treated with the same hydrophobic coating.
Data for nanonail structures are shown for comparison (taken from [11]).
TABLE I
C ONTACT A NGLE OF L IQUIDS ON THE M EMBRANES OF VARYING WALL
W IDTHS AND OVERHANG L ENGTHS W ITH T EFLON AF AS A
H YDROPHOBIC C OATING

B. Contact Angle Characterization
Contact angle measurements have been performed using
VCA Optima XP system (by AST Products, Inc.). In a typical
measurement, at least three 5-μl droplets were dispensed and
measured.1 We used both aqueous and organic liquids to examine a wide range of surface tensions. Fig. 5 shows measured
contact angles of various liquids on the membranes of various
wall widths. There is a clear correlation between the wall width
and the contact angle, with the trend toward higher contact
angles on the narrower walls. This observation is related to
the amount of the solid surface–liquid interface and with the
wider wall, more solid area is available for contact, reducing
the contact angle toward that on the flat surface treated with the
same coating. However, even with the 15-μm wide walls, the
air–liquid interface still dominates and the surface behaves as a
superhydrophobic/superlyophobic surface. The contact angles
for the flat surfaces are given for comparison. Clearly, except
for the water, the rest of the low-surface-tension liquids easily
wet the flat samples as seen by the contact angle of less than
90 deg. Whereas, the contact angle is reduced on the samples
with the wider walls, the droplets of the low-surface-tension
1 Unless noted otherwise, values for the advancing contact angle are reported
here.

liquids are nonetheless supported by the overhang structure,
confirming its effectiveness. Note, when a liquid is not supported by the membrane, it would not only spread on the surface
but would also permeate through the thickness of the membrane
and reach the backside. In a manner consistent with other works
dealing with the subject of omniphobic surfaces, we present our
contact angle data on a chart showing “cos-cos” relationship,
where “cos” corresponds to a cosine of the contact angle on
the omniphobic surface and on the corresponding flat surface,
Fig. 6. The data forms an approximately linear relationship
similar to those given in [12], [24].
In contrast with our previous work, shorter overhang structures are somewhat less stable against the liquids with very low
surface tensions, such as hexane and alcohols, as seen by a reduced contact angle on the membrane surfaces (Table I). In fact,
most of the structures described in this paper are wetted by alcohols and hexane (surface tension lower than ∼25 mN/m). However, it is important to keep in mind that this particular overhang
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structure has been designed for compatibility with the liquids
of certain surface tension (30–40 mN/m) that are used as the
electrolytes in Li-based batteries and for the ease of undergoing
electrowetting transitions. Experimentally, we determined that
100–300-nm long overhangs provide the optimal performance
from the liquid repellency and electrowetting transition points
of view. Longer overhangs (> 500 nm) tend to offer high repellency, but adversely require very higher voltages for electrowetting triggering that typically exceeds voltages of the dielectric
breakdown of the materials used in fabrication of these membranes. Table I summarizes contact angles of various liquids on
the membranes with various overhang lengths and wall widths.
We note that the contact angle on the 15-μm wall width
membranes using DI water is about 132◦ , lower than on the
nanonail structures described in [11] (e.g., 157◦ on the nanonail
surface and 137◦ on 0.8-μm wide wall membrane). This result
is related to the area taken by the solid surface (walls), which
is in this situation is greater than on the sample with 0.8-μm
wide walls or the nanonail structures alone. However, by
using specially formulated hydrophobic coatings that contains
nanoparticles (e.g., Repellix, provided by Integrated Surface
Technologies, Inc.), we demonstrated contact angles on the
membranes in excess of 160◦ and negligible contact angle
hysteresis of the high-surface-tension liquids. Here, nanoparticles provide extra features to further reduce the “liquid–solid”
interface required to exhibit superhydrophobic behavior. There
is a limit to the effectiveness of this approach given a particular
solid surface area after which optimization of the re-entrant
geometric structures is required, e.g., further minimization of
the wall width separating adjacent pores [25]. At the same time,
using such novel coatings in conjunction with the nanonail
structures offers a high level of flexibility in processing.
C. Long-Term Stability of Hydrophobic Coatings
in Electrolytes
Contact angle measurements give a convenient and accurate way to characterize the stability of the coatings on solid
surfaces. We used these measurements to monitor any potential degradation of the superhydrophobic properties of the
membranes when subjected to long-term exposure to various
liquids. Such measurements are important in our work, as these
membranes are used as triggerable barriers in the reserve microbattery architecture. These reserve batteries are used when
long-term storage is advantageous, with the added requirement
of the optimal performance even after a prolonged storage. The
porous membrane in this case acts as a separator, restricting the
liquid electrolyte from contacting the solid electrode materials.
The electrowetting trigger is then used as the external event
to allow for the electrolyte to flow through the membrane
and initiate the electrochemical reaction to generate voltage.
Since the battery is expected to remain in the inactive state
for 10–20 years, the superhydrophobic membrane is expected
to be exposed to the electrolyte for this period of time and is
required to maintain its superhydrophobic properties, as well
as to prevent self-triggering and premature failure. Hence, we
elected to use contact angle measurements as a way to monitor
and predict long-term reliability of the membranes in direct
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contact with the various electrolytes used in Li-based batteries.
We prepared a number of flat and porous membrane samples,
coated them with various coatings and immersed them into
the electrolyte and periodically measured the contact angle of
DI water on such surface. In some instances, to accelerate the
ageing processes, we kept the electrolyte temperature at 60 ◦ C.
In Fig. 7(a), we show these tests performed on the first generation of devices that were based on Zn/MnO2 battery chemistry
that uses aqueous ZnCl2 /NH4 Cl electrolyte. Teflon coatings
seem to perform the best compared to other fluoropolymers
(CYTOP) and self-assembled monolayers for the accumulated
exposure time of over 1 year. We attempted to improve the
adhesion of Teflon to the substrate using often-employed silane
treatment but it had an opposite effect on the stability. Fig. 7(b)
shows a snapshot of the follow-up measurements performed
over a period of several months, accumulating continuous exposure time of 200 days to the organic electrolyte. The electrolyte
specially formulated for our battery work was 1M LiClO4 in
1:1 EC-DMC (ethylene carbonate-dimethyl carbonate). It was
chosen for its performance across a wide temperature range,
as well as compatibility with the Si-based materials used to
prepare superhydrophobic membranes. More commonly used
LiPF6 salt was found to be a detrimental component in the
electrolyte due to its dissociation and reaction with moisture
to produce HF that aggressively etched away SiO2 and SiN
layers. We found that even traces of moisture adsorbed in the
surface of the membrane were sufficient to produce enough HF
to cause quick degradation in the surface quality. Therefore,
we replaced it with LiClO4 . Teflon coatings offer an excellent
stability over other hydrophobic coatings (the majority of the
coatings we tested failed and are not shown here). Contact angle
tends to drop after the initial exposure and stabilize around
120–130◦ . Generally speaking, dip coatings of Teflon and other
fluoropolymers showed better long-term stability than vapor
deposited coatings such as self-assembled monolayer (these
coatings failed after 10–30 days of exposure). Consequently,
we excluded self-assembled monolayers from further testing.
However, in the situation where only intermittent or short-term
exposure to the liquids is expected, such coatings may in fact be
preferred, given their ease of deposition from vapor phase. In
addition, for many microelectromechanical systems (MEMS)
devices, vapor deposition is preferred over dip coatings, as a
way to prevent stiction via capillary bridges formed in between
delicate structures during dip coating. Our application requirements are to some extent unique and put additional strain on
any hydrophobic coating, requiring it to retain its properties for
decades of continuous exposure.
At present, we can only speculate on the exact mechanism of
degradation, as additional spectroscopic studies such as FTIR
and Raman are required to pinpoint the processes leading up
to a failure (decrease in the contact angle below 90◦ ). Nevertheless, we offer a hypothesis that given very small thickness
of the coatings used in this paper, water molecules (in the
case of aqueous electrolytes) diffuse through open structure of
amorphous Teflon films and slowly hydrolyze adhesive bonds
between the solid substrate (SiO2 or SiNx ) and Teflon [26]–
[28]. We speculate that the adhesion between the substrate and
the coating will then slowly decrease outwards, moving along
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Fig. 7. (a) Contact angle of DI water on the flat surfaces treated with various hydrophobic coatings as a function of immersion time into aqueous electrolyte
based on ZnCl2 /NH4 Cl at room temperature. VPD refers to the self-assembled monolayer deposited via “vapor phase deposition.” (b) Contact angle of DI water
on various hydrophobic coatings as a function of immersion time into organic EC-DMC electrolyte at 60 ◦ C. Cytonix coating is based on the nanoparticles
suspension in a fluoropolymer (FluoroPel M1604V-FS). Notice that even on the flat substrate, it allows to achieve high values of the contact angle.

the interface, forming hydrophilic (wettable) islands, which is
indirectly supported by our observation that the degradation always proceeds from the isolated spots and spreads out until the
entire surface appears free of coating and is tested hydrophilic.
Clearly, surface defects and unintentional scratches will provide
the initiation spots; therefore, care must be taken to avoid
excessive handling of the coated samples. At the same time,
our repeated measurements on the same samples taken over
a year worth of tests, confirm their sufficient robustness and
reliability. In an application (e.g., microbattery), the membranes
will not be subjected to repeated mechanical abrasion through
handling and will only experience liquid interface interactions,
prolonging their stability.
D. Controllable Permeability of the Membrane
Using Electrowetting
To show controllable permeability of the thick membranes,
we performed electrowetting tests similar to those described in
[17]. Since the electrowetting process is based on the capacitive

charging of the solid–liquid interface, no direct dc current flow
is required, which leads to a very small energy dissipation
during the transition and triggering processes. For example, in
our earlier work, we estimated that only ∼60 nJ was dissipated
during the trigger process while the battery capacity built with
this technology contained at least 1 J. The main reason for
energy dissipation is the leakage current through the system due
to imperfect dielectric insulators.
Fig. 8 presents photos of the droplet undergoing electrowetting transition. At the end of transition, the droplet is fully
absorbed by the wicking material placed underneath the membrane, in contact with the backside of the membrane (see
Fig. 1(c) for a pictorial representation of this process). Trigger
voltage was in the 70–90-V range, a little higher than previously
described in [17]. We believe that it is related to the presence of
the overhang structure. In an electrowetting test using regular
(no overhang) membrane, the superhydrophobic–hydrophilic
transition is initiated immediately upon application of the voltage pulse, whereas in case of the overhang membrane, the
first step is the electrostatic attraction of the liquid to the wall
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Fig. 8. Photographs of the EC-DMC electrolyte undergoing the electrowetting transition on the surface of superlyophobic membrane treated with Teflon AF.
The duration of the transition is on the order of 1–2 s.

directly underneath the overhang, followed by the electrowetting and superhydrophobic–hydrophilic transition. This
behavior explains the reason for having overhangs in the
certain range (100–300-nm long). The longer the overhang, the
higher the voltage needed to induce the electrostatic attraction.
However, it can quickly exceed the dielectric strength of the
dielectric material that forms the overhang and lead to a dielectric breakdown in the system, after which no electrowetting
transition is possible. At the same time, if no electrowetting
transitions are required from the system or the application using
this technology, the longer overhangs will yield better stability
of the liquids on the membranes, without the risk of selftriggering and spontaneous wetting.
As was mentioned in the section describing fabrication of
the membrane, one of the steps is processing is thermal oxidation. It is used to create a conformal layer of dielectric
over the entire surface of the membrane. Such layer is critical to the observation of electrowetting transitions. Thermal
oxide is certainly not the only dielectric that can be used for
this purpose but it offers several advantages, such as ease
of processing, control of its thickness, and high dielectric
strength among other properties. However, its formation occurs
at high temperatures, and it may not be a suitable approach
for applying a dielectric in cases where the components of
the overall structure may contain metals or polymers. In this
case, one can conveniently use parylene as a dielectric. Parylene
has been widely used as a dielectric of choice in a variety
of works dealing with electrowetting and has been shown to
be an excellent substitute for SiO2 . We have used deposited
parylene over our porous Si membranes and have achieved
results similar to those obtained using SiO2 , both in terms
of superhydrophobic properties and the trigger voltage for
electrowetting transition (50–70 V). The important conclusion
from these tests indicated that vapor-deposited coatings (such as
parylene) do not change or mask the geometry of the overhang
features.
Functionality of the membranes presented in this paper may
be compared to the other tunable surfaces using electrowetting,
see [6], [29] for a review of recent work on this subject.
Several groups have reported on tunable wetting of various
surfaces sensitive to heat, illumination, or a change in pH. As
reported in these works, a change in external stimulus led to a
change in wetting properties of a solid surface. Demonstrated
reversibility of such response should also be noted. However,
we must point out that in the majority of these cases the
response was confined to the surface of the material, whereas
in this paper, we present a way to change the response of the
material not only on the surface but also throughout its thick-

ness, resulting in dynamically controllable permeability of the
material.

III. P OTENTIAL A PPLICATIONS OF S I -BASED M EMBRANES
We envision several applications for such superlyophobic
membranes. One has already been described and is actively
pursued by our group in the reserve microbattery technology
[18]–[20]. Currently, prototype Li/MnO2 batteries are being
tested. Images on Fig. 9 show schematic of the existing battery
prototype, as well as the location of the superlyophobic membrane in the battery. The membrane built for this application
contains 12 individual membranes, each one corresponding to
an electrochemical cell, thus forming an array of 3 × 4 power
cells in a single battery substrate (Fig. 3(f) shows a single 3 ×
4 membrane die). Each cell is designed to provide enough
capacity to last for approximately 3 years under the projected
current draw. Upon reaching its end-of-life, the next cell will
be triggered for a combined total capacity of approximately
30-year active life for this application. Since only one cell at
a time is active (electrolyte is in contact with the electrodes),
the rest of the cells remain in the inactive (hence, the name
reserve) state, without self-discharge and unwanted chemical
reactions that would normally limit the active life to only
10 years.
The membranes can be also used as the capillary adhesives
described recently in [30]. The basic principle in this approach
is the capillary adhesion due to droplets protruding from the
backside of the membrane after the electrowetting transition.
When brought in contact with another surface, capillary bridges
will be formed and the surfaces will be pulled together and held
tightly. The electrically triggereable membrane may offer a way
to create controlled wetting and even spacing of the adhesive
capillary bridges, as well as a way to combine liquids with
various surface tension on the same device to address chemical
compatibility and stability issues.
On the other hand, given sensitivity of the overhang structure
to the surface tension of the liquid, one can imagine using
it for filtration or separation of the mixtures or emulsions of
the liquids of various surface tensions (oil/water, for example) [3], [16], [31]. Other possibilities are potential uses as
water barriers in fuel cells, where liquid water accumulation
may poison the fuel cell or reduce its efficiency [32]. In this
example, the membranes could potentially prevent water from
flowing across and, at the same time, remaining permeable by
the vapors to reduce pressure drops in different parts of the
system.
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Fig. 9. Schematic of the multicell reserve microbattery. Each cell in the 3 × 4 array is designed to last for 3 years, subsequently triggering the neighboring cell,
thus, providing for 30-year life time.

IV. C ONCLUSION
In summary, we described fabrication and testing of the
300-μm thick superlyophobic porous silicon membranes. Rigid
structures are produced using a DRIE etching process through
the entire wafer thickness (300 μm), which represents a significant improvement over the previously described SOI-based,
thin (30 μm) porous membranes. We have demonstrated that
the special overhang structures impart superlyophobic behavior onto ordinary hydrophobic surfaces and that controllable
permeability of these structures can be accomplished using
the electrowetting phenomenon. In addition, we presented reliability studies of various hydrophobic coatings deposited on
these membranes subjected to long-term exposure to aqueous
and organic battery electrolytes, making that suitable for realworld applications needing longevity. We have also suggested
the applicability of such membranes in construction of reserve
microbatteries, as well as potential use in filtration, separation,
and capillary adhesives designs.
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