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ABSTRACT

This paper reports for the first time on the reversible electrowetting of liquid droplets in air and oil environments on superhydrophobic silicon

nanowires (SINWs). The silicon nanowires were grown on Si/SIO  ; substrates using the vapor  —liquid —solid (VLS) mechanism, electrically insulated
using 300 nm SiO ,, and hydrophobized by coating with a fluoropolymer C  4Fg. The resulting surfaces displayed liquid contact angle (@) around
160° for a saline solution (100 mM KCl) in air with almost no hysteresis. Electrowetting induced a maximum reversible decrease of the contact

angle of 23 ° at 150 Vgrys in air.

Liquid actuation and manipulation on solid substrates using coatings. The superhydrophobicity depends on both the
electrowetting is a rapidly growing field of research and has geometrical micro- or nanostructures and the chemical
generated considerable interest from both fundamental andcomposition of the surface. The surface roughness increases
applied view points.Electrowetting has found applications the amount of air trapped within the pores, while the chemical

in various fields ranging from “lab-on-chip” device$ to coating lowers the free surface energy (Cassie Baxter model).
adjustable lensesdisplay technology, fiber optics! and This effect is well-known in natural systems as the “lotus
microelectromechanical systems (MEMS)Electrowetting- effect” > The lotus leaves’ capability to remain clean from

on-dielectric relies on contact angle reduction and liquid dirt and particles is attributed to the superhydrophobic nature
droplet motion upon application of an electric field. In a of the leaves’ surface. The surface is composed of micro-
common electrowetting set up, the insulating layer is and nanostructures covered with a hydrophobic wax, re-
composed of an inorganic material such as 80SkN, or sponsible for the contact angle higher than °L6Bserved
organic polymers, and the hydrophobicity is induced through in these natural leaves. However, artificial superhydrophobic
coating with a hydrophobic layer such as fluoropolymers or surfaces can also be achieved by several means, including
resists! The main criteria required to ensure effective generating of rough surfaces coated with low surface energy
reversible electrowetting are that the hydrophobic layer molecules?2° roughening the surface of hydrophobic
hysteresis is as low as possible and the contact angle at zergnaterials?’ 23 and creating well-ordered structures using
voltage is as high as possible while the insulating layer is micromachining and etching methotfs26

very thin. _ _ Up to now, there are only few reports in the literature on
The hydrophobic layers commonly used (Teflon-like and g glectrowetting on superhydrophobic nanostructured sur-

hydrophobic polyme_rs) display contact angles below®120  5.e51627.28 A method for dynamic electrical control over

A strategy to reach higher contact angles commonly referred i yetting behavior of liquid droplets on superhydrophobic

as “superhydrophobicity” is obtained through the combina- nanostructured surfaces prepared by etching microscopic

tion of surface roughness with water repellent chemical 54y of cylindrical nanoposts into the surface of a silicon
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Figure 1. Schematic illustration of the microsystem used in this
work. It shows silicon nanowires grown on Si/Si®ubstrates,

electrically insulated with 300 nm silicon dioxide and hydropho- Power

bized with GFs. The silicon nanowires are terminated with gold Amplifier | | camera
nanoparticle according to the VLS mechanism growth and coated

with the fluoropolymer layer. -

but with no reversible effect. Electrowetting on patterned —
layers of SU-8 photoresist with an amorphous Teflon-AF ) . o
coating was examined by Newton et:@After a cycle from Figure 2. Experimental set up of electrowetting characterization
0 to 130 V and back to 0 V, a decrease of the contact angleIn a.
from its original value § = 152°) to 114 was observed. Silicon nanowires (SiINWSs) used in this work were
The contact angle continued to fall down even when the prepared using the vapseliquid—solid (VLS) mechanism?
voltage was reduced, which is a good indication of the The fundamental process is based on metal-catalyst-directed
nonreversibility of the system. Finally, the electrowetting of chemical vapor deposition of silicon. First, a thin film of
vertically aligned superhydrophobic carbon nanofibers was gold (4 nm thick) was evaporated on the clean SifSiO
investigated by Heikenfeld et #. The nanostructured substrate. Gold nanoparticles with a wide size distribution
material exhibited a water contact angle of 169 air for were obtained as a result of metal dewetting on the surface.
saline solution with atirre versiblebehavior, while aever- Exposure of the gold-coated surface to silane gas at a
siblewetting was observed for a two-liquid saline/dodecane pressure of 0.4 TQ = 40 sccm) at 500C for 60 min led
system. From these experimental data, it is clear thatto SINWs growth. Figure 1 shows the set up used for the
generating wetting reversibility in air on superhydrophobic EWOD experiment. The silicon nanowires were grown on
surfaces is not only a technical challenge, but a real assetSi/SiO, substrate electrically insulated with 300 silicon
for potential applications of the structures in various fields dioxide layer. The nanowires are terminated by gold nano-
including microfluidics, optical, and lab-on-chip devices.  particles according to the VLS mechanism. The superhy-
This paper describes a strategy to achieve effective drophobicity was achieved through coating of the nanowires
reversible electrowetting of liquid droplets (deionized water with C,Fs. Both the nanowires and the gold nanoparticles
and two saline solutions) in oil (undecane bath) and in air terminating the nanowires are covered with the fluoropoly-
on superhydrophobic silicon nanowires. Superhydrophobicity mer.
was obtained by the combination of the high roughness of The morphology of the nanowires was investigated by
SiNWSs grown on silicon dioxide layer with physical coating using scanning electron microscopy (SEM). Electron mi-
using a fluoropolymer ¢Fs. A water contact angle of 160 croscopy was carried out with a LEO 982 field-emission
was observed at zero voltage in air. The contact angle scanning electron microscope (SEM) with an image resolu-
decreased to 13%hen a voltage of 150 Yus was applied tion of 2.1 nm at 1 kV and 1.5 nm at 15 kV at the analytical
and returns back to its initial value when the voltage is turned working distance.
off. The reversible behavior of the system was tested by Figure 2 illustrates the schematic representation of the
repeating the cycle (0 up to 150rMus) @ thousand times  experimental bench used to characterize the behavior of the
without any apparent decrease of the contact angle. liquid droplets under applied voltage. The material to be
All cleaning and etching reagents were clean-room grade. tested was placed on a movable stage and a liquid droplet
All chemicals were reagent grade or higher and were used(volume 5uL in air and 12uL in oil) was then deposited on

as received unless otherwise specified. its surface. A function generator (GF265 model, Centrad,
Single-side polished silicon (100) oriented n-type wafers France) producing a square ac signatdis = Vpp/2) with
(Siltronix, France) (phosphorus-doped;-B0 Ohmcm™? a frequency of 1 kHz connected to a power amplifier (2340

resistivity) were used as substrate. A dielectric layer ¢5iO model, Tegam, USA) is linked to a needle electrode in
of 300 nm thickness was grown on each side of the silicon contact with the droplet. Applied voltages were comprised
substrate by thermal oxidation (Figure 1). The resulting between 0 and 150 Mus. We used a remote-computer-
substrate was then degreased in acetone and isopropytontrolled goniometer system (Digidrop, GBX, France) to
alcohol, rinsed with Milli-Q water, and cleaned in a piranha measure the contact angles. It is composed of a CCD camera
solution (3:1 concentrated,80,/30% H0O,) for 15 min at and a video recorder (25 frames/s). The accuracy1s.

80 °C followed by copious rinsing with Milli-Q water. The  All measurements were made in ambient atmosphere at room
surface was further dried under a stream of nitrogen. temperature. Three different solutions have been tested:
(Caution: piranha solution reacts violently with organic deionized water and saline solutions with two KCI concen-
materials; it must be handled with extreme care, followed trations (14 mM and 100 mM). Undecane was used for

by copious rinsing with deionized water.) manipulation in an oil environment.
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Reversible

Figure 4. Electrowetting on silicon nanowires coated with
hydrophobic fluoropolymer £ displaying reversible electrowet-
ting of a saline solution (100 mM KCI) in oil: (a) contact angte
164 at 0 V, (b) contact angle= 106° at 150 Vgrws.
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Figure 3. (a) SEM image of silicon nanowires grown on Si/$iO 0 25 50 75 100 125 150
using the vaporliquid—solid (VLS) mechanismRsiy, = 0.4 T,T Voltage (V)
= 500 °C, t = 60 min). (b) SEM image of the same silicon
nanowires coated with (. Figure 5. Contact angle vs voltagex) and co9(V) — cosf, vs

square voltages] for a saline solution (100 mM KCI) in undecane.

Figure 3a displays a SEM image of the synthesized When the voltage is turned off, each point returns to its initial state.
nanowires. It clearly shows a high density of SINWs on the
substrate with an average diameter in the range ef15D hysteresis under our experimental conditions [precision of
nm and 3Qum in length, leading to a nonuniform structured the measurementH1°)]. It is to be noted that the water
surface. The wide distribution of the nanowires size is related droplet rolls off the surface at any vibration due to the
to the size of the gold nanoparticles catalyst formed during quasinull hysteresis. While superhydrophobicity is well
the dewetting of the Au film on the silicon dioxide layer at predicted by the CassiBaxter relation for a structured
high temperatures. This behavior is common for Au nano- surface, the nonuniform texturation of our surface leads to a
particles prepared by a physical methodology, consisting of complicated predictive calculation for the macroscopically
the thermal evaporation of a thin Au film and its successive observed contact angle.
annealing® The resulting nanowires were terminated by gold  First, the apparent contact angle of a droplet of a saline
nanopatrticles, in agreement with the VLS growth mechanism. solution (100 mM KCI) in an oil bath of undecane on

Freshly prepared SiNWs were covered with a thin layer modified SINWs surface was measured as a function of
of silicon dioxide upon exposure to ambient atmosphere andapplied voltage. Figure 4 shows contact angte® ¥ (164°)
thus display hydrophilic character. This means that a water and 150 \{rms (106°). The behavior is reversible and the
droplet deposited on the surface wets completely the nano-contact angle returns back to its initial value at 0 V. Voltage
wires layer. To perform electrowetting experiments and variation from 25 to 150 Ykus led to a maximum contact
achieve surface superhydophobicity, the SiNWs were coatedangle decrease of 3&t 150 \rrys (from 164 to 106)
with amorphous fluoropolymer like Teflon-AF (Dupont, (Figure 5). In each case, the water droplet reacts in the same
USA) or Cytop (AGC, Japan) using the spin-coating way as in Figure 4, with a repeatable wetting/relaxation
technique. Under these conditions, we found that such cycles over 18 min (1000 cycles). No water electrolysis was
fluoropolymers did not fully cover the nanowires surface. found even at these high voltages, in agreement with a robust
Next, the fluoropolymer ¢Fs was deposited using a plasma dielectric layer. A saline solution of 14 mM was next tested
technique to yield a conformal hydrophobic layer60 nm under the same conditions. A reversible maximum decrease
thick) (Figure 3b). The resulting nanowires are totally coated of the contact angle from 1840 127 (A6 = 37°) at 150
with a GFg thin layer without affecting the surface rough- Virus was observed. Finally when the electrowetting experi-
ness. It is important to note that both the nanowires and the ment was performed using pure deionized water, the decrease
gold nanoparticles terminating the nanowires were com- of the contact angle was quite smalfY9A contact angle of
pletely insulated by the thin fluoropolymer layer. The 155 was reached at 1501¥us and saturated at this value.
obtained surfaces are superhydrophobic, with a water contact Then, the wetting experiments on the superhydrophobic
angle around 160 (164° in oil) without any apparent surface were carried out in air environment for all the
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Figure 6. Electrowetting on silicon nanowires coated with 2'5 5'0
hydrophobic fluoropolymer £ displaying reversible electrowet-
ting of a saline solution (100 mM KCI) in air : (a) contact angle

= 16C at 0 V, (b) contact angle= 137 at 150 VRus.
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Figure 8. Contact angle vs voltagex) and co9(V) — cosf, vs
square voltages] for a saline solution (100 mM KCI) in air. When
the voltage is turned off, each point returns at its initial state.

using a combination of surface roughness and hydrophobi-
zation through surface coating with a fluoropolymejfF§&

The surface roughness combined with the low surface energy
induced by the surface coating ensured air trapping between
the substrate and the liquid droplets, necessary to achieve
superhydrophobicity. An effective way to dynamically turn
the properties of superhydrophobic nonuniform textured
surface by reversible electrowetting in oil and for the first
time in air, without any additional energy to the system, was
demonstrated. The decrease of the contact angle upon applied
Figure 7. Contact angle vs time for a saline solution droplet (100 voltage is equal to 58in oil and to 23 in air for a saline

mM KCI) in air at 150 Vgrys proving the repeatable reversibility : .
of the electrowetting. A zoom of this curve shows the speed of the solution of 100 mM KClI. It is expected that such surfaces

droplet relaxation: each point is a contact angle of the droplet taken Will ‘%HOW not 0“'}/ liquid di5p|acemenF ?CCOFding to the
from a frame of a video (25 frames/s). guasinull hysteresis, but also droplet splitting, one of the most

elementary operations in lab-on-chip devices. The obtained
results will open new opportunities for designing electrowet-
ting systems at very low voltages, with potential applications
in the field of lab-on-chip and particularly in the preparation
of highly functional microfluidic devices.

Furthermore, the CVD technique used for silicon nano-
wires growth is compatible with silicon technology and can
be easily achieved on large areas. Because the growth
temperature is relatively low (466500°C), the method can
be implemented on various substrates.
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solutions. As in the oil environment, reversible electrowetting
was observed. After a cycle from 0 to 150rys, a decrease

of the contact angle from 1800 137 was observed for a
saline solution (100 mM KCI) (Figure 6). The contact angle
increased back to its original value at zero voltage. Further-
more, it was demonstrated that the modified SINWs surfaces
enable reproducible wetting/relaxation cycles without any
degradation of the material (highly mobile rolling ball state
observed before and after experiments with the same
quasinull hysteresis). Figure 7 shows part of the 1000
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