MANIPULATION OF LIQUID SPREADING ON ASYMMETRIC

NANOSTRUCTURED SURFACES
K.-H. Chu", R. Xiao', M.E. Alf, K.K. Gleason’ and E. N. Wangl
'Department of Mechanical Engineering, and “Department of Chemical Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

ABSTRACT
We demonstrate the manipulation of liquid spreading on
asymmetric nanostructured surfaces using electrowetting.

Asymmetric nanopillar arrays were fabricated with diameters of
500 to 750 nm and deflection angles of 3 to 52 degrees using deep
reactive ion etching and angled metal deposition process on
silicon. Droplets can achieve uni-directional, asymmetric, and
nearly symmetric spreading behaviors with various applied electric
potentials on asymmetric nanostructured surfaces. A theory based
on an energy argument is also developed to predict the spreading
behaviors and shows excellent agreement with experimental
results. This work shows that we can manipulate liquid spreading
in a single direction on-demand, which suggests new opportunities
to tailor advanced nanostructures to achieve active control of
complex flow patterns for various microfluidic and thermal
applications.

INTRODUCTION

The manipulation of liquid spreading is important for a broad
range of microfluidic, biological, and thermal management
applications [1-3]. Engineered surfaces have received significant
interest to enable control of liquid behavior, such as varying the
liquid film thickness [4] and the final wetted shape [5]. By
utilizing groove geometries and patterned surface chemistries,
elongated droplets with distinct contact angles in the orthogonal
directions have also been achieved [6,7]. In all of the previous
studies, however, the spreading behavior on these engineered
surfaces is symmetric [4-7]. Furthermore, dynamic control of
spreading behavior has not yet been demonstrated.

In this work, we present the design of asymmetric
nanostructures that can not only be used to achieve uni-directional
spreading [8], but also to actively control the directionality of
liquid spreading with applied electric potentials. The asymmetric
nanopillars can introduce energy barriers on more than one axis,
which allows the liquid to propagate in a single preferred direction
and pin in all others. However, with the application of electric
potential, the spreading directionalities can change depending on
the magnitude of potential difference by decreasing the energy
barriers in different directions.

FABRICATION

Asymmetric nanopillars were fabricated using MEMS
processing on silicon with diameters ranging from 500 to750 nm,
spacings of 3.5 pum, and heights of 9 to10 pum. The pillars were
patterned using projection lithography, and etched in silicon with
deep reactive ion etching (DRIE). A thin gold film was
subsequently deposited onto one side of the pillars with an electron
beam evaporator. The residual stress between the two materials
caused the pillars to deflect. The thickness of the gold film
controlled the deflection angle.

Fig. 1 shows scanning electron micrographs (SEMs) of three
representative asymmetric nanopillar arrays with deflection angles,
¢, (as defined in the Fig. 1 inset) ranging from 7°-25°. A Cartesian
coordinate system is defined for convenience, as shown in Fig. 1,
where the pillars deflect in the positive X (+X) direction. After the
fabrication, we conformally coated the nanopillars with a polymer
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Figure 1: Scanning electron micrographs (SEMs) of fabricated
asymmetric nanostructured surfaces with 500-750 nm pillars and
deflection angles of a) 7°, b) 12° and c) 25°. Schematic in inset
defines the deflection angle, .

layer using an initiated chemical vapor deposition (iCVD) process
[9,10]. The deposited polymer allowed controlled investigations of
the effect of geometry on liquid spreading behavior. Different
polymers were used in the experiments to tailor the surface energy
of nanostructures, such that the effect of surface properties on
spreading behavior could also be studied. In addition, the polymer
served as the dielectric layer for electrowetting experiments.

UNI-DIRECTIONAL SPREADING
Phenomenon

When a water droplet is deposited on a typical periodic
nanostructured hydrophilic surface, the droplet spreads in all
directions (Fig. 2a). Asymmetric nanostructures, on the other
hand, can introduce local energy barriers via geometry in different
directions, so that in some cases, uni-directional spreading is
achieved. For example, when the same droplet shown in Fig. 2a is
placed on the deflected nanopillar array with a deflection angle of
12°, the liquid spreads only in the +X direction (Fig. 2b). Fig. 3
shows time-lapse images of the side and top view of such uni-
directional spreading behavior. The images demonstrate that the
liquid droplet propagates primarily in the +X direction while the
contact line pins in both the —X direction and along the Y-axis. To
investigate the spreading behavior further, we studied the liquid
film propagating ahead of the droplet within the nanopillars, as
indicated by the arrow in Fig. 3b.

Theory and Model

We found that the behavior of the liquid film was well-
correlated with the behavior of the macroscopic droplet, i.e. the
liquid film propagation determines the direction of the
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Figure 2: Spreading behaviors and droplet shapes on typical
symmetric  nanostructured — surfaces and the asymmetric
nanostructured surfaces fabricated in this work. a) 1 uL water
droplet symmetrically spreads on typical vertical nanopillars. b)
The same droplet spreads uni-directionally on asymmetric
nanostructures with a 12° deflection angle. The scale bars in the
insets are 10 um.

macroscopic droplet spreading. To explain the uni-directional
liquid film propagation, we developed a simple two-dimensional
geometric model. The asymmetric pillars were simplified as
slanted rectangles in the 2D model, as shown in the Fig. 4. The
model assumes that the liquid film propagate only if the contact
line is able to reach the next row of pillars. In addition, when
liquid film propagates, the local contact angle of the liquid cannot
be smaller than 6,, according to Young’s Equation [5] due to the
fact that 6,, is the lowest energy state. Therefore, 8,, of the liquid
must be equal to or smaller than a critical angle defined as 6.,
shown in the Fig. 4. Because the film propagates at the height of
the pillars, then 6., = tan™! (Hyy/lp), where Hoy and [ are the
effective height of the pillars and spacing between pillars,
respectively. Thus, the critical angle in the +X direction is given
by

(H/I)cosg

1-(H/I)sing

where H and [ are the actual height and spacing between the
pillars, respectively, and ¢ is the pillar deflection angle. Similarly,
for the case of liquid film propagation in the —X direction, the
critical angle is given by
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If 6., > 0., then the liquid film propagates within the nanopillars,
otherwise, the liquid film pins.

To study the spreading behavior and validate the theoretical
model, a series of experiments were conducted. We used DI water
and DI water with surfactants (Triton X-100 with concentrations
ranging from 0.01% to 0.00125% by volume) on the polymer
(poly(cycohexyl methacrylate-co-divinyl benzene)) coated surface
with an equilibrium contact angle of 80° (DI water). On this
surface, surfactants were necessary to decrease the equilibrium
contact angle in order to satisfy the condition for imbibition [11],
which is the condition in which the liquid can start to spread.
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Figure 3: Time-lapse images of uni-directional spreading of a
liquid droplet. a) Side view and b) top view of a 1 uL droplet of
DI water with 0.002% by volume of surfactant spreading on a
surface with pillar diameters of 500-750 nm, spacings of 3.5 um,
and heights of 10 um deflected at 12° as shown in Fig. 2. The
initial location of the droplet contact line in the —X direction is
indicated by the dotted lines, where the contact line stays pinned
throughout the spreading process. The liquid film propagates in
front of the macroscopic droplet as highlighted by the arrow in b.
The scale bars are 1 mm.
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Figure 4: Schematics explaining the geometries for the developed
model that determines the critical angle, 8,,_, and 6., ., to initiate
spreading in both —X (top) and +X (bottom), respectively. The
parameters H, Hy; L5 and ¢ are the pillar height, effective height,
effective distance between pillars, and pillar deflection angle.

Fig. 5 depicts the experimental results of uni-directional
spreading and the theoretical curves based on the geometric model.
The model is plotted for the case ., = 0,, in both +X and —X where
the H/I ratio is 2.87 (H=10pm) for different pillar deflection
angles and equilibrium contact angles. The region bounded by
O and 0,, =65° (i.e., the imbibition condition) indicates the
parameter space (in blue) that allows uni-directional spreading.
The square symbols () indicate experiments in which the liquid
film propagates only in the +X direction, whereas the circles (0)
are experiments where the film propagates directionally (in +X and
—X). The triangles (A) show instances where the spreading is



nearly uni-directional, ie., the film propagates in —X but the
propagation rate was at least five times slower than in +X. The
crosses (x) represent experiments where the film does not
propagate at all due to the imbibition condition.

CONTROL OF SPREADING BEHAVIOR

In the previous studies, we tailored the polymers to ensure
that the imbibition condition can be satisfied to achieve uni-
directional spreading [8]. In the subsequent step of this work, we
studied the effect of an applied electric potential across the droplet
and the surface, to achieve on-demand control of spreading
directionalities. Electrowetting is a well-known phenomenon that
involves modifying the wettability and the contact angle of a liquid
(electrolyte) on the surface using an electric potential [2,12,13].
The effect due to electrowetting on contact angle based on a
thermodynamic model is given by [13]

80 gd
2dy,

where 0 is the contact angle under electrowetting effect, ¢, is
vacuum permittivity, g; is relative permittivity of the dielectric
layer, d is the thickness of the dielectric layer, y,, is surface tension
of the liquid, and ¥V is the applied electric voltage. In the
experiments, we used 0.1 M NaCl solution on the surfaces coated
with another polymer (poly(N-isopropylacrylamide-co-di(ethylene
glycol) divinylether)). The liquid (NaCl solution) on the polymer
coated surfaces has an equilibrium contact angle, 6,,, of 66° and
the contact angle with electrowetting can be calculated based on
equation (3). However, to predict 6, the relative permittivity of the
polymer, ¢,, needs to be determined, which is dependent on the
frequency of the applied voltage. In this work, we used
experiments to determine the relationship between the droplet
contact angle and applied voltage, 7, as shown in Fig. 6.

A droplet of 0.1 M NaCl solution deposited on asymmetric
nanostructured surfaces initially remains static due to the
imbibition condition. With electrowetting, the contact angle of the
liquid decreases, and the liquid starts to spread when the imbibition
condition is satisfied. In the presence of asymmetric
nanostructures, when the applied potential is sufficient to satisfy
the imbibition condition, the liquid will spread uni-directionally as
shown in Fig. 7a. An example case is shown with an applied
voltage of V= 1.5 V, which causes the initially static droplet to
spread in only the +X, direction (Fig. 7b). Furthermore, by
changing the magnitude of the electric potential, different droplet
spreading directionalities can be achieved. As the voltage is
increased to ¥=2.1 V, the liquid unpins in —X and spreads bi-
directionally. The spreading, however, is asymmetric; the rate is
three times faster in +X as compared to —X (Fig. 7¢). Moreover,
with increasing applied V, the asymmetry decreases. In the case of
an applied V> 2.5V, the liquid spreading is nearly symmetric, i.e.
the rates in +X and —X are approximately equal (Fig. 7d).

We further conducted a series of experiments with different
pillar deflection angles and the contact angles, 6, associated with
the applied potentials. The experimental results is also overlaid
with the model for uni-directional spreading and plotted in Fig. 8
for the case 0..= 6 where the H// ratio is 2.57. In Fig. 8, the square
symbols (I]) indicate experiments in which the liquid propagates
only in the +X direction. The triangles (A) shows the spreading is
bi-directional asymmetric, while circles (o) show experimental
results of nearly bi-directional symmetric liquid spreading. The
crosses (x) represent experiments where the liquid does not spread
at all due to the imbibition condition.
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Figure 5: Experimental vresults and the theoretical curves
predicting uni-directional liquid spreading. The squares (L),

circles (0), triangles (A), and crosses (X) show experimental
results of uni-directional, bi-directional, nearly uni-directional,
and no liquid propagation, respectively. The theoretical curves
based on the proposed model are shown for 0,, = 0., with varying
deflection angles, ¢, for H/l = 2.87. The center region (blue)
bound by 0., and 0,, = 65° represents the parameter space that
leads to uni-directional liquid spreading.
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Figure 6: Relationship between the contact angles of the droplet,
6, with varying applied voltage, V.

Despite the simplifications in the proposed model, the
experiments and model show excellent agreement. The proposed
2-D model can well predict spreading behaviors because the liquid
equilibrates along the Y-axis faster than along the X-axis thereby
causing liquid propagation primarily along the X-axis for these
fabricated geometries.

CONCLUSION

Asymmetric nanostructured surfaces were fabricated that can
achieve uni-directional liquid spreading. With electrowetting,
various spreading behaviors on the nanostructured surfaces have
been demonstrated. A combined study of experiments and
modeling shows the effect of nanopillar geometry and surface
energy on spreading behavior. The study provides design
guidelines to tune the droplet behavior from uni-directional to
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Figure 7: Manipulation of spreading behavior with water droplets on asymmetric nanostructured surfaces by electrowetting. a) Schematic
shows experimental setup where an initially static symmetric droplet spreads only to the right (+X direction) with an applied potential V,
which represents results shown in b). b) With V=1.5 V, the droplet spreads uni-directionally (in +X). ¢) With V=2.1V, the droplet spreads
bi-directionally (in +X and -X), but asymmetrically where the rate is at least three times faster in +X than in —X. d) With V=2.8 V, the
droplet spreads bi-directionally, but the rates are comparable in +X and —X. The red dotted lines highlight the initial positions of the
droplets on both sides, and the white arrows highlight the spreading rates and directions.
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Figure 8: Experimental results overlaid with model predictions for
different deflection angles, ¢, for H/l = 2.57, and contact angles, 0,
obtained from the applied voltages, V. The crosses (x), squares
(), triangles (A), and circles (o) show experimental results of no
spreading, uni-directional, bi-directional asymmetric, and nearly
bi-directional symmetric liquid spreading, respectively.

bi-directional asymmetric or symmetric spreading using both
nanostructure design and applied electric fields. These results
suggest exciting opportunities to achieve real-time control of
wetting behavior.
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