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In this paper, we describe a tunable, high-reflectivity optofluidic device based on self-assembly of anisotropically
functionalized hexagonal micromirrors (Janus tiles) on the surface of an oil droplet to create a concave liquid mirror.
The liquid mirror is deposited on a patterned transparent electrode that allows the focal length and axial position to
be electrically controlled. The mirror is mechanically robust and retains its integrity even at high levels of vibrational
excitation of the interface. The use of reflection instead of refraction overcomes the limited available refractive-index
contrast between pairs of density-matched liquids, allowing stronger focusing than is possible for a liquid lens of the
same geometry. This approach is compatible with optical instruments that could provide novel functionalitysfor
example, a dynamic 3D projector, i.e., a light source which can scan an image onto a moving, nonplanar focal surface.
Janus tiles with complex optical properties can be manufactured using our approach, thus potentially enabling a wide
range of novel optical elements.

The emerging field of optofluidics1-5 exploits novel mech-
anisms for the manipulation of lightsswitching, focusing, image
processingsbased on the interaction of light beams with optical
elements made of liquids. One simple but powerful optofluidic
device is the liquid lens,5-10 whose basis is the spherical shape
of liquid droplets. The shape of a liquid lenssand therefore its
focal lengthscan be controlled by a variety of techniques, such
as electrowetting,1,2,7 variation of hydrostatic pressure,8,9 and
exposure to environmental changes10 However, turning this simple
concept into a reliable device presents many practical challenges.
For example, to resist shock, vibration, and distortion by gravity,
a microlens must be formed by the interface between two
immiscible, density-matched liquids. The refractive-index contrast
between such pairs of liquids is limited, and their optical
dispersions must also be in the proper ratio to minimize chromatic
aberrations.1,2 One of the ways to mitigate this problem is to
enhance the optical properties of the liquid-liquid interface by
covering it with optically active solid particles. These consid-
erations led us to conceive of a reflective element consisting of
a liquid lens whose refracting surface is covered with reflective
tiles to form a “liquid mirror”. In such a device, the intrinsic

optical properties of the liquid-liquid interface are of secondary
importance.

Large-scale liquid mirrors have long been a subject of interest
to astronomers. The classic astronomical liquid mirror consists
of a pool of liquid metal which is slowly rotated to produce a
parabolic reflecting surface that serves as the primary mirror of
a vertically oriented, azimuth-scanning telescope.11,12 To avoid
such problems as large mass and the limited usable temperature
range of liquid metals, researchers have turned to other flexible
reflecting surfaces, such as nanometer-sized colloidal silver
particles deposited from a suspension onto the top surface of a
thin layer of low-density oil,13,14 as well as simple evaporation
of a metal film onto the surface of a low-vapor-pressure ionic
liquid15 suitable for deployment on the surface of the moon. A
parallel thread of development focuses on small-area, tunable
liquid mirrors for use in adaptive optics.16,17 The fabrication
techniques described in refs 13-17 are well-suited for making
high-reflectivity, low-scatter liquid mirrors. They have been
employed to fabricate first-surface mirrors with weak curvature,
with apertures ranging from a few centimeters to several meters.

Our interest is in the complementary domain of small, packaged
optical elements with strong curvature, to be used for focusing
or scanning millimeter-sized light beams. Nanometer-scale
colloidal metal particles, which aggregate to the interface between
two immiscible liquids, could be used to fabricate such mirrors.
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However, the transition to more complex optical function is
difficult since subwavelength particles can provide only very
basic optical effects such as uniform scattering or reflection.
The approach we have taken explicitly relies on the use of
reflective particles which are much larger than a wavelength.
These micromirrors can be lithographically patterned as
diffraction gratings or microlenses as well as reflectors, and
they can even include active devices. These possibilities open
up a wide new domain of previously unavailable, tunable
optical elements.

The micromirrors used in this work are silicon hexagons of
diameter 8 µm and thickness 1 µm. They are coated with a thin
layer of gold on one face, and differential chemical function-
alization of the gold and bare faces is used to create a strong
anisotropy in wettability, with the gold side substantially more
hydrophobic than the bare face. When released into an oil droplet
which is deposited onto an aqueous subphase, these “Janus tiles”
sediment to the liquid-liquid interface, where they align parallel
to the interface, with the gold surfaces facing the oil, thus forming
a concave gold mirror. By contacting the top of the oil droplet
to an insulated, transparent, electrically conducting glass slide
and applying a voltage between the substrate and the aqueous
subphase, we can change the shape of the mirror by electrowetting,
thus tuning its focal length.

“Janus particles”ssmall particles with anisotropic surface
propertiesshave been fabricated using a number of different
techniques.18-21 Recently, Walther et al.22 have described the
production of “Janus discs”: flat particles whose opposite faces
are composed of different polymers. These Janus discs were not
specifically designed to be reflective, and their small size (typically
hundreds of nanometers) and wide size distribution render them
unsuitable for our goal of fabricating reproducible micromirrors.

For the production of large numbers of identical “Janus tiles”,
we turned to photolithographic techniques.23 Silicon-on-insulator
(SOI) wafers (1 µm Si with a 0.4 µm buried SiO2 layer) were
processed using standard deep-UV lithography (248 nm) and
dry reactive ion etching (DRIE) to produce 8 µm diameter, 1 µm
thick silicon hexagons (Figure 1). After DRIE, the wafers were
treated with 5% hydrofluoric acid, leaving an approximately 1
µm diameter SiO2 stalk attaching the mirrors to the underlying
silicon substrate. This fragile attachment allows the mirrors to
be subsequently separated from the substrate by sonication.

A 7 nm Cr adhesion layer and a subsequent 100 nm Au
reflecting layer were then deposited by e-beam evaporation. The
wafers were then diced and treated with a base piranha etch
solution (1:1:1 NH4OH:30% H2O2:diH2O) for 15 min. For some
experiments, standard methods were used to create self-assembled
monolayers (SAMs) of an organothiol and/or an organosilane to
modify the surface energies of the gold and silicon faces,
respectively. Figure 2 shows an SEM photograph of micromirrors
still attached to the substrate.

Micromirrors were released into 500 µL of oil by sonication
in a glass cuvette, and a droplet of the micromirror suspension
was then deposited onto the surface of water in a glass Petri dish
(Figure 3A). Over the course of several minutes, the micromirrors
sedimented onto to the oil-water interface and self-assembled
into a liquid mirror, with the gold faces facing predominantly
toward the oil phase because of the different wetting properties
of the two faces (Figure 3B). Liquid mirrors were created using
oils with moderately high interfacial tensions with water and
near unit specific gravity. These included decane, silicone oil
PDM7040, benzyl benzoate, and pentyl benzoate (specific gravity
F25 ) 0.984, surface tension σ25 ) 33 mN/m, refractive index
nD

20 ) 1.495, avg. molar extinction 400-700 nm ) 0.0021
L/mol · cm). The quality of the liquid mirrors with regard to
reflectivity and alignment of the micromirrors with the interface
was observed to be best using pentyl benzoate, which was used
in all subsequent studies. To produce floating mirrors of different
curvatures, isopropanol (1-20% v/v) was added to the aqueous
phase to reduce its interfacial tension. After removal of excess
oil, the micromirrors were observed to be densely packed,
covering 90% of the interface (Figure 3C). The percentage of
mirrors in the proper orientation (gold face toward oil) was
approximately 80%. In some cases, the oriented fraction was
marginally lower but improved overnight or with sonication.
The coplanar alignment of the micromirrors with the liquid-liquid
interface is evidenced by sharp reflected images of the liquid
mirrors (Figure 3D).

To evaluate the dynamic stability of the liquid mirrors, free-
floating mirrors were excited acoustically at 19 Hz to produce
resonant vibrational modes which dramatically distorted their
shape. Frame captures of a video are shown in Figures 3E, F,
and G. The videos demonstrate that the reflective surfaces remain
intact, with the micromirrors attached to the oil-water interface,
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Figure 1. Micromirror fabrication. Hexagonal, gold-coated Si mirrors
are produced using standard lithographic and dry-etching techniques.
Partial dissolution of the underlying SiO2 layer leaves the micromirrors
attached to the substrate by weak stalks which can be fractured by
sonication.

Figure 2. SEM image of unreleased micromirrors. The hexagonal
structures are the micromirrors after etching and Cr/Au deposition. A
shadowing of the Cr/Au deposition is visible as a 1 µm wide lattice on
the substrate. The 1 µm SiO2 stalks connecting the mirrors to the substrate
are not visible. Scale bar is 2 µm.
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and exhibit continuous sharp reflectivity while undergoing large
dynamic deformations (video provided in Supporting Informa-
tion).

The focal length of liquid mirrors was controlled using
electrowetting (Figure 4). Transparent, conducting substrates for
these experiments were fabricated from indium-tin-oxide (ITO)-
coated float glass (Delta Technologies, Stillwater, MN) that was
electrically insulated by deposition of 300 nm of SiNx by plasma-
enhanced chemical vapor deposition.

An approximately 0.5 µm thick layer of fluorinated polymer
(Cytop CTL-809M, Asahi Glass Co., Japan) was then spin-coated
(10 s at 4000 rpm) onto the substrate and cured (1 h at 40 °C,
followed by 3 h at 200 °C) to produce a hydrophobic surface and
minimize contact-angle hysteresis. The substrate was gently
lowered onto the surface of the liquid mirror until it made contact
with both the oil and water surfaces (Figure 4A). The focusing
properties of the mirror were visualized by illumination with a
broad 532 nm laser beam which was centrally masked to produce
parallel incident light beams. These were rendered visible by a
fluorophore solution (Rhodamine 6G in ethanol) contained in a
cuvette resting on top of the electrowetting substrate (Figure
4B). Voltage was applied between the conducting layer of the
substrate and a Pt wire electrode in contact with the aqueous
subphase (15% propanol, 15 mM NaCl). Increasing the voltage
between the ITO layer and the water resulted in retraction of the
liquid mirror circumference and an increase in its curvature.

The micromirror focal length f is determined by the contact
angle θ formed by the water-oil interface with the ITO glass
surface, according to the formula7

f 3 ) 3Ω
8π(1- cos θ)(2- cos2 θ- cos θ)

(1)

where Ω is the oil droplet volume. The dependence of the contact
angle θ on applied voltage V follows from the classical
electrowetting equation7 modified to account for the fact that the
contact angle θ in our case is measured from the oil side rather
than from the water side of the interface, thus leading to an
increase of θ with applied voltage

cos θ(V)) cos θ0 -
ε0εr

2dγwo
V2 (2)

Here, V is the applied voltage; θo is the initial contact angle at
0 V; γwo is the water-oil interface energy per unit area; εr is the
permittivity of the dielectric insulator; εo is the permittivity of
vacuum; and d is the dielectric thickness. From eqs 1 and 2, one
can see that the Taylor expansion of f with respect to V takes
the form f ) ∑i)0

∞ aiV2i, where the coefficients ai are functions
of θo, γwo, εr, and d. For voltages small enough to cause only
a modest variation of the contact angle, the first two terms
dominate, leading to an approximately linear relationship between
f and V2.

The change in mirror curvature as a function of voltage was
measured using optical images of the beams reflected from the
mirror surface and is shown in Figure 4C as a function of voltage
(V) and voltage squared (V2). As predicted by theory, f is indeed
approximately linear in V2. The voltage response of the liquid
mirror resulted in a 2-fold focal-distance range. It should be
noted that the demonstrated tunablity range and response time
do not represent intrinsic limitations of the device performance.
Since the strength of the electrowetting phenomenon is inversely
proportional to the film thickness, reducing the thickness of the
dielectric from nearly 1 µm in our demonstration to approximately
100 nm using modern semiconductor processing techniques would
lead to an order of magnitude increase in sensitivity. Similarly,
response time, which was on the order of 100 ms in this
demonstration, is dependent on the mirror size and was previously
shown to approach several milliseconds in millimeter-diameter

Figure 3. Self-assembled liquid mirror and micromirror organization.
(A) A droplet of oil containing micromirrors in suspension is floated on
a water surface. (B) The micromirrors assemble at the oil-water interface
with the gold face oriented toward the oil phase. (C) This orientation
is preferred due to the relative surface energies of the gold and silicon
faces, although not all micromirrors orient as desired. Remnants of the
SiO2 stalks can be seen on the silicon faces at the top right corner of
the image. (D) The micromirror assembly creates a mirror with the
curvature of the oil-water interface. (E, F, G) Frame captures (450 ms
between frames) of an acoustically excited liquid mirror. The mirror
remains intact and fully reflective while undergoing large dynamic
changes in the shape of the oil-water interface. Scale bars: (C) 25 µm,
(D, E, F, G) 1 cm.

Figure 4. Dynamic control of curvature by electrowetting. (A) Diagram
of a liquid mirror integrated with an electrowetting substrate and the
optical path for measurement of the mirror’s focal distance. (B) Video
frame showing the laser beam path used to measure the focal distance.
(C) Graph of the relative focal distance f/f0 as a function of voltage (V)
and voltage square (V2). The value of f0 is approximately 8.3 mm. Dashed
line is to guide the eye only.
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liquid lenses controlled by electrowetting.7 Reflectivity of the
liquid mirror is determined by the efficiency of transmission
through the oil phase, the micromirror surface reflectivity, and
the packing density of the oriented micromirrors. In this
demonstration, strong reflectivity was maintained during de-
formation of the mirror, and no change in the packing density
of the mirrors was observed.

The approach explored in this work can enable a wide range
of new optofluidic devices. Combining the axial focus control
presented here with the lateral scanning capability described
previously7 would allow us to make a projector, in which a point
source of light is converted by the concave liquid mirror into a
collimated beam which can be scanned over a wide angle in
space. Since the liquid micromirror can continuously change its
focus as it scans the beam, sharp projection to strongly curved
or even moving surfaces can be accomplished. Patterning the
micromirrors as diffraction gratings would allow the liquid mirror
to bring a collimated input beam of white light to a wavelength-
dependent focus, thus turning the mirror into a source of tunable,
narrow-band light. This can enable a compact multiprimary color
projector capable of enhancing the image color gamut using the
exceptionally broad range of colors generated by the diffraction
grating. Using tiles with active elements, which could derive
power from a potential difference applied between the two

immiscible fluids, could further expand the functionality of the
proposed optofluidic devices. For example, each tile could contain
an LED and a collimating microlens and be oriented with the
output beam emitted from the convex face of the liquid mirror.
The resulting fan of output beams can illuminate a wide solid
angle with poor uniformity (at high curvature) or a narrower
solid angle with high uniformity (at low curvature). Replacing
the LEDs with detectors turns this structure into a compound
“fly’s eye”24 in which electrical tuning allows a tradeoff between
spatial resolution and field of view.
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Supporting Information Available: Videos demonstrating that
the reflective surfaces remain intact, with the micromirrors attached to
the oil-water interface, and exhibiting continuous sharp reflectivity
while undergoing large dynamic deformations. This material is available
free of charge via the Internet at http://pubs.acs.org.
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