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Fabrication and Demonstration of Electrowetting Liquid Lens Arrays
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Abstract—Reported is the fabrication and demonstration of an
array of >12 000 switchable liquid microlenses, each ~ 300 xm in
diameter and switchable through plano-concave to plano-convex.
Electrowetting is used to modulate the contact angle of an
aqueous/oil liquid system over a range of 100°, resulting in a
switchable dioptric range of —360 m—! to 230 m—!. Compared to
previous reports of single 2—6 mm electrowetting lenses, the fabri-
cation process reported herein reduces the individual lenslet size
by ~10x. To dose liquids into large arrays of these small liquid
lenslets, a scalable self-assembled dosing process was developed.
The completed liquid lens array has a fill factor of 50% which can
be extended to >80%.

Index Terms—Electrowetting, microlens array.

I. INTRODUCTION

S OPTICAL systems become increasingly miniaturized

and complex, there is a growing need for non-mechanical
optical switching and tuning. An example miniaturized optical
element is a microlens array, which can be utilized in 3D dis-
plays [1], photolithography [2], biomedical imaging [3], optical
communications [4], homogenization of illumination [5], and
tunable optical equipment such as Shack-Hartmann sensors [6],
to name a few. Recently, there has been a push to make switch-
able lens arrays through a wide variety of techniques including
but not limited to liquid crystals, pressure-actuated membranes,
and hydrogels [6]-[10]. Some challenges associated with the
previously reported techniques include limited focal range, slow
response time, and/or the need for bulky peripherals such as sy-
ringe pumps. Electrowetting is an attractive alternate approach
for optical switching and has already been demonstrated in a
single liquid lens formats [11], [12]. Reported herein is the fab-
rication and demonstration of arrayed [13] electrowetting mi-
crolenses. Compared to previous reports of single ~2—-6 mm
electrowetting lenses [11], [12], the fabrication process reported
herein reduces the individual lenslet size by ~10x. The fabri-
cation process also utilizes a scalable self-assembly processes
for liquid dosing. The array consists of >12000 lenslets with
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Fig. 1. (a) Diagram and operation of an electrowetting microlens array, and
(b) SEM view of the lens array and photograph of the sealed lens array prototype
with >12000 lenslets.

radii of 300 pm, and each filled with oil (n = 1.41) and a lower
refractive index aqueous solution (n = 1.33). The lenslets can
achieve flat, convex, or concave profiles, all without dependence
on the polarization of light. Furthermore, because the lenslet ge-
ometry is governed by surface tension, a spherical curvature is
inherently favored. Lastly, for liquid systems with 180° contact
angles, the zero-voltage state of the electrowetting lenslet has
the potential to even form arrays of liquid spheres.

II. FABRICATION

The basic electrowetting lens array structure is shown in
Fig. 1, and fabrication was performed as follows. First, a
2" x 2" wafer of Eagle 2000 glass (Corning) is metalized with
a 100 nm layer of Al. Next, the aluminum is masked with pos-
itive tone photoresist (Shipley 1818) and exposed with a dose
of 450 mJ/cm? (365 nm). After resist development, the Al was
then etched for 120 s with a phosphoric, nitric and acetic acid
solution (120 parts phosphoric acid: 6 parts acetic acid: 6 parts
nitric acid: 6 parts DI water by vol. %). This process revealed
a hexagonal array of 300 pm radius apertures for each lenslet,
and has the purpose of optically masking the non-active area
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between lenslets. Any remaining photoresist was then removed
by solvents and oxygen plasma cleaning. Next, a 150-um
layer of Microchem KMPR 1050 negative tone resist was spin
coated at a rate of 1000 rpm for 45 s. In order to eliminate the
appearance of a thicker ‘edge bead’ of KMPR, the sample was
spun in a custom-made recessed chuck. Following spinning, the
sample was rested on a leveled surface in nitrogen ambient for
15 min. and then baked in a leveled oven for 10 min. at 100°C.
Once the sample was cooled, the KMPR spin-coating process
was repeated, and the samples were then baked for 90 min.
resulting in a 300 pm thick layer of KMPR. After this second
coat, the sample was cooled and immediately exposed at a dose
of 2000 mJ /cm? (365 nm). The sample was then post-exposure
baked at 100 °C for 5 min., cooled in nitrogen ambient for 15
min and then spray developed in Microchem SU-8 developer.
A hard bake was then performed at 200 °C for 30 min. An SEM
of the final geometrical structure of the microlens array can
be seen in Fig. 1(b). This physical sidewall structure is unique
compared to liquid crystal lens arrays (only liquids) or the
more traditional approach of arrayed plano—convex lenslets (no
sidewalls). This sidewall can be a disadvantage in the case of
angled illumination. Resists like SU-8 and KMPR can typically
only achieve aspect ratios of 10:1 to 20:1. Therefore, assuming
a half-sphere lens shape and 300 pm radius and height, the
theoretical maximum fill factor of ~91% for a hexagonal array
is reduced by the sidewalls by at least another 10%. For the first
demonstration reported herein the fill factor is currently ~50%.

At this point, the hexagonal array is slightly hydrophobic
and could be filled with oil and water to create a permanent
plano-concave lens array. However, to enable switchable lenses,
electrowetting films were next deposited. First, the entire struc-
ture was sputter coated with a 150 nm layer of transparent and
conducting InsO3 : SnOs (ITO). The ITO was then electrically
insulated with ~ 1 pm layer of Parylene C prepared by chem-
ical vapor deposition. A hydrophobic surface was then created
by dip-coating in Fluoropel PFC 1601 V solution at a rate of
1 cm/sec, resting for 15 min. in a nitrogen ambient, and baking
for 30 min. at 120 °C to form a 50-nm thick film. Next, lig-
uids were dosed by self assembly. The sample was dip-coated
downward through a dodecane oil film floating on aqueous solu-
tion at a rate of 0.0015 cm/s. This approach provides <5% vari-
ation in dosed volume and has been previously demonstrated
for electrowetting displays [14]. However, for electrowetting
lenses a novel modification to the process is needed to prevent
over-filling of the lens arrays (i.e. the oil/water should each oc-
cupy only ~50% of the volume of the holes). The modification
was achieved by adding a polar solvent that is soluble in both the
oil and the aqueous phase, and which effectively ‘swells’ the oil
film volume by ~2x. After self-assembly, the solvent is then
extracted through diffusion by placing the sample into a large
aqueous bath that is free of the solvent. The final aqueous bath
also contains ~1 wt. % sodium-dodecyl-sulphate (SDS) which
reduces the aqueous/oil interfacial surface tension (~5 mN/m)
and therefore the required electrowetting voltage. Lastly, the
lens array is sealed with a rubber gasket and a top-plate of
ITO/glass in the ~1 wt. % SDS solution [Fig. 1(b)]. The above
process is likely scalable to larger substrate sizes. Also, because
the Parylene dielectric deposition is conformal, and because the
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Fig. 2. Images of the lens array at 0 V (plano-concave), 15 V (almost flat re-
sponse), 20 V (plano-convex), 25 V (plano-convex), the test pattern used for the
lens array, and a lens array in a low magnification view (in focus).

liquid dosing is controlled by surface-tensions, the above de-
scribed fabrication might be scalable to lenslets as small as only
several um in diameter. However, at such small scales the lenslet
array would suffer from severe diffractive losses.

III. EXPERIMENTAL RESULTS AND DISCUSSION

An explanation of the lens array operation is now provided.
An electromechanical force [15] can be applied to the aqueous
liquid and thereby reduce the apparent contact angle (elec-
trowetting). The voltage response of the contact angle (6y)
is predicted theoretically by the electrowetting equation [16]:
cos By = cosby + CV?/27,,, where V is the applied DC or
AC (RMS) voltage, fy is Young’s contact angle at no voltage,
C is the capacitance of the Parylene/fluoropolymer (F/m?), and
Yao 18 the interfacial surface tension between the aqueous and
oil phases. At zero-voltage, fy is far greater than 90° such that
the two liquids inside the lenslet to forms a plano-concave lens
shape. As the voltage increases, the meniscus become flat, i.e.
0y, = 90°. With the materials used herein and dodecane oil, the
flat state appears at ~15 V. Next, the lenslet meniscus takes the
form of a plano-convex lenslet when the voltage is increased
above 15 V. The time it takes for the lenslets to switch between
any two states was <2 ms (~500 Hz). This speed does not
include meniscus damping, which if properly designed for the
critically damped case [12] would allow a switching speed
<1 ms for the case of a contact line velocity of ~10 cm/s.

Several lens array images are shown in Fig. 2, and are not
representative of the actual magnification of the lens array. In-
stead, a focus was utilized which presented the clearest image
of the lenslet operation under bias. Photographs of the lenslets
were taken by imaging with a CCD, microscope, and by placing
a grid of 100 pm black squares with 12.5 pm wide white lines
behind the lens array (Fig. 2 test pattern). As seen in the top
four images, the grid pattern appears in the Al masking between
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Fig. 3. (a) Measured contact angle versus voltage and (b) theoretical calcula-
tion of the dioptric power of the lens array versus voltage for use of dodecane
(black data) and 1-chloronaphthalene:tetradecane (blue data) oils.

the lenslets. For some lens arrays the Al masking layer did not
sufficiently block light, and can certainly be improved. At 0 V,
the lens array takes on the form of a diverging lens. When the
voltage is increased to 15V, the lens array has an almost flat re-
sponse (no lensing). Once the voltage increases above 15V, the
lens turns into a converging lens, magnifying the pattern. The
lenslet arrays shown in Fig. 2 exhibit some optical distortion,
which must be reduced for imaging applications. The dioptric
power of the lens can be determined similar to that for a single
electrowetting lens [12]

(Mg — no)eV?

D=D
o+ Na2Ya0d R,

ey

where D is the dioptric power of the lens when no bias is
applied, n, and n, are the refractive index of the oil and
aqueous respectively, v, is the aqueous/oil interfacial surface
tension, d is the thickness of the dielectric, € is the dielectric
constant, and R is the radius of the lenslet. Two different
materials systems were investigated regarding the electro-optic
response of the lens array: 1) dodecane/fluorpolymer/parylene
as discussed previously; and 2) chloronapthalene:tetradecane
[17]/fluoropolymer/AlsO3. The Al,Os can be coated con-
formably at room temperature via atomic layer deposition,
is 10X thinner than the Parylene (~100 nm), has 3X higher

dielectric constant, and therefore allows for reduced operating
voltage. The measured contact angle vs. voltage response in
Fig. 3(a) was then combined with the optical response pre-
dicted by (1). As shown in Fig. 3(b), the achievable range for
dioptric power of the individual lenses is predicted to range as
much as £1000 m~!. This dioptric range compares well to the
+100 m~*! dioptric ranges achieved for other switchable lens
arrays [7]-[10]. The measured contact angle hysteresis was
~ 2° which will impact the repeatability of achieving various
focal states of the lenslets. However, it is well known that
AC bias can reduce the effective hysteresis. Although further
studies are required before electrowetting lenses can be consid-
ered for practical applications, we have herein demonstrated a
technique for scalable fabrication of electrowetting lens arrays,
and operation over a wide range of dioptric powers at low to
moderate voltages.
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