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Electrowetting lenses with record low power consumption (microwatts) have been demonstrated using highquality parylene AF-4 dielectric layers and large dodecyl sulfate ions. Water and propylene glycol are interchanged
as the polar liquid to enable diverging and converging lens operation achievable with the application of 15 V.
The optical quality of the lenses is comparable to conventional microlenses and the tuning exhibits very little
(<0.5°) contact angle hysteresis. © 2015 Optical Society of America
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1. INTRODUCTION
Electrowetting liquid lenses have been studied for over a decade
[1] because they offer great promise as adaptive optical devices.
They provide an attractive, compact solution with no moving
parts, millisecond response times [2,3], polarization insensitivity, tuning ranges over hundreds of diopters [4–6], and optical
quality comparable to solid microlenses [4,7]. Simple voltage
actuation allows for robust and compact devices compared
to optofluidic tunable lenses controlled with external microfluidics [8]. Flexible membrane liquid lenses without periphery
components have been demonstrated with comparable voltages
and tuning ranges [9–11], but have yet to be demonstrated as
individually addressable arrays like electrowetting devices
[6,12]. We have demonstrated electrowetting liquid lenses
tunable from −43.5 to 0 diopters with 15 V DC and a power
consumption of 25 μW, the lowest reported to the best of our
knowledge. By using thin, high-quality dielectric layers and a
large ion source, we can reduce the voltage and power requirements of electrowetting lens devices.
Electrowetting is a phenomenon in which an applied voltage
changes the shape of a liquid droplet. The surface energy balance between droplet, substrate, and surrounding medium determines the contact angle of the droplet, by Young’s equation
γ − γ SL
;
(1)
cos θY  SV
γLV
where θ is the contact angle, γ is the surface tension, and S, L,
and V represent the surface, liquid, and vapor media, respectively. By applying a voltage between the conductive droplet
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and electrode separated by a thin film dielectric, charges build
up on the droplet surface above the electrode. The buildup of
charge produces a force on the droplet at the three phase contact line that directly opposes the surface tension force between
the droplet and substrate [13]. To balance the surface tension
with this electric force, the effective contact angle decreases,
following the Lippmann–Young equation,
ϵ ϵ
(2)
cos θ  cos θY  D 0 v2 ;
2d γ LV
where ϵD ϵ0 represents the permittivity of the dielectric separating the droplet from the electrode, d is the dielectric thickness,
v represents the applied voltage, and θ is the new contact angle.
In a cylindrical cavity filled with two liquids, as seen in Fig. 1,
the focal length of the lens formed by the meniscus can be
derived from the contact angle with the thin-lens approximation as


1 − cosθ n1

·
−1 ;
(3)
n2
f
r
where r is the radius of the cylindrical cavity, and n1 and n2
are the indices of refraction of the polar and nonpolar liquid,
respectively. Figure 1 shows how a capillary tube with sidewall
electrodes, a thin film dielectric, and a hydrophobic layer
can be filled with the polar and nonpolar liquids to realize
a focus-tunable lens based on contact angle change from
electrowetting.
To maintain charge buildup on the sidewall, a dielectric
layer is needed to separate the polar liquid and electrode.
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Fig. 1. (a) Cross-section view of electrowetting liquid lens device.
A glass capillary tube is coated with IZO electrode, parylene AF-4
dielectric, and Teflon hydrophobic coating. The substrate ITO glass
is bonded with epoxy, and a coverslip seals the device. (b) Side view
images of the liquid lens tuning from its initial curved state to (c) flat
with the application of 14.5 V.

This charge pulls the droplet’s edge up the sidewall while surface tension forces maintain a spherical surface across the lens.
The resulting contact angle and therefore focal length of the
lens is dependent on the voltage applied, as per Eqs. (1) and
(2). It is important to eliminate ion leakage through the dielectric to ensure reliable tuning. The resistance of ion injection in
thin-film parylene AF-4 (also known as parylene HT) dielectrics for electrowetting [14] combined with an ion source containing long alkane chains [15] mitigates charge diffusion
through the dielectric. These attributes allow for devices with
little hysteresis while tuning and extremely low power consumption caused by leaked charge. Consequently, the dielectric
thickness can be reduced from the typical 1 μm thickness to
a few hundred nanometers while maintaining reliable tuning.
This is desirable since a thinner dielectric reduces the voltage
necessary for electrowetting actuation. As a result, we enable
lenses with >40 diopter tuning range with 15 V applied. Our
voltage of 15 V is significantly lower than typical values of
∼50–250 V [1,4,5] for electrowetting. In addition, the low
voltages of our device enable thin-film transistor control and
subsequent integration of adaptive optics with arrayed, on-chip
microsystems [16].
2. FABRICATION
The liquid lens device seen in Fig. 1 is formed at the boundary
between the polar liquid (water, propylene glycol) and the nonpolar liquid (dodecane oil). The liquids are contained within a
glass capillary tube, sealed by a glass substrate and coverslip.
The substrate and sidewall electrodes are chosen to be indium
tin oxide (ITO) and indium zinc oxide (IZO), respectively, due
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to their optical transparency. Selection of parylene AF-4 (also
known as parylene HT) instead of the standard parylene C as
the dielectric layer is essential in allowing for the 300 nm thin
film to resist dielectric failure and charge injection [14].
The liquid lens is contained within a glass tube of 2.7 mm
inner diameter and 6 mm outer diameter. The tube is cut to a
height of 5 mm. The IZO sidewall electrode is sputter coated to
form a continuous film from inside to outside of the capillary
tube. To ensure minimal defects and good conductivity of the
film, the sputter chamber is pumped to a base pressure of 1 μT.
The sputter is performed in an argon environment at an operating pressure of 8 mT to reduce the mean free path within the
chamber to lengths much shorter than the distance between
target and sample. This helps to produce a continuous, conformal coating that covers the outer sidewall, inner sidewall,
and top of the cylindrical cavity [17]. The IZO deposition
is run at 120 W for 12 min, producing a 200 nm thin film.
A multimeter is used to confirm electrical connection from inside to outside of the lens device, and the resistivity of the thin
film is measured to be 1.7 mΩ · cm. The outside of the lens
device is masked with Kapton tape for subsequent dielectric
and hydrophobic coating depositions.
A commercial coatings company, VSI Parylene, deposited
the dielectric film of 300 nm parylene AF-4 according to
the Gorham process [18]. Parylene AF-4 is fluorinated, whereas
parylene C contains a Cl atom attached to the benzene ring.
Due to its dipole moment, the chlorinated parylene C monomer readily condenses onto substrates in the vacuum chamber
while the parylene AF-4 monomer requires more surface
energy change for condensation. This affords the parylene
AF-4 monomer more penetrating power than parylene C, and
allows it to conform to complex geometries more readily than
parylene C. The high surface conformity of parylene AF-4
allows it to form quasi-pinhole-free films at a lower thickness
than parylene C [19].
A hydrophobic layer of 1:20 solution of Dupont’s Teflon
AF1600:Fluorinert FC-40 is added over the parylene AF-4
layer. While parylene AF-4 has been shown to be hydrophobic
[14], we found that the Teflon top coat is more effective
for eliminating droplet pinning points on the surface. The
Teflon AF1600 is dip-coated and cured at 125°C for 10 min,
followed by a cure at 170°C for 25 min. The adhesion of the
cured Teflon to the parylene AF-4 is tested by tape exfoliation
and resulted in no delamination. The Kapton tape is removed
to expose an electrical connection to the inner sidewall. The
bottom substrate used for the lens is a commercial grade ITOcoated glass substrate with a 4–10 Ω · cm film on one side to
electrically address the polar liquid. The substrate is bonded
to the cylinder using Masterbond EP30-2 in order to ensure a
leak-proof enclosure that resists liquid permeation and isolates
the substrate electrode from the sidewall electrode.
The lenses are filled with a micropipette using dodecane oil
(Sigma-Aldrich, n  1.420) and either water-based (n  1.333)
or propylene glycol-based (Sigma-Aldrich, n  1.432) polar
liquid. The liquid refractive indices were measured with a refractometer. Two different polar liquids are selected to enable diverging or converging lensing. To create a diverging lens, a 1%
sodium dodecyl sulfate (SDS, Sigma-Aldrich) in DI water
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solution is used. A 1% SDS in propylene glycol solution is used
to enable converging lens operation. In addition to reducing
the surface tension between the polar liquid and oil, the SDS
provides a large, negatively charged dodecyl sulfate ion, which
cannot easily penetrate the parylene layer [15].
The SDS ionic molecule has a total radius of 1.75 nm, with
the sodium ion accounting for 0.227 nm [20]. Thus, the dodecyl sulfate ion with a long alkane chain is much larger than
the typical ionic salt ions used in the working polar fluid. This
greatly reduces the leakage current generated by ion transport
through the dielectric layer. This lowers the power consumption during operation and enhances the lens reliability by
preventing hysteresis associated with charge injection in the
dielectric. The quality of the parylene AF-4 also allows for a
quasi-pinhole-free thin layer down to 200 nm [21]. The practical limit to lowering electrowetting voltage by reducing dielectric thickness is dependent on the leakage of ions through the
dielectric that, in excess, causes electrolysis and device failure.
By combining large ions with high-quality dielectrics, such as
parylene AF-4 or atomic layer deposited oxides [16], the voltage
requirement for reliable electrowetting can be scaled down
with dielectric thickness to levels much lower than previous
electrowetting lens devices.
A 0.17 mm thin glass coverslip seals the lens device. At this
scale, surface tension forces dominate over forces of gravity
[22]. Previous simulations on 2 mm diameter droplets show
that gravity has a negligible effect on the surface profile, causing
only λ∕50 deviation from a spherical profile, and predict that
with density-matched liquids, larger dimensions of lenses are
possible [23]. The surface tension of the oil holds the coverslip
in place when operating sideways or upside down.
3. LENS CHARACTERIZATION
A. Diverging Lens

Optical power performance measured at 780 nm and hysteresis
of the water-based lens can be seen in Fig. 2. By applying
negative voltage to the polar liquid, we ensure that the large
dodecyl sulfate ions are attracted to the sidewall with the dielectric. Application of −15 V DC tunes the liquid lens from resting power of −43 diopters to a flat liquid profile with 0 optical
power. Continued voltage tuning to −30 V alters the optical
power to 10 diopters, covering a focal length range of
−23 mm through infinity and down to 100 mm.
The measured contact angle has very little hysteresis when
tuning the device, averaging < 0.5° when tuning to from 0 to
−15 V and back. Inspection of the contact line around the inner circumference of the tube shows no sagging or pinned
points of the polar liquid, indicating good homogeneity of the
thin films. At ∼12 V we see the onset of contact angle saturation (CAS), which reduces and ultimately eliminates any
further contact angle change with increased voltage. CAS is
ubiquitous in most electrowetting experiments, and causes the
contact angle response to deviate from the Lippmann–Young
equation [22]. A comprehensive study by Chevalliot et al. [24]
shows the invariance of contact angle saturation to a number of
material parameters, such as dielectric thickness, liquid–liquid
surface tension, ion size, and pH. At this time, there is no complete understanding in the electrowetting literature on what

Fig. 2. Top: the dioptric power of the water-based lens agrees
closely with theoretical values predicted by material properties and
Lippmann–Young equation. The power tunes from −43 diopters to
0 diopters with the application of −15 V. Continued tuning realizes
a positive lens up to 10 diopters before contact angle saturation.
Bottom: plot of contact angle of the polar liquid with respect to
the sidewall over the tuning range of the diverging water-based lens.
Average hysteresis of each measured data point is <0.5° when tuning
forward and back.

causes CAS. However, in our design, a marked difference in
CAS is measured when the polar liquid in the lens is changed
from water to propylene glycol. Results are plotted in Fig. 3.
The same SDS concentration is used as the ion source for
both types of lenses, but we see a 30 deg difference in saturation
angle. The differences between water and propylene glycol that
could contribute to this discrepancy are: molecular weight and
size, the polar component of their surface tension value, and the
work of adhesion force that holds like molecules together. Since
the ion source and concentration are equal and the parylene
AF-4 dielectric resist charge injection, it seems unlikely that
this drastic difference in CAS is due to trapped charge alone.
The differences in material properties between water and glycol
suggest that material interactions between polar liquid and nonpolar liquid and/or substrate can have a large effect on CAS.
B. Converging Lens

The optical power tuning at 780 nm and electrical power
consumption of the propylene glycol lens are shown in Fig. 4.
Due to the relatively small refractive index contrast between
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Fig. 3. Comparison of CAS between 1% SDS water + dodecane oil
lens and 1% SDS propylene glycol + dodecane oil lens. An approximately 30 deg difference in saturation angle is observed between
water- and glycol-based polar liquids.

propylene glycol (nd  1.432) and dodecane oil (nd  1.420),
the change in lens power with applied voltage is smaller than
the water and oil lens. This enables finer precision control
of the lens at the cost of total tuning range. The converging
lens tunes from 5.4 diopters to 2.5 diopters by applying
−15 V. The effect of CAS is stronger with the glycol-based device, and occurs at the lower voltage of approximately −9 V.
Continued tuning up to −30 V reduces the contact angle from
150 to 106 deg before full saturation, covering a focal length
range of 185 to 580 mm.
The power consumption of the propylene glycol lens device
ranges linearly between 0 and 25 μW while applying 0 to
−15 V. This is an order of magnitude lower than previously
reported DC voltage-based liquid lenses [1,4,25]. Low voltage
and power requirements are crucial when integrating with chip
scale microsystems, which is an attractive option for miniaturized variable optical devices, such as electrowetting lenses,
prisms, and phase modulators [7].

Fig. 4. Top: the focal length of the glycol-based converging lens
agrees with theory until CAS onset at 10 V causes the response to
begin to flatten out. The converging lens tunes from 5.4 diopters
to 2.5 diopters with an applied voltage of −15 V. Increased tuning
brings the power down to 1.7 diopters before full CAS. Bottom: plot
of power consumption over focal length range for the glycol-based
lens. 25 μW of power dissipation is observed with continuous operation while tuning with −15 V.

C. AC versus DC Voltage Operation

The devices operate with the lowest power using DC voltage
actuation since the steady-state power consumption is due only
to leaked charge. However, at prolonged exposure to DC bias,
the dielectric film will eventually take on enough charge to affect the contact angle causing challenges with wetting reversibility and hysteresis. With our devices under DC operation
near saturation at 15 V, a constant electric field has a strength
of the order of 0.4 MV∕cm. While this is well below the
breakdown threshold of the parylene AF-4 (5 MV∕cm) [26],
it remains as a driving force to inject ions into the dielectric.
To test the effects of inevitable charge injection, one glycolbased device was charged to saturation voltage of 24 V DC
(0.64 MV∕cm) before removing the probes that connected
the power supply. After 30 min unconnected, the contact angle
relaxed 25 deg, marking a change in power of 2.6 diopters of
the lens. Compare this rate of charge injection in parylene AF-4
to results from [24] with electrowetting on ITO/1.3 μm
Parylene C/50 nm Fluoropel (hydrophobic coating). The electric field was only 0.29 MV∕cm yet the same contact angle
relaxation occurred within 60 s or less.

The advantage of using AC voltage to drive the lens actuation is that the alternating polarity of the voltage helps to eliminate charge injection that occurs from sustained DC bias.
However, under AC voltage, the smaller sodium ions from
the SDS are now part of the collection of ions building up
at the dielectric surface during electrowetting. Thus we lose
the advantage that the large dodecyl sulfate ion allowed and
see bubble formation indicative of hydrolysis and device failure
at 18 V rms . The contact angle response of a glycol-based lens
can be seen in Fig. 5.
The contact angle measurement above can be compared to
Fig. 3 where the glycol lens was tuned with DC voltage. Note
the dielectric thickness for the device in Fig. 5 is 370 nm, compared to the 300 nm from the devices measured in Fig. 3.
Interestingly, the glycol-based lens tuned by AC voltage is able
to surpass the CAS limit when tuned by DC voltage. This similar dependence on AC versus DC voltage is reported in [24],
where AC voltages allow for further tuning before CAS sets in.
Higher voltage tuning to experimentally investigate the CAS
point for the glycol-based lens with AC tuning was not possible
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Fig. 5. Comparison of measured and theoretical contact angle of a
propylene glycol-based lens operated with 100 Hz AC square wave
voltage. This lens has a 370 nm thick parylene AF-4 layer. CAS begins
to occur at 15 V rms .

due to thin-film breakdown and device failure. This challenge
can be addressed by using ion sources where both cation and
anion are large so that AC tuning can be reliable in low-voltage
electrowetting applications [15].
4. LENS QUALITY
It is important to quantify lens aberrations as a function of tuning. We characterized the lens operating in horizontal orientation (i.e., the normal to the lens parallel with the table) with a
wavefront sensor and determined the RMS deviations from
a perfect spherical wavefront and the Zernike polynomial coefficients. A spatially filtered and collimated 532 nm laser was
used for the characterization. The beam has a diameter of
2.588 mm on its major axis and 2.327 mm on its minor axis,
determined by a 1∕e 2 intensity threshold. The laser propagates
through the glycol-based liquid lens and the resulting wavefront
at the exit pupil of the lens was imaged onto a Shack–
Hartmann μ-eye wavefront sensor (CLAS-2D with software
from Lumetrics). The wavefront sensor measures the wavefront
intensity and phase. To determine the RMS deviation from a
sphere and Zernike coefficients, the phase data was masked
with a 2.3 mm diameter circle. The mask eliminates edge
effects and pixilation from the wavefront sensor. To verify
the phase measurement procedure, a 200 μm pinhole was
placed in the beam path and the phase of the wavefront was
found to agree with theoretical predictions.
The RMS deviation from a spherical wavefront was calculated from the aberration function determined by subtracting a
best-fit sphere. The average values of the RMS deviation ranged
from 88.98 nm at 0 V to 217.49 nm at 20 V. This result is
comparable to previously reported values for RMS wavefront
errors in electrowetting lens systems of 80 nm [7] and 211 nm
[25] and in elastomeric lenses of 400 nm [27]. Berge et al. report wavefront error values of the similarly sized, commercially
available Varioptic lens A316 of 30–90 nm over the full tuning
range, disregarding tilt and focus Zernike modes [28].
The Zernike polynomial coefficients for third-order
spherical aberration were measured for two devices. The
best-fit sphere was subtracted from the phase data and the

Fig. 6. Spherical aberration Zernike coefficients values are determined by fitting the wavefront to the third-order spherical aberration
polynomial 6ρ4 − 6ρ2  1. The wavefront is measured at various
points while tuning the lens devices in the operating range between
0 and −20 V. Both devices depict the trend of decreasing spherical
aberration magnitude as the lens is tuned from maximum curvature
toward flat.

resulting aberration function was fit to the Zernike polynomials. The third-order spherical aberration used for fitting is
6ρ4 − 6ρ2  1, where ρ is the radial distance normalized to
the Zernike circle [29]. Figure 6 illustrates the normalized
spherical aberration Zernike coefficient for each device as the
lenses are tuned from a small radius of curvature toward an
infinite (flat) radius of curvature. The average measured spherical aberrations range from −92.21 nm at 0 V to −17.68 nm
at 20 V.
The spherical aberrations grow smaller in magnitude as the
lens is tuned from its highest curvature at 0 V toward a flatter
lens profile as voltage is increased. This agrees with the general
trend that lenses with shorter focal lengths have more pronounced effects from spherical aberration due to the higher lens
curvature.
5. CONCLUSION
By taking advantage of the exceptional insulating properties of
parylene AF-4 and the large ion size of SDS, we can enable
reliable DC electrowetting on 300 nm thin films with low voltage tuning. The 15 V lens tuning is compatible with low-cost
voltage drivers and does not require a voltage transformer to
integrate with microsystems. Furthermore, the power consumption due to the leakage current during operation is reduced to tens of microwatts. These are important steps for
integrating electrowetting lenses into microsystems that require
low voltage, such as endoscopy, and low power draw, such as
battery-powered mobile optical systems. Replacing water with
propylene glycol as the polar liquid changes the sign of the lens
power and has interesting effects on the contact angle saturation. A difference in 30 deg in saturation angle is significant
considering the only change in the system is that the polar molecule solvent carrying the ions is H2 O in one case and C3 H8 O2
in the other. This indicates that contact angle saturation is influenced by interactions involving the polar material and not
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simply the ions within the material system. Further investigation of CAS for propylene glycol under AC voltage actuation
experimentally confirmed a dependence on driving voltage
type and saturation angle. Future work on this topic will include a thorough investigation of the effects of polar materials
on CAS.
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