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ABSTRACT: Electrowetting adaptive optical devices are versatile,
with applications ranging from microscopy to remote sensing. The
choice of liquids in these devices governs its tuning range, temporal
response, and wavelength of operation. We characterized a liquid
system, consisting of 1-phenyl-1-cyclohexene and deionized water,
using both lens and prism devices. The liquids have a large contact
angle tuning range, from 173 to 60°. Measured maximum scanning
angle was realized at +13.7° in a two-electrode prism, with simulation
predictions of +182° The liquid’s switching time to reach 90°
contact angle from rest, in a 4 mm diameter device, was measured at
100 ms. Steady-state scanning with a two-electrode prism showed
linear and consistent scan angles of +4.8° for a 20 V differential
between the two electrodes, whereas beam scanning using the liquid
system achieved +1.74° at 500 Hz for a voltage differential of 80 V.

electrowetting

B INTRODUCTION

The electrowetting on dielectric (EWOD) principle enables
the control of the shape of a liquid droplet or a liquid—liquid
interface on a dielectric surface through an applied voltage.'
The result is an ultrasmooth, tunable liquid interface that is an
ideal platform for adaptive optics.”~” Devices based on the
EWOD principle are appealing due to their low power
consumption, large range of tunability, transmissive nature, and
operation without mechanical moving parts. Typically, two
immiscible liquids (polar and nonpolar) that are density
matched with contrasting refractive indices are used. These
liquids are placed in a glass cylinder or on a planar substrate
that is functionalized with an electrode, dielectric, and a
hydrophobic coating and attached to a separate ground
electrode. In this implementation with a single sidewall
electrode in a cylindrical geometry”™" or a single concentric
electrode for planar geometry,''~'* the device acts as a variable
focus lens. Using two sidewall electrodes enable the operation
as a one-dimensional prism, still complete with focusing
capabilities.”"> Custom liquid interfaces can be achieved by
extending to four or more electrodes and used for
correcting optical wavefront aberrations.”'®"” In all cases,
the refractive index contrast between the polar and nonpolar
liquids is crucial in determining the lens focal length tunability,
prism steering angle, and the extent of aberration correction
capability. In addition, the viscosity of the liquids, dependent
on both the size of the device and physical properties of the
liquid combination, has a large impact on the temporal
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The concept of using electrowetting-based devices in
applications, such as microscopy,' ™"’ light detection and
ranging (LIDAR),” electrowetting displays,”' ">’ has been
demonstrated recently. The performance for these applications
hinges upon both the beam steering capability and the
temporal response being comparable to available market
systems. For most of the current EWOD prism designs,
scanning angles reported are below +10° with an estimated
switching response”* above 15 ms for millimeter-sized devices.
An electrowetting prism by Kopp et al.’ achieved +6.4° with
400 ms switching time (5 mm device), Clement et al’
demonstrated +8.8°, whereas Smith et al.* measured +7°.
Other works have investigated methods on improving the
optical and temporal performance of the liquids used. One of
the earliest studies, was performed by Kuiper and Hendriks,
which showed that the temporal response of a high refractive
index contrast liquids (An = 0.17) can be optimized by tuning
the liquid viscosity for critical damping® A method for
preparing one of the highest refractive index nonpolar liquids
(n = 1.632) with low viscosity has also been suggested.”
Alternatively, liquid studies have explored utilizing fluids aside
from water as the polar liquid,”**’ opening up new liquid
combinations for viscosity matching to improve temporal
response.”” " Here, we demonstrate the implementation of a
liquid combination in an EWOD prism, which has a measured
maximum scan angle range of +13.7°. It is important to
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Figure 1. (a) Cross-sectional view of an assembled electrowetting device. The cylindrical glass tube and optical ground window were fabricated
separately before being bonded together with an ultraviolet (UV) curable epoxy. (b) Top view of cylindrical glass tube. (Top) Two-electrode prism
with vertical side electrodes separated by 400 ym. This was fabricated with a shadow masking technique. (Bottom) Annular electrode enables the

uniform actuation of the liquid meniscus as an optical lens.

delineate the switching speed (time to actuate the device from
rest) from the achievable scanning speed of an electrowetting
prism (time needed to complete a single sweep scan). Our
EWOD prism achieved a switching time of 100 ms, while
reaching a scanning frequency of 500 Hz with a scan angle of
+1.74°. Both the high scan angle and scanning speed attest to
its suitability in LIDAR and microscopy applications.

In this work, we selected a pair of immiscible liquids, with a
high refractive index contrast (An > 0.2), low density
mismatch (<0.01 g/L), and low viscosities. Although these
properties can be optimized by mixing several liquids,” to
simplify the system, we focused only on pure liquids. Density
matching between the two liquids is imperative to the
operation of the device irrespective of orientation, by
minimizing gravitational distortion. We optimized the
refractive index contrast between the polar and nonpolar
liquids by examining the theoretical and physical limits. The
refractive index of a liquid is directly related to its polarizability
through the Lorentz—Lorenz equation. A liquid of low
refractive index (n ~ 1.3) will therefore require a molecular
structure with minimal dipole moment per unit volume.”" At
the lowest refractive index limit, molecules will escape
intermolecular attractive forces and transition into a gas
phase, whereas at the opposing end of the spectrum, attractive
forces are strong enough to solidify the liquid.”” Because the
attractive forces are weakly related to the molecular dipoles, a
high density should not be correlated to a high refractive
index.”> Past studies predict the lowest theoretical refractive
index organic polymer to be between 1.26 and 1.29. This
polymer was constructed from the dipole moment of the
individual molecular group.”’ Under standard atmospheric
conditions, one of the lowest refractive index materials is
Teflon, with a refractive index between 1.29 and 1.31.*
Another choice is water (n = 1.33), close to the experimentally
measured lower limit. Water’s other physical properties are also
attractive and include low mutual solubility with the nonpolar
phase,”” intrinsic conductivity,”” low toxicity, and high surface
tension (72.2 mN/m). These characteristics make it an
excellent choice as the polar liquid for our study. Thus, to
exceed the specified refractive index contrast, we required the
nonpolar liquid to have a refractive index >1.53. Suitable liquid
choices include those with phenyl or halogenated molecular
groups, which have a larger dipole moment per volume,
compared to pure carbon chain liquids.”’ Most of the suitable
nonpolar liquids have densities substantially higher than water,
which require mixing with an additional liquid to achieve
density matching with water.

We examined a large number of liquids based on their
physical properties, before selecting the combination of
deionized water (DI) and 1-phenyl-1-cyclohexene (PCH).
PCH is commercially available and has a refractive index of
1.57 at a wavelength of 589 nm,** a density of 0.994 g/L, and a
measured viscosity of 3.26 mPa s. Density mismatch between
the two liquids system was calculated to be Ap = 0.004 g/L
and initial contact angle measurements showed 173° on a
hydrophobic surface (Cytop). We characterized the scanning
and temporal behaviors of this high refractive index contrast
and density-matched liquid combination. First, the contact
angle vs driving voltage and the switching time of this liquid
combination were measured in a single-electrode electro-
wetting device. Next, we analyzed beam scanning under steady-
state and dynamic conditions in a two-electrode electrowetting
prism device. Finally, we demonstrated that the liquid oscillates
with scanning frequencies up to 500 Hz with a scan angle of
+1.74°.

B DEVICE FABRICATION

The fabrication of the one or two-electrode electrowetting
devices uses two components, a cylindrical glass tube with
patterned vertical electrodes and an optical window with the
ground electrode (Figure 1).>*~" The cylindrical glass tube
was made of borosilicate glass, with a 3.95 mm inner diameter
and a height of S mm. A three-dimensional (3D) printed
shadow mask was inserted into the cylindrical glass tube to
create a 400 pm electrode separation for the two-electrode
electrowetting device. The electrode separation thickness was
limited by the lateral resolution of our 3D printed shadow
mask. Indium tin oxide (ITO), used as the vertical side
electrode, was deposited uniformly along the inner and outer
sidewalls of the tube using direct current sputtering at 120 W
and an argon pressure of 8 mTorr. The shadow mask was
removed, and the conductivity of the ITO vertical electrodes
was increased by annealing at 300 °C. Kapton tape was used to
mask the outer walls of the tube for electrical connections
before the dielectric and hydrophobic layers were applied. A 3
um layer of Parylene HT (Specialty Coating Systems) was
vapor-phase deposited on the inner wall of the glass tube.
Finally, the inner wall of the device was dip-coated in a 3% wt
hydrophobic Cytop solution and cured at 185 °C for 30 min. A
borosilicate glass with annular patterned electrodes was used as
the optical ground window. It was first lithographically
patterned with NR-7 photoresist. The ground electrode, 50
nm Ti/300 nm Au/50 nm Ti, was evaporated onto the
patterned wafer, and the excess metal was removed with a lift-
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off process in an acetone bath. SU-8 3050 (50 um) was
deposited and lithographically patterned to serve as an
additional dielectric layer between the vertical electrodes and
ground electrode.

Next, the Kapton tape and the excess hydrophobic coating
on the bottom were removed using a razor blade for better
adhesion. The ground electrode and the glass tube were epoxy
bonded with a UV curable epoxy (Norland UVS-91). A
custom-made printed circuit board (PCB) facilitated electrical
access to the two electrodes. The connections between the
electrodes and the PCB were formed with a two-part silver
epoxy (MG Chemicals 8331-14G) (Figure 2). After assembly,

Figure 2. Assembled 4 mm two-electrode electrowetting prism.
Indium tin oxide (ITO, 300 nm), as the vertical electrode, was coated
on inner and outer sidewalls of the cylindrical tube. The inner wall of
the tube was electrically separated by 3 um Parylene HT and a
hydrophobic layer of Cytop. Electrical connections to the device were
made through a PCB, bonded to the vertical and ground electrodes
with silver epoxy.

the inner cavity was flushed with isopropanol and deionized
water (DI), before blow-drying with air. The final device was
filled using a micropipette with 35 uL of DI water and 35 uL of
95% 1-phenyl-1-cyclohexane (PCH), obtained from Sigma-
Aldrich. An excess of PCH was used to force out all of the air
in between the capping window and the electrowetting device,
which prevented the entrapment of air bubbles on the edge of
the device.

B EXPERIMENTAL SETUP

A single-electrode lens was used to study the contact angle behavior
and switching time of the liquid, whereas a two-electrode prism device
was used to investigate the steady-state scan range and dynamic
scan response (Figure 3). In both setups, the EWOD device was
mounted and centered onto the optical setup using a cage mount
system. An optical window was lowered onto the cylinder, sealing the
device to prevent evaporation under prolonged testing times. Once
the device was fully secured to the cage mount, the excess PCH was
carefully wicked off. A continuous wave laser (785 nm) with a 1.2 mm
beam diameter (full width half maximum) was spatially filtered and
collimated before passing through the optical axis of the device.
Without applied voltage, the device acts as diverging lens, and the
laser intensity was measured on the photodetector, (Thorlabs
DET36A, 70 MHz temporal bandwidth) as a function of applied
voltage and frequency. A pinhole (400 um) positioned directly in
front of the photodetector was used as a spatial filter. A sinusoidal
input voltage to drive the device was first generated with an analog
output data acquisition card (DAQ, National Instruments PCle-6738)
and next amplified (Krohn-Hite Model 7602 Wideband) to the final
value. The device was actuated with alternating current (AC) electric
fields, with a carrier frequency of 3 kHz. At this frequency, it was
experimentally observed that the liquid remains invariant to the
instantaneous change in voltage and only responds to the root-mean-
square (RMS) value of the applied voltage. Actuation voltages
throughout this study are listed as the RMS values.

Contact angle measurements were performed by imaging the
liquids through the sidewall of a single-electrode device with a CMOS
camera (Chameleon CM3-U3-13Y3M-CS). Captured images were
processed using MATLAB, and the contact angles were calculated
based on the change in positional height of the liquid meniscus.
Minute changes to liquid meniscus curvature will affect the divergence
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Figure 3. EWOD device driven by a voltage function generated through an amplifier and an analog output data acquisition (DAQ). (a)
Experimental setup for contact angle and switching time measurements. Signal from the photodetector passing through a 400 ym pinhole was
collected usingan input DAQ, as a measure of the dynamic response at the liquid interface. Contact angle measurements were calculated based off
of the liquids meniscus height imaged through the side of the cylindrical tube. (b) Experimental setup for beam steering measurement. The
collimated beam was passed through a two-electrode device and focused onto a CMOS camera using a variable focal length lens. Differential

voltage applied to the electrodes tilts the meniscus to steer the beam.
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of the laser beam passing through. This effect was used to measure the
time-dependent dynamics at the liquid—liquid interface as intensity
variations on the photodetector (Figure 3a). The output voltage from
the photodetector was recorded by an input data acquisition card
(MCC-USB-201) connected to a computer. Since other studies'®***
have shown millisecond time scale for liquid dynamics, a sampling
rate of 10 kS/s was chosen for the acquisition.

The setup to measure the scanning characteristics of a two-
electrode EWOD device (tunable prism) is similar to the technique
described, with two key differences. The photodetector was replaced
by a CMOS camera, and a variable focus lens, based on a pressure-
driven elastic membrane (Optotune EL-10-30), was placed before the
tunable prism. This is used for simplicity, instead of a stock lens, to
adjust the focused spot on the camera sensor (see Figure 3b). The
camera was positioned 21 mm from the meniscus to enable the use of
the entire camera sensor area. For steady-state and dynamic
measurements, an image of the laser spot was acquired, and scan
angles were calculated based on the positional shift. Due to frame rate
limitations (150 fps) of the CMOS camera, under dynamic actuation,
the camera was replaced with a photodetector with a 400 ym pinhole
to detect the oscillation frequency. The intensity spikes from the
beam sweeping across the pinhole were analyzed through Fourier
analysis.

B RESULTS AND DISCUSSION

Single-Electrode Characterization. Contact Angle. The
cylindrical distortion from the wall of the glass tube prevents
an accurate measurement of the contact angles directly from an
image of the vertical sidewall. Instead, the contact angle was
calculated by measuring the meniscus height positioned at the
center with the least amount of cylindrical distortion, parallel
to the CMOS camera. Since the Bond number (2.528 X 107°),
a dimensionless ratio of gravitational forces to surface tension,
is much less than unity, the curvature of the meniscus was
treated as a spherical surface. Its radius can be calculated
through the difference between the height at each voltage
intervals to the meniscus height at a contact angle of 90°. The
contact angle is derived from the radius and geometrical
dimensions of the device. Figure 4a—c shows contact angle
measurement images taken with the CMOS camera, which
were processed using MATLAB before calculating the contact
angle. The detected meniscus height was cross-checked with
the original image to prevent false detection.

The single-electrode electrowetting device was actuated with
a voltage of 0—170 V at intervals of 5 V. The liquid meniscus
was given 2 s after each voltage step to reach an equilibrium
state before the image was captured. Shown in Figure 4d is the
mean contact angle for each device repeated for at least five
cycles. The initial contact angle was measured to be 173°. The
contact angle of the liquids reduces with increasing applied
voltage, as predicted by the Lippmann—Young’s equation. At
~95 V, the curve starts deviating from the parabolic behavior,
indicating the onset of contact angle saturation. The contact
angle curve then follows a linear trend up to 170 V, before
reaching complete contact angle saturation””*" of $5° at ~200
V. The contact angle at this point is completely invariant to
increasing voltages. The standard deviation across the entire
range of voltages on each device was calculated to be 1.39°,
and deviation between the three devices was 2.59°. Error in the
measurements is due to: (1) uncertainty in the meniscus
height during curvature inversion and (2) contact angle
hysteresis due to surface roughness.' The variance seen across
the three devices can be attributed to dielectric thickness
variations on the device sidewall.
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Figure 4. Single-electrode lens with the PCH on the top and DI water
on the bottom. The device was actuated using a 3 kHz sinusoidal AC
voltage at (a) 0 V., (b) 95 V., (c) 170 V.. (d) Mean contact
angle of a DI-PCH liquid system measured on three different
electrowetting lens, showing contact angle tuning range of 173—60°.
Each data point represents the mean contact angle across five cycles.
The standard deviation across the five cycles was measured at 1.39°,
whereas the deviation across three different devices was 2.59°.

Electrowetting devices often use polar liquids with added
surfactants and salts to reduce the voltage requirements of
devices by reducing the liquid—liquid interfacial surface
tension.” To delineate the characteristics of PCH from the
effects of ionic charge injection, we avoided the use of
additional ions and maintained the resistivity of the DI water at
18 MQ/cm. Surfactants were not employed, to maintain the
liquid’s original interfacial surface tension at 24.83 mN/m (this
was calculated by fitting the Lippmann—Young equation to the
contact angle curve before 95 V and assuming the Cytop
thickness to be ~600 nm). This enabled the initial contact
angle to reach 173° allowing a large range of contact angle
tuning. Although the interfacial surface tension raises the
actuation voltages, the dielectric thickness was chosen such
that the voltage applied remained far below the dielectric
breakdown strength of Cytop (90 kV/mm) and Parylene HT
(212 kV/mm). Repeated cycling of the device (~5000 times)
between 0 and 170 V showed that initial contact angles
remained within the standard deviation of our initial
measurements, further confirming that no permanent charge
injection occurred within this voltage range. Despite the lack of
external ions, it is well known that DI water can self-ionize™
and under electric fields partially dissociate into H;O* and
OH™ ions.””* Upon actuating the device beyond 200 V, the
initial contact angle after multiple cycles was permanently
decreased. A previous study has simulated the liquid meniscus
near saturation voltages and found that the low contact angle
created a wedge-like geometry.** This develops a localized
electric field strength, much higher than what is experienced by
the bulk liquid. Under the intense electric forces, ionic charges
in the liquid are pulled toward the dielectric layer, with some
being trapped within the dielectric.””~* The resulting
electrostatic field from the trapped charges screens the applied
electric field, reducing the electrowetting effect. To avoid this
undesirable effect, we limited the maximum applied voltage to
be less than 170 V.
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Liquid Switching Time. A photodetector with a pinhole was
used to capture the actuation response by measuring the
intensity of the beam passing through a single-electrode lens
device. The device was actuated from 173 to 90° contact angle,
using a step voltage function. When the contact angle was
actuated beyond 90° using a step voltage function, in some
cases a liquid water droplet detached from the center bulk of
the liquid (Figure S1). Due to the close densities of the liquids
(Ap = 0.004 g/L), in our 4 mm diameter devices, gravity
effects are negligible, and the ejected droplet remained
separated just above the liquid meniscus. As soon as the
voltage is turned off, the meniscus reverts to its original
curvature ejecting the liquid droplet further into the bulk of the
PCH liquid. One possible explanation is that the abrupt change
in curvature overcomes interfacial surface tension, causing a
water droplet to break off. An analogous case has been
observed with liquid droplet detachment from a planar surface,
when the electrical energy exceeded the surface energy of
adhesion.*”® For high-speed actuation, this instability imposes
an experimental limit on the speed of the actuation.

Another factor when determining the switching time of the
device, from rest state, is the generation of a standin§g wave,
which propagates along the liquid—liquid meniscus.”> These
oscillations along the meniscus result in intensity oscillations
that are recorded on the photodetector. Illustrated in Figure S,
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Figure 5. Switching time of DI-PCH in a single-electrode device
when actuated from 173 to 90°. Dynamics of liquid oscillation
captured by measuring the variations in beam intensity passing
through the single-electrode EWOD device on a photodetector.
Oscillations dampen out to 2.5% of the final steady-state value within
100 ms.

the liquid system reached 2.5% of the final steady-state value
within 100 ms. The test was repeated twice with results within
2 ms of each other. Without custom voltage shaping,™ the
response time is limited by viscosity of the liquids and device
dimensions.****” Intensity oscillations of DI-PCH system
displayed similar characteristics to an underdamped system.
Actuation within the overdamped regime can reduce the
amplitude of the initial standing wave at the expense of device
response speed. Ideally, the device should be driven in the
critically damped regime by choosing the viscosity of the
liquids for the given geometrical dimensions of the lens.”*" At
the same time, the reduced oscillations along the meniscus may
alleviate the issue of liquid droplet ejection.

Two-Electrode Device Characterization. Beam Steer-
ing. A differential voltage applied to a two-electrode electro-
wetting prism will cause the meniscus to tilt and steer the
optical beam. In the simplest case, where one electrode is kept

at ground and the other is kept at a set voltage, the meniscus
will tilt with a curvature. This curvature creates additional
distortion in the optical beam. An alternative actuation method
involves scanning around the ~flat meniscus (contact angle of
90°), reducing the amount of distortion through a more
symmetric actuation on the two sides. For example, a device,
which requires 95 V to reach a contact angle of 90°, can be
driven as a prism by actuating the left electrode to 85 V, and
whereas the other to 105 V.

We defined the voltage differential as the difference between
the left and right electrodes (Vi — Vright). The two-electrode
prism was actuated around 95 V at 1 V steps increments to a
maximum of 20 V differential. Similar to the contact angle
characterization, the CMOS camera captured an image once
the liquids reach steady-state after each voltage step. An image
of the beam spot is then projected onto x—y axis and fitted
with a Gaussian distribution to locate the beam centroid. Using
the distance between the liquid meniscus to the CMOS sensor,
the steering angle was calculated based on the distance the
beam deviated. Figure 6 shows the mean-measured steering
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Figure 6. (a) Scanning of a two-electrode prism by tilting the
meniscus around the 90° contact angle at 95 V to minimize interface
curvature. An image of the beam spot was captured once the liquid
reached steady-state after each voltage step. Beam centroid was
measured by fitting a Gaussian distribution to the x—y intensity
projections and the contact angle was calculated. The voltage
differential is defined as (V5 — Vright) applied symmetrically around
the voltage of 95 V. The standard deviation over the course of five
cycles is 0.01°. (Right) Side image of the liquid meniscus at (b) —20
V, (c) 0V, and (d) 20 V voltage differential with a slight induced
curvature. The separation of electrodes (400 ym) can be observed at
the center of the device causing a minor curvature.

angle by actuating the device over the full ranges of voltage for
five cycles and the corresponding tilt angles of the meniscus at
the maximum voltage differential. The actuation displayed
consistent steering angles, reaching a maximum of +4.8° with
an average 0.01° standard deviation. At lower voltage
differentials, the actuation was linear with a slight asymmetry
between the left and the right actuation due to optical
alignment errors. Near differentials of 20 V, additional
curvature was induced on the liquid meniscus at the edge of
the device. By increasing the number of electrodes in a device,
the contact angle at each point around the circumference can
be better controlled for a more planar interface.

To reach larger scan ranges, we drove the device at 100 V
differential around the flat voltage of 100 V. The maximum
steering angle was measured to be +13.7 with a standard
deviation of +0.5°. Beyond 100 V differential, the tilt angle
exceeds the vertical height of the sealed device and contacts

DOI: 10.1021/acs.langmuir.8b02849
Langmuir 2018, 34, 14511-14518


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02849/suppl_file/la8b02849_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.8b02849

Langmuir
2 x10*
Ll L spe] owf 500 Hz
0
Ot 1° 20 3 40 50 40 500 600 700 800 900
4
3 g} L. 10 Hz{ 31288r | 600 Hzi
X o 0
g0, 2 40 60 80 100 5 400 500 600 700 800 900
2 £ £1000
&2} 20 Hz{ %500} 700 Hz
g 0 | | | | = 0
o, 2 40 60 80 100 400 500 600 700 800 900
5 x10 500
o‘ | 100 Hzl 0‘ | 800 Hz
0 50 100 150 200 400 500 600 700 800 900

Frequency (Hz)

Frequency (Hz)

Figure 7. Beam scanning speeds by modulating the input voltage function at set sweeping frequencies with a voltage differential of 20 V.
Photodetector intensity oscillations, with input sweeping frequencies of 5, 10, 20, 100, 500, 600, 700, and 800 Hz over a period of 10 s, were

collected and analyzed through Fourier transforms.

the top boundary window. To investigate the steering limits of
our device, the liquid—liquid interface was simulated in
MATLAB, by solving the Young—Laplace equation.'”*” The
contact angles were chosen to match experimental conditions
with 65° on one electrode and 125° on the other. The resulting
surface was imported into Zemax as a grid sag surface, and the
maximum scanning angle was evaluated to be +18.2°.
Simulation results showed that the liquid surface reached the
top and lower boundary of the device (5 mm), whereas the
experimentally measured tilt reached a height of 4.2 mm. The
discrepancy between the predicted and measured values could
thus be attributed to the slight offset of the meniscus from the
center of the device. Additionally, it is difficult to achieve the
predicted maximum scanning angle because minute vibrations
along the liquid meniscus can force the liquid into contact with
the upper and lower boundaries. Interestingly, the simulation
showed that the curvature induced from the liquid interface
increased the scanning angle, at the center of the liquid
meniscus, when compared to a planar surface of a similar tilt.

Scanning Speed. For beam scanning, the driving input
voltage function was modulated at a set sweep frequency. The
scan was performed around the 90° contact angle. Voltages on
the two electrodes are cycled between 85 and 105 V.
(generating a 20 V differential at peak) with a phase delay of
180°. This would correspond to a contact angle of 100 and 80°
on each electrode, which will tilt the meniscus similarly to
Figure 6. The similar 3 kHz sinusoidal carrier wave was
superimposed onto the sweeping voltage function. The sweep
frequency was kept sufficiently below the carrier wave
frequency to avoid aliasing of the two frequencies. It is
necessary for the driving voltage function to oscillate between
positive and negative potentials to prevent contact angle
relaxation, in which actuated contact angle slowly drops from
its actuated state over milliseconds to seconds. Current
hypothesis suggests that contact angle relaxation occurs when
the nonzero dipole moment of the molecules reacts to the low-
frequency electric fields.”' This has been seen in studies of high
refractive index liquids due to the highly polarized molecular
groups.ZI’25

A photodetector positioned on the optical axis was used to
characterize the liquid oscillatory frequency response, whereas
the CMOS camera was used to estimate the maximum scan
angle at the specified frequency. Intensity measurements from
the photodetector were analyzed using Fourier analysis (Figure
7). The fundamental frequency measured show excellent
correlation with input sweeping frequencies up to 800 Hz.
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Subsequent intensity peaks in the Fourier analysis indicate
additional modes of the fundamental frequency. Measured
scanning angles decreased dramatically after the sweeping
frequency exceeded 1 Hz (Figure 8). At a sweep frequency of
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Figure 8. Mean maximum scan angles over five cycles, with 20 V
voltage differential at frequencies of 1, S, 10, 20, 100, and 500 Hz were
recorded on a CMOS camera. Oscillations beyond 800 Hz had scan
angles smaller than the beam spot size, making it difficult for the
CMOS camera to resolve. The total scan range is twice the scan angle.
Standard deviation of measured scan angles was less than 0.1°.

10 Hz, the scan angle range dropped from +4.8° at 1 Hz to
+2.86°, with only +0.47° was measured at 500 Hz. Intensity
oscillations at 800 Hz could still be recorded using a
photodetector, but the scan range became too small to resolve
on the CMOS camera. Even at increased voltage differential,
the phenomenon of liquid droplet ejection has not been
observed throughout the scanning experiments. Unlike the
switching response, the liquid contact line was driven with a
sinusoidal voltage function resulting in the tilt angles to vary
gradually. This, in combination with the dramatically reduced
amplitude at higher frequencies, ensured that the induced
oscillations were not large enough to overcome the liquid
surface tension.

Comparing the maximum scan angle obtained in dynamic
scanning to steady state, at 1 Hz, both methods yielded
consistent results at + 4.8° with a 20 V differential. The scan
range decreases after 1 Hz can be attributed to the frequency
response of the liquids in the given device geometry, whereby
the scanning frequency exceeded the time needed for the
liquids to fully respond to the applied voltage, hence
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interrupting the motion of the liquids. This behavior is
common with dynamic systems actuated beyond their roll-off
frequency. Studies have shown that microscale-sized liquid
droplets oscillate in response to forcing functions with 100+
Hz frequencies.”””" The scanning frequency limit can thus be
extended in part by applying a higher voltage differential,
which increases electromechanical force on the triple contact
line, accelerating liquid motion. When the voltage differential
of 80 V is applied at 500 Hz, the scan angle was increased to
+1.74°. Alternatively, the small scanning angles at higher
frequency can be improved by magnification through optical
designs or using a higher refractive index contrast liquid.

B CONCLUSIONS

In summary, we have demonstrated a density-matched liquid
combination of DI-PCH, suitable for electrowetting, with
excellent characteristics. Steady-state scanning of a two-
electrode prism up to +4.8° exhibited linear and reliable
scan angles. The high refractive index contrast of 1.57—1.33
and tuning range (173—60°) of the liquid system enabled
experimentally measured beam scanning angle of +13.7°,
which is only limited by the geometry of our device and
amount of respective liquids filled in the device. Simulation
results with perfectly equal amounts of liquids in the device
geometry predicted up to +18.2° degree of scanning. Liquid
switching time, actuated from 173 to 90°, was measured to be
100 ms. We experimentally showed that under dynamic
operation, in a 4 mm diameter electrowetting device, the
liquids respond to sweep frequencies of up to 800 Hz. After 1
Hz, the scan angle decreased dramatically as the liquid motion
is interrupted by the voltage function before completing the
entire oscillation. At 500 Hz, scan angle of +0.47° at 20 V
differential was measured, which was increased to +1.74° with
an 80 V differential between the two electrodes. The
combination of high refractive index contrast and fast scanning
speeds shows that DI-PCH liquid system is suitable for high-
performance applications, such as microscopy, LIDAR, and
imaging.
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