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and beam steering for single cell optogenetics
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Abstract: Electrically controlled micron-scale liquid lenses have been designed, fabricated
and demonstrated, that provide both adjustable focusing and beam steering, with the goal of
applying them to optogenetic in vivo mapping of brain activity with single cell resolution. The
liquid lens is formed by the interface between two immiscible liquids which are contained in
a conically tapered lens cavity etched into a fused silica substrate. Interdigitated electrodes
have been patterned along the sidewall of the taper to control the liquid lens curvature and tilt.
Microlenses with apertures ranging in size from 30 to 80 um were fabricated and tunable
focusing ranging from 0.25 to 3 mm and beam steering of + 1 degree have been
demonstrated.

© 2017 Optical Society of America
OCIS codes: (220.0220) Optical design and fabrication; (220.3630) Lenses.
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1. Introduction

In the last decade, optogenetics has emerged as a powerful tool to monitor and control the
functioning of populations of neurons in vivo [1]. Optogenetics consists of the selective
photoexcitation of neurons, genetically modified to express photosensitive membrane proteins
(opsins) [2]. Upon excitation, these opsins react by transporting ions into or out of neurons to
control their electrical activity. So far, most optogenetics studies have involved
photoexcitation with limited spatial resolution, relying on orthogonal genetically-modified
channelrhodopsins that respond to different colors of light that are selectively expressed in
different classes of neurons [3]. Two-photon control is possible, but only within the shallow
depths (e.g. <1 mm) afforded by two-photon penetration into the brain [4-6]. Thus, it is
highly desirable to have a method of exciting individual neurons at arbitrary sites in the brain
in a controllable and single-cell manner, as this would open the possibility of in vivo analysis
of network connectivity at the single-cell level, even in difficult-to-access deep brain tissue.
Our ultimate goal is to develop an implantable optical probe that has active focusing and
steering optics placed at the end of the probe that will enable light delivery from an external
laser to individual neurons.

To minimize cell damage during insertion, the optical probe with the integrated optics
needs to be as small as possible, ideally <300 pm for both the width and thickness
dimensions. This means the optics for active focusing and beam steering have to be on the
order of 10’s of microns. At this size scale, mechanical lens systems would be too large for
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this application. Fortunately, there has been substantial research into tunable micro-
optofluidic devices [7-9], including optofluidic lenses. Optofluidic lenses formed from fluids
are an attractive approach since they scale well to small dimensions. At these length scales,
surface tension will dominate the interface shape which is either a liquid-air or liquid-liquid
interface, producing a smooth spherical lens profile. In addition, the lenses can be adaptively
tuned by pneumatic actuation [10,11], thermal actuation [12], electrochemistry [13],
dielectrophoresis [14], and electrowetting [15,16].

In particular, electrowetting, described in detail elsewhere [17], is an attractive way to
control liquid interfaces because it requires no moving parts, is a reversible process, and
consumes very low power, which is important in this application since no heat can be
generated by the lensing system because it can affect neuron activity. In electrowetting, the
surface energy of the solid substrate is modified by the application of a voltage, changing it
from hydrophobic to hydrophilic in prescribed regions via suitably designed electrodes
covered by a hydrophobic dielectric film. There has been considerable research into
electrowetting-based; tunable optofluidic lenses [15, 16, 18-20]. Electrowetting liquid lenses
have even been commercialized by Varioptic (now part of Invenios). In addition to active
focusing elements, other electrowetting adaptive optics devices have been demonstrated, such
as beam steers [21,22], irises [23] and displays [24].

Here we discuss progress that we have made in the first phase of our work, namely
engineering micron-scale liquid lenses using electrowetting to control the curvature and shape
of the liquid interface to enable both focusing and steering combined in a single optical
element. This is achieved by a novel design of the substrate consisting of a conical taper,
which contains the two immiscible liquids. These liquid lenses are designed so that in later
phases of the program they can be fabricated monolithically to waveguides operating in the
red/near-infrared. This work builds from previous work we have done on microfabricated
waveguide-mediated optogenetic control [25], thus enabling two-photon optogenetic
excitation of individual cells at arbitrary locations in living mammalian brains.

2. Design, fabrication, and packaging
2.1 Design

A target volume containing ~100,000 neuron cell bodies requires a microlens system to have
a focus range of 0.1 — 1 mm with simultaneous steering over + 5°. In addition, to be useful for
stimulating neural activity the microlens must focus the light down to a spot size of ~10 um,
roughly the size of a neuron cell body. To minimize the overall size of the optic, both
focusing and steering adjustments are made via a single optical element. Both functionalities
are achieved by embedding the liquid interface in a conical taper, etched into a fused silica
substrate, as shown in Fig. 1, which has interdigitated electrodes along the sidewall that are
covered with two dielectric layers, a silicon dioxide film and a hydrophobic film. Initial
designs employ four independent electrodes or a single electrode around the conical taper.

In electrowetting, one of the liquids needs to be conductive, typically water, and the other
phase, an insulator, typically a non-polar solvent like oil. The positioning of the oil and water
forms the microlens and is controlled by a patterned hydrophobic film over the electrodes and
a surrounding hydrophilic surface. In this design, oil resides inside the taper over the
patterned hydrophobic film. When a voltage is applied the surface energy changes from
hydrophobic to more hydrophilic, allowing water to wet over the electrode, thus changing the
radius of curvature. Since the index of refraction for oils, #,, is typically greater than the index
of refraction of water, n,, variable focusing can be achieved. The liquid lens focuses along the
optical axis when the same voltage is applied to all the electrodes. This results in the contact
line at the liquid-liquid-solid interface to move uniformly along the taper side wall as a
function of voltage, Fig. 1(b).
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Fig. 1. a) Liquid microlens design that combines both active focusing and steering by
controlling the interface formed between two immiscible liquids. D, is the lens diameter and
D, is the clear aperture diameter. The liquid interface is contained within a 45° conical taper
that has a series of patterned metal electrodes along the sidewall. b) Variable focusing along
the optical path will occur when the same potential is applied to all the electrodes. ¢) Beam
steering will occur when different potentials are applied to each electrode pair.

To effectively focus and steer the light simultaneously, the liquid interface needs to
piston, i.e. tilt. This is accomplished as a result of the tapered geometry and applying different
voltages to different electrode pairs, Fig. 1(c). It should be noted that Varioptic has
commercialized a similar design used for image stabilization that consists of a machined
conical taper profile having interdigitated electrodes patterned around the annulus [26].
Currently, the Varioptic lenses are on the size of millimeters, which are too large for this
application. In this work the liquid lenses being developed are an order of 10’s of microns. In
this phase of the project four different microlens cavity sizes were fabricated, nominally with
an outside diameter, D,, of 50 pm, 60 um, 75 pm and 100 pm. These size microlenses where
chosen since the estimated focal lengths, based on our previous work with planar liquid
microlenses [27] and the typical values of the index of refraction for the water and oil phases,
would be within the design criteria of /= 0.1 to 1 mm.

To determine the appropriate taper angle and taper depth, numerical simulations were
used to help guide the microlens cavity design. Two-dimensional, two-phase numerical
simulations, using the level-set method [28] were used to track the liquid interface in the taper
cavity. Equivalent analytical models could have also been derived, however using numerical
simulations allowed for rapid assessment and visualization of different geometry
configurations. The numerical simulations were performed using the commercially available
software package, COMSOL Multiphysics® v5.2. In the model, a no-slip wall boundary
condition was used for all the exterior walls except for the two walls forming the conical
taper. The boundary condition was set as a wetted-wall for these walls, where the contact
angle is defined. Instead of modeling the full electromechanical problem, a voltage-dependent
contact angle was defined using the Lippmann-Young equation [29] for an oil drop
surrounded by water ambient:

(V) =cos™ {cos(@“)—;[//z} 1)

where & is Young’s angle, C is the capacitance of the dielectric stack, which for this work
consisted of two films, a 500-nm thick silicon dioxide film and a 85-nm thick hydrophobic
film (discussed in Section 2.2), V' is the applied voltage, and y,, is the surface tension between
the water and oil phase.

In the simulations, voltages from zero to a Vi, were applied and the equilibrium interface
shape solved for each new contact angle. V;,,x was set to the voltage value that would just
initiate dielectric breakdown of the hydrophobic film, which for this film thickness and
material, CYTOP 809M, was estimated to be 40 V. This design criterion comes from a prior
study [30] where poor electrowetting behavior is experienced when dielectric breakdown
occurs in the hydrophobic film. Figure 2 shows simulation results from several different
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microlens cavity designs with different taper angles having a clear aperture of 32 um and a
cavity depth of 15 um. The liquid properties used in the simulations were for deionized water
and dodecane (oil phase), where 8° =23°, and y,,, = 45 mN/m.

a) 0 Volts b) Focusing ¢)  Steering
[7)
W T | o)
45° taper Vi=V2=40V Vi=30V,V2=40V
d) 0 Volts e) V1i=V2=40V f) Vi=30V,V2=40V
| 32 Hm |
75° taper
2 0 Volts h) V1=V2=40V i) VI=30V,V2=40V
fe—>— 32 ym
15° taper

Fig. 2. Numerical simulation results for microlens cavities having different taper angles. The
liquid properties in the simulations were for deionized water and dodecane (oil phase), where
6°=23°, and y,, = 45 mN/m. The clear aperture was set at 32 um and the cavity depth was 15
um. a) Interface profile at 0 V for 45° taper. b) Focusing condition when VI = V2 for 45°
taper. ¢) Beam steering V1 < V2 for 45° taper. d) Interface profile at 0 V for 75° taper. e)
Focusing condition when V1 = V2 for 75° taper. f) Beam steering V1 < V2 for 75° taper. g)
Interface profile at 0 V for 15° taper. h) Focusing condition when VI = V2 for 15° taper. 1)
Beam steering V1 < V2 for 15° taper.

The results show that as the taper angle increases, the initial interface shape at 0 V
becomes more concave, Figs. 2(a), 2(d), 2(g), since the equilibrium contact angle on the taper
side wall is becoming larger relative to the increases in taper angle. A concave interface shape
means the liquid microlens will have a negative optical power. This also means larger
voltages need to be applied to change the interface shape to convex in order for the liquid
microlens to have positive optical power for large taper angles. The interface curvature
changes from concave to convex at ~36 V for the 75° taper design compared to only ~14 V
for the 45° taper design. This results in a greater operating range before the dielectric
breakdown voltage is reached for the 45° taper design. In the case for shallow taper angles
less than Young’s angle, 8°, the liquid microlens curvature will be convex at 0 V and have
positive optical power. However, there are several issues associated with a shallow taper
angle. First, for nearly any voltage difference applied to the electrodes when the same
thickness dielectric is used, the liquid interface that experiences the greater voltage always
translates to the bottom of the taper as seen in Fig. 2(i). This will limit the potential
achievable steering angles since intermediate interface positions along the side wall will be
hard to control. This behavior is not seen as the taper angle increases. In addition, the more
plane the substrate becomes, the greater the liquid microlens asymmetry for the multiple
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electrode designs when different voltages are applied. Although not captured in these 2D
simulations, our own work with planar liquid lenses having quadrupole electrode designs did
reveal considerable lens asymmetry and thus the need for a tapered liquid microlens cavity.

Conversely, as the taper angle increases to 90°, the liquid interface flattens and becomes
more like a prism, Fig. 2(f) when different voltages are applied. This behavior would be ideal
if beam steering was the main goal since large steering angles can be achieved [21, 22].
However for this application the optic not only has to beam steer but also focus, thus the
interface must still maintain a spherical shape even when it tilts inside the cavity. Figure 2(c)
shows the liquid interface for a 45° taper that still has a curved shape and thus would not only
beam steer but focus as well. Focusing and steering results will be presented in Section 3.
Based on the simulation results, a microlens cavity design with a taper angle of 45° and a
depth of 15 um was chosen to be fabricated for this initial phase of the project.

2.2 Fabrication

To form the conical taper in a fused silica substrate, a grayscale-lithography technique was
used [31, 32]. Grayscale-lithography allows for 3-D structures to be created using planar
microfabrication processes. In this technique, a photolithography mask is created that has
feature sizes smaller than the resolution size of the optical exposure system. The sub-
resolution features modulate the intensity of ultraviolet light which will expose the photoresist
to specified depths. This results in a gradient profile in the resist height after being developed.
The photoresist profile can then be transferred into a substrate during an etch process.

The photolithography tool used in this work was a Canon i-line stepper (FPA-3000) that
has a 50-mm field size, and an exposure wavelength of A = 365 nm. Based on the optical
parameters of the tool, the resolution limit is 895 nm in wafer units. To form the conical taper,
the photomask was designed with sub-resolution annular lines with radially varying line
widths. A constant pitch of 895 nm was used and the line widths varied from the smallest size
at the inner radius of the taper design to allow for more light exposure and the most
penetration into a positive resist, to the widest line widths at the outer radius. Several test
masks were designed in order to determine the proper range of line widths and distribution
pattern. For the final mask used to form the conical tapered tested in this work, a linear line
width distribution from 340 nm to 550 nm was found to produce the desired taper angle in the
photoresist.

The taper profiles were formed in 5-um thick binary photoresist (Shipley SPR220) using
an exposure energy of 4900 J/m”. After the resist was developed, the wafer was placed in
150°C oven for 5 min to reflow the resist. This reflow process smoothed the resist profile,
especially near the transitions at the inner and outer taper diameters, Fig. 3(a). The tapered
pattern was then transferred into the fused silica using an optimized reactive ion etch (RIE)
process. The optimized etch process created a 12-um deep conical taper with a 45° sloping
sidewall, Fig. 3(b). Next, 200-nm of sputtered aluminum was used to form the electrodes.
Some microlenses had a quadrupole electrode arrangement and for others only a single
circular electrode was used. In order to pattern the electrodes, a spray coating process was
used to apply the resist. A 3-pm thick resist (MicroChemicals AZ 9260 diluted with PGMA
and acetone 1:1:8) was spray coated over the wafer at 1-pm thick film steps to form a
conformal coating. Because the conical taper was 12-um deep, and a 2-pm gap between
electrodes was needed to be maintained for the quadrupole designs, a focus depth of —4.0 pm
and high exposure dose of 9500 J/m?” for the lithography system were found to produce the
best results in the resist pattern, especially at the bottom of the taper. Once the resist was
patterned, a chlorine-gas-based dry etch process was used to form the electrodes along the
taper side wall, Figs. 3(c) and 3(d). After the electrodes were formed, 500 nm of PECVD
silicon dioxide was deposited, forming a dielectric layer.
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Fig. 3. a) Measured resist profile after reflow at 150°C, for a 50 pm outside diameter and 28
pm clear aperture lens design. Image captured from a 3-D microscope (Keyence). b) Measured
etch profile in fused silica. Final lens cavity dimensions: 55 um outside diameter, 32 pum clear
aperture, 12 um etch depth, and 43° taper angle. Image captured from a 3-D microscope. ¢)
Top-down microscope image of quadrupole electrode design after metal patterning and etch. d)
SEM image of quadrupole electrode design after depositing 500 nm of PECVD oxide. ¢) SEM
image after CYTOP processing.

The final fabrication process was to create the hydrophobic/hydrophilic regions. In order
for the microlens to function properly, the taper sidewalls need to be hydrophobic. 3% by
weight of the amorphous fluoropolymer CYTOP 809M (Asahi Glass) was spun over the
wafer at 1000 RPM for 10 sec, and then baked at 150°C for 10 min. This process created an
85-nm thick conformal film. Since the entire wafer surface is now hydrophobic, finding a
photoresist that will adhere to the surface was difficult. We found that adding 4% of the
fluorocarbon surfactant, FC-4430 to SPR518 resist resulted in the resist spinning perfectly
and adhering to the CYTOP film. The CYTOP film was then patterned and etched in oxygen
plasma to form hydrophobic regions inside the taper over the electrodes, leaving hydrophilic
regions elsewhere Fig. 3(e).

2.3 Packaging

After wafer-scale fabrication, the wafer was diced into 10 mm x 10 mm die (test chip), where
each test chip contains 44 microlens cavities. The ultimate goal is to package and integrate
only a single liquid lens to an optical probe. However for an initial demonstration, this sized
die allowed for easier handling and simpler packaging to be developed in order to evaluate
individual liquid microlens performance. In addition, having a significant number of
microlens cavities on single die helped to ensure there would be some testable liquid lenses in
case of yield issues due to microfabrication, liquid filling or final packaging.

To form the liquid microlenses, the test chip was lowered into a small beaker containing
the conducting liquid with a thin film of oil on top. Through self-assembly, oil remained in
the hydrophobic tapered cavities, surrounded by the conducting liquid [27]. While
submerged, a 750-um thick, ITO coated fused silica cap, with a 1-mm wide, 0.5-mm thick
aluminum frame bonded to it was lowered over the test chip, encapsulating the liquid
microlenses. Prior to lowering the fused silica cap, epoxy (2216 from 3M) was beaded around
the open face of the aluminum frame and allowed to set for 2 hr. Once the cap was in place,
the test chip was removed from the beaker and the epoxy seal was allowed to fully cure over a
24 hr period. The sealed chip was wire bonded in a 40-pin DIP, which had a through-hole
drilled in the socket region. Finally, the packaged test chip was inserted in a zero-insertion-
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force board mounted connector for optical characterization. Figure 4 shows a fully packaged
microlens test chip. The liquid microlenses were formed with dodecane (dyed with Sudan
Red, for clarity) surrounded by deionized water. This combination of liquids results in a
difference in refractive index of 4n = 0.09. It is noted that the dye was not used in the oil
phase for any of the optical characterization studies.

Wire Glass
bonds: C:

Liquid Lens

Test Chip
40 Pin DIP

Rowof 11 M ==--—___ || Coves I3

| liquid lenses
—| (44 lenses total)
Single Electrode Quad Electrode .
Design Design

Fig. 4. Liquid filled microlens test chip wire bonded in a 40-pin DIP (right). Test chip contains
44 microlenses. Top down microscope images of the liquid microlenses with an outside
diameter of D, = 110 pm, clear aperture of D, = 82 um, and a 45° taper, 12 um deep, after
self-assembly (left). Oil phase: dodecane (w/red dye for clarity), water phase: deionized water.

3. Optical characterization

Because the clear apertures of the liquid microlenses are as small as 32 pm, using a wavefront
sensor to measure the focal length would require an optical system that would be large and
complex. Instead, we developed a novel approach based on beam magnification. In this
approach, the effective focal length is determined by magnifying the beam passing through
the liquid microlens and measuring this magnification. Although the eventual operating
wavelength is planned to be in the near-infrared, initial characterization was done using a
HeNe laser with a wavelength of A = 633 nm. As illustrated in Fig. 5, the laser beam was first
interferometrically collimated with a plane located 75 mm away from a plano-convex lens (f
= 75 mm) which focused the beam to a ~16 pm Gaussian diameter spot at focus where the
center of the liquid microlens was positioned. The beam then transmits through the liquid
microlens and is effectively collimated by a second plano-convex lens (f = 50 mm) before
propagating 50 mm to a beam profiling camera (Beamage-4M, Gentec). Different focal
lengths of the liquid microlens will result in different beam sizes on the beam profiling
camera. Based on the anticipated focal lengths and the optical system, the beam diameters
should range from 1 to 10 mm on the profiling camera.

" Input lens Liquid Lens
A=633nm Comator M £=100-1000um f= 50 mm
HeNe : Beam profiler
Laser H Camera
' -«

Beam diameters
Translate liquid lens ~2-10 mm

along optical axis

Beam diameter
=3.3mm

Fig. 5. Illustration of the optical test-setup used for liquid microlens characterization.

In principle, if the liquid microlens is aligned precisely in the optical diagnostic system,
then its focal length could be determined directly from the measured beam size. However, this
is difficult in practice. Consequently, the liquid microlens is also translated along the optical
axis of the optical system and the beam size recorded at multiple locations. These additional
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measurements provide sufficient data to relax the alignment tolerance of liquid microlens,
while improving the precision of the focal length measurement. In this work, the liquid
microlens is translated a few hundred microns along the optical axis in steps of 20 um, using
a linear motorized stage, with the beam diameter and z-position being recorded at each step.
These measurements are fit to an analytical expression for the beam magnification, Eq. (2),
derived using standard Gaussian beam propagation [33] through the optical system including
the liquid lens with only the focal length and position of the liquid lens used as fitting

parameters:
1
2 2 2 273
D
Dy _ [Q] [1+ij J{_’IZJ {_f]ﬁj @)
D, \A Ju 7D )
where Dy, is the measured beam diameter, D; is the collimated input beam diameter, f; = 75
mm, f, = 50 mm, z is the axial displacement from the nominal position of the liquid
microlens, f;, is the unknown focal length of the liquid lens, and 4 is the wavelength (633 nm).
To validate the measurement method a microlens array (MLA-S100-f4, RPC Photonics)
with a known focal length was used. The microlens array had a lens size of 100 um and a

nominal focal length of 400 pm. Using the method described, a focal length of /= 360 pm
was measured. This was within 10% of the manufacturer’s advertised value.

3.1 Liquid microlens focus vs. voltage measurements

Based on the simulation results discussed in Section 2.1, focal measurements for the liquid
microlenses were first recorded at 17 V. This voltage should be sufficient to change the
interface curvature to convex and allow for the beam profile measurements to be sensitive
enough to reduce error. Figure 6 shows an example focal length as a function of voltage for
liquid microlenses of different sizes. The voltage is being applied as an AC square wave at
250 Hz. The liquid microlenses were filled with dodecane, n, = 1.421, and deionized water,
n, = 1.33, resulting in a difference between refractive indexes of An = 0.09. The data
represents the average focal length of three different liquid microlenses (single electrode
design) from the same test chip, tested three times each. The error bars are the standard
deviation from the data set. The largest spread in the data occurs for the lower voltages when
the liquid interface has the least curvature and longest focal lengths. This is consistent with
the sensitivity of the measurement system where small variations in the curvature near the
transition state will give rise to large variations in focal length.

Included with the measured data are the predicted focal lengths calculated using the lens
maker equation for a thin plano-convex lens and the radius of curvature values of the liquid
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Fig. 6. Measured and predicted focal length vs. voltage for different sized liquid filled with
deionized water and dodecane oil (4n = 0.09). Several images of the beam waist diameters
captured from the beam profile camera for different voltages for the liquid microlens with an
outside diameter of D, = 110 um, clear aperture of D, = 82 pum, and a 45° taper, 12 um deep
are also included.

interface as a function of voltage extracted from the numerical simulation results. The
measured and predicted focal lengths show good agreement, especially at higher voltages
when the contact angle changes are large per increases in voltage and the system is less
sensitive to small variations to contact angle and the liquid microlens radius of curvature.

The discrepancies between the measured and predicted focal lengths at the low voltages
could imply the starting oil-water interface shape is different than what the numerical
simulations are assuming. It is assumed the interface is initially concaved and has Young’s
angle, §° = 23°. During the self-assemble filling process, a greater volume of oil could be in
the cavity, resulting in a larger initial contact angle and a less concave interface shape. The
interface could even be convex if a significant amount of oil was dosed. This would affect the
initial focal length values, but then they would converge rapidly to the values measured for
the higher voltages since changes in the radius of curvature as a function of voltage are not
large.

Determining the shape of the oil-water interface inside these liquid microlenses has
proven challenging, especially since both liquids are highly transparent. Several optical
methods, including 3D microscopy and interferometry have been attempted but have been
unable to observe the interface with enough detail. However, the liquid microlenses are
operating as a focusing optic and can be repeatedly actuated to different voltages. In addition,
the results show that for a liquid microlens formed with dodecane and deionized water (4n =
0.09) with an outside diameter of D, = 66 um, clear aperture of D., =41 um, and a 45° taper,
12 pm deep, a focal range from /= 1 mm to 300 um was achieved, meeting a design goal and
making this lens configuration viable for optogenetics.

The parameters that influence focal length and the liquid interface curvature are: 1) lens
size, 2) liquids used to make up the lens (index of refraction difference), and 3) voltage
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through the electrowetting effect. For the results presented in Fig. 6, the lens size is varied,
while the liquids were constant. In Fig. 7 the oil phases used to form the liquid lenses were
changed and lens size was constant. The focal length vs. voltage was measured for liquid
microlenses formed with dodecane and deionized water (4n = 0.09) and liquid microlenses
formed with silicone oil, DC-704 and deionized water (4n = 0.23) for geometry with an
outside diameter of D, = 110 um, clear aperture of D, = 82 um, and a 45° taper, 12 um deep.
The surface tension for a deionized water/dodecane interface and a deionized water/DC-704
interface are nearly the same, y,, = 45 mN/m, thus similar voltages will be required. The
results show a much shorter focal range for the higher index oil, as expected, from = 0.5 mm
to 0.25 mm, compared to /= 3.2 mm to 0.9 mm for the much lower index oil. Figure 7 also
illustrates one of the advantages of liquid lenses. By simply changing the liquids, new lensing
performance can be achieved for the same geometry.

Lens design: OD: 110 um, ID: 82 pm

A0—7T—n T T T T T T
! \ ® Dodecane (n =1.42)| |
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Fig. 7. Measured and predicted focal length vs. voltage for different liquid microlenses filled
with different oil phases but constant lens cavity geometry. One set of liquid lenses were filled
with deionized water and dodecane oil (4n = 0.09). The other set of liquid lenses were filled
with deionized water and silicone oil, DC-704 (4n = 0.23). The liquid microlens had a
geometry with an outside diameter of D, = 110 um, clear aperture of D, = 82 um, and a 45°
taper, 12 um deep.

3.2 Beam steering measurements

To steer the beam and simultaneously focus, requires the curvature of the liquid lens to
maintain a spherical profile while being tilted. The design of the quadrupole electrode
arrangement around the conical taper allows for multiple contact angles to form along the
three-phase contact line depending on the voltage being applied to each electrode. Since the
dielectric film thickness is the same over each electrode in this design, meaning the
capacitance is the same, the amount of contact angle change, i.e. electrowetting force at the
three-phase contact line, will be a function of voltage only. The higher the voltage, the larger
the electrowetting force being applied and greater the contact angle change. Between the
combination of cone angle of the microlens cavity, and different voltages applied to each of
the four electrodes, the liquid interface will tilt within the cavity since the three-phase contact
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line will displace to different locations along the sidewall. Figure 8 shows the results of a 2D
two-phase numerical simulation (details discussed in Section 2.1) where different voltages
were applied to the taper sidewalls for a liquid microlens design with an outside diameter of
D, =110 um, clear aperture of D, = 80 um, 45° taper, 15 pm deep. As the figure shows, the
amount of tilt and curvature of the liquid interface will depend on the difference in
electrowetting force at each electrode. Based on the oil-water interface curvature, the amount
of beam steering was estimated to be J = £ 0.8° for conditions in Fig. 8(b) and 6 = + 1.1° for
conditions in Fig. 8(c) for 4n = 0.09 and ¢ = + 1.8° for conditions in Fig. 8(b) and 6 = + 2.5°
for conditions in Fig. 8(c) for 4n = 0.23. These estimated steering angles are below the
desired goal, but can still provide 10’s of microns of beam displacement in order to target a
neuron cell body.

a) b) c)

0 Volts Vi=20V,V2=30V V1=20V,V2=35V

f— 80um —|

Fig. 8. 2D laminar two-phase numerical simulation results for different sidewall voltages, V!
and V2 for a liquid microlens geometry with an outside diameter of D, = 110 um, clear
aperture of D, = 80 um, and a 45° taper, 15 um deep. The liquid properties used in the
simulations were deionized water and dodecane oil. The dielectric thicknesses used for the
electrowetting contact angle calculations were #,4. = 500 nm, and ?cyrop = 85 nm.

To measure the amount of beam steering, the same optical setup was used as for the focus
measurements. When different voltages are applied to the quadrupole electrode arrangement
on liquid microlens, the centroid position recorded on the beam profiling camera shifts.
Knowing the distance from the liquid microlens to the plano-convex lens located just before
the beam profiling camera, the steering angle can be determined from the change in centroid
position compared to the zero voltage centroid position.

Figure 9 plots the change in centroid position of the beam waist diameter from the zero
voltage state for four different voltage states, for a liquid microlens formed with dodecane
and deionized water (4n = 0.09) having a geometry with an outside diameter of D, = 110 um,
clear aperture of D., = 82 um, and a 45° taper, 12 um deep. The inserts in Fig. 9 indicate
which electrode pair is at a larger potential. The shaded electrode pair in this case is receiving
30 Vac, while the other pair of electrodes is receiving 20 Vac. Based on the displacement of
the centroid of the beam waist diameter and the distance to the plano-convex lens (d = 50
mm), the steering angle was found to be, d = = 0.4°. This steering angle can be increased or
decreased based on the voltage difference, the index of refraction, and lens size.

When the voltage difference between the electrode pairs was increased a larger beam
displacement was observed as shown in Fig. 10(a). However, there was more asymmetry of
the centroid position for larger voltage differences compared to the results in Fig. 9. The
asymmetry created a range in steering angle from J = 0.5° to 0.9°. Even with the increased
asymmetry of the centroid position about the zero voltage state, the shape of the beam waist
was not affected; a circular shape was still observed on the camera which indicates a spherical
shape of the liquid interface at least for the region of the microlens the laser beam is passing
through.
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Results for An = 0.09
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Fig. 9. Changes in beam waist diameter centroid position for four different voltage states. The
shaded electrodes are receiving 30 Vac and the other electrode pair is receiving 20 Vac. The
liquid microlenses were filled with deionized water and dodecane oil (4n = 0.09) and had a
geometry with an outside diameter of D, = 110 um, clear aperture of D, = 82 um, and a 45°
taper, 12 pm deep.
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Fig. 10. Comparing beam waist displacement for different voltages and liquid lenses filled
with different oils. The shaded electrodes are receiving higher voltage than the other electrode
pair. a) The liquid microlenses were filled with deionized water and dodecane oil (4n = 0.09)
and had a geometry with an outside diameter of D, = 110 pm, clear aperture of D, = 82 pm,
and a 45° taper, 12 um deep. b) The liquid microlenses were filled with deionized water and
silicone oil, DC-704 (4n = 0.23) and had a geometry with an outside diameter of D, = 110 um,
clear aperture of D, = 82 pm, and a 45° taper, 12 pm deep.

Figure 10(b) plots the change in centroid position of the beam waist diameter from the
zero voltage state for four different voltage states for a liquid microlens formed with silicone
oil, DC-704 and deionized water (4n = 0.23). As expected, the centroid position of the beam
waist displaced more as compared to the liquid microlens of the same size having a An = 0.09.



Research Article Vol. 25, No. 14 | 10 Jul 2017 | OPTICS EXPRESS 16838

Optics EXPRESS

However there was considerably more asymmetry. Table 1 summarizes the steering results
for the liquid microlenses filled with different liquids.

Table 1. Calculated steering angle from measured centroid position.

Steering Angle o (degrees)

Voltage 4n =0.09 An=0.23
State 30V/20V_ 32V/15V_ 30V/20V__ 35V/20V
1 0.42 0.82 0.40 0.90
2 0.40 0.61 0.44 2.75
3 0.35 0.50 1.11 2.67
4 0.37 0.94 0.40 1.17
Avg. 0.39 0.72 0.59 1.9

The beam steering asymmetry could be the result of several factors. One is possible
variations in the dielectric film thickness, especially that of the hydrophobic film. This would
result in a non-uniform capacitance over the electrodes and thus an electrowetting force
imbalance for the same voltage. Since the hydrophobic film was applied using a spinning
process, an annular thickness variation could exist, especially since the film is being applied
over topology. Other coating methods such as a dip coating or spray coating could be
employed to help mitigate a film thickness variation.

Another reason for the asymmetric steering behavior could be caused by the pinning of
contact line of the liquid interface at the solid substrate [34, 35]. Contact line pinning is
possible since the side wall etch does roughen the surface slightly as seen in Fig. 3(d), thus
potentially increasing the contact angle hysteresis. In addition, the hydrophobic film is
patterned and the resulting transition from hydrophilic-to-hydrophobic can result in the
contact line getting pinned. In our previous work [27] we have observed a lag between a
change in contact angle and the voltage required to move the interface near the
hydrophobic/hydrophilic transition. Increasing the AC frequency has been shown to
overcome some contact line pinning issues [34] and will be explored in future efforts.

4. Conclusions

An electrowetting-based micron-scale liquid lens that combines both adjustable focusing and
beam steering in a single optical element has been successfully demonstrated. The liquid
microlenses were designed to support optogenetic in vivo mapping of brain activity by being
able to focus light down to a spot size of ~10 pm for single neuron cell resolution. Both
adjustable focusing and beam steering were achieved through a novel design of the lens
cavity that had a 45° conical taper, etched 12 um deep into a fused silica substrate, and
interdigitated electrodes patterned along the side walls. This design allows for the liquid
interface, formed between two immiscible liquids, to uniformly change its radius of curvature
along the optical axis when the same voltage is applied to each electrode, or tilt the interface
while maintaining a spherical shape when different voltages are applied to each electrode and
thereby steer the beam.

To form the conical taper, a grayscale-lithography process was developed which included
designing a photolithography mask with sub-resolution annular lines with radially varying
line widths. The photomask design created an appropriate tapered profile in photoresist which
was then transferred into the fused silica substrate using an optimized RIE process that
produced the correct taper profile. Tapered microlens cavities having clear apertures ranging
from 32 pm to 82 um were fabricated.

Liquid microlenses were packaged with a water-oil phase combination of deionized water
and dodecane, and other liquid microlenses were packaged with deionized water and silicon
oil, DC-704, in order to evaluate the effect the difference of the index of refraction had on
focusing and beam steering. Because the clear apertures of the liquid microlenses were as
small as 32 um, we developed a novel approach based on beam magnification to determine
the focal length of the liquid microlenses. Tunable focusing ranging from 0.25 to 3 mm and
beam steering of + 1 degree were demonstrated. Asymmetric behavior was observed during
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beam steering measurements, which was attributed to a potential variation in the dielectric
film thickness of the hydrophobic film that covers the electrodes and/or contact line pinning.

The measured steering angles were lower than the desired design goal of + 5°. However,
the steering angles achieved were expected, based on the final microlens cavity design
fabricated in this phase of the project. One way to increase the steering angle, besides just
increasing the refractive index of the oil phase would be to increase the tilt of the interface.
This could be achieved through a steeper taper angle, and having a deeper taper cavity. In this
work, the depth of the cavity was limited to ~12pm which was a compromise of what we
could easily fabricate. Using a hard mask, for the grayscaling is not possible, thus the
photoresist most be thick enough to withstand the deep fused silica etching process. Based on
the fabrication lessons learned, increasing the cavity depth by 2X is possible.
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