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Dielectric Liquid Microlens With Switchable
Negative and Positive Optical Power

Su Xu, Hongwen Ren, Yifan Liu, and Shin-Tson Wu, Fellow, IEEE

Abstract—We propose an adaptive dielectric liquid microlens
whose focal length can be tuned from negative to positive or
vise versa. The biconcave polymer base in the lens cell not only
generates an inhomogeneous electric field, inhibits drifting of the
droplet, and reduces the operating voltage but also induces a neg-
ative optical power. Pairing with the top subliquid lens, the whole
lens exhibits a tunable negative and positive optical power under
different driving voltages. To prove this concept, we fabricated
such a dielectric liquid microlens and evaluated its performance.
The biconcave polymer base can be particularly designed to obtain
different dynamic range as desired. [2010-0226]

Index Terms—Adaptive optics, dielectric liquid, polymer,
tunable lens.

I. INTRODUCTION

LECTROWETTING and dielectrophoretic (dielectric) ef-

fects are two most attractive approaches for adaptive
liquid lenses because of their high optical performances and
voltage switchable focal lengths [1]-[10]. Different from an
electrowetting lens which uses oil and salty water, the two
liquids employed in a dielectric lens are nonconductive. There-
fore, the dielectric lens can bear a high operating voltage while
keeping low power consumption. The latter is particularly im-
portant because it prevents microbubbles and liquid evaporation
from happening during voltage actuation. In a conventional
dielectric lens cell, the two immiscible liquids have different
dielectric constants: one liquid forms a droplet on the bottom
substrate, and the other liquid fills the surrounding space. Under
the influence of an inhomogeneous electric field, the droplet
surface is reshaped by the generated dielectric force, and the
focal length is tuned accordingly. However, the previously
demonstrated dielectric lenses are either positive or negative
[1]-[4] so that the range of focal length change is relatively
narrow. It would be highly desirable to have a dielectric liquid
lens whose focal length can be tuned from positive to negative
or vice versa. Such an adaptive lens can be integrated into a
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Fig. 1. Side-view structure of the lens cell. (a) Voltage OFF. (b) Voltage ON.

TABLE 1
PROPERTIES OF LIQUID-1, LIQUID-2, POLYMER BASE,
AND GLASS SUBSTRATE

Dielectric | Refractive | Density Color
Constant Index (g/em?)
Liquid-1 42 1.47 1.26 | Clear
Liquid-2 4.7 1.67 1.25 | Clear
Polymer | 4 1.56 12| Clear
Base
Glass
Substrate NA 1.53 NA Clear

zoom lens system for obtaining large magnification or in a
2D-3D switchable display [11].

In this paper, we report a new dielectric liquid microlens
with a biconcave polymer base. Such a structure helps to fix
the position of microlens and reduce the operating voltage,
as compared to a dielectric liquid microlens with common
planar electrodes. The advantage of our lens is that it exhibits
a switchable positive—negative optical power with an external
voltage. The measured response time is ~15 ms.

II. DEVICE STRUCTURE AND WORKING PRINCIPLE

Fig. 1 shows the side-view structure of the proposed mi-
crolens cell. From top to bottom, it consists of a planar
glass substrate with indium tin oxide (ITO) electrode, liquid-1
(Glycerol), liquid-2 (Optical Fluids SL-5267, from Santovac®
Fluids), a bi-concave polymer base (Norland Optical Adhesive
81) with gold and palladium electrode on the top surface, and a
bottom glass substrate. Liquid-2 with a low dielectric constant
forms a biconvex droplet on the top surface of the polymer
base, while liquid-1 with a high dielectric constant fills the
surrounding space. These two liquids are so chosen because
of their well-matched density for minimizing the gravity effect.
Table I lists the properties of the two employed liquids, polymer
base, and glass substrate.

In the relaxed state, the curvature of the droplet is minimal.

However, in a voltage ON-state, the biconvex liquid droplet
will induce an inhomogeneous electric field. According to the
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Fig. 2. Side view of the device fabrication procedure. (a) UV exposure.
(b) Peeling off the stamper. (c) Making two sets of the polymer base
and aligning them under a microscope, then coating Au + Pd electrode.
(d) Dropping liquids and sealing the cell.

Kelvin theory, the dielectric force exerted on the droplet can be
expressed as [12]

F=2(1—e)V(Ee B) (1)
where g, €1, and €5 donate the permittivity of free space,
liquid-1, and liquid-2, respectively, and E is the electric field
on the curved droplet surface. If the dielectric force is strong
enough, liquid-1 and liquid-2 will move toward the region with
strong and weak electric fields, respectively. The droplet tends
to contract, and its surface profile is reshaped, resulting in a
different focal length, as Fig. 1(b) shows. Due to the stronger
electric field which originates from the closer electrode gap and
larger affected droplet surface, the dielectric liquid lens with a
well-shaped electrode has a lower operating voltage than that of
the lens with common planar electrodes [4].

Because of the surface tension force of the droplet liquid, the
shape of the droplet is curved, and its surface is very smooth.
Like a deformed elastic membrane [13], if we consider the
surface of the droplet as a very thin elastic membrane, then the
shape of the droplet can be expressed by

y= %(P/gS)(cﬁ — )+ %(P/QS)S(& R

Here, y is the vertical axis, and r is the horizontal axis passing
through the droplet center, as shown in Fig. 1(b). At y =0,
r = a (the radius of droplet aperture). The droplet experiences
a surface tension force S and a pressure force P. When the
droplet radius is small, we can neglect the higher order terms in
(2) and only keep the first item, which implies that the droplet
presents a parabolic shape. When the droplet is activated, the
external voltage causes the pressure force P to increase which,
in turn, changes the droplet’s shape. However, the droplet keeps
a parabolic shape.

ITII. FABRICATION PROCESS

Fig. 2 shows the device fabrication procedures. In Fig. 2(a),
a small amount of adhesive was injected into a glass cell.
The cell was composed of a glass substrate and a glass-based
plano-convex microlens array (R =1 mm, © = 0.75 mm,
6 x 6, and from Isuzu Glass), which was adopted as a stamper.
After UV curing, the stamper was peeled off, and the solidified
concave microlens pattern was left on the bottom glass substrate
[Fig. 2(b)].

Fig. 3. (a) Top view of the device. The image observed through the micro-
scope at L = 3 mm (b) without any liquid lens, and (c)—(g) with the dielectric
liquid microlens driven at different voltages, and at L = 7 mm, (h) V' = 0, and
1) V =90 Vims.

Two sets of microlens pattern were fabricated and were
carefully aligned under the microscope to form a biconcave
polymer base. To prove this concept, we deposited a conducting
layer (alloy of gold and palladium) by using a sputter coater
(from EMITECH) on the top surface of the base as the bottom
electrode, as shown in Fig. 2(c). Finally, after dropping liquid-2
and liquid-1, a planar glass with ITO was used as top substrate,
and the cell was sealed, as Fig. 2(d) shows, and a top view of
the lens cell is shown in Fig. 2(a). The cell gap is ~270 pum.

IV. RESULTS AND DISCUSSION

The performance of the dielectric liquid microlens with
a biconcave polymer base was evaluated through an optical
microscope. A small number “2” as an object was placed under
the microscope. First, the distance between the object and the
bottom glass substrate L, as shown in Fig. 2(d), was set at 3 mm.
Fig. 3(b) shows the image observed through the microscope
without any dielectric liquid microlens. Then, we inserted the
liquid lens in the optical path, refocused the microscope, and
observed the images again. A virtual erect and diminished
image was observed at V' = 0 [Fig. 3(c)], which indicated that
our lens showed a negative optical power. The image began to
grow when actuated at 15 Vs and kept growing as the voltage
was further increased. This is because the droplet of liquid-2
gradually contracts as the driving voltage increases, leading to
a reshaped droplet profile. As a result, the optical power of
the top sublens (the positive liquid lens consisting of liquid-1
and liquid-2) is enhanced, while that of the lower sublens (the
biconcave polymer base) is kept constantly negative, thus the
optical power of the entire liquid lens goes less negative, and
the virtual erect image is magnified gradually, as shown in
Fig. 3(d) and (e). At V = 39 V.5, the image size [Fig. 3(f)]
was almost the same as that of the original image [Fig. 3(b)].
This implies that the optical power of the top and the lower
sublenses are cancelled with each other, and the whole lens
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Fig. 4. (a) Experimental setup for measuring the focal length. (b) Focusing on
the top glass substrate. (c) Focusing on the image of the target.

shows no optical power. At V = 90 V.4, the image [Fig. 3(g)]
is still erect, but the size is larger than that of the original image.
Further contraction in the droplet eventually turns the whole
lens into a positive optical power. In another experiment, we
increased the distance between the target and the bottom glass
substrate L to 7 mm. At V = 0, the size of the erect image
[Fig. 3(h)] was further reduced as compared to that in Fig. 3(c)
because the distance between the object and the liquid lens was
increased. At V =90 V,;5, an upside down and diminished
image [Fig. 3(i)] was observed. These indicate that the focal
length of our liquid lens is electrically tunable, and its optical
power can be continuously tuned between negative and positive.

Chromatic aberration is observed in the images due to ma-
terial dispersion. The Abbe number of liquid-2 is relatively
small at ~22. Meanwhile, the curvature of the droplet increases
with the operating voltage. As a result, the chromatic aberration
is severe in the high-voltage state [14]. To reduce chromatic
aberration, we need to choose proper liquids with a large
Abbe number.

A small scattering is also observed due to slight
nonuniformity of the well-shaped electrode, which originates
from the slow stage rotation speed of the sputter coater. Coaxial
design is important in order to maintain good optical functions
of a liquid lens [15]. The optic axis of our liquid lens is slightly
deviated from its normal because of the minor misalignment
in the biconcave polymer base and the nonuniformity of the
bottom well-shaped electrode. The transmittance of our lens
is ~50% at A = 550 nm. Most of the loss originates from
the absorption of the metal electrode (Au—Pd alloy) and from
interface reflections. These drawbacks can be overcome by
coating the ITO electrode on a commercial biconcave microlens
and applying specific liquid confinement structures [15].

The back focal distance (BFD) of the dielectric microlens
shown earlier was measured through a microscope. Fig. 4
shows the experimental setup for the measurement. A reso-
lution target placed directly above the lamp was used as an
object for imaging, and the lens sample was placed on the
stage of the microscope. A “red cross” was marked on the top
glass substrate for focusing. At first, we adjusted the stage until
seeing a clear image of the “red cross,” and the position of the
stage was marked as position A, as shown in Fig. 4(b). Then,
we adjusted the stage to get a clear image of the target bar, and
the position of the stage was marked as position B [Fig. 4(c)].
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Fig. 5. Measured focal length of the dielectric liquid microlens at different
driving voltages.

Fig. 6. Lens structure and parameters for Zemax simulation.

Comparing the focal length with the object distance, the posi-
tion of the object can be assumed as infinity. Thus, the distance
from position A to B is considered as BFD of the dielectric
liquid microlens. The voltage dependent focal length is shown
in Fig. 5 as blue dots. At V' = 0, the inherent focal length of the
microlens is ~—7.56 mm. As the voltage increases, the focal
length first goes to negative infinity at V' ~ 39 Vs, and then
comes in from positive infinity. At V' = 90 V4, it is decreased
to ~3.22 mm.

We also calculate the theoretical BFD in Zemax. The lens
structure and parameters used for Zemax simulation are shown
in Fig. 6, where n{, na, ngy, and n, donate the refractive
index of liquid-1, liquid-2, glass substrate, and polymer base,
respectively. D ~ 0.72 mm is the initial aperture of the lens;
d ~ 0.27 mm is the cell gap of the lens cell. £, ~ 0.42 mm is
the thickness of the bottom glass substrate, ¢, ~ 0.032 mm is
the apex distance of one plano-concave polymer base, and ¢
is that of the biconcave polymer base (~2t, +t,). Ry is the
curvature radius of the polymer base, which is equal to that of
the plano-convex microlens array stamper, because this base is
replicated from the stamper. R» is the curvature radius of the top
surface of the droplet, and ¢, is the apex distance of the droplet.
The top surface of the droplet is considered as parabolic shape
in the Zemax simulation. Both R5 and ¢ vary with the operating
voltage. All of these parameters affect the dynamic range of the
lens. If R; is changed, the profile of the droplet at the relaxed
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Fig. 7. Experimental setup for measuring the response time.

state and actuated state will be changed accordingly, leading
to a varied dynamic range. Therefore, we may particularly
design R; to provide the dynamic range as required. In the
relaxed state, the measured apex distance is t; ~ 0.147 mm,
and the calculated BFD is ~—9.0 mm, while the measured
BFD is ~—7.56 mm. At V' = 90 V., the measured D and ¢,
are ~0.606 mm and ~0.167 mm, respectively. The calculated
BFD is ~2.49 mm, which is slightly shorter than the measured
data (~3.22 mm) at V =90 V,,s. These minor differences
are attributed to the assumption of infinity object and the
measurement error of lens dimension because it is difficult to
precisely measure the dimension of such a small liquid droplet
through an optical microscope.

Response time is another important issue for adaptive liquid
lenses. In a dielectric liquid lens, the contracting speed of
the droplet mainly depends on the dielectric force, and the
relaxing speed depends on the viscosity of the liquids and
the related interfacial tensions [3]. Since the deformation of a
liquid droplet profile is related to the balance of electric energy,
surface energy, adhesion energy, and gravitational energy [1],
it is very difficult to theoretically calculate the response time.
Thus, we measured the lens response time using the setup
shown in Fig. 7. The lens sample was mounted on a linear
metric stage. A He-Ne (A ~ 633 nm) laser beam was colli-
mated and expanded to illuminate the sample. A large area
visible photoreceiver (Model 2031, New Focus) connected to an
oscilloscope (TDS 3032B, Tektronix) was used to measure the
intensity variation induced by the dielectric liquid microlens.
We applied a square voltage of 90 V.., (f ~ 300 Hz) to
the lens cell. The contracting and the relaxing speeds were
measured to be ~13 ms and ~18 ms, respectively.

V. CONCLUSION

We have reported a dielectric liquid microlens with tun-
able positive and negative optical power. The negative optical
power induced by the biconcave polymer base balances out
the positive optical power of the liquid droplet to some extent,
according to different operating voltage. Thus, our lens can be
continuously tuned among negative, zero, and positive optical
power states. Moreover, the biconcave polymer base helps to
fix the position of the liquid droplet and reduce the operating
voltage. The focal length can be tuned from ~ —7.56 mm to
infinity to ~3.22 mm when the voltage increases from 0 to
90 V,ms. The response time is reasonably fast: ~13 ms in rising
and ~18 ms in relaxing. The transmittance, scattering, and the
deviation of the optical axis in the lens can be improved by coat-
ing ITO on a commercial biconcave microlens. The dimension
of the biconcave polymer base can be particularly designed to
get the desired lens’ dynamic range. Our approach has enabled

focus tuning from negative to positive or vise versa in a single
dielectric lens without any moving part. Such a liquid microlens
will find potential applications in vision and imaging devices.
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