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Wafer-scale fabricated thermo-pneumatically tunable

microlenses

Wei Zhang, Hans Zappe and Andreas Seifert

We have developed a self-contained, liquid tunable microlens based on polyacrylate membranes integrated with compact on-chip
thermo-pneumatic actuation fabricated using full-wafer processing. Silicone oil is used as the optical liquid, which is pushed or pulled
into the lens cavity viaan extended microfluidic channel structure without any pumps, valves or other mechanical means. The heat load
generated by the thermal actuator is physically isolated from the lens chamber. The back focal length may be tuned from infinity to
4 mm with a maximum power consumption of 300 mW. The principal application is fine tuning of the back focal length, for which

tuning time constants as small as 100 ms are suitable.
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INTRODUCTION

Miniaturization of tunable lenses for integration into optically recon-
figurable optical microsystems is promising for many applications,
including optical communications, consumer electronics and medical
engineering. Tunable lenses using electro-wetting' or liquid crystal
technology” are available commercially; however, high voltages are
typically required in such systems. Polydimethylsiloxane membrane
lenses, operated by pumping an optical liquid into or out of a lens
cavity, are of interest because of their low fabrication cost and easy
implementation of a variety of actuation mechanisms,” such as pneu-
matic, piezoelectric,4 electromagnetic5 © and thermal actuators.’
However, limitations in the selection of liquid and membrane materi-
als restrict the development of new actuation mechanisms, particu-
larly from the standpoint of wafer-level microelectromechanical
systems manufacturing processes.

We present here a completely self-contained, thermo-pneuma-
tically tunable microlens with on-chip actuation, fabricated using
microelectromechanical systems techniques in a full-wafer fabrication
process. The tunability is achieved by heating air in a pressure-gen-
erating chamber, which is connected via a meander-shaped channel to
a liquid-filled optical chamber bounded by a polyacrylate membrane
without using any actuation membranes, valves or mechanically mov-
able parts. This method benefits from low driving voltages, but yields
high pressures, inducing a large deflection of the surface of the tunable
lens resulting in a wide focal length tuning range.

In comparison to previous work on integrated thermo-pneuma-
tically tunable microlenses,® the concept presented here is considerably
more compact and robust, with significantly improved thermal isola-
tion between the actuator and the optical path. In addition, the present
concept allows wafer-level fabrication, implying a lower potential cost
due to improved yield.

LENS DESIGN

Figure la presents an exploded view of the fully integrated thermo-
pneumatic microlens, which consists of five major parts; the cor-
responding thicknesses are given in parentheses. From top to bot-
tom, these are: a silicon lens frame (500 pum), a silicon lens chip
(300 pm), a flexible polyacrylate membrane (50 um),’ a dry film
resist (DFR; Ordyl) layer forming microfluidic structures and a
glass substrate (500 pm) with heating and temperature sensing
structures. Three rectangular openings are present in the silicon
lens frame: one for filling the lens cavity with the optical liquid,
one as a vent for removing air and the third for centering the silicon
lens chip, which has a circular aperture 2 mm in diameter. A thin
polyacrylate membrane, which defines the refractive interface of the
lens, is sandwiched between the silicon lens chip and the fluid
chamber. Using this approach, stable bonding is attained, and dela-
mination of the membrane at the margins is prevented, even for the
case of strong membrane deformation.

The working principle of the microlens is based on the thermal
expansion of air in the air chamber. As shown in Figure 1b, the air
chamber is directly connected to the lens cavity via a microchannel
that is filled with silicone oil as the optical liquid. When a voltage is
applied to the heater, the rising temperature causes a volume increase,
and the expanding air pumps the silicone oil through the meander-
shaped microchannel into the lens cavity. Because the liquid can be
assumed to be incompressible, the volume increase of the expanded air
will cause deformation of the polyacrylate lens membrane, thereby
tuning the back focal length (BFL) of the lens.

The dimensions of the air chamber and the channel structure are
selected such that the expected volume displacement corresponds to
the required BFL tuning range. The shortest BFL determines
the required dimensions. In the present realization, the shortest
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Figure 1 (a) Exploded view of the fully integrated thermo-pneumatic microlens.
The red square areas at the left margin of the glass substrate are the electrical
contact pads for the heater, which is on the opposite side of the glass chip (the
wavy red line). (b) Top view of the microfluidic design. The liquid chamber and
channel structure are filled with silicone oil (blue), and the outer larger chamber is
filled with air (yellow). By heating the air, its volume increases and displaces the
optical liquid in the channel. The displaced liquid is pushed into the lens cavity,
thereby deflecting the polymer membrane, resulting in a change in the refractive
power.

appropriate BFL is approximately 5 mm. For a 2-mm diameter lens
using silicone oil as the liquid with a refractive index of 1.4, the cor-
responding volume of the spherical lens cap is approximately 0.5 mm®.

The expanded air volume is not expected to directly transfer the
same volume displacement to the optical cavity because air is a com-
pressible medium. Thus, all repulsive forces—for example, capillary
forces, viscosity or the repulsive forces of the membrane—will com-
press the air volume, leading to a small net volume change. Therefore,
a buffer must be included in the fluidic layout. The designed lens has
an air chamber volume of approximately 14 mm?’; the theoretical
thermal expansion of air at constant pressure is AV=1.4 mm® for a
temperature shift of AT=30 K, and the cross-section of the fluidic
channel is 0.25 mmX0.22 mm. Thus, to provide a volume expansion
of 1.4 mm?, a channel length of 25 mm is required. Owing to the small
size of the microchannel and the resulting low Reynolds number, this
device is resistant to shock and vibration during lens operation, and no
liquid back flow occurs because capillary forces, surface tension and
viscous forces dominate over gravitational forces in the laminar flow.

THERMAL SIMULATION

Because temperature gradients introduce refractive index variations in
optical components, the temperature distribution in the optical liquid
must be highly homogeneous to ensure good imaging quality. A novel
feature of the structure presented here is that the optical lens liquid is
not heated directly, but is thermally insulated from the heater by the
microchannel structures. We evaluate the resulting thermal homogen-
eity of the lens using multiphysics simulation software (COMSOL
3.5a, USA). The Conductive Media DC module from AC/DC model,
and the heat transfer module which was defined to allow thermal
convection outside the chip were employed for the boundary condi-
tions. For the heater structure in the model, a 150-nm-thick platinum
layer was embedded as a two-dimensional structure on the surface of
the glass substrate.

Figure 2 shows the modeled three-dimensional structure, consisting
of a circular meander-shaped heater, the air volume trapped in the air
chamber, the microchannel, the optical liquid filled in the lens cavity
and the microchannel, the silicon bulk structures and the lens mem-
brane. The temperature distribution of the lens structure is calculated
for a bias of 8.5 V—corresponding to approximately 180 mW—
applied to the heater. From this result, we conclude that the tempera-
ture homogeneity across the lens structure is determined mainly by the
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Figure 2 FEM model of the thermo-pneumatically tunable lens. The temperature distribution of the glass heater chip is shown for a bias of 8.5V applied to the heaters.

The surrounding temperature is 293 K. FEM, finite element method.
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Figure 3 FEM-simulation results: temperature distribution in the optical liquid in (a) the horizontal direction at the bottom of the liquid and (b) the vertical direction.

geometry of the heater. Accordingly, the heater structures were
arranged symmetrically around the optical liquid in the final design.

The temperature homogeneity of the optical liquid is investigated in
further detail in Figure 3. In Figure 3a, the temperature variation
across the lens structure is less than 4 K in the horizontal direction
and is concentrated primarily at the liquid inlet near the heater struc-
ture. In the optical path, the temperature varies by less than 0.2 K. In
the vertical direction, as shown in Figure 3b, the temperature variation
within the ultrathin silicone oil film is less than 0.5 K. These values are
attained because the trapped air around the Ordyl structures is ther-
mally insulating due to its low coefficient of thermal conductivity
(0.025m 'K ).

FABRICATION TECHNOLOGY

The microfluidic structures defining the air chamber, optical cavity
and connecting microchannel are fabricated using the DFR Ordyl
SY550 with a thickness of 55 pm (Elga Europe, Italy).'® The process
chain is illustrated in Figure 4. First, a 20-nm-thick binding layer of
titanium and a 150-nm-thick layer of platinum are deposited on the
glass wafer using electron beam evaporation and are patterned using a
lift-off process to define the heating and temperature-sensing ele-
ments, as well as the alignment structures. The size of the heater
structure is limited to widths of approximately 50 um. Next, four
layers of Ordyl SY550 are laminated onto the glass wafer using a desk-
top laminator at a temperature of 90-100 C. After lamination, the
DEFR is exposed with a mask aligner (MAG6; Siiss Microtec, Germany)
with a dose of 315 mJ cm ™~ 2 and then baked at 85 ‘C for 2 min on a
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Figure 4 Process flow for the lens frame. (a) Pt lift-off; (b) hot roll lamination; (c)
lithography; (d) DFR developing; (e) Si wafer with KOH wet etched cavities; (f) full
wafer bonding. DFR, dry film resist.
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hotplate to initiate crosslinking. The wafer is subsequently developed
in BMR developer for 5 min.

Figure 5a is a photograph of the fabricated glass wafer after lift-off
and DFR development. In Figure 5b, we see that, for each chip, the
DER forms a rectangular frame with 12 mmX 11 mm, microchannels

with dimensions of 25 mmX0.22 mmX0.25 mm and a circular cham-
ber for the optical liquid with a diameter of 3 mm. The ridges of the
outer Ordyl confinement have a width of 400 pm. To seal the air
chamber and channel structures, the Si wafer with the lens frames is

Figure 5 (a) Photograph of a glass wafer prepared for wafer bonding. (b) Detailed
view of the DFR structure showing a single chip cell. DFR, dry film resist.

Figure 6 Photograph of the etched Si wafer bonded with the glass wafer with an
intermediate dry film resist layer. The 4-inch wafer comprises 31 devices. A
detailed view of the device is presented in Figure 7.
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Figure 7 (a) Photograph of the back of the bonded Si lens chip with microfluidic
structures. (b) Photograph of the fully integrated lens device; the membrane is
sandwiched between the rectangular Si lens chip and the Ordyl structures
beneath.

bonded onto the Ordyl configuration and thus also bonds with the
narrow side ridges.

The silicon components are finished by standard silicon bulk micro-
machining. Three cavities of different sizes are etched into the Si cover
frame: the lens cavity of 5.85 mm5.85 mm, a liquid inlet opening of
1.1 mmX1.1 mm and an air vent of 1.5 mmX2 mm. These openings
are achieved by anisotropic KOH wet etching on the back of the Si
wafer. The two wafers are aligned and bonded together using the DFR
structure and a wafer bonder (SB6; Siiss Microtec, Germany) under a
pressure of 1400 mbar at 90 ‘C for 30 min.

Figure 6 shows the bonded stack with a total height of 1.22 mm,
consisting of a glass wafer, the internal fluidic structures with a thick-
ness of 220 pm and the Si wafer defining the lens frames. In the large

openings of the lens frames, DFR areas onto which the silicon lens
chips are later attached with the polyacrylate membrane in-between
are visible. As a final step, the wafer is diced to open the electrical
contact pads and separate the single lens elements.

FINAL ASSEMBLY AND LENS FILLING

In the final assembly step, the adhesive polyacrylate membrane is
attached to the bottom side of the silicon lens chip. This hybrid ele-
ment is positioned in the central large opening of the silicon frame and
bonded using the adhesive properties of the polyacrylate with slight
pressure on the accessible Ordyl structures in the opening. The open-
ing is 30 pm larger than the Silens chip. The original polyacrylate tape
(3M, VBH4905) has a thickness of 500 pm and poor optical perfor-
mance.'"'? To improve optical properties such as transparency and
microroughness, the tape is thinned to 50-100 pm. This is done by
inflating the tape, yielding a low and homogeneously distributed
stress.”"?

The assembled device is shown in Figure 7. To prevent liquid lea-
kage, an ultraviolet-curable epoxy is applied to permanently seal the
gap between the lens chip and the lens frame. The fluidic structure with
the microchannel connecting the air chamber with the optical cavity
can be clearly seen in the left panel of Figure 7.

In many designs, additional external pressure or vacuum must be
applied to allow filling of the liquid device."* However, in the present
work, low surface tension silicone oil was employed, resulting in a self-
filling procedure employing only capillary forces, which ensures a
bubble-free filling process of the microfluidic structures.'” The device
can thus be filled without using pressure tubes or vacuum.

12s

Figure 8 Due to capillary forces dominating the lens filling process with silicone oil, no air bubbles are trapped in the lens chamber. The photographs show the filling
over time using dyed (blue) silicone oil. At the top of each panel, the gradually enlarging semicircular liquid is caused by leakage of the silicone oil from the inlet of the

PMMA plate. The inlet is not visible. PMMA, poly(methyl methacrylate).
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To prevent silicone oil from entering the air chamber, a small drop-
let of the oil with a volume of 2.2 pL was injected using a micropipette
through the liquid inlet. The droplet completely fills the optical cham-
ber and creeps into the microchannel due to capillary forces. The
droplet volume is dimensioned such that three-fourths of the channel
length is filled. Because the forces are balanced, the filling stops auto-
matically when the droplet has been completely injected. After filling,
the inlet is sealed.

The filling process is demonstrated using a test device consisting of a
flat poly(methyl methacrylate) substrate with a fluidic inlet and a DFR
fluidic network patterned on a glass substrate; polyacrylate tape is used
to attach both parts together. To make the dynamic filling process
observable, the chamber is filled with blue-dyed silicone oil with a
viscosity of 50 cSt. The temporal development of the filling is depicted
in Figure 8. Again, no additional external pressure was applied from
the liquid inlet. Driven by capillary forces, the silicone oil automa-
tically flows from the inlet into the lens chamber and the microchannel
without trapping any air bubbles.

RESULTS AND DISCUSSION

BFL

The BFL was measured by determining the position of the circle of
least confusion, using a microscopic setup with collimated white light
in front of the tunable lens.'® By applying suitable voltages to the
heating unit of the lens, the BFL can be adjusted, as illustrated in
Figure 9. The relative temperature is measured using a sensor inte-
grated on the chip, which was calibrated by a high-accuracy Pt100
temperature sensor. Figure 9 shows the results of the BFL measure-
ment and the corresponding temperature, which was measured at
thermal equilibrium using commercial Pt100 temperature sensors,
both as a function of the power consumption. The plot indicates that
BFL can be tuned with good repeatability and that only minimal
hysteresis occurs between the heating and cooling ramps. Due to a
slight overlap of the error bars, the deviation between the curves might
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Figure 9 BFL and temperature of the lens with respect to power consumption of
the heater. The red and blue least-squares fits show the BFL behavior for heating
and cooling, respectively. The maximum hysteresis between both curves is
< 0.5 mm in back focal length and might be caused by different response times
of heating and cooling. The black line is a linear fit through the corresponding
temperature values, indicating the linear behavior of the temperature with power
consumption. BFL, back focal length.
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be negligible. The corresponding voltage range for this lens device was
below 7.5 V.

Modulation transfer function (MTF) and imaging

The dynamic tuning of the lens and the corresponding imaging quality
are shown in Figure 10, which presents four snapshots of an imaged
‘F’-structure at an object distance of 40 mm. The images are magnified
by an additional microscope objective. At zero voltage, the membrane
of thelens is flat and the recorded image from the CCD is the same size
as the object, under the magnification of the objective lens. After the
lens has been heated for 30 s with an electric power of 150 mW, a stable
magnified image is observed, as can be seen in the upper right panel of
Figure 10. To reduce the refractive power, the system must be cooled
passively, simply by switching off the power. The two lower panels in
Figure 10 are snapshots taken after 13 and 43 s of cooling, respectively.
The original image size is reached again after 43 s.

The BFL tuning demonstrates that the expected time constants are
on the order of tens of seconds. However, the lens is not intended for
applications that require tuning over a large BFL range, but rather for
focal length correction in an optical system with other, fixed-focus
elements. A suitable tuning range is between 5 and 20 mm, for which
time constants of several hundred milliseconds apply.

For a quantitative analysis of the image quality, the MTF of the
microlens was determined from the point spread function using the
same set-up.'® Figure 11 shows four different MTF curves measured at
different actuation states and the corresponding diffraction-limited
MTFs. At a reference contrast of 0.2, the cutoff frequency varies
between 46 and 75 lines mm ™' over the BFL tuning range from 5.3
to 11.5 mm. The best MTF performance is achieved at the largest BFL
of 11.5 mm (NA 0.09), which corresponds to 38 “C or an electric power
of 135 mW. With larger deformation of the lens membrane, the MTF
of the lens decreases. Basically, the MTF should increase with increas-
ing numerical aperture; however, aspherical deformations, which

Heating

Heating
&5 P 30s

Figure 10 Four snapshots demonstrating the tunability of the microlens, taken
during heating and cooling. An object with an ‘F’-structure is imaged at different
actuation states. After one thermal cycle, the original image occurs again (first
and last pictures). The dashed circle in the lower part of each photograph indi-
cates the position of the liquid/air interface.
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Figure 11 MTF curves of the microlens measured at different back focal lengths. The corresponding temperature and power consumption can be determined from
Figure 9. The best MTF performance is obtained at a back focal length of 11.5 mm. With increasing deformation of the membrane and decreasing back focal length,

MTF performance diminishes continuously. MTF, modulation transfer function.

cause aberrations, become increasingly prominent at shorter BFLs and
reduce the contrast. The MTF results agree well with the images in
Figure 10.

CONCLUSIONS

We introduce a novel approach for the fabrication of a fully integrated
thermo-pneumatic microlens. The experimental results demonstrate
that the BFL of the microlens can be tuned with high accuracy and
excellent repeatability due to a microfluidic network. The device features
several new and interesting properties: integration of the tunable lens
with a microfluidic channel, which connects the optical cavity with a
heated air reservoir without any movable mechanical parts; high-yield
wafer level processing; a small chip size (12 mmX12 mmX1.22 mm); a
variable lens size without changing the fabrication technology; and the
absence of liquid evaporation and convenient filling into the ultrathin
lens chamber without trapping air bubbles, using a polyacrylate mem-
brane and silicone oil. Another distinct advantage is the minimized
thermal cross-talk between the heated air chamber and the optical cavity
due to the symmetric design and use of air as the pumping medium.
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