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We will present some technologies and devices employed for the fabrication of tunable micro-optics. Tunable liquid lenses

and lens arrays as well as polymer membrane-based microlenses and scanning mirrors are of both academic and industrial

interest in this area.
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Optical tunability will open new vistas for optical MEMS. A

controlled change in the optical properties of lenses, mirrors

or filters to allow a tuning of focal length, position, lens cur-

vature or transmission wavelength will provide a new palette

of functionality for optical microsystems and enable a wide

spectrum of new applications.[1]  we discuss here two tech-

nologies which have proven to be technically relevant in this

area. These include liquid lenses and lens arrays, polymer

membrane-based micro-lenses and mirrors. We will outline

the device and system performance of these devices, with a

view to evaluate the potential for application of these tun-

able micro-optical components in optical microsystems.

The radius of liquid droplets on a planar substrate may

be changed by the application of an electric field between

the droplets and the surface, a phenomenon known as electro-

wetting. Since the droplets have a shape very closely approxi-

mating an ideal sphere, they may be used as plano-convex

lenses and are the basis for liquid micro-optics.[2] Using trans-

parent liquids with an appropriate refractive index thus al-

lows the fabrication of electrically tunable liquid lenses. By

appropriate configuration of the substrate and control

electronics, two-dimensional arrays of reconfigurable, tun-

able micro-lenses may be conceived.[3]

A single tunable liquid lens may be fabricated in a posi-

tioning structure which defines the horizontal position of the

lens and allows electrical contacting for tuning the focal

length. As seen in Fig.1, a cavity etched through a silicon

substrate may be used for this purpose. Typical aperture sizes,

defined by the size of the bottom opening of the etched

structure, vary between 300 μm and 800 μm and the total

       *     Antrag GZ398, Chinesisch-Deutsches Zentrum fu
..
r Wissenschaft-

              sfo
..

rderung,2006.

      **    E-mail: zappe@imtek.uni-freiburg.de

thickness of the structure is 1.525 mm. The smooth surfaces

of the KOH-etched silicon allow precise tuning of the lens,

since sticking to surface irregularities is minimized.

The focal length of the lenses incorporated into the cav-

ity may be changed electrically, and the results of focal length

measurements are shown in Fig.1(b). With an initial contact

Fig.1 (a) Liquid micro-lens system consisting of a lens

cavity fabricated in a silicon wafer using MEMS tech-

nology and filled with a high refractive index lens

liquid and a low refractive index surrounding liquid; (b)

variation of back focal length and power consumption

as a function of voltage for a 1 kHz ac driving voltage.
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angle of 96 , yielding a back focal length of 2.3 mm (V = 0),

the application of an ac voltage of 45 V results in a back

focal length of infinity, i.e. a planar surface. These measure-

ments were performed on a lens with an aperture of 300 μm.

The rms surface roughness was seen to be less than 3 nm,

such that this tunable lens system was seen to be diffraction

limited when operated at visible wavelengths. By measuring

the voltage and the current, as well as the phase angle, the

power consumption could be calculated and shown a maxi-

mum of about 2 mW when the bias led to an infinite focal

length.

Electro wetting also has been proven to be a useful ap-

proach for the manipulation of the position of liquid lenses.

A repositionable micro lens system in which the lenses can

be precisely positioned laterally, and also the focal length

tuned dynamically independent of the lens position on the

chip, has been demonstrated.

If a droplet positioning system requires a high position-

ing accuracy, a high spatial density of electrodes is also gen-

erally required. Since a high electrode number implies com-

plex and extensive control electronics, a design has been

developed which allows precise control of the position of

the liquid lens with a relatively coarse electrode pitch.[4] Us-

ing an etched surface grid, the application of a succession of

voltage pulses allows accurate positioning at various loca-

tions on a single electrode. After the droplet is moved to the

desired position, its focal length can then be tuned by apply-

ing a uniformly varying potential to all surrounding electrodes

under the droplet.

Using this approach, 600 μm diameter liquid lenses could

be arbitrarily positioned with an accuracy of 70 μm on a

patterned, transparent substrate, as seen in Fig.2. Once

brought into position, the lenses could subsequently be tuned

in focal length in the range of 3.7 to 5.5 mm. This concept is

presently being expanded to allow independent positioning

and tuning of multiple lens arrays on a single substrate.

Fig.2 A succesion of photographs showing the reposi-

tioning of a liquid lens along an electrode array from

top to bottom;the grid period defines the positioning

accuracy.

A tunable liquid lens may be also conceived using a com-

pletely different approach, namely that of a silicon-based

micro-fluidic cavity and a distensible PDMS-based mem-

brane defining the lens surface.[5] As shown schematically in

Fig.3, changing the pressure of the liquid in the cavity will

cause the membrane to expand, defining a spherical lens

surface. The membrane itself, with a thickness less than 50

μm, has no optical function and merely defines the shape of

the liquid volume, and the liquid itself is the lens medium.

With apertures ranging from 300 to 600 μm, these mi-

cro-lenses are tuned by pressure. By increasing the pressure

of the liquid in the cavity, the membrane expands, thereby

decreasing the radius of curvature of the spherical surface

and thus increasing its optical power. Using liquids with re-

fractive indices ranging from 1.35 to 1.6, application of pres-

sures up to 54 kPa results in focal lengths from 1 to 18 mm at

= 550 nm, and the minimum radius of curvature achievable

is about 0.2 mm. The elasticity of the membrane is such that

it may be expanded to a point corresponding to a half-sphere

on the substrate.

Fig.3 (a) Cross-sectional diagram of a membrane-

based micro-fluidic micro-lens;the cavity is liquid-filled

and variations in pressure tune the curvature and

hence the focal length of the lens ;(b) focal length of

400 m membrane lenses as a function of applied

pressure for two different liquid media:1:1 water/

ethanol and proprietary optical liquid.
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Due to the fact that the membrane is fixed to the surface

of a planar substrate, the distended membrane is not ideally

spherical over its entire diameter, but the optical aberrations

may be reduced by employing an aperture smaller than the

membrane diameter.

The variation of focal length of the tunable micro-lens

depends not only on the radius of the distended PDMS mem-

brane but also on the refractive index of the liquids employed

as the lens medium. The effect of refractive index is seen

clearly in Fig.3. The choice of liquid thus allows the user to

shift the tunable pressure range to correspond to the desired

range of focal length values.

These membrane-based tunable lenses may be tuned over

a wide range of positive and negative curvatures and thus

positive and negative focal lengths. Membrane-based optics

may be also expanded to cover a range of further tunable

micro-optical elements, in particular pneumatically-actuated

scan as well as tip-tilt micro-mirrors.[6, 7]

Tunable micro-lenses based on the concepts described

above are of considerable value in compact optical systems

with enhanced functionality and are being developed, for

example, for use in endoscopic optical coherence tomogra-

phy systems.[8] Numerous other technologies have become

relevant for tunable microoptics in general, particularly sili-

con-based opto-thermal filters[9] and polymer structures with

controlled swelling.[10, 11]

The author is indebted to Florian Krogmann, Riyaz Shaik,

Wolfgang Monch and Armin Werber of the Laboratory for
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