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Microlens With Tunable Astigmatism

Sz-Yuan Lee, Wen-Chih Chen, Hsi-Wen Tung, and Weileun Fang

Abstract—A novel astigmatism-tunable microlens is re-
ported in this letter. This device is based on a thermal-actuated
current-controlled tunable polymer lens. The thermal deformation
as well as surface profile of polymer lens is tuned by tempera-
ture using the current induced Joule heating. The asymmetric
boundary condition is further applied on the silicon conducting
ring of the lens to invoke asymmetric deformation of the polymer
lens as well as astigmatic change of the polymer lens. To prove the
concept, the astigmatism-tunable polydimethylsiloxane lens has
been fabricated on the silicon-on-glass wafer. Astigmatism tuning
was demonstrated by change of astigmatic focal distance, from
1590 to 44 m, as input current increased from 0 to 30 mA. In
addition, aspect ratios of focal spot shape were varied from —20
to —1.3 and 16 to 1.22 with respect to anterior and posterior focal
points. This device provides a feasible solution to the dilemma of
astigmatic tuning capability and miniaturization. In summary,
the present device has the potential to act as a key component for
microelectromechanical systems-based aberration corrector or
laser focus-spot shaper.

Index Terms—Astigmatism, microelectromechanical systems,
polydimethylsiloxane (PDMS), polymer lens, tunable lens.

1. INTRODUCTION

STIGMATISM is a common aberration existing in most
optical systems. In most cases, the astigmatism of optical
systems can be fully compensated by adding a cylindrical lens
[1]1-[3]. The cylindrical lens can be easily miniaturized, how-
ever, its astigmatism cannot be tuned; and thus, customized op-
tical surface design or artificial refraction-index distribution is
required. Adaptive optics is a new approach to reduce astigma-
tism [4]-[6]. The adaptive optics corrector is not only recon-
figurable, but also eliminates other aberrations simultaneously.
However, the complicated fabrication process and complex con-
trol requirements significantly limit the potential applications
of adaptive-optical devices. Furthermore, it is difficult to minia-
turize the conventional adaptive optical devices to millimeter
scale or even smaller.
The compactness requirement in a modern optical system
leads to emerging needs of microoptical astigmatism gen-
erator/compensator. For example, in the application of a
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Fig. 1. Schematic of thermal tunable microlens. (a) Top view and (b) side view.

semiconductor laser (670-680 nm) de-astigmatism, typical
microlens provides 40-pum astigmatic focal distance (AFD)
[7]. Similar application for diode laser with a wavelength of
774 nm requires a correction lens of 83-um AFD [8]. For the
applications of optical communication, a correction microlens
is presented with focal lengths of 127 and 606 pm for an
unstable-resonator laser (wavelength 980 nm) [9]. In [10], com-
mercial polymer-material microastigmatic lenses, designed for
accommodating diode laser, optical fiber, and waveguide, are
fabricated with a focal length of 218 and 921 pm (wavelength
1550 nm).

Presently, none of the existing astigmatism compensation
scheme can simultaneously meet the requirements of minia-
turization and tuning capability. This study reports a new type
of micromachined polymer microlens having the two features.
The asymmetrical deformation of the polymer lens caused by
joule heating is employed to invoke tunable astigmatism. The
astigmatism control is simply via input current. Compared to
conventional astigmatic lenses, this design has advantages in
several aspects. 1) To our knowledge, it is the first microlens
with tunable astigmatism. 2) The device presented here pro-
vides AFD from 1590 to 44 pm (at wavelength 632.8 nm). The
wide range of AFD covering needs of versatile applications,
which is fulfilled by fix-AFD microlens presently. 3) It is a
pure solid structure and employs simple actuating principle. It
is the first tunable microlens relates to only a single state of
matter. This makes the device robust and reliable. Its control
is as easy as tuning input current. 4) The simple structure
makes the fabrication relatively easy and low cost. Further
more, it implies the device is suitable to integrate with other
microopticalelectromechanical systems devices.

II. DESIGN AND SIMULATION

The new device inherits operation principle and fabrication
processes from thermal-actuated focal-length tunable microlens
in [11]. Fig. 1(a) illustrates the design concept. The device con-
sists of polymer-lens [the discussions in this study were focused
on the polymer material of polydimethylsiloxane (PDMS)], sil-
icon conducting ring, and silicon heaters. The asymmetry aper-
ture in the new design is the main difference from the pure
focal-length tunable device. In Fig. 1(b), the applied current
heats the conducting ring and PDMS lens. Thus, the thermal ex-
pansion of PDMS confined by the silicon conducting ring will
lead to the deformation of PDMS-lens surface profile. In the
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Fig. 2. Simulation of lens profile change under temperature change of 100 °C.
(a) FEM model of PDMS lens and conducting ring; (b) contour plot of asym-
metric surface deflection; (c) deflection along x- and y-direction; and (d) lens
surface profiles before and after temperature change.

present design, the elliptical shape of the conducting-ring aper-
ture raises asymmetric boundary constraints on the PDMS lens.
Consequently, the deflection of the lens surface profile due to
thermal deformation is different along the x- and y-axes, and
meanwhile leads to different variations in radius of curvature
(ROC) of the lens surface profile along the x- and y-axes. As a
result, the astigmatism of the polymer lens can be easily tuned
by joule heating using the input current.

The thermal mechanical behavior of the device depicted in
Fig. 1 can be predicted by finite-element analysis. Fig. 2(a)
shows a typical finite-element method (FEM) model in this
study. To compare with the experiment results, the FEM model
established a silicon conducting ring with an outer radius of
200 pm and an elliptical aperture 150 ym long in semimajor
axis and 100 pum long in semiminor axis. In addition, the
radius and sag of the modeled PDMS lens were 200 and
100 pm, respectively. Fig. 2(b) shows a typical deformation
contour of lens surface (in the z-axis direction) while changing
temperature. It indicates that the thermal deformation of the
lens surface is strongly affected by the aperture shape of the
conducting ring. Fig. 2(c) quantitatively shows the deflection of
lens surface profiles along the x- and y-axes with a temperature
decrease of 100 °C. It resembles the case that a PDMS lens
was cured at 130 °C and cooled to room temperature. On the
other hand, as this lens heats from room temperature to curing
temperature, its surface profile will be deformed to the initial
curing condition. As indicated in Fig. 2(d), the lens surface
profiles along the x- and y-axes are initially identical at the
curing temperature, which means no astigmatism exists on-axis
incident light. As the temperature is decreased, the lens profile
along the x-axis has a larger deformation compared to that
of the y-axis. Hence, the ROC of the PDMS lens along the
x-axis is smaller than that along the y-axis, and further leads
to the occurrence of an astigmatism. Since the PDMS lens
is operated within its rubbery plateau region, the simulated
process is reversible. Therefore, the cooled lens depicted above
can be heated up again from ambient temperature to 130 °C;
the lens surface would restore to identical profile along the
x- and y-axes. Meanwhile, the astigmatism of the lens would
decrease to zero as temperature is increased.

A ray tracing optical software is employed to model the fo-
cusing effect of the astigmatic lens. The modeled lens contains
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Fig. 3. Simulated (a) anterior and (b) posterior focal spots with increasing
astigmatism for aperture radius of X/Y = 3/2. The AFD from left to right
are 0, 200, 500, 1000, and 1500 pm, respectively. (Wavelength = 632.8 nm).

Fig. 4. Typical fabricated devices. Asymmetric type tunable lens with aperture
radius of (a) X/Y = 200 pm/150 pm, (b) X/Y = 200 pm/75 pm. (c),
(d) Side view and top view of lens after PDMS dispensing.

an elliptical clear aperture of 150 um x 100 pm. Astigmatism is
simulated by shorting the ROC of the lens along the the x-axis.
Since the modeled lens has a shorter ROC along the X-direction,
the vertical-shaped focal spot appears first (i.e., anterior focus)
and then the horizontal-shaped focal spot (i.e., posterior focus).
The AFD is defined as the distance between these two orthog-
onal focuses. Figs. 3(a) and (b), respectively, show the simulated
anterior and posterior focal spot shapes for different AFD. The
aspect ratio of focal spot shape is defined as the quotient of focal
spot length along the x- and y-axes. The positive sign indicates
a length along the x-axis larger than the y-axis, and the negative
sign represents the reverse case. It shows that a larger astigma-
tism results in a higher aspect ratio (absolute value) of the focal
spot shape.

In summary, the simulations in Figs. 2 and 3 clearly show
that the joule heating by input current can change the PDMS
lens profile so as to further tune the AFD and aspect ratio of
focus spots. Hence, the lens can be used to adding astigmatism
to microoptical systems or adding counter-astigmatism to com-
pensate existing astigmatism of a microoptical system.

III. EXPERIMENT AND RESULTS

This study employed the process in [11] to fabricate the
present devices. Fig. 4 shows the typical fabrication results.
The scanning electron microscope (SEM) micrographs in
Fig. 4(a) and (b) clearly show the heaters and conducting
ring made of single crystal silicon. The heater has a length
of 2000 pm and a width of 20 pum. The outer radius of the
conducting ring is 300 um, and the elliptical apertures are
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Fig. 5. Measurement results of astigmatism versus input current at
wavelength = 632.8 nm. (a) Focal length of two focuses and AFD (negative
sign indicates that the anterior focal spot is vertical-shaped), and (b) aspect
ratio of focal spots changes with input current.

Fig. 6 Measured anterior and posterior focal spots at different driving current
of (a), (b) 0 mA, (c), (d) 15 mA, (d), (e) 25 mA, and (f), (g) 30 mA.

200 pm X 150 pm and 200 pm X 75 pm, respectively. Fur-
thermore, the conducting rings of various outer radii and
elliptical apertures have also been fabricated. The photos in
Fig. 4(c) and (d) show the SEM and optical micrographs of the
complete astigmatism tunable lens after PDMS dispensing.
The same optical measurement system in [11] was applied to
characterize the focal length of the microlens, and to observe
the focal spots as well. The tested device has a conducting ring
of 200-pm outer radius with an elliptical aperture of 150um x
100pm. In this experiment, the astigmatism variation is char-
acterized by AFD and the aspect ratio of the focal spot shape.
The measurement results in Fig. 5(a) show the variation of focal
length (at wavelength = 632.8 nm) with the input current. As
the current increases from 0 to 30 mA, the anterior focal length
(square dots) varies from 1307 to 993 um; the posterior focal
length (triangle dots) varies from 2897 to 1037 pm. Thus, as in-
dicated by the circle dots in Fig. 5(a), the absolute value of AFD
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is 1590 pm at O-mA input current. Since the PDMS lens was
curing at 130 °C, the lens has an astigmatism at ambient tem-
perature (20 °C). As the input current increases from 0 to 30 mA,
the absolute value of AFD decreases gradually to 44 ym, and ap-
proaches nearly to O pm. This implies the operating condition
is steadily approaching to curing temperature, and the astigma-
tism of PDMS-lens is gradually approaching zero. In addition,
as the input current increases from 0 to 30 mA, the measure-
ment results in Fig. 5(b) show the aspect ratio of anterior focus
spots changes from —20 to —1.3, and that of posterior focus
spots changes from 16 to 1.22. The measurement results agree
with the simulation predicted in Fig. 3 that large astigmatism
accompanies a higher aspect ratio (absolute value) focal spot
shape. Fig. 6 shows the corresponding anterior and posterior
focal spot shapes captured by the beam profiler in optical mea-
surement system at 0, 5, 15, and 30 mA, respectively. Similar
measurements were also performed on the light sources of dif-
ferent wavelengths. The AFD changes from 1576 to 43 um at
the wavelength of 532.18 nm, and from 1572 to 43 pm at the
wavelength of 473.06 nm.

IV. CONCLUSION

Astigmatism is one of the most common aberrations
in optical systems. It can be compensated for by adding
counter-astigmatism. However, there was not much of a suc-
cessful tunable astigmatism compensator, except the adaptive
optical system. This study has demonstrated a new approach
to successfully provide tunable astigmatism. The tuning of
astigmatism due to input current is verified by corresponding
variations of AFD and an aspect ratio of focal spot shape.
Compared to the existing adaptive optics approaches, it has
the following advantages: 1) easy fabrication and miniaturiza-
tion; 2) easy integration with other microoptical components;
3) astigmatism tuning mechanism is simple and reliable; and
4) low cost.
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