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MEMS-Based Miniature Optical Pickup
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Abstract—The technology challenges for miniature optical
pickups include high-numerical-aperture objective lens design,
servo actuator functions and performance, and component as-
sembly tolerance. In this paper, a microelectromechanical systems
(MEMS)-based miniature optical pickup is proposed for DVD
and blue disk systems. A high-order diffractive objective lens with
a continuous surface relief is designed. Focus, tilt, and tracking
servos are implanted with MEMS micro actuators. Preliminary
design and test results are presented.

Index Terms—Diffractive optical element, microelectromechan-
ical system (MEMS), micromirror, optical pickup.

I. INTRODUCTION

T RADITIONAL optical pickups are composed of discrete
optical and mechanical components. Various techniques

have been proposed to reduce the weight and volume and
simplify the assembly processes. However, devices based on
integrated optics [1] suffer from low optical efficiency and
focused spot quality due to waveguide coupling. Devices based
on stacking [2] are challenged with complicated assembly
processes. Recently, microelectromechanical systems (MEMS)
technology has been employed to make various electromechan-
ical components for fine servo controls for data storage systems.
Wu et al. demonstrated a pickup unit based on the free-space
microoptical bench technology [3]. Since light propagates
in free space in this platform, power loss and aberration due
to waveguides can be reduced. The entire optical system on
the chip can be fabricated using the microfabrication batch
processes. The assembly of various components can also be
simplified. Furthermore, it is possible to integrate control and
signal processing circuits on the chip to enhance its functions
and performance. Therefore, the proposed miniature pickup
is based on the free-space microoptical bench technology, as
shown schematically in Fig. 1.

The optical system of the proposed module is similar to the
traditional optical pickups. Light is delivered to the module by
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Fig. 1. Schematic of the MEMS-based optical pickup head.

an optical fiber with a micro lens on its end [4]. The laser diode
module can then be separated from the pickup module to re-
duce the weight of moving mass. As a first demonstration, the
three-beam tracking method will be used. Collimation, diffrac-
tion grating, and beam-splitting components are fabricated with
standard surface micromachining technology. A MEMS torsion
micromirror is used as the tracking servo. The focusing servo,
which is a surface micromachined actuator moving in the ver-
tical direction, is fabricated in another chip. Electrostatic actu-
ation is chosen due to its low power consumption and compat-
ibility of materials and control mechanism. On top of the ac-
tuator, the objective lens is made of thick polymer materials
such as AZ 4620 or SU-8. The two chips, as well as other align-
ment and spacing structures, are bonded together with flip-chip
bonding technology.

II. OPTICAL DESIGN

Fresnel lens has long been used as an alternative for very-
large-size refractive lens to reduce the system size and weight.
Pure diffractive or compound refractive–diffractive optical com-
ponents were also investigated for optical storage applications
[5]–[7]. In addition, the photolithography process for semicon-
ductor device fabrication has been successfully used in making
binary-type kinoform diffractive element. Therefore, an all-
diffractive-type optical system is proposed for the micro pickup.

As shown in Fig. 1, there are three main optical components
controlling the laser beam properties and the optical path,
namely the collimator, beam splitter, and objective lens. The
beam splitter is traditionally a binary grating, whose function
cannot be realized with a refractive element. Its efficiency can
be improved with a more sophisticated profile and more than
one phase step. It was shown that an equal-sided triangular
grating with quantized phase steps can achieve an overall
efficiency more than 96% for the desired intensity ratio of 10:1
between the central beam and the side beams.
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Fig. 2. Staircase-type Fresnel lens with varied phase step for collimator.

The collimation lens can be implemented with a staircase-
type Fresnel lens with varied step numbers in accordance to the
linewidth limitation of the photolithography process, especially
for the peripheral region of the lens. Fig. 2 shows a lens de-
signed with this concept, which still possesses an efficiency of
93% assuming a Gaussian distribution of intensity profile. Both
the collimator and the beam splitter can be integrated on a mi-
crooptical bench using the same manufacturing process.

The objective lens requests a high optical quality as it deter-
mines the size of the focal spot, hence the storage density. The
efficiency loss of a staircase-type pure diffractive element will
cause deterioration of focal-spot quality. Therefore, a contin-
uous surface relief is essential. A high-order diffractive objec-
tive lens with a continuous surface relief in each zone is pro-
posed so that the efficiency will be theoretically 100%. The
thickness is chosen in accordance with the process limitation
of photolithography, as well as the constructive interference of
diffracted light from all zones. Different from the traditional de-
sign process of mutliorder diffractive lens, the surface profile
of each zone is optimized separately for correcting geometrical
aberration and then combined together as a compound objective
lens. This approach led to an objective lens with a numerical
aperture (NA) of NA , a minimum zone width associ-
ated with the outmost zone of 16 m, and a focal spot of 1 m.
The size and weight are nearly one third of its refractive coun-
terpart. The spot profile, based on the simulation using the Ad-
vanced System Analysis Program (ASAP) with consideration of
the diffraction behavior, is shown in Fig. 3. The coma aberration
due to the wobbling of the disk with respect to the lens and the
dispersion of diffractive elements are important issues and will
be addressed in future development. As the multiorder diffrac-
tive lens has its aberration corrected zone by zone, the coma is
expected to be lower than that of a pure refractive one. The dis-
persion of the multiorder diffractive lens will not be as strong as
a pure diffractive one, as its refractive behavior still takes quite
a weighting. Yet, both issues are subject to investigation.

The continuous surface relief can be fabricated in thick pho-
toresist such as AZ 4620 using gray-scale photomasks such as
HEBS [8] or films [9]. The development characteristics curve of
the photoresist AZ4620 is shown in Fig. 4. With this character-
istics curve, the photomask is currently being designed.

Fig. 3. Diffractive focal spot of the proposed objective.

Fig. 4. Development characteristics curve of AZ 4620.

Fig. 5. Microfocusing stage design concept for the optical pickup head
(a) components and (b) piston and tilt motions.

III. FOCUSING ACTUATOR

Presently, various micromachined actuators have been em-
ployed to tune the tracking and focusing of the light beam of
optical pickup heads [10], [11]. This paper demonstrates a novel
microfocusing stage. As shown in Fig. 5(a), the microfocusing
stage consists of four parts: an out-of-plane actuator, a con-
necting joint, a through hole, and a focusing lens plate. Stress-in-
duced beams act as the self-assembly mechanism to lift up the
focusing lens plate, as well as the out-of-plane electrostatic ac-
tuator, after an electrode layer is deposited. Unlike the design in
[12], a through hole underneath the lens plate is allowed in this
case for the incident light beam. The position of the focusing
plate can be controlled by the stress-induced beams, as shown
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Fig. 6. (a) Microfocusing stage and (b) close-up of the sliding latch.

Fig. 7. Tip height of the stress beams with various beam length L.

in Fig. 5(b). The stage has a piston motion to adjust the focal
point of the lens. Moreover, it has a tilt motion, which can be
used to compensate the disk tilt errors.

The device is realized by a multiuser MEMS processes
(MUMPs)-like backside-etching process [13]. The fabricated
microfocusing stage is shown in Fig. 6. The lens plate was lifted
up for 23 m by the stress-induced beams. The black region in
Fig. 6(a) shows the backside-etched through hole. There are four
springs on each side of the lens plate. These springs were used
to anchor the lens plate on the substrate. Moreover, the restoring
force of the spring ensured the contact between the lens plate
and latch so that the backlash was prevented [Fig. 6(b)].

Fig. 7 shows the tip height of the stress beams versus the
driving voltage with three different beam lengths. The tilt angle
was also measured. Typical tilt angles ranged between 1 and
2 . By actuating different beams, the lens on top can be tilted to
compensate the relative tilt between the lens and the disk due to
disk rotation. The frequency response of this actuator showed
a flat response up to several kilohertz, which is much larger
than the traditional actuators. However, the stroke of the cur-
rent micro actuator is only several tens of micrometers. For real
applications, where the focusing servo should have a stroke of
about 1 mm, a two-stage system combining the MEMS device
and a traditional actuator is necessary. In this case, the tradi-
tional actuator is used for low-speed coarse focusing, and the

Fig. 8. Spot image at the distance: (a) and (b) shorter than focal length,
(c) equal to focal length, and (d) longer than focal length.

Fig. 9. Process flow of the microscanning mirror.

MEMS actuator is used for high-speed fine focusing and tilt
compensation.

A binary amplitude-type Fresnel lens was fabricated to
demonstrate the focusing functiion of this microstage. The
zone plate was fabricated using polysilicon and standard pho-
tolithography due to their readiness for process integration. A
650-nm laser beam was incident on the Fresnel lens from the
backside of the substrate and then focused on a microscope
objective lens. Thus, the spot size of the focusing beam and the
associated focusing depth were measured, as shown in Fig. 8. A
typical measured spot size was 4.8 m at , and focal depth
was 1054 m. The focused spot size of this binary lens is far
from optimized; a better designed phase-type lens, as discussed
previously, is being fabricated.

IV. TRACKING ACTUATOR

The MEMS-based electrostatic torsion micromirror has been
widely studied [14]–[16]. The main design issues for torsion
micromirrors include reflective area size, flatness, rotation
angle, driving voltage, resonant frequency, and bandwidth. In
this study, a scanning micromirror made in a silicon-on-insu-
lator (SOI) substrate was used as the tracking actuator due to
the flat reflecting surface and thicker and more rigid mechan-
ical structure. The process flow of the proposed SOI vertical
comb-drive micromirror is shown in Fig. 9. The vertical comb
consists of a stack of the deposited polysilicon layer as the
upper electrode, an insulation layer, and the device layer of
the SOI substrate as the lower electrode. The comb structure
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Fig. 10. Mechanical model of the rotation micromirror.

is defined by inductively coupled plasma reactive ion etching
(ICP RIE) processes and released by wet etching.

For mechanical analysis, the cross section of the vertical
comb drive is illustrated in Fig. 10, where is a constant
distance between the rotation axial and the comb finger tip, and

is the length of active comb finger. When a bias voltage is
applied to the rotor and stator fingers, the induced electrostatic
force produces a moment to the micromirror. In static
analysis, the following equation holds:

(1)

where is the torsion constant, is the rotation angle, is the
driving voltage, and is a function of and . For a single
pair of the comb drive, the moment applied by the comb
drive can be expressed as

(2)

where is the unit electrostatic function that can be ob-
tained from two-dimensional (2-D) simulation of single-pair
comb drive [17]. Since there are fingers in a set of stators,
the overall moment can be rewritten as

(3)

By using (1) and (3), the relation between rotation angle and
bias voltage can be obtained. Note that with 200-V bias voltage
and 0.1-V resolution, 0.96 maximum rotation angles
and 0.00048 rotation resolution can be achieved. In the present
design, upon the application of a coarse tuning bias voltage,
a voltage of 0.1 V is further applied to the fine-tuning stators
[16], which can reach a maximum fine-tuning rotation angle of

according to simulation. This will greatly enhance
the rotation resolution.

V. CONCLUSION

A miniature optical pickup based on surface microma-
chining, SOI micromachining, deep reactive ion etching, and
flip-chip bonding is proposed. Electrostatic MEMS actuators
are used for focusing and tracking servo actuators. A 0.6-NA
harmonic diffractive objective lens was designed with a spot
size approaching the diffraction limit. A microfocusing stage is
demonstrated. Further fabrication and testing are in progress.
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