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Micromachining technology opens up many new opportunities
for optical and optoelectronic systems. It offers unprecedented
capabilities in extending the functionality of optical devices and the
miniaturization of optical systems. Movable structures, microactu-
ators, and microoptical elements can be monolithically integrated
on the same substrate using batch processing technologies. In this
paper, we review the recent advances in this fast-emerging field.
The basic bulk- and surface-micromachining technologies appli-
cable to optical systems are reviewed. The free-space microoptical
bench and the concept of optical prealignment are introduced.
Examples of micromachined optical devices are described, in-
cluding optical switches with low loss and high contract ratio,
low-cost modulators, micromechanical scanners, and theXY Z

micropositioners with large travel distance and fine positioning
accuracy. Monolithically integrated systems such as single-chip
optical disk pickup heads and a femtosecond autocorrelator have
also been demonstrated.

Keywords—Integrated optics, integrated optoelectronics, micro-
electromechanical devices, optical switches.

I. INTRODUCTION

The miniaturization and integration of electronics have
created a far-reaching technological revolution. The inven-
tion of integrated circuits not only allows a large number of
transistors to be fabricated on the same silicon chip but also
enables them to be interconnected into functional circuits.
Today, the optics is at the same stage that electronics
was a couple of decades ago: though high-performance
optoelectronic devices have been developed, most of the
optical systems are still assembled piece by piece. In 1969,
Miller proposed the concept of “integrated optics” [1], in
which he envisioned active optical devices interconnected
by optical waveguides, similar to the way transistors are
interconnected by wires in integrated circuits. Though there
has been significant development of waveguide-based inte-
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grated optics (also known as photonic integrated circuit),
many free-space optical systems cannot be integrated by
such technology. Free-space optics can perform optical
imaging and generate diffraction-limited focused spots, and
is widely used in optical display, data storage, switching,
and sensing systems.

The micromachining, or microelectromechanical systems
(MEMS) [2], technology has opened up many new possibil-
ities for free-space optical systems. Movable micromechan-
ical structures as well as precision optomechanical parts
can be made by micromachining—a batch-fabrication tech-
nology similar to the microfabrication process for making
very large scale integrated (VLSI) circuits. The movable
structures are attractive for optical applications because
small mechanical displacement can often produce physical
effects that are stronger than the conventional electrooptic
or free carrier effects. For example, a displacement of
one-quarter wavelength in an interferometer can produce
an ON/OFF switching. Many new optical devices and sys-
tems based on movable structures have been reported.
Compared with macroscale optomechanical devices, the
micromechanical devices are smaller, lighter, faster (higher
resonant frequencies), and more rugged. Very efficient light
modulators, switches, broadly tunable semiconductor lasers,
detectors, and filters can be realized by the optical MEMS
technology [3], [4]. The optical MEMS technology is
sometimes also called microoptoelectromechanical systems
(MOEMS) or microoptomechanical systems (MOMS). In
this paper, we will use these terms interchangeably.

Optics is an ideal application domain for the MEMS
technology: photons have no mass and are much easier
to actuate than other macroscale objects. Microactuators
with small force and medium travel distance are useful
for many optical applications. Packaging of optical MEMS
devices may also be easier than that of other MEMS devices
since optics provides a noncontact, nonintrusive access to
the MEMS devices. Its applications include projection and
head-mount display, optical data storage, printing, optical
scanners, switches, modulators, sensors, and packaging of
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Fig. 1. Schematic diagrams illustrating the profiles of anisotrop-
ically etched silicon substrates. (a) (100). (b) (110).

optoelectronic components. The marriage of optics and
MEMS has created a new class of microoptoelectromechan-
ical devices and integrated circuits that are more efficient
than macroscale devices.

II. M ICROMACHINING TECHNOLOGY FOR

OPTICAL APPLICATIONS

A. Bulk Micromachining

Bulk micromachining has long been employed to cre-
ate three-dimensional optomechanical structures on silicon
substrate for aligning optical fibers or forming microoptical
elements [5]. Single crystal silicon has excellent mechanical
properties, and silicon substrates with high purity are read-
ily available at low cost for semiconductor manufacturing.
Silicon can be machined precisely by anisotropic etchants,
whose etching rates depend on the crystallographic orien-
tations [5], [6]. The etching rate of anisotropic etchants,
such as ethylene diamine pyrocatechol (EDP), potassium
hydroxide (KOH), and tetramethylammonium hydroxide
(TMAH), is much slower in the <111> directions than
in the <100> and <110> directions. Selectivity, defined
as the ratio of the etch rates of the desired direction to
those of the undersized one, for such anisotropic etchants
can be higher than 100. This is a very powerful technique
to create three-dimensional optomechanical structures with
high precision.

Silicon V-grooves are now widely used in optical in-
struments and packaging of fiber and optoelectronic com-
ponents [7], [8]. They are created by anisotropic etching
of a (100) silicon substrate with stripe openings along the
<110> or <110> directions. The exposed {111} planes
form a 54.74 slope with the surface of the wafer, as

shown in Fig. 1(a). The depth of the V-groove can be
very well controlled by lithography because {111} planes
are effective stop-etching planes. Pyramidal-shaped holes
that are ideal for holding ball lenses can also be formed
by etching through square openings. These V-grooves and
the pyramidal-shaped holes form the basis of conventional
microoptical benches. As shown in Fig. 2(a), bulk optical
components are dropped onto the etched silicon substrates
and precisely positioned by holes of various geometry.
Vertical micromirrors can be formed by anisotropic etching
on a (110) silicon substrate [5], [6], as shown in Fig. 1(b).
The atomically smooth {111} planes are perpendicular to
the surface of the substrate and provide large-area, optical-
quality surfaces. The selectivity of {110} over {111} planes
is as high as 500 for some KOH solutions. Therefore,
high-aspect-ratio microstructures can be produced this way.
Micromirrors with 2- m thickness and 200-m height
have been reported [9]. These vertical micromirrors are
semitransparent and can be used as beam splitters. Fig. 2(b)
illustrates the optical circuits consisting of such thin mi-
cromirrors, including Fabry–P´erot and Michaelson interfer-
ometer [9]. In addition to the {111} stop etch planes, some
silicon etchants exhibit reduced etch rate in regions that
are heavily doped with boron, adding more flexibility in
defining the final shapes of the structures [5]. The boron
diffusion therefore can be utilized to pattern membranes,
suspended beams, or support beams for the vertical mirrors
etched on (110) silicon substrate [10].

The vertical micromirrors created by anisotropic etch-
ing of (110) silicon substrates are, however, orientation
dependent. Recently, there has been significant interest in
three-dimensional structures created by deep reactive ion
etching (DRIE) [11], [12]. DRIE allows etching of highly
anisotropic, randomly shaped and located features into a
single crystal silicon wafer, with only photoresist as an
etch mask. Fig. 3 shows the scanning electron micrograph
(SEM) of three-dimensional structures etched by DRIE
[12]. Though the etched surface is rougher than the wet
chemically etched (110) wafer, it is still smooth enough
for many micromirror applications. Marxeret al. [13]
and Juanet al. [14] have used the DRIE technique to
fabricate a vertical micromirror for fiber-optic switches. The
microactuators for the switch are also integrated through the
same DRIE process. The mirror roughness is estimated to
be 36 nm, which corresponds to a scattering loss of 6%
[13].

B. Surface Micromachining

In contrast to bulk micromachining, in which substrate
materials are removed to create three-dimensional struc-
tures, surface-micromachined structures are constructed en-
tirely from deposited thin films. Alternating layers ofstruc-
tural and sacrificial materials are deposited and patterned
on the substrate. The sacrificial materials can be selectively
removed by an etchant that attacks only the sacrificial
materials. Suspended beams, cantilevers, diaphragms, and
cavities can be made this way. The use of sacrificial
material to free micromechanical devices from the silicon
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Fig. 2. Silicon optical benches on silicon substrates. (a) (100) [7]. (b) (110) (after [9]).

substrate was first demonstrated by Nathansonet al. [15]
for fabricating a field effect transistor with a suspended
resonant gate. In 1983, Howe and Muller [16] described
the use of polysilicon as the structural material and silicon
dioxide as the sacrificial material. Because of the excellent
mechanical properties of polysilicon material and the high
selectivity of sacrificial etching with hydrofluoric acid,
this combination has become the most popular choice for
surface micromachining.

Fig. 4 illustrates the surface-micromachining process for
making cantilevers. This process requires one layer of
sacrificial material and one layer of structural material.
The complexity of the surface-micromachining process can
be quantified by the number of structural and sacrifi-
cial materials. With two structural polysilicon layers, free-
moving mechanical gears, springs, and sliders have been
demonstrated [17], [18]. Micromotors [19], [20] and other

microactuators were later demonstrated using similar fabri-
cation processes. One of the main features that distinguishes
the surface micromachining from the bulk micromachining
is that many different devices can be fabricated using a
common fabrication process. By changing the patterns on
the photomask layouts, different devices such as cantilever
resonators, sliders, micromotors, or comb drive actuators
are fabricated simultaneously on the same substrate. This
methodology is similar to that used in today’s VLSI circuits.
For this reason, the surface-micromachining process is often
referred to as an integrated circuit (IC) process or VLSI-
like process. Today, there already are two commercial
foundries offering such polysilicon surface-micromachining
processes.1 Some of these processes can also be integrated

1MEMS Technology Applications Center, Microelectronics Center at
North Carolina (MCNC), Research Triangle Park, NC, and Integrated Mi-
cro Electro Mechanical Systems, offered at Analog Devices, Cambridge,
MA.
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Fig. 3. The SEM micrograph of high-aspect-ratio structures cre-
ated by DRIE [12].

Fig. 4. Schematic of the fabrication process for surface-
micromachined cantilevers.

with complementary metal–oxide–semiconductor circuits
[21], [22]. Surface micromachining using other combina-
tions of structural/sacrificial materials has also been demon-
strated. For example, aluminum structure material and
organic sacrificial material are used in Texas Instruments’
digital micromirror devices (DMD’s) [23], which will be
discussed later.

C. Microhinges

Out-of-plane structures with high aspect ratios are often
needed for free-space optical systems. Though they can
be obtained by anisotropic etching or deep dry etching,
it is difficult to pattern their side walls, as often required
for free-space optical elements. In 1991, Pister and his
coworkers proposed using themicrohingesto fabricate a
variety of three-dimensional structures using the surface-
micromachining process [24]. This allows the surface-
micromachined polysilicon plates to be patterned by pho-
tolithography and then folded into three-dimensional struc-
tures. The schematic cross section and the fabrication
processes of the microhinge are illustrated in Fig. 5. It con-
sists of a hinge pin and a confining staple. After selective
etching of the sacrificial silicon dioxide, the polysilicon
plate connected to the hinge pin is free to rotate out

of the substrate plane and become perpendicular to the
substrate. It is also possible to achieve other angles for the
polysilicon plates. The microhinge technology allows the
three-dimensional structures to be monolithically integrated
with surface-micromachined actuators. It is particularly
useful for fabricating integrable free-space microoptical
elements, as will be shown in the next section.

In addition to the microhinges, alternative surface-
micromachining techniques have been proposed for
fabricating three-dimensional structures. The research
group at the University of Tokyo proposed to use
the “reshaping” technology to create complex three-
dimensional structures [25]. The basic concept is to
use thin flexure beams to connect polysilicon plates.
The beams are then buckled or twisted by integrated
microactuators to create the desired three-dimensional
structures. By passing current through the polysilicon beam
until plastic deformation, the three-dimensional structures
are permanently fixed. Other techniques have also been
proposed. Greenet al. proposed to use the surface tension
of molten solder to produce out-of-plane rotation [26].
Smelaet al. used active polymers for controlled folding of
microstructures in electrolyte liquid solution [27].

III. FREE-SPACE MICROOPTICAL BENCH

These surface-micromachining techniques have opened
up the possibility of monolithically integrating free-space
microoptical elements, micropositioners, and microactua-
tors on the same substrate. This new technology, called
free-space microoptical bench(FS-MOB), is illustrated in
Fig. 6 [28]. In free-space optical systems, photons propa-
gate between optical elements without being confined in
physical media. Normally, the free-space optical systems
are constructed on optical tables, with each optical element
mounted on an micropositioning stage for optical
alignment. With the micromachining technology, the optical
system can be miniaturized and batch fabricated on a silicon
substrate. Unlike the conventional systems, the optical ele-
ments can be integrally fabricated on translation or rotation
stages. Microactuators for moving the optical elements can
also be fabricated by the same micromachining process.

FS-MOB offers many advantages over conventional op-
tical systems. First, the FS-MOB is made by a VLSI-like
batch-fabrication process, which can significantly reduce
the system cost. Conventional optical systems often need
custom design and expensive assembly. Second, the optical
system can be miniaturized by the FS-MOB technology.
Many optical systems are limited by the sizes of mi-
cropositioning stages and optomechanical structures. Using
the MEMS structures and actuators in FS-MOB, the size
and weight of the optical systems can be greatly reduced.
Third, the entire optical system can be monolithically
integrated on a single chip. The use of out-of-plane optical
elements allows multiple elements to be cascaded along the
optical axes on the same substrate. Therefore, single-chip
microoptical systems can be achieved. Fourth, the optics in
FS-MOB can be “prealigned.” Since all the microoptical
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Fig. 5. Schematic of the fabrication process for surface-micromachined microhinges (after [24]).

Fig. 6. Schematic illustrating the concept of FS-MOB. Microoptical elements, micropositioners,
and microactuators are monolithically integrated on silicon substrate by surface micromachining.

elements and the optomechanical structures are made at
the same time by the photolithographic processes, they can
be aligned during layout of the photomasks. The accuracy
of the alignment is limited by the misalignment error of
photolithography and the mechanical clearance between the
movable structures, which is on the order of a micrometer.
Fine optical alignment ( 0.1 m) can be achieved by
on-chip microactuators. The integrated microactuators also
allow dynamic tracking of alignment. The optical pre-
alignment enables the “interconnections” between optical
elements to be fabricated at the same time as the optical
elements. This allows a functional optical system to be
monolithically integrated and aligned on a single chip.
This is similar to the concept of VLSI, in which the
interconnections between transistors are fabricated mono-
lithically. Combining the large number of transistors and the
monolithic interconnections, highly functional electronic
systems such as microprocessors have been produced.

FS-MOB represents a paradigm shift for the optical
systems. The conventional optical system is assembly in-

tensive. The optical elements are made separately and then
assembled into optical systems. FS-MOB resembles more
the VLSI systems: it is design intensive, and the same
standard process is used to fabricate different functional
circuits. It is based on batch processing techniques and is
more suitable for mass production. In the following, we
describe the basic building blocks of FS-MOB.

A. Diffractive Microlenses

Diffractive microlenses are very attractive for integrating
with FS-MOB because:

1) their focal length can be precisely defined by pho-
tolithography;

2) microlenses with a wide range of numerical apertures
(F/0.3–F/5) can be defined;

3) microlenses with diameters as small as a few tens of
micrometers can be made;

4) their thickness is on the order of an optical wave-
length [29]–[31].
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Fig. 7. (a) Schematic of a Fresnel zone plate. (b) Schematic of
a multiple-level binary microlens.

Fig. 8. Schematic of the out-of-plane micro-Fresnel lens fabri-
cated on a hinged polysilicon plate.

The thin construction is particularly suitable for the surface-
micromachining process because the thicknesses of the
structural layers are only on the order of 1m. Fig. 7 shows
the schematic diagram of two diffractive microlenses: (a)
Fresnel lens and (b) multiple-level binary microlens. The
binary-amplitude Fresnel zone plate has alternating trans-
mission and blocking zones. Though it is very easy to
fabricate, however, its efficiency (diffraction efficiency into
the first-order beam) is limited to 10%. The efficiency of a
binary microlens with phase levels is [29]

The efficiency increases with the number of phase levels at
the expense of more complicated fabrication processes. For
example, 41% for , 81% for , and

99% for . Fabrication of binary microlenses on
various substrates has already been demonstrated [29]–[31].
These microlenses are usually confined to the surface of
the substrates.

Microlenses with optical axes parallel to the substrate
are necessary for single-chip microoptical systems. This
is achieved by combining the conventional microoptics
technology with the surface-micromachined microhinges.
As shown in Fig. 8, the micro-Fresnel lens is fabricated on

Fig. 9. The assembly process for the three-dimensional mi-
cro-Fresnel lens.

Fig. 10. The SEM of the out-of-plane micro-Fresnel lens. The
lens has a diameter of 280�m, a focal length of 500�m, and an
optical axis of 254�m above the silicon substrate.

a hinged polysilicon plate [32], [33]. Since the polysilicon
plate lies on the surface of the substrate before assembly,
conventional planar fabrication technology can be used to
define the patterns of the Fresnel lens. After releasing etch,
the micro-Fresnel lens plate is rotated out of the substrate
plane and becomes perpendicular to the substrate. The
assembly process is illustrated in Fig. 9. To enhance the
mechanical strength and to more precisely define the angle
of the microlens, a pair of side support plates is added. The
side support plates are also made on polysilicon using the
microhinge technology. They have a V-shaped opening at
the top, followed by a long, narrow groove in the center.
When they are folded onto the microlens plate, the 2-m-
thick microlens plate is firmly locked into the 2.5-m-wide
groove. As will be shown later, the side support plates play
a critical role in the robustness of such three-dimensional
microstructures. The maximum angular variation of the
microlens depends on the geometry of the side support
plates. Angular variation of less than 0.1is achievable.
Fig. 10 shows the SEM micrograph of a micro-Fresnel lens
with a diameter of 280 m, a focal length of 500 m, and
an optical axis of 254 m above the silicon surface [33].
For simplicity, only a binary-amplitude Fresnel zone plate
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Fig. 11. The intensity profile and contour plot of the optical beam
emitted from an optical fiber and collimated by the micro-Fresnel
lens.

is demonstrated. Lenses as large as 650m and as tall as
1.4 mm also have been demonstrated [32].

The lens exhibits very good optical performance. The
output beam from a single-mode fiber is successfully
collimated by the lens [32]. Fig. 11 shows the intensity
profile of the collimated beam and the contour plot
of the intensity distribution. Very good agreement with
Gaussian shape is obtained. The intensity full-width-at-
half-maximum (FWHM) divergence angle of the collimated
beam has been reduced from 5.0to 0.33 . The diffraction
efficiency of the micro-Fresnel lens was measured to
be 8.6% using the method described by Rastaniet al.
[30]. This is in agreement with the theoretical limit of
the binary-amplitude Fresnel zone plate. As mentioned
earlier, efficiency greater than 80% can be achieved
by multilevel Fresnel lenses at the expense of more
complicated fabrication processes. Another potential issue
of fabricating diffractive optical elements on the surface-
micromachined polysilicon plates is the surface roughness.
The plates might need to be smoothened by chemical-
mechanical planarization, which can reduce the surface
roughness to 17Å [34]. Another alternative to achieve
high efficiency is to use a refractive lens, as described in
the next section.

B. Refractive Microlenses

The refractive microlenses are complementary to the
diffractive microlenses. They offer several advantages over

Fig. 12. Schematic of an out-of-plane refractive microlens.

diffractive optical elements. Their focal length is indepen-
dent of the optical wavelength (except a weak dependence
due to the dispersion of the lens material). It is also easier
to make fast refractive microlenses without tight critical
dimension control. Refractive microlenses do not suffer
from diffraction loss, and it is easier to make a high-
efficiency lens at low cost. In contrast, high-efficiency
diffractive microlenses need multiple critical lithography
steps.

Fabrication of a planar refractive microlens array
on semiconductor and dielectric substrates has been
demonstrated using photoresist/polyimide reflow techniques
[35]–[38]. The lens pattern can also be transferred to
substrate through reactive ion etching or ion milling. Here,
we combine the planar refractive microlens fabrication with
the surface-micromachining process to create low-cost,
high-quality out-of-plane refractive microlenses. Fig. 12
shows the schematic drawing of the out-of-plane refractive
spherical lens [39]. One potential issue for such microlenses
is the scattering loss of the supporting polysilicon plate.
The scattering loss is related to the surface roughness by
[13], [40]

where is the percentage of the scattering loss,is the
root-mean-square roughness of the polysilicon surface,
is the incident angle, and is the optical wavelength.
The surface roughness of as-grown polysilicon is on the
order of 45 nm (the exact value depends on the deposition
condition), and the corresponding scattering loss is 17% per
interface at 1300-nm wavelength. There are two approaches
to reducing the scattering loss. The first is to smooth the
surface by chemical-mechanical planarization (CMP). The
surface roughness can be reduced to 1.7 nm, which will
improve the scattering loss to 0.02%. Both surfaces need
to be polished for a transmission device, however, and it is
difficult to polish the bottom side of the polysilicon plate.
Alternatively, we can remove the polysilicon material at
the center of the lens, which forms an aperture for the
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Fig. 13. The fabrication process for the three-dimensional refrac-
tive microlens. The microlens is fabricated on a hinged polysilicon
plate by the reflow technique.

Fig. 14. The surface profile of the microlens. The lens is 30�m
thick at center and 300�m in diameter.

microlens. The scattering as well as reflection loss of the
polysilicon plate are thus eliminated. We have adopted the
second approach here.

The fabrication process is illustrated in Fig. 13 [39]. First,
a lens mount is fabricated using the surface-micromachining
technique. This process is similar to that of the micro-
Fresnel lens except that an aperture is etched in the center
of the polysilicon plate. Before releasing, a 20-m-thick
AZ 4620 photoresist cylinder is deposited on the hinged
polysilicon plate. The lens is realized by heating the pho-
toresist cylinder to 200C, causing the photoresist to reflow
into a spherical shape. Fig. 14 shows the surface profile
of the reflowed photoresist. The lens is 30m thick at
center, and the maximum deviation from spherical is less
than 0.5 m to within 5 m of the edges. The resulting
lens has a diameter of 300m and a focal length of
670 m. Refractive microlenses with an F-number ranging
from one to five and diameters from 30 to more than 500

m can be made by this technique. The microlens can be
made vertical to the substrate by rotating the supporting
polysilicon plate after the reflow processes. Fig. 15 shows
the SEM micrographs of both the front and back sides of the
microlens. The back-side view clearly shows the aperture of
the microlens. The optical loss of the microlens is measured

Fig. 15. SEM micrographs of the front and back sides of the
three-dimensional refractive microlens. The aperture of the mi-
crolens is clearly visible from the backside.

to be 0.7 dB at 632-nm wavelength. Lower loss is expected
at longer wavelengths. The optical axis of the microlenses
is fixed to the same height as the rest of the FS-MOB by
photolithography. Therefore, the refractive microlens can be
aligned to other optical elements to within the fabrication
tolerance.

Very good optical performance has been achieved for the
refractive microlens. The divergence angle of the light emit-
ted from a single-mode fiber at 630 nm has been reduced
from 3.3 to 0.18 after it is collimated by the refractive
microlens. The intensity contour of the collimated beam is
also very symmetric, as shown in Fig. 16, indicating the
high quality of the spherical microlens.

C. Micropositioners

As described in [17] and [18], various types of movable
structures can be made by the surface-micromachining
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Fig. 16. The intensity contour of the optical beam collimated by
the spherical microlens.

Fig. 17. Surface-micromachined translation stage with (a) flexure
springs and (b) sliding guides.

technique. A linear translation stage and rotation stage can
be built in a similar way on FS-MOB. The microlenses
and other out-of-plane microoptical elements can be inte-
grated with translation and rotation stages by attaching the
microhinges to a movable polysilicon plate. The movable
stage consists of a fully released polysilicon plate that is
attached or confined to the substrate by either 1) flexure
springs or 2) sliding guides. Fig. 17 illustrates these two
types of micropositioners. The spring-attached stage is more
accurate; however, it has limited travel distance. The spring
restoring force also needs to be constantly balanced by
the actuators. The sliding type of stage has a long travel
distance. Since there is no restoring force, the friction
between the stage and the substrate or the sliding guides can
hold the stage in place without any power consumption. On
the other hand, the finite clearance between the stage and
the sliding guides may cause some statistical variation and
hysteresis. These two types of stages are complementary.

To integrate the microoptical elements on translation
stages, the microoptics plate now needs to be constructed
on the second polysilicon layer and connected to the
microhinges defined on the first polysilicon layer. The bases
of the spring latched and staples are now connected to the
movable plate on the first polysilicon layer instead of the
substrate. Fig. 18 shows the SEM micrograph of a three-
dimensional micrograting integrated on a rotation stage
[41]. The stage in the SEM has been rotated by 20. The
rotary grating has been employed to build an integrated-
wavelength meter for a single-wavelength laser [42] and
microspectrometer [43].

D. Microactuators

Perhaps the most interesting feature of micromachined
optics is the ability to integrate microactuators with the

Fig. 18. SEM micrograph of a three-dimensional micrograting
integrated on a rotation stage.

optical elements. Many new surface-micromachined mi-
croactuators have been proposed and demonstrated since
the invention of micromotors. It is beyond the scope of this
paper to have a complete review of these microactuators.
Here, we will describe only a selected set of microactuators
that are particularly useful for optical applications. Fig. 19
shows the schematic drawing of these actuators.

1) Comb Drive Actuator [44], [45]: The comb drive is
actuated by electrostatic force between a pair of movable
combs and fixed combs, as shown in Fig. 19(a). When
a voltage is applied, the movable comb is attracted to
the stationary comb. The position of the movable comb
can thus be controlled by voltage. This is perhaps by far
the most popular surface-micromachined actuator. Typical
surface-micromachined polysilicon comb drive actuators
can produce micronewtons of force and a few micrometers
of displacement. The comb drive actuators have been
employed to drive optical choppers [46] and bar-code
scanners [47]. Another electrostatic actuator is gap-closing
actuators [48], [49]. They have larger force but smaller
displacement.

2) Linear Microvibromotor [50], [51]: Impact actuation
can be used to obtain relatively large motion from small-
displacement resonant structures such as comb drive
actuators. The linear microvibromotor shown in Fig. 19(b)
consists of two 45 resonant comb drives, two 45
resonant comb drives, and a slider. Upon each impact from
the comb drives, the slider moves by an average step size
of 0.27 m [51]. The standard deviation of the step size is
relatively large (0.17 m) due to the impact actuation and
wobble of the slider. The position and speed of the slider
can be controlled by adjusting the number of impacts. A
maximum speed of 1 mm/s has been achieved. The linear
microvibromotor has been used to actuate a slide-tilt mirror
for alignment for optical beams for fiber coupling [52].

3) Stepper Motor: In addition to impact actuation, the
long travel distance of the slider can also be achieved by the
“hold-and-pull” actuation [53], [54]. A large-force, small-
displacement actuator, such as the gap-closing actuator, first
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(d) (e) (f)

Fig. 19. Schematic of microactuators commonly used in surface-micromachined optical systems.
(a) Comb drive actuator [44], [45]. (b) Linear microvibromotor [50], [51]. (c) Stepper motor [53],
[54]. (d) Microengine [55], [56]. (e) Scratch drive actuator [59], [60]. (f) Thermal actuator [65], [66].

contacts and holds the slider. Then an orthogonal actuator
connected to the first actuator pulls the slider forward by 2

m. The actuator arrays can be on both sides of the slider
for alternating “hold-and-pull” actuation, as illustrated in
Fig. 19(c).

4) Microengine [55], [56]: Sandia National Laboratory,
NM, has demonstrated a microengine that utilizes two
orthogonal actuator arrays to drive a rotating output gear
[Fig. 19(d)]. Its principle is similar to two orthogonal
pistons connected to a crankshaft in an internal combustion
engine. The output gear could then be coupled to other gears
for delivering the drive power. The microengine is capable
of very high angular speed (up to millions of revolutions per
minute) and has been applied to drive optical shutters [57]
and other optical components and micropositioners [58].

5) Scratch Drive Actuator (SDA) [59], [60]:The SDA
consists of a polysilicon plate with a vertical bushing, as
shown in Fig. 19(e). It is actuated by applying pulses of
electric bias between the polysilicon plate and a bottom
electrode separated by an insulating layer. When the bias
is applied, the polysilicon plate is first deformed by the
electrostatic force. During the downward motion, the
bushing is squeezed out by a small step. Upon releasing
of the bias, the friction at the front bushing is larger than
the friction at the back side of the plate. Therefore, the
SDA moves forward by a small step. The average step size
is extremely fine: 20–30 nm. By applying a continuous
pulse train, the SDA becomes like a stepper motor except
that the step size is much finer. The SDA is ideal for
positioning optical elements that require accuracy below

0.1 m. Though the step size is small, the SDA can be
actuated at very high frequency. By using a 50-kHz pulse
train to bias the SDA, we have achieved a linear speed of 3
mm/s. The SDA has been used to actuate a buckling beam
vertical actuator [60], two-dimensional translation
stage [61] and self-assembled three-dimensional
stage [62], optical switches [63], and a variable optical
delay line [64].

6) Thermal Actuator [65], [66]: Thermal expansion is a
strong force, but a single-material actuator based solely on
the thermal expansion of a beam usually has very small
deflection. By combining a “hot” arm and a “cold” arm in
a U-shaped geometry, the deflection is greatly amplified.
The arms are joined at the free end, which constrains the
actuators to move laterally toward the cold arm. Deflection
up to 16 m and force of 4.4 N have been obtained
for the polysilicon thermal actuators at 10 mW driving
power. The area is also very compact (20 200

m) compared with comb drive actuators. The polysilicon
thermal actuator has been demonstrated to drive stepper
motors and linear motors, as well as to assemble the three-
dimensional structures [67].

E. Actuated Micro- Stages

The stages are the most important micropositioners
in free-space optical systems for optical alignment. Optical
alignment is achieved by either moving the optical beams
or moving the optical elements. The former can be attained
by optical beam-steering devices, while the latter requires

stages.
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(a)

(b)

Fig. 20. (a) Schematic of vertical beam-shifting device. (b)
Schematic of three-dimensional beam-steering device.

Fig. 20(a) illustrates a parallel beam-shifting device,
which translates the optical beams in the lateral directions
[68]. It consists of two 45 mirrors. By adjusting the
spacing of the two 45mirrors, the position of the optical
beam is varied without changing the beam direction. This is
useful for matching heights of the optical axes in free-space
optical systems. This device can translate optical beams
in either in-plane (horizontal) or out-of-plane (vertical)
directions. By combining two 45mirrors in orthogonal
directions, as shown in Fig. 20(b), two-dimensional optical
beam steering can be achieved [69]. By moving the lower
45 mirror, the optical beam is shifted in the horizontal
direction. If the upper 45 mirror is moved, the optical
beam is shifted in the vertical direction. This configuration
is particularly suitable for surface-micromachined devices
since only in-plane actuators are needed. The out-of-plane
optical beam translation is achieved without using out-of-
plane actuators. Three-dimensional optical beam alignment
can be achieved by mounting the optical elements on a
third translation stage that moves along the direction of
the optical axis. The SEM micrograph of such a three-
dimensional optical beam-steering device is shown in
Fig. 21 [69]. Two-dimensional positioning of the optical
beams as well as focusing/defocusing of an optical beam
emitted from a single-mode fiber have been experimentally
demonstrated, as shown in Fig. 22.

Another type of beam steering employs an angular scan-
ning device. Fig. 23 illustrates a tilting/sliding mirror for
two-dimensional optical alignment [52]. It consists of four
polysilicon plates joined by microhinges. The micromirror
plate can be tilted by moving either the front or the back

Fig. 21. SEM micrograph of the three-dimensional beam-steering
device.

Fig. 22. Two-dimensional scanning and focusing/defocusing of
the optical beams using the three-dimensional beam-steering de-
vice.

sliding plates; it can also be translated by moving both
sliding plates in the same direction. If the optical beam
is incident at a 45 angle, horizontal beam shifting and
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Fig. 23. A surface-micromachined sliding/tilting mirror. When
the optical beam is incident at 45�, two-dimensional alignment
can be achieved [52].

vertical beam scanning are achieved. The research group
at the University of California, Berkeley, has used such a
device for active alignment in semiconductor laser-to-fiber
coupling. A coupling efficiency of 40% has been achieved
[52].

In contrast to the beam-steering device, the mi-
cropositioning stages can physically move the optical el-
ements in three directions. They are widely used in free-
space optical systems. However, implementation of such

stages with large travel distance and submicron accu-
racy is very challenging using the surface-micromachining
technology. Cornell University has demonstrated a nano-

stage for a scanning atomic force microscope using
two sets of orthogonal comb drive actuators for
stages and an out-of-plane torsion-stage [70]; the travel
distance, however, is limited to below a few micrometers.
A two-dimensional -stage was recently demonstrated
by Langlet et al. at the University of Tokyo [61]. A
suspended polysilicon plate is connected to the substrate
through four flexure beams. The polysilicon plate is moved
by four separate SDA’s in the and directions.
Displacement over 40 m has been demonstrated in all
in-plane directions.

Vertical displacement is more difficult to achieve for
surface-micromachined structures. Vertical comb drive has
been demonstrated [71], but the displacement is limited to
below 10 m. Buckling beams have also been proposed
for large out-of-plane displacement, but the vertical dis-
placement is coupled with horizontal motion [60]. Recently,
at the University of California, Los Angeles (UCLA), we
have demonstrated a novel self-assembled vertical stage
that can achieve large displacement with fine resolution
[62]. The structure is shown in Fig. 24. It consists of five
surface-micromachined polysilicon plates. The center plate
is connected to four side support plates through precision
microhinges. Each support plate is in turn connected to
a microactuator array. Here, the SDA is chosen for this
application because it can produce large displacement with
fine step resolution [60]. The principle of operation for
this vertical stage is shown in Fig. 25. To raise the center
platform, the SDA’s move in the opposite directions at

Fig. 24. SEM of a self-assembled vertical translation stage fabri-
cated by surface micromachining. Four micro-Fresnel lenses have
been integrated on the center platform. It has a large travel distance
(> 250 �m) and fine step size (30 nm).

the same speed. Due to the motion amplification of this
structure, very large vertical displacement (250m) is
achieved by moving the SDA’s by only 110m. In the
structure shown in Fig. 24, a micro-Fresnel lens array is
monolithically integrated on the center polysilicon plate.
Focusing and defocusing of surface-normal optical beams
have been experimentally demonstrated using the vertical
stage. It can also be made to accommodate external optical
elements such as ball lenses [72]. The vertical stage can
be generalized to a full stage with three degrees
of freedom by incorporating sliding joints between the
side support plates and the microactuators [62]. Large
displacements in all three axes (120 m) and fine step
resolution (27 nm) have been experimentally demonstrated.
Another unique feature of such an stage is that it is
completely self-assembled by applying electrical bias only.
No manual assembly is required, which can greatly reduce
the system cost. This will be discussed further in a later
section.

IV. M ICROOPTICAL SYSTEMS

A. Optical-Disk Pickup Head

A single-chip optical-disk pickup head has been realized
by FS-MOB technology [73]. The pickup head consists of a
semiconductor laser source (hybrid integrated with the help
of three-dimensional alignment plates), three micro-Fresnel
lenses, a beam splitter, and two 45mirrors (Fig. 26).
All the optical elements have been prealigned during the
design stage. The optical beam emitted by the laser is first
collimated by the first microlens. After passing through the
beam splitter, it is focused by the second microlens onto the
optical disk. The 45mirror bends the optical beam upward
so packaging of the pickup head chip is easier. The return
light is collected by the same microlens, reflected by the
beam splitter, and focused onto the photodetectors on the
silicon substrate. The optical performance of the optical
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Fig. 25. Schematic illustrating the principle of the self-assembled vertical stage.

Fig. 26. SEM micrograph of the monolithic optical-disk pickup head. (Photograph by David
Scharf.)

pickup head is characterized by the beam profiles at the
focal plane and the detector plane, as shown in Fig. 27. For
the current demonstration using a 980-nm laser source and
the focusing lens with numerical aperture (NA) of 0.17, an
FWHM focused spot size of 1.8m has been obtained. The
spot size can be reduced by employing a shorter wavelength
laser and a focusing lens with higher NA.

The monolithic optical-disk pickup head includes the
following advantages.

1) Weight reduction:The monolithic head is about a
thousand times lighter than the conventional heads.
Lighter weight allows the head to be accelerated
and decelerated much more quickly and can greatly
reduce the seek time of optical data storage systems.

2) Miniaturization: The size of the pickup head is also
dramatically reduced. This opens up the possibility
of multiple READ/WRITE heads for the same disk,
which can increase the data transfer rate and further
reduce the seek time.

3) Low cost: The monolithic head is fabricated by a
VLSI-like batch fabrication process, potentially at
very low cost.

4) Possible on-chip actuation:Because the optical disks
are removable media, the position and height of
the optical head need to be constantly adjusted to
maintain focusing and tracking. The tracking function
potentially could be integrated on the chip of the
pickup head. For example, the 45upward mirror
can be made into a scanning torsion mirror, which
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Fig. 27. The profile of the optical beam focused on the surface of the disk and on the photodetector
plane.

can scan the focused beam across the tracks of the
optical disks.

B. Femtosecond Autocorrelator

Another example of a single-chip microoptical system is
the monolithic femtosecond autocorrelator. The autocorre-
lator is an optical instrument for measuring the duration
of ultrashort optical pulses with femtosecond resolution. It
consists of an interferometer with a variable delay arm and
a nonlinear detector. In principle, the autocorrelator can be
made very compact because one femtosecond corresponds
to a distance of 0.3 m. In reality, it is limited by the
size of bulk optics, micromechanical stages, and motors,
and typical autocorrelators are larger than the size of a
shoebox. With FS-MOB, it is possible to monolithically
integrate the autocorrelator on a single chip. The SEM
micrograph of the autocorrelator is shown in Fig. 28 [64].
It consists of a microactuated translation stage, two beam
splitters, and six micromirrors integrated on an Si chip with
an area of 4 4.5 mm . All the microoptical elements are
built monolithically on the Si substrate, with their optical
axes parallel to the substrate. A collinear configuration is
employed for the first demonstration. Since the FS-MOB
can be prealigned during layout of the photomasks, the
two optical path lengths are balanced to almost zero initial
differential delay. The two beams combine collinearly at
the output beam splitter. The variable delay line comprises
a two-mirror retroreflector and a microactuated translation
stage. It is driven by the SDA’s discussed earlier. They
have a large travel distance and a fine step size of 27
nm, which corresponds to a temporal resolution of 0.18
fs. We have employed a two-photon-absorption (TPA)
photodiode as the nonlinear detector. The semiconductor
photodiode can potentially be integrated on the Si substrate.
A silicon photodiode can be used for TPA for wavelengths
of 1.1–2.2 m, which covers the spectrum used for fiber

communications. Here, we use an InGaP photodiode for
detecting the 860-nm femtosecond pulses generated by the
Ti:Sapphire laser. The experimental autocorrelation results
obtained from the micromachined autocorrelators with TPA
photodiode and the conventional autocorrelator with non-
linear crystal are shown in Fig. 29(a) and (b), respectively.
Very good agreement has been obtained. The speed of SDA
ranges from micrometers/second to 3 mm/s. Therefore, the
time required for completing one autocorrelation trace (scan
over 1 ps) can be as short as 0.1 s.

C. Fiber-Optic Switches

Free-space fiber-optic switches offer many advantages
over conventional waveguide switches. They have lower
coupling loss and much smaller cross talk, and are inde-
pendent of wavelength, polarization, and data format. Both
the surface-micromachining and the bulk-micromachining
techniques have been used to fabricate fiber-optic switches.
A bulk-micromachined 2 2 fiber-optic switch was re-
ported by AT&T Bell Laboratories in 1992 [74]. A (110)
silicon wafer is anisotropically etched by EDP to create
smooth vertical micromirrors. Very high reflectivity (
97%) has been achieved for these single crystalline mirrors
when coated with Ti/Pt/Au coating. A separate (100) silicon
substrate is chemically etched to create four V-grooves and
pyramidal holes for aligning fibers and ball lenses. The
two wafers are then joined together manually, and external
actuators are employed. An insertion loss of 0.7 dB and a
switching time of less than 10 ms have been obtained. This
switch still requires substantial assembly, however, and the
potential cost is high. In the following, we will describe the
recent progress in micromachined fiber-optic switches.

1) Surface-Micromachined Fiber-Optic Switches:Under
the support of the Defense Advance Research Project
Agency, UCLA and the Rockwell Science Center have
been investigating manufacturable, low-cost fiber-optic
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Fig. 28. The schematic and SEM of the femtosecond autocorrelator.

Fig. 29. Experimental autocorrelation traces. (a) Measured by the MEMS autocorrelator with
a TPA photodetector. (b) Measured by the conventional autocorrelator with second harmonic
generation crystal.

switches using surface-micromachining technologies since
1994 [75]. Surface micromachining offers greater flexibility
since it can monolithically integrate various types of three-
dimensional microoptical elements with microactuators.
The schematic diagram of the switch is shown in Fig. 30.
It consists of a movable three-dimensional micromirror,
four fiber guiding rails, and microacuators. Depending on
the mirror position, light emitted from the input fiber is
either transmitted to the opposite fiber or reflected to the
orthogonal fiber. By keeping the distance between fibers
short, it is possible to achieve low insertion loss without
external lenses. For multimode fibers with higher numerical
aperture, a semispherical fiber lens can be used to reduce
the diffraction loss and to increase the working distance.
The mirror is actuated by the SDA microactuators. Instead
of using two actuators to move the mirror back and forth,
we employ a mechanical flexure spring to pull the SDA

back to the center position. This is necessary for the “fail-
safe” requirement, i.e., the switch must always return to the
bypass state during power failure. Since the SDA force is
larger than the spring force, the mirror is moved away by
the SDA’s when an ac electrical pulse train is applied to the
SDA’s. The mirror can be maintained at the off-centered
position by applying a dc bias to hold the SDA’s to the
substrate. When the dc voltage is released, or when power
failure occurs, the mirror will return to the center position
by the spring force. This 2 2 has been fabricated by the
three-polysilicon-layer surface-micromachining technology
offered at MCNC. The SEM micrograph of the switch is
shown in Fig. 31 [63].

The optical performance of the switch has been character-
ized using four multimode optical fibers with 62.5-m core
diameters. The fiber-to-fiber spacing is 80m, and the fiber
tip has been melted to form hemispherical microlenses. The
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Fig. 30. Schematic of the surface-micromachined fiber-optic
switch with a movable micromirror.

Fig. 31. SEM micrograph of the fiber-optic switch with a mov-
able micromirror.

insertion losses have been characterized to be 1.3 and 1.9
dB for the transmission and reflection modes, respectively.
These include the Fresnel loss of the uncoated fibers, which
is about 0.4 dB. With further optimization, insertion loss
below 1 dB could be achieved. The additional loss of the
reflection mode is attributed to the reflectivity of the Au-
coated polysilicon mirror ( 87%). Higher reflectivity can
be obtained by smoothening the surface by the CMP process
[34]. The switching time has also been characterized: a
switching time of 15 ms is obtained when the SDA is biased
at a peak voltage of 100 V at 30 kHz; the mirror returns to
the center position in 6 ms when the bias is released.

One of the important, though maybe counterintuitive,
advantages of the MEMS fiber-optic switches is their
ruggedness against vibration or shocks. Because the inertia
force is proportional to the cubic power of linear dimensions
(same as the mass), whereas the actuating force is propor-
tional to the linear dimension (for electrostatic force), the
inertia force becomes negligible when the device dimension
is scaled down to the range of 100m [76]. To investigate
the robustness of the switch against external vibrations
experimentally, we have also performed anin situ vibration

test when the switch is in operation at Rockwell Science
Center. In particular, quantitative measurement in terms of
the data bit error rate (BER) has been obtained [63]. For a
data rate of 100 Mb/s, error-free operation up to three hours
has been obtained for vibrations up to 89 g (equipment
limited) and frequencies from 200 Hz to 10 kHz. This
corresponds to a BER of less than 10. Comparison of
the receiving sensitivity with and without vibration shows
that there is virtually no effect of vibration of this scale.
No mechanical failure was observed throughout the entire
test. This confirms the robustness of the MEMS fiber-optic
switches.

2) Bulk-Micromachined Fiber-Optic Switches:Recently,
several interesting bulk-micromachined fiber-optic switches
have been reported. Toshiyoshi and Fujita of the University
of Tokyo reported a 2 2 matrix switch using bulk-
micromachined torsion mirrors [77]. The torsion mirrors
are suspended by thin polysilicon beams over the holes
etched through the silicon substrate (Fig. 32). The torsion
mirror is arranged at a 45angle to the fibers. When the
mirror is attracted to bend downward by electrostatic force,
light is reflected to the orthogonal fibers. Large contrast
ratio ( 60 dB), small cross talk ( 60 dB), and an insertion
loss of 7.6 dB have been achieved. The matrix geometry
is scaleable to larger switches. Marxeret al. from the
University of Neuchatel have reported bulk-micromachined
2 2 fiber-optic switches using the DRIE process on a
silicon-on-insulator wafer (Fig. 33) [13]. The 75-m-thick
silicon layer above SiO is etched through by DRIE. A
2.3- m-thick vertical mirror as well as the electrostatic
microactuator are created by the same etching step. The
SiO under the thin beam is then selectively etched to
release the mirror and the rotors of the microactuator. In
the simplest form of this process, only one lithography step
is needed. Switching time below 0.2 ms, coupling loss of
2.5 and 4 dB, and switching voltage of 28 V have been
achieved. A similar process has recently been reported by
the Michigan group [14].

Miller and Tai of Caltech reported electromagnetically
actuated 2 2 fiber-optic switches (Fig. 34) [78]. A
5- m-thick vertical mirror fabricated by TMAH etching
on a (011) silicon substrate is mounted on a suspended
silicon plate. The silicon plate is bulk micromachined
and connected to the silicon substrate by cantilevers or
torsion beams. It is actuated electromagnetically through
the interaction of an integrated 70-turn copper coil and an
external magnet. A switching time of 10 ms, an insertion
loss of 3 dB, and a switching current of 20–30 mA have
been achieved. An in-line fiber gate (ON/OFF switch) with
similar torsion beam support and electrostatic actuator has
been demonstrated by the Nippon Telegraph and Telephone
(NTT) group using electroplated Ni as both mirror and
microactuator [79].

D. Free-Space Optical Interconnect

A free-space optical interconnect employing vertical-
cavity surface emitting lasers (VCSEL’s) offers many ad-
vantages for high-speed computers and smart pixel ap-
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Fig. 32. Schematic of a matrix fiber-optic switch with torsion mirrors [77].

Fig. 33. Schematic of a 2� 2 fiber-optic switch with vertical
mirror fabricated by DRIE [13].

plications. The optical beams emitted from VCSEL’s are
usually expanded, collimated, or focused by external mi-
crolenses. Monolithic integration of fixed refractive [80]
and diffractive [81] microlenses on the back side of VC-
SEL wafers has been demonstrated. In most applications,
however, it is desirable to have a dynamically movable
microlens on top of the VCSEL to perform dynamic optical
alignment, tracking and focusing, continuous optical beam

Fig. 34. Schematic of a 2� 2 fiber-optic switch with (110)
etched mirror and electromagnetic actuator [78].

scanning, space division switching, or implementation of
reconfigurable optical interconnect.

We have used the surface-micromachining technology
to produce a suspended microlens for dynamic alignment
in free-space optical interconnect. Fig. 35 shows the SEM
micrograph of the suspended scanning microlens [82].
A 670-nm VCSEL is hybrid integrated on the silicon
substrate before the microlens is assembled. This suspended
microlens can directly collimate or focus light emitted
from the VCSEL below it. The microlens is supported
by “doubly folded” polysilicon plates. The base of the
lens support is hinged to an integrated “ ” translation
stage, which is driven by SDA’s. The collimated beam can
be scanned in two dimensions by moving the suspended
microlens. Fig. 36 shows the far-field pattern of the two-
dimensional scanning in the plane. The maximum
scanning range of 8 has been achieved. A larger scan-
ning angle can be achieved by employing the micro-
stage with larger travel distances. The structures shown in
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Fig. 35. SEM micrograph of a suspended microlens that can scan
in two directions.

Fig. 35, however, require substantial manual assembly. The
micro- stage discussed earlier (Fig. 24) eliminates the
manual assembly and can achieve dynamic focusing.

V. OTHER APPLICATIONS OFMICROMACHINED OPTICS

In addition to the MEMS optical devices discussed here,
there are many other bulk- and surface-micromachining
devices that have applications in optical and optoelectronic
systems. In this section, we will review some important
MEMS optical devices and technologies.

A. Spatial Light Modulators and Projection Display

The cantilever beams and torsion mirrors are ideal for
implementing spatial light modulators with high brightness
and a high contrast ratio [83]. There are two main types of
micromechanical spatial light modulators: reflection type
and diffractive type. The digital micromirror device is
a reflection spatial light modulator [Fig. 37(a)] that can
be used in projection display as well as other digital
light-processing applications [23]. It is basically a torsion
mirror with a 10 rotation angle. The DMD is made
by the surface-micromachining process with aluminum
structure layers (for electrode, hinge, and mirror) and
organic sacrificial materials. All the materials, including the
sacrificial layers, are etched by a plasma dry etching process
to minimize stiction. In DMD, the hinges and the support
mechanical structures are hidden under the mirror. This
results in a high contrast ratio (100:1) and greater optical
efficiency. Because of its small size, the DMD operates very
fast. The switching time is on the order of 10s.

The grating light valve (GLV) invented at Stanford Uni-
versity is a diffractive spatial light modulator [84]. It is
basically a micromechanical phase grating, as shown in
Fig. 37(b). The GVL consists of parallel rows of reflective
ribbons. Alternative rows of ribbons can be pulled down
electrostatically by one-quarter wavelength, which will send
the zeroth-order reflected beam into first-order diffraction
beams. The GLV can be configured in various ways to

Fig. 36. The measured far-field patterns of the optical beam
emitted from a VCSEL and collimated by the suspended microlens
as the lens is moved in two in-plane directions.

form projection and head-mount displays, which are now
pursued by Silicon Light Machine [85]. It shares many
advantages of the micromechanical modulators, such as
a high contrast ratio and fill factor. Because of the high
resonant frequency, it is one of the fastest micromechanical
devices. The switching time is only 20 ns [85]. Since the
diffraction angle is related to the grating pitch, the GVL
is a color-sensitive device. Different pitch gratings can be
integrated on the same substrate to form color displays.
This will eliminate the need of color filters or color wheels,
however, at the expense of sacrificing the fill ratio and,
therefore, brightness.

B. Reflection Modulators for Fiber-Optic Communications

Micromechanical light modulators are attractive for low-
cost fiber-to-the-home applications [84], [86]. They are a
low-cost substitute for an active light source [laser or light
emitting diode (LED)] at the subscriber node to provide
upstream data transmission. Such modulators could be di-
rectly integrated on the driver and receiver circuit chip. The
mechanical antireflection switch (MARS) device is shown
in Fig. 38 [86]. It is basically a Fabry–Pérot resonator
with a movable mirror. The mechanical structure is similar
to that of GLV except the it has a flat optical window
instead of grating. The reflected light in the surface-normal
direction is collected as modulated signal. (The GLV can
also be used as a reflection fiber-optic modulator; in fact,
it was originally invented as a reflection light modulator
[84].) The parallel plate mirrors are spaced by 3/4
( is the light wavelength in air), and the reflectivity
is high in the absence of bias. The optical membrane is
attracted to the substrate by electrostatic force. When the
gap between the membrane and the substrate changes from
3 /4 to /2, the reflectivity becomes very low due to
the destructive interference. A contrast ratio up to 24 dB
has been achieved. The resonant frequency of MARS is
around 3.5 MHz, and digital modulation of data at 3.5
Mb/s has been demonstrated. In contrast to GLV, however,
the MARS device operates in the analog regime (before

1850 PROCEEDINGS OF THE IEEE, VOL. 85, NO. 11, NOVEMBER 1997



(a)
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Fig. 37. Schematic of the (a) DMD [84] and (b) GLV [85] for display applications.

the membrane is “pulled in” toward the substrate), and
the mirror plate never makes contact with the substrate.
It may have higher reliability because the probability of
stiction during operation is much reduced. A similar device
has also been reported by researchers from the University
of Neuchatel and Ascom [87], [88]. In their device, they
use polysilicon membrane as a semitransparent mirror. A
photodetector is attached to the modulator to detect the
transmitted light (the fiber collects the reflected light). Thus,
a full transceiver is realized by this device potentially at
very low cost.

C. Optical Scanners

Optical scanning is another fruitful area in which optical
MEMS could play a significant role. Many different types
of microoptomechanical scanners have been proposed and
demonstrated. Most of the scanners are driven at resonant
frequency to increase the scanning angle and reduce the
driving voltage. Goto reported a two-dimensional opti-
cal beam scanner using a single mirror with leaf spring

mirror resonator and piezoelectric actuator [89]. By excit-
ing both the bending mode and the torsion mode of the
spring leaf-connected resonator, two-dimensional scanning
is achieved. A two-dimensional scanning display that com-
bines a seven-element fan-shaped laser array and a surface-
micromachined polysilicon microscanner was reported by
the Berkeley group (Fig. 39) [90]. The vertical scanning
is achieved by simply modulating the individual lasers in
the laser array, while the horizontal scanning is achieved
by the micromechanical scanner. The microscanner itself
is realized by an out-of-plane torsion mirror driven by
a comb actuator through microhinges. A resolution of
310 pixels/line has been achieved. A diffraction grating
scanner based on the surface-micromachined micromotor is
reported by Mehregany and Merat [34]. Motamediet al. of
Rockwell reported a micromechanical optical scanner based
on bimorph microactuators. A scanning angle of 20and
scan range up to 2 kHz have been achieved with a power
less than 1 W [91]. Electromagnetic scanning mirrors have
also been reported [92], [93].
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Fig. 38. Schematic of the reflection modulator made by surface
micromachining [86].

Fig. 39. Schematic of a two-dimensional scanning with a
seven-element fan-shaped laser array source and a microscanner
[90].

D. Waveguide-Based Microoptical Bench

In addition to free-space applications, waveguide-based
optical MEMS devices have also been investigated. A tun-
able edge emitting laser has been reported by Uenishiet al.
of NTT [94]. It utilizes an external movable mirror driven

Fig. 40. Schematic and SEM of the movable waveguide switch
with integrated electrostatic actuators [95].

Fig. 41. The electromagnetically actuated 1� 4 fiber-optic
switch realized by bulk micromachining. The input fiber can be
moved to line up with one of the output fibers [97].

by an electroplated Ni comb drive. Discretely wavelength
tuning of 20 nm has been demonstrated. Waveguide-based
microoptomechanical switches also received a great deal of
interest. Ollier and Mottier reported a 1 2 waveguide
optical switch [95]. The device consists of a movable
waveguide and two fixed waveguides, as shown in Fig. 40.
The movable waveguide is basically a silica cantilever beam
realized by undercutting the silicon below the waveguide.
The motion is constrained to the in-plane direction by
two flexure beams. The movable waveguide can be pulled
toward either fixed waveguide by electrostatic gap-closing
actuators. A fiber-to-fiber insertion loss of 3–4 dB, a
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Fig. 42. Schematic of broadly tunable VCSEL’s with movable micromechanical top mirrors [102],
[103].

switching time of 0.8 ms, and a driving voltage of28
V has been obtained.

Another type of fiber-optic switch involves physical
movement of the fiber itself instead of a waveguide. Field
et al. of Hewlett-Packard [96] reported a 1 2 fiber-optic
switch that utilizes an electroplated (LIGA) thermal actuator
to move the input fiber between two output fibers. A
coupling loss of 5.8 dB and isolation of 66.5 dB have been
achieved. Another interesting moving-fiber-optical switch is
reported by Gonzales and Collins [97]. The 14 switch
(Fig. 41) consists of one movable fiber and four fixed fibers.
The movable fiber is mounted on a bulk-micromachined
translation stage, which is actuated by an electromagnetic
actuator. A thin film of paramagnetic material (permalloy)
is deposited on the input translation stage, and an external
magnetic field is applied to either side of the sliding stage
to align the input fiber to the appropriate output fiber. A
switching time of 5 ms, an insertion of 1 dB, and a cross
talk of 60 dB have been achieved for multimode fibers.
One of the major constraints of the waveguide-based fiber-
optic switches is that they are mainly constrained to 1

switches, and it is more difficult to scale up to larger
switches.

E. Micromachined Device on III–V Substrates

Micromachining on III–V materials is a new area that
has caught a great deal of interest recently [98]–[101]. The
obvious advantage of the III–V substrate is that active opto-
electronic devices such as semiconductor lasers, LED’s, and
photodetectors can be readily integrated with the microme-

chanical structure. The MEMS technology enables broadly
tunable VCSEL’s, LED’s, photodetectors, and filters to be
implemented on III–V compound semiconductor substrates
[102]–[106]. Basically, the wavelength tuning range of a
Fabry–Ṕerot cavity with length and refractive index
can be expressed as

where is the longitudinal mode number. Vertical-cavity
lasers can have very large tuning range thanks to the
wide mode spacing; however, the effect of index change
due to electrooptic or free carrier effect is very weak
because of the small cavity length ( 5 m). On the
other hand, a very broad tuning range can be obtained
by changing the cavity length. This can be accomplished
by employing a movable mirror for the cavity. Indeed,
a very broad tuning range ( 20 nm) has been demon-
strated in such micromachined VCSEL’s. Two types of
movable mirrors have been investigated: one employs a de-
formable metal/dielectric/semiconductor membrane [102],
the other uses single crystalline semiconductor cantilever
beams [103], as shown in Fig. 42(a) and (b), respectively.
Broadly tunable LED’s, photodetectors, and filters at long
wavelength have also been demonstrated [104].

VI. CONCLUSION

The micromachining technology has opened up many
new possibilities for optical and optoelectronic systems.
It allows movable micromechanical structures to be inte-
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grated monolithically with microoptical elements. The inte-
grated micromechanical device can perform many functions
that are not achievable with conventional devices. Optical
switches with low loss and high isolation, optical scan-
ners with large scanning angles, high-brightness projection
displays, low-cost fiber-optic modulators, broadly tunable
semiconductor lasers, photodetectors, and filters have been
demonstrated. Single-chip microoptical systems have also
been built. Compared with conventional optomechanical
devices, the microfabricated devices are smaller, lighter,
cheaper, faster, and more rugged and consume less power.
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