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ABSTRACT -- Micro-Electro-Mechanical Systems, or MEMS, are integrated micro devices or
systems combining electrical and mechanical components. They are fabricated using integrated circuit (IC)
batch processing techniques and can range in size from micrometers to millimeters. These systems can
sense, control and actuate on the micro scale, and function individually or in arrays to generate effects on
the macro scale. This paper presents an overview of MEMS technology with emphasis on optical
applications. Applications of MEMS devices vary in many fields from automotive transducers, biomedical
technologies, communication systems, robotics, aerospace, micro-optics, industrial sensors and actuators.
The applications of MEMS in optics include display systems, optical switching, optical communication,
optical data storage, optical processing and interconnection, and adaptive optics. Examples of micro-optical
components and systems are described in this paper.
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Micro-Electro-Mechanical System (MEMS)[1].
This field is called by a wide variety of names in
different parts of the world: micro-electro-

1. Introduction

Trend toward smaller size, higher performance, and

greater functionality for electronic devices is made
possibly by the success of solid-state microelec-
tronics technology. In the late 1980s, the silicon
Very-Large-Scale-Integrated (VLSI) design and
manufacturing was developed for use in field of

mechanical systems (MEMS), microsystem techno-
logy (MST), micromechanics, and micro total
analysis systems (u-TAS) etc. These systems
interface with both electronic and non-electronic
signals and interact with non-electrical physical
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world as well as the electronic world by merging
signal processing with sensing and/or actuation.
Instead of dealing only electrical signals, MEMS
also deals with moving-part mechanical elements,
making miniature systems possible such as
accelerometers, fluid-pressure and flow sensors,
gyroscopes, and micro-optical devices. MEMS are
designed using computer-aided design (CAD)
techniques based on VLSI and mechanical CAD
tools and typically batch-fabricated using VLSI-
based fabrication process [1]. The commercial
available surface and bulk micromachining such as
Multi-User-MEMS process (MUMPs) at MCNC
and MOSIS service respectively are widely used to
fabricate prototype MEMS devices due to their low
cost and short turn-around time. Post-processing
such as cavity etching, silicon bonding and flip
chip soldering can be applied to produce the more
complex mechanical structures for suitable
applications. An early application of MEMS was in
the field of microsensor and microactuator for
measuring or driving position, pressure, velocity,
acceleration, force, torque, flow, magnetic field,
temperature, gas composition, humidity, pH, fluid
ionic concentration, and biological gas/liquid-
/Molecular concentration. Some applications have
been successfully commercialized in market such
as thermal inkjet printer, automotive accelerometer,
and high-resolution display projector.
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Figure 1. Schematic diagram shows
interdisciplinary field of MOEMS

MEMS is also widely used to fabricate micro
optical components or optical systems such as
deformable micromirror array for adaptive optics,
optical scanner for bar code scanning, optical

switching for fiber optical communication etc. This
special field of MEMS is called ‘Micro-Opto-
Electro-Mecha-nical Systems (MOEMS)’. This
interdisciplinary field has to combine knowledge in
optics, electronics, and mechanics to design and
fabricate devices as shown in Fig.1.

2. Fabrication Technology

Batch IC fabrication technology is used to
fabricate mechanical microstructures such
as beam, spring, diaphragms, orifices,
grooves, gears, linkages, and complex
mechanical suspended flexure. MEMS
devices can be divided into two fabrication
classes: Surface micromachining and bulk
micromachining.

2.1 Surface micromachining

Surface micromachining is an additive fabrication
technique that involves the building of devices on
the top surface of substrates. Specific structure
parts of a device are encased in layers of a
sacrificial material during fabrication process. The
structural parts are released by chemical etchant
dissolving of the sacrificial layers. Surface
micromachining can be used to fabricate not only
relatively conventional mechanical structure such
as beams or diaphragms, but also more
sophisticated ones such as gears, linkages, and
micro-motors. Commercial polycrystalline silicon
surface micromachining processes such as MUMPs
(Multi-User-MEMS-Process) and SUMMIT
(Sandia  Ultra-planar ~ Multi-level ~ MEMS
Technology) are available for prototyping MEMS
designs. Multi-levels of doped or undoped
polysilicon layers are used to form the mechanical
structures and silicon dioxide layers are used as the
sacrificial material. The schematic layout diagrams
of MUMPs and SUMMIT surface micromachining
fabrication were shown in Fig. 2 [2]. Electrostatic
micromotor fabricated by surface micromachining
was shown in Fig.3.

2.2 Bulk micromachining

Bulk micromaching is a subtractive fabrication
technique that uses the substrate to form
mechanical structure of MEMS devices. The single
crystal substrate is etched in anisotropic
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Figure 2. Surface micromachining fabrication
(MUMPs and SUMM;T)
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Figure 3. Electrostatic micromotor fabricated by
MUMPs: diameter is 80 pum. (Courtesy of MCNC)
(For reference, human hair diameter is 70-80 um)

etchants such as potassium hydroxide (KOH) or
ethylene-diamine pyrocatecol (EDP) along given

crystal planes. The process is based on the fact that
anisotropic etchants etch the <100> and <110>
crystal plane significantly faster than the <I111>
crystal planes. In a <100> silicon substrate,
anisotropic etching proceeds along <100> plane but
practically stop etching at <111> plane, making a
54.7 degrees angle slanted wall in the etched
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cavity. The final size of etched cavity is controlled
by the etch-mask opening or heavily boron-doped
silicon etch-stop. Under-etching occurring where
etch masks are misaligned with <110> direction
can be used to fabricate suspended microstructure.
The Miller indices indicated the plane of silicon
crystal was shown in Fig.4. Fig. 5 shows the cavity
anisotropic-etched by EDP.
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Figure 4. The Miller indices of silicon crystal
plane
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Figure 5. The etched cavity from anisotropic
etching: cavity size ranges from 10-100 um. (Bulk
micromachining)

The design of MEMS device is limited by planar
geometry of IC fabrication process. Three-
dimensional structure or high aspect ratio (height to
width) is difficult to fabricate by conventional IC
process. The x-ray photolithography technique
(LIGA) was developed to fabricate high aspect
ratio structure over 100. Microgear and motor
fabricated by LIGA were shown in Fig.6.

Post-fabrication processes such as bonding or flip
chip soldering permit a silicon substrate to be
attached to another substrate to provide added
design flexibility and packaging possibility.
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Figure 6. Micromotor components fabricated by
high aspect ratio LIGA. Stator (upper figure) and
rotor(lower figure). (Courtesy of MCNC)

3. Computer-Aided Design for
MEMS

Computer-Aided Design and Engineering programs
(CAD and CAE) have been recently developed to
assist MEMS design easier. In MEMS technology,
the design complexity is compounded by intimacy
between mechanical and electronic performance.
Several commercially available software tools such
as L-EDIT, Cadence, and MEMCAD can provide
the layout tool for MEMS design. The MEMS-
specific tools that are integrated into an
environment where complete structural, as well as
operational, analysis such as MEMCAD,
CAEMEMS, and IntelliSuite have used to be
design verification tools (e.g., solid modeling,
finite element analysis, discretization, and
visualization). These software tools have also
proven useful for modeling a variety of parameters
(e.g., displacement, stress, electric field, magnetic
field, temperature, and fluid velocity) under a wide
variety of conditions. Fig. 7 shows computer-users
interface of MEMS CAD tool available in market.

Finite-element analysis (FEA) is one very powerful
technique to model a variety of static and dynamic
phenomena for a complex microstructure. Among
them are mechanical stress-strain distribution,
thermal distribution, frequency response, fluid
flow, electromagnetic field and resonant frequency.
Several commercially available software packages

such as Ansys, Nastran, Cosmo, and Abaqus
provide sophisticated modeling capabilities.

e

Figure 7. MEMS CAD tool for design, layout, and
simulation (Courtesy of Tanner EDA)

4. Microactuators, Microsensors

and Microsystems

4.1 Microactuator

Microactuators are component that converts energy
into appropriate action capable of producing
micron-scale motion. Microactuators can be classi-
fied into two classes: rigid microstructure and
deformable microstructures. Rigid-type micro-
actuators such as micromotors provide displace-
ment and force through rigid-body motion [1].

Deformable microstructures such as beams and
diaphragms provide displacement and force
through mechanical deformation. Currently, the
microactuation methods in common use are
electrostatic, electromagnetic, piezoelectric and
thermal. Fig.8 shows deformable mirror driven by
electrostatic mechanism.

Figure 8. Electrostatic deformable micromirror
array [4]



The electrostatic actuation uses the nature of
electrostatic force provided by parallel plate
capacitor structures or comb-finger structures. The
attractive and repulsive forces generated by electric
charge distribution are used to convert electrical to
mechanical energy. The electrostatic actuated de-
vices (e.g., micromirror array, microswitch,
scanner, microshutter, micromotor) are widely used
in varieties of fields. Fig.9 shows the commercially
available micromirror array for display projection
developed by Texas Instrument, USA.
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Figure 9. Texas Instrument’s micromirror display
projector (Courtesy of TI DSP)

Electromagnetic actuator has been demonstrated in
conjunction with both mechanical classes of
microactuators but electro-magnetic systems prove
difficult to micromachine using planar IC
processes. The high aspect ratio micromachining
method such as LIGA is required to build the three-
dimensional structure of magnet and solenoid.
Magnetostatic micromotor was shown in Fig.10.
Electrostatic actuator dominates in the development
of actuators in microworld because of its simpler
and more compatible with IC fabrication.

Figure 10. Magnetostatic micromotor. (Courtesy of
UW Madison)
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Another form of microactuation is based on the
piezoelectric effect [5]. This material exhibits
deformation of crystal when voltage is applied.
Therefore, piezoelectric films can be used to
provide actuation in a variety of applications such
as valves, pumps, and positioning devices. Typical
piezoelectric thin films now used in microactuator
technology are zinc oxide (ZnO), lead zirconate
titanate (PZT), and polyvinylidene fluoride. Of
these materials, PZT has the largest piezoelectric
coefficient. Thermal actuator uses bimorph
structure that there is thermal coefficient of
expansion mismatch between two layers of
materials to generate force or motion. The bimorph
structure can provide deformations in the lateral or
normal to the plane of substrate. In general, thermal
microactuators have a slow response time (on the
order of tens of milliseconds) and high power
consumption (on the order of tens of milliwatts).
Electrostatic microactuators can be much faster
(with response time measured in microseconds),
and consume far less power but less force or
motion generated.

4.2 Microsensor

Microsensors are component that converts one
form of energy into another and provides a usable
energy output in response to a specific measurable
input. Due to the micro-scale size of microsensors,
less invasive, high accurate/sensitive, and low
cost/weight sensor can be achieved. The smart
sensor fabricated by IC processes can integrate
with CMOS electronic circuits on the chip to
handle, switch, or amplify the signal. Several kinds
of microsensors are successful in the market such
as pressure sensor, flow sensor, thermal sensor,
gas/chemical sensor, accelerometer, and
immunosensor. The commercially available inte-
grated accelerometer for automotive air bag system
developed by Analog Devices was shown in
Fig.11.

Figure 11. Integrated accelerometer and packaged
device. (Courtesy of Analog Devices)



€2 Techiiical Journal
232 Vol 1Mo, 6, January-February 2000

5. MEMS for Optical Applications

Micro-Opto-Electro-Mechanical System (MOEMs)
is a specific field of MEMS that includes the
knowledge in fields of optoelectronics and optics to
create the micro-optical components and systems.
Some micro-optical components recently fabricated
at University of Colorado, Boulder, Colorado have
been described and demonstrated as follow [6].

5.1 Piston micromirrors

One of the most useful MOEM components is the
electrostatically actuated piston mirror. This device
takes advantage of the planar nature of the surface
micromachining process and the ease to form
parallel plate capacitor structures by sacrificial
layers releasing. The segmented or membrane
deformable micromirrors have been fabricated. The
upper plate of the structure can be metallized to
create a moving mirror. The lower plate was used
as an underlying addressable electrode. When a
voltage is applied between the two plates, an
attractive electrostatic force is developed and
balanced by the restoring mechanical force of the
flexures that suspend the mirror over electrode. The
phase of incoming light modulated by mirror
deflection can be controlled by applied voltage
between two electrodes. Fig.12 shows one element
of micromirror array.

L

Figure 12. Element of segmented deformable
micromirror

Bulk micromachining process is another way to
fabricate micromirror array that micromirror and
CMOS circuit can be integrated on the same chip.

Thermal bimorph actuator was used instead of
electrostatic actuator to actuate the mirror in
vertical direction. The larger deflection stroke can
be achieved with trade off in lower modulated
frequency. The bulk micromachining micromirror
array was shown in Fig.13. Applications of
deformable micromirror array include active
aberration correction for atmosphere’s turbulence

compensation or free space optical communication
systems. The schematic diagram of wavefront
compensation for aberration correction was shown
in Fig.14. The incoming wavefront was phase-
modulated by up/down movement of micromirror

—

=
o
i3]

element.

Figure 13. Micromirror array fabricated by bulk
micromachining
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Figure 14. Aberration correction

5.2 Gratings

Optical grating is another optical element that can
be easily fabricated in surface micromachined
polysilicon. The optical grating is an optical
element that serves to periodically modulated the
phase or the amplitude of the incident wave. The
grating consists of repetitive arrays of polysilicon
line suspended over substrate by flexure which
individual line was electrostatically moved
perpendicular to the plane of substrate to diffract
light of a particular wavelength at a designed angle.
The electrostatic grating, shown in Fig.15, has an
active area of 500 um x 500 pm with 2 um lines
spaced 4 um center-to-center. The array of grating
line is moved perpendicular to the plane of the
substrate to change the phase relationship between



light reflected off the grating lines and substrate.
This grating is designed to be able to modulated
optical intensity by shifting power from the zero

diffracted order to the +1% diffracted orders.

Figure 15. Micro-optical grating

5.3 Fresnel Lenses

Since surface micromachining uses materials with
uniform layer thickness, it is not possible to design
curved refracting lenses: however, Fresnel lenses
can be fabricated easily. Fresnel lens consists of an
array of polysilicon circular rings increasing in
width and spacing toward the center. An example
of a 7 order Fresnel lens is shown in Fig.16. The
plate is 200 pum tall and locks into place. The slider
attached at the left lifts the plate. The bottom of
lens plate is hinged so it can be flipped up into the
light path. The Fresnel lens on substrate can be
used to collimate laser light from laser diode. The
schematic diagram of microhinge is shown in
Fig.17

Figure 16. Micro-Fresnel lenses.
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5.4 Optical Scanner

Optical scanner is another optical component
successfully demonstrated for commercial market.
The scanner consists of hinged mirror plates
connected to thermal actuator arrays, which can
move 10 pm laterally on substrate. The lateral
thermal actuator consists of a narrower polysilicon
hot arm connected to a wider polysilicon cold arm.

Figure 17. Schematic diagram of micro-hinge for
flip-up structure

When the current is applied to them, the higher
current density in the hot arm causes it to heat and
expand more than the cold arm. This causes the
actuator tip to move laterally in an arcing motion
towards the cold arm side as shown in Fig.18.
Typical dimensions of thermal actuator are: ‘hot’
arm 2.5 um wide, 240 um long; ‘cold” arm 16 um
wide, 200 um long and gap between both arms 2 p

m wide. motion
_>

Hot arm

N

Cold arm

Figure 18. Thermal actuator (Heatuator).

The coated gold mirror surface is 75um square (for
reference , the diameter of human hair is about 70-
80 um). An etch hole has been cut in the center of
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the mirror to ensure that the mirror is completely
released during the sacrificial oxide etch. The
mirror is connected to the substrate with two
substrate hinge, and to the actuator array with a
self-locking tether. The lock and key mechanism
consists of a key hole in the bottom of the mirror
plate with awide opening at the top and narrow
opening at the bottom. The tether end is tapered
into a triangularshape which slightly overhangs the
bottom of the keyhole. Below the triangular tip,
slots are cut into both sides of tether, corresponding
to the size of the narrow bottom of the keyhole. As
a hinged plate is rotated off the substrate, the tether
slide into the keyhole. The actuator array is used to
set the angle of the mirror plate for beam steering,
or it could be used to move continuously, to create
a scanning mirror with a large scan angle. The
15.7° maximum deflection angle is observed [6].
Micro-optical scanner for bar code scanning or
display projection was shown in Fig.19.

rold suface

Tether lock
Subs tate

Tether

Figure 19. Micro-optical scanner

Rotate mirror plate is another mechnism for
scanning the optical beam. Fig.20 shows a flip-up
mirror attached to rotary stepper motor, which is
driven by an array of thermal actuator. The 200 pm
sector gear on the base allows the 180° of
positioning. Mirror is 185 pm wide and 200 pm
tall.

5.5 Corner Cube Retroreflector

So far only single device have been described,;
however, more complex systems can be developed.
One of the most interesting optical components is a

corner-cube retroreflector (CCR). A CCR has three
mutually hinged, stand-up gold plated mirrors. One
hinged mirror is positioned and modulated with a
thermal actuator array, in the same manner as the
scanning mirror. The other hinged mirror is held by
a slotted locking plates to fix the position of mirror.

Figure 20. 180 degree scannong mirror

As shown in Fig.21, CCR system has a static gold
mirror on the substrate and two perpendicular,
mirrored walls. This mirror arrangement will
reflect light back in the direction of its incomimg
path, and is commonly used in roadside reflectors.
The CCR can be used for line-in-sight optical
communication

Mowing Wirror

Fized MWirrors

Figure 21. Micro-corner cube retroreflector

The previously described optical components can
be combined to form a micro optical bench as
shown in Fig.22. A vertical cavity surface emitting
laser (VCSEL) is used as a laser light source. The
laser beam is emitted perpendicular to the substrate
and reflected by 135° mirror. The beam is
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Figure 22. Micro-optical bench for display projection system

collimated by Fresnel lens and scanned in two
dimensions by rotating micromirror and fan mirror.
This micro optical system is proposed as low cost
laser scanner or bar code scanner [7].

6. Conclusion

MEMS proves to be a promising technology for
future sensors and actuators. Trend to decrease
size, enhance performance, and lower the cost of
transducer in market is made possibly by the
success of MEMS technology. Fabrication
technique has to be developed further to support
the increasing MEMS industry. MEMS has
merged several fields of knowledge to create a
micro-scale device by using today available IC
fabrication technology. Discussions of MEMS
technology, fabrication tool, MEMSCAD tool, and
MEMS applications for sensor and actuator
concentrated on micro-optics applications have
been presented in this paper.
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