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MEMS/NEMS D12. MEMS/NEMS Devices and Applications

Darrin J. Young, Christian A. Zorman, Mehran Mehregany

Microelectromechanical systems (MEMS) have
played key roles in many important areas, for
example transportation, communication, auto-
mated manufacturing, environmental monitoring,
health care, defense systems, and a wide range
of consumer products. MEMS are inherently small,
thus offering attractive characteristics such as re-
duced size, weight, and power dissipation and
improved speed and precision compared to their
macroscopic counterparts. Integrated circuit (IC)
fabrication technology has been the primary en-
abling technology for MEMS besides a few special
etching, bonding and assembly techniques. Mi-
crofabrication provides a powerful tool for batch
processing and miniaturizing electromechanical
devices and systems to a dimensional scale that
is not accessible by conventional machining tech-
niques. As IC fabrication technology continues to
scale toward deep submicrometer and nanometer
feature sizes, a variety of nanoelectromechanical
systems (NEMS) can be envisioned in the foresee-
able future. Nanoscale mechanical devices and
systems integrated with nanoelectronics will open
a vast number of new exploratory research areas
in science and engineering. NEMS will most likely
serve as an enabling technology, merging engi-
neering with the life sciences in ways that are
not currently feasible with microscale tools and
technologies.

MEMS has been applied to a wide range of
fields. Hundreds of microdevices have been devel-
oped for specific applications. It is thus difficult to
provide an overview covering every aspect of the
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topic. In this chapter, key aspects of MEMS tech-
nology and applications are illustrated by selecting
a few demonstrative device examples, such as
pressure sensors, inertial sensors, optical and
wireless communication devices. Microstruc-
ture examples with dimensions on the order
of submicrometer are presented with fabrication
technologies for future NEMS applications.

Although MEMS has experienced significant
growth over the past decade, many challenges still
remain. In broad terms, these challenges can be
grouped into three general categories: (1) fabrica-
tion challenges; (2) packaging challenges; and (3)
application challenges. Challenges in these areas
will, in large measure, determine the commercial
success of a particular MEMS device in both tech-
nical and economic terms. This chapter presents
a brief discussion of some of these challenges as
well as possible approaches to addressing them.

Microelectromechanical Systems, generally referred to
as MEMS, has had a history of research and devel-
opment over a few decades. Besides the traditional
microfabricated sensors and actuators, the field covers
micromechanical components and systems integrated or

microassembled with electronics on the same substrate
or package, achieving high-performance functional sys-
tems. These devices and systems have played key roles
in many important areas such as transportation, com-
munication, automated manufacturing, environmental
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Fig. 12.1 SEM micrograph of a polysilicon microelec-
tromechanical motor (after [12.1])

monitoring, health care, defense systems, and a wide
range of consumer products. MEMS are inherently
small, thus offering attractive characteristics such as re-
duced size, weight, and power dissipation and improved
speed and precision compared to their macroscopic
counterparts. The development of MEMS requires
appropriate fabrication technologies that enable the def-
inition of small geometries, precise dimension control,
design flexibility, interfacing with microelectronics,
repeatability, reliability, high yield, and low cost. In-
tegrated circuits (IC) fabrication technology meets all
of the above criteria and has been the primary enabling
fabrication technology for MEMS besides a few special
etching, bonding and assembly techniques. Microfab-
rication provides a powerful tool for batch processing
and miniaturization of electromechanical devices and
systems into a dimensional scale, which is not ac-
cessible by conventional machining techniques. Most
MEMS devices exhibit a length or width ranging from
micrometers to several hundreds of micrometers with
a thickness from submicrometer up to tens of microm-
eters depending upon fabrication technique employed.
A physical displacement of a sensor or an actuator is
typically on the same order of magnitude. Figure 12.1
shows an SEM micrograph of a microelectromechanical
motor developed in late 1980s [12.1]. Polycrystalline

Travel direction

Fig. 12.2 SEM micrograph of polysilicon microgears (af-
ter [12.3])

silicon (polysilicon) surface micromachining technol-
ogy was used to fabricate the micromotor achieving
a diameter of 150 μm and a minimum vertical feature
size on the order of a micrometer. A probe tip is also
shown in the micrograph for a size comparison. This de-
vice example and similar others [12.2] demonstrated at
that time what MEMS technology could accomplish in
microscale machining and served as a strong technology
indicator for continued MEMS development. The field
has expanded greatly in recent years along with rapid
technology advances. Figure 12.2, for example, shows
a photo of microgears fabricated in mid-1990s using
a five-level polysilicon surface micromachining tech-
nology [12.3]. This device represents one of the most
advanced surface micromachining fabrication process
developed to date. One can imagine that a wide range of
sophisticated microelectromechanical devices and sys-
tems can be realized through applying such technology
in the future. As IC fabrication technology continues to
scale toward deep submicrometer and nanometer fea-
ture sizes, a variety of nanoelectromechanical systems
(NEMS) can be envisioned in the foreseeable future.
Nanoscale mechanical devices and systems integrated
with nanoelectronics will open a vast number of new
exploratory research areas in science and engineering.
NEMS will most likely serve as an enabling technology
merging engineering with the life sciences in ways that
are not currently feasible with the microscale tools and
technologies.

This chapter will provide a general overview on
MEMS and NEMS devices along with their applica-
tions. MEMS technology has been applied to a wide
range of fields. Over hundreds of microdevices have
been developed for specific applications. Thus, it is dif-
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ficult to provide an overview covering every aspect of
the topic. It is the authors’ intent to illustrate key as-
pects of MEMS technology and its impact to specific
applications by selecting a few demonstrative device ex-

amples in this chapter. For a wide-ranging discussion
of nearly all types of micromachined sensors and actu-
ators, books by Kovacs [12.4] and Senturia [12.5] are
recommended.

12.1 MEMS Devices and Applications

MEMS devices have played key roles in many areas
of development. Microfabricated sensors, actuators, and
electronics are the most critical components required to
implement a complete system for a specific function.
Microsensors and actuators can be fabricated by various
micromachining processing technologies. In this sec-
tion, a number of selected MEMS devices are presented
to illustrate the basic device operating principles as well
as to demonstrate key aspects of the microfabrication
technology and application impact.

12.1.1 Pressure Sensor

Pressure sensors are one of the early devices realized by
silicon micromachining technologies and have become
successful commercial products. The devices have
been widely used in various industrial and biomedical
applications. The sensors can be based on piezoelec-
tric, piezoresistive, capacitive, and resonant sensing
mechanisms. Silicon bulk and surface micromachining
techniques have been used for sensor batch fabrication,
thus achieving size miniaturization and low cost. Two
types of pressure sensors, piezoresistive and capacitive,
are described here for an illustration purpose.

Piezoresistive Sensor
The piezoresisitve effect in silicon has been widely
used for implementing pressure sensors. A pressure-
induced strain deforms the silicon band structure, thus

Diffused resistor MetallizationOxide passivation

Silicon wafer

Silicon wafer

Vacuum cavity

Fig. 12.3 Cross-sectional schematic of a piezoresistive
pressure sensor

changing the resistivity of the material. The piezoresis-
tive effect is typically crystal orientation dependent and
is also affected by doping and temperature. A practi-
cal piezoresistive pressure sensor can be implemented
by fabricating four sensing resistors along the edges
of a thin silicon diaphragm, which acts as a mechan-
ical amplifier to increase the stress and strain at the
sensor site. The four sensing elements are connected
in a bridge configuration with push–pull signals to in-
crease the sensitivity. The measurable pressure range
for such a sensor can be from 10−3 to 106 Torr de-
pending upon the design. An example of a piezoresistive
pressure sensor is shown in Fig. 12.3. The device con-
sists of a silicon diaphragm suspended over a reference
vacuum cavity to form an absolute pressure sensor. An
external pressure applied over the diaphragm introduces
a stress on the sensing resistors, thus resulting in a re-
sistance value change corresponding to the pressure.
The fabrication sequence is outlined as follows. The
piezoresistors are typically first formed through a boron
diffusion process followed by a high-temperature an-
nealing step in order to achieve a resistance value on the
order of a few kiloohms. The wafer is then passivated
with a silicon dioxide layer and contact windows are
opened for metallization. At this point, the wafer is pat-
terned on the backside, followed by a timed silicon wet
etch to form the diaphragm, typically having a thick-
ness around a few tens of micrometers. The diaphragm
can have a length of several hundreds of micrometers.
A second silicon wafer is then bonded to the device
wafer in vacuum to form a reference vacuum cavity,
thus completing the fabrication process. The second
wafer can also be further etched through to form an inlet
port, implementing a gauge pressure sensor [12.6]. The
piezoresistive sensors are simple to fabricate and can
be readily interfaced with electronic systems. However,
the resistors are temperature dependent and consume
DC power. Long-term characteristic drift and resistor
thermal noise ultimately limit the sensor resolution.

Capacitive Sensor
Capacitive pressure sensors are attractive because they
are virtually temperature independent and consume zero
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Silicon wafer

Vacuum cavity

Silicon diaphragmMetallization Oxide

Fig. 12.4 Cross-sectional schematic of a capacitive pres-
sure sensor

Silicon wafer

Silicon diaphragmMetallization

OxideVacuum cavity

Fig. 12.5 Cross-sectional schematic of a touch-mode ca-
pacitive pressure sensor

DC power. The devices do not exhibit initial turn-on
drift and are stable over time. Furthermore, CMOS mi-
croelectronic circuits can be readily interfaced with the
sensors to provide advanced signal conditioning and
processing, thus improving overall system performance.
An example of a capacitive pressure sensor is shown in
Fig. 12.4. The device consists of an edge clamped sil-
icon diaphragm suspended over a vacuum cavity. The
diaphragm can be square or circular with a typical
thickness of a few micrometers and a length or radius
of a few hundreds micrometers, respectively. The vac-
uum cavity typically has a depth of a few micrometers.
The diaphragm and substrate form a pressure depen-
dent air-gap variable capacitor. An increased external
pressure causes the diaphragm to deflect towards the
substrate, thus resulting in an increase in the capac-
itance value. A simplified fabrication process can be
outlined as follows. A silicon wafer is first patterned
and etched to form the cavity. The wafer is then ox-
idized followed by bonding to a second silicon wafer
with a heavily-doped boron layer, which defines the di-
aphragm thickness, at the surface. The bonding process
can be performed in vacuum to realize the vacuum cav-
ity. If the vacuum bonding is not performed at this stage,
a low pressure sealing process can be used to form the
vacuum cavity after patterning the sensor diaphragm,
provided that sealing channels are available. The sil-
icon substrate above the boron layer is then removed
through a wet etching process, followed by patterning to

Capacitance (pF)

Pressure (psi)Touch point pressure

Fig. 12.6 Touch-mode capacitive pressure sensor charac-
teristic response

form the sensor diaphragm, which serves as the device
top electrode. Contact pads are formed by metallization
and patterning. This type of pressure sensor exhibits
a nonlinear characteristic and a limited dynamic range.
These phenomena, however, can be alleviated through
applying an electrostatic force-balanced feedback ar-
chitecture. A common practice is to introduce another
electrode above the sensing diaphragm through wafer
bonding [12.7], thus forming two capacitors in se-
ries with the diaphragm being the middle electrode.
The capacitors are interfaced with electronic circuits,
which convert the sensor capacitance value to an output
voltage corresponding to the diaphragm position. This
voltage is further processed to generate a feedback sig-
nal to the top electrode, thus introducing an electrostatic
pull up force to maintain the deflectable diaphragm at
its nominal position. This negative feedback loop would
substantially minimize the device nonlinearity and also
extend the sensor dynamic range.

A capacitive pressure sensor achieving an inherent
linear characteristic response and a wide dynamic range
can be implemented by employing a touch-mode ar-
chitecture [12.8]. Figure 12.5 shows the cross-sectional
view of a touch-mode pressure sensor. The device con-
sists of an edge-clamped silicon diaphragm suspended
over a vacuum cavity. The diaphragm deflects under an
increasing external pressure and touches the substrate,
causing a linear increase in the sensor capacitance value
beyond the touch point pressure. Figure 12.6 shows
a typical device characteristic curve. The touch point
pressure can be designed through engineering the sen-
sor geometric parameters such as the diaphragm size,
thickness, cavity depth, etc., for various application
requirements. The device can be fabricated using a pro-
cess flow similar to the flow outlined for the basic
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Suspended diaphragm (0.8mm diameter)

Diaphragm bond pad Substrate contact pad

Fig. 12.7 Photo of a touch-mode capacitive pressure sensor
(after [12.8])

capacitive pressure sensor. Figure 12.7 presents a photo
of a fabricated touch-mode sensor employing a circular
diaphragm with a diameter of 800 μm and a thickness
of 5 μm suspended over a 2.5 μm vacuum cavity. The
device achieves a touch point pressure of 8 psi and ex-
hibits a linear capacitance range from 33 pF at 10 psi
to 40 pF at 32 psi (absolute pressures). Similar sensor
structures have been demonstrated by using single-
crystal 3C-SiC diaphragm achieving a high-temperature
pressure sensing capability up to 400 ◦C [12.9].

The above processes use bulk silicon materials for
machining and are usually referred to as bulk microma-
chining. The same devices can also be fabricated using
so called surface micromachining. Surface microma-
chining technology is attractive for integrating MEMS
sensors with on-chip electronic circuits. As a result,
advanced signal processing capabilities such as data
conversion, offset and noise cancellation, digital cali-
bration, temperature compensation, etc. can be imple-
mented adjacent to microsensors on a same substrate,
providing a complete high-performance microsystem

Substrate

Substrate

Substrate

Air gap

Anchor Sacrificial layer

Structural layer

Fig. 12.8 Simplified fabrication sequence of surface mi-
cromachining technology

solution. The single chip approach also eliminates ex-
ternal wiring, which is critical for minimizing noise
pick up and enhancing system performance. Surface
micromachining, simply stated, is a method of fabricat-
ing MEMS through depositing, patterning, and etching
a sequence of thin films with thickness on the order
of a micrometer. Figure 12.8 illustrates a typical sur-
face micromachining process flow [12.11]. The process

6.67 µm 

Fig. 12.9 SEM micrograph of polysilicon surface-micro-
machined capacitive pressure sensors (after [12.10])
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3.75 µm 

Fig. 12.10 SEM micrograph of a close-up view of a polysil-
icon surface-micromachined capacitive pressure sensor
(after [12.10])

starts by depositing a layer of sacrificial material such as
silicon dioxide over a wafer followed by anchor forma-

a)

Anchor Suspension Proof mass
z-Axis
acceleration

Substrate electrode

Substrate

Vertical accelerometer schematic

b) Lateral accelerometer schematic

Anchors
Lateral

acceleration
Sense fingers

Anchor

Suspensions

Substrate

Proof mass

Fig. 12.11a,b Schematics of vertical and lateral accelerometers

tion. A structural layer, typically a polysilicon film, is
deposited and patterned. The underlying sacrificial layer
is then removed to freely release the suspended mi-
crostructure and to complete the fabrication sequence.
The processing materials and steps are compatible
with standard integrated circuit process, thus can be
readily incorporated as an add-on module to an IC
process [12.11–13]. A similar surface micromachining
technology has been developed to produce monolithic
pressure sensor systems [12.10]. Figure 12.9 shows an
SEM micrograph of an array of MEMS capacitive pres-
sure sensors fabricated with BiCMOS electronics on
the same substrate. Each sensor consists of a 0.8 μm
thick circular polysilicon membrane with a diameter
on the order of 20 μm suspended over a 0.3 μm deep
vacuum cavity. The devices operate using the same prin-
ciple as the sensor shown in Fig. 12.4. A close view of
the sensor cross-section is shown in Fig. 12.10, which
shows the suspended membrane and underneath air gap.
These sensors have demonstrated operations in pressure
ranges up to 400 bar with an accuracy of 1.5%.

12.1.2 Inertial Sensor

Micromachined inertial sensors consist of accelerom-
eters and gyroscopes. These devices are one of the
important types of silicon-based MEMS sensors that
have been successfully commercialized. MEMS ac-
celerometers alone have the second largest sales volume
after pressure sensors. Gyroscopes are expected to
reach a comparable sales volume in a foreseeable fu-
ture. Accelerometers have been used in a wide range
of applications including automotive application for
safety systems, active suspension and stability con-
trol, biomedical application for activity monitoring, and
numerous consumer products such as head-mount dis-
plays, camcorders, three-dimensional mouse, etc. High-
sensitivity accelerometers are crucial for implementing
self-contained navigation and guidance systems. A gy-
roscope is another type of inertial sensor that measures
rate or angle of rotation. The devices can be used
along with accelerometers to provide heading informa-
tion in an inertial navigation system. Gyroscopes also
are useful in applications such as automotive ride stabi-
lization and rollover detection, camcorder stabilization,
virtual reality, etc. Inertial sensors fabricated by micro-
machining technology can achieve reduced size, weight,
and cost, all which are critical for consumer applica-
tions. More importantly, these sensors can be integrated
with microelectronic circuits to achieve a functional mi-
crosystem with high performance.
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Accelerometer
An accelerometer generally consists of a proof mass
suspended by compliant mechanical suspensions an-
chored to a fixed frame. An external acceleration
displaces the support frame relative to the proof mass.
The displacement can result in an internal stress change
in the suspension, which can be detected by piezoresis-
tive sensors as a measure of the external acceleration.
The displacement can also be detected as a capacitance
change in capacitive accelerometers. Capacitive sensors
are attractive for various applications because they ex-
hibit high sensitivity and low temperature dependence,
turn-on drift, power dissipation, and noise. The sensors
can also be readily integrated with CMOS electronics
to perform advanced signal processing for high system
performance. Capacitive accelerometers may be divided
into two categories as vertical and lateral type sensors.
Figure 12.11 shows sensor structures for the two ver-
sions. In a vertical device, the proof mass is suspended
above the substrate electrode by a small gap typically on
the order of a micrometer, forming a parallel-plate sense
capacitance. The proof mass moves in the direction
perpendicular to the substrate (z-axis) upon a vertical
input acceleration, thus changing the gap and hence
the capacitance value. The lateral accelerometer con-
sists of a number of movable fingers attached to the
proof mass, forming a sense capacitance with an array
of fixed parallel fingers. The sensor proof mass moves

Fig. 12.12 SEM micrograph of a polysilicon surface-
micromachined z-axis accelerometer (after [12.14])

Silicon
frame

Top and
bottom
stiffener
supports

Silicon
proof
mass

Metal pads

1 mm

Top and bottom
support beams

Fig. 12.13 SEM micrograph of a MEMS z-axis accelerom-
eter fabricated by using a combined surface and bulk
micromachining technology (after [12.15])

in a plane parallel to the substrate when subjected to
a lateral input acceleration, thus changing the over-
lap area of these fingers; hence the capacitance value.
Figure 12.12 shows an SEM top view of a surface-
micromachined polysilion z-axis accelerometer [12.14].
The device consists of a 400 × 400 μm2 proof mass with
a thickness of 2 μm suspended above the substrate elec-
trode by four folded beam suspensions with an air gap
around 2 μm, thus achieving a sense capacitance of
≈ 500 fF. The visible holes are used to ensure com-
plete removal of the sacrificial oxide underneath the
proof mass at the end of the fabrication process. The
sensor can be interfaced with a microelectronic charge
amplifier converting the capacitance value to an out-
put voltage for further signal processing and analysis.
Force feedback architecture can be applied to stabilize
the proof mass position. The combs around the periph-
ery of the proof mass can exert an electrostatic levitation
force on the proof mass to achieve the position con-
trol, thus improving the system frequency response and
linearity performance [12.14].

Surface micromachined accelerometers typically
suffer from severe mechanical thermal vibration, com-
monly referred to as Brownian motion [12.16], due
to the small proof mass, thus resulting in a high me-
chanical noise floor which ultimately limits the sensor
resolution. Vacuum packaging can be employed to min-
imize this adverse effect but with a penalty of increasing
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100 µm 

Fig. 12.14 SEM micrograph of a polysilicon surface-micromachined
lateral accelerometer ( c© Analog Devices Inc.)

system complexity and cost. Accelerometers using large
proof masses fabricated by bulk micromachining or
a combination of surface and bulk micromachining
techniques are attractive for circumventing this prob-
lem. Figure 12.13 shows an SEM micrograph of an

y
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x-Axis ΣΔ circuitry

y-Axis ΣΔ circuitry Master clock

z-Axis ΣΔ circuitry

500 µm

y-Axis

x-Axis

z-Axis

z-Axis ref.

4 mm

10 µm 

Fixed fingers

Fig. 12.15 SEM micrograph of a capacitive sensing finger
structure

all-silicon z-axis accelerometer fabricated through a sin-
gle silicon wafer by using combined surface and bulk
micromachining process to obtain a large proof mass
with dimensions of ≈ 2×1×450 μm3 [12.15]. The large
mass suppresses the Brownian motion effect, achiev-
ing a high performance with a resolution on the order
of several μg. Similar fabrication techniques have been
used to demonstrate a three-axis capacitive accelerome-
ter achieving a noise floor of ≈ 1 μg/

√
Hz [12.17].

A surface-micromachined lateral accelerometer de-
veloped by Analog Devices Inc. is shown in Fig. 12.14.
The sensor consists of a center proof mass supported
by folded beam suspensions with arrays of attached
movable fingers, forming a sense capacitance with
the fixed parallel fingers. The device is fabricated
using a 6 μm thick polysilicon structural layer with
a small air gap on the order of a micrometer to in-
crease the sensor capacitance value, thus improving
the device resolution. Figure 12.15 shows a close-
up view of the finger structure for a typical lateral
accelerometer. Each movable finger forms differen-

Fig. 12.16 Photo of a monolithic three-axis polysilicon
surface-micromachined accelerometer with integrated in-
terface and control electronics (after [12.18]) �
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tial capacitances with two adjacent fixed fingers. This
sensing capacitance configuration is attractive for in-
terfacing with differential electronic detection circuits
to suppress common-mode noise and other undesir-
able signal coupling. Monolithic accelerometers with
a three-axis sensing capability integrated with on-chip
electronic detection circuits have been realized using
surfacing micromachining and CMOS microelectron-
ics fabrication technologies [12.18]. Figure 12.16 shows
a photo of one of these microsystem chips, which has an
area of 4 × 4 mm2. One vertical accelerometer and two
lateral accelerometers are placed at the chip center with
corresponding detection electronics along the periphery.
A z-axis reference device, which is not movable, is used
with the vertical sensor for electronic interfacing. The
prototype system achieves a sensing resolution on the
order of 1 mG with a 100 Hz bandwidth along each axis.
The level of performance is adequate for automobile
safety activation systems, vehicle stability and active
suspension control, and various consumer products.
Recently, monolithic MEMS accelerometers fabricated
by using post-CMOS surface micromachining fabri-
cation technology have been developed to achieve an
acceleration noise floor of 50 μg/

√
Hz [12.19]. This

technology can enable MEMS capacitive inertial sen-
sors to be integrated with interface electronics in
a commercial CMOS process, thus minimizing proto-
typing cost.

Gyroscope
Most of micromachined gyroscopes employ vibrating
mechanical elements to sense rotations. The sensors
rely on energy transfer between two vibration modes
of a structure caused by Coriolis acceleration. Fig-
ure 12.17 presents a schematic of a z-axis vibratory
rate gyroscope. The device consists of an oscillat-
ing mass electrostatically driven into resonance along
the drive-mode axis using comb fingers. An angu-
lar rotation along the vertical axis (z-axis) introduces
a Coriolis acceleration, which results in a structure
deflection along the sense-mode axis, shown in the
figure. The deflection changes the differential sense
capacitance value, which can be detected as a mea-
sure of input angular rotation. A z-axis vibratory rate
gyroscope operating upon this principle is fabricated
using surface micromachining technology and inte-
grated together with electronic detection circuits, as
illustrated in Fig. 12.18 [12.20]. The micromachined
sensor is fabricated using polysilicon structural ma-
terial with a thickness around 2 μm and occupies an
area of 1 × 1 mm2. The sensor achieves a resolution

Structural anchor to substrate

Interdigitated comb finger
deflection sense capacitors

Comb drives to
sustain oscillation

Input rotation

z-Axis

Sense mode

Driven mode

Fig. 12.17 Schematic of a vibratory rate gyroscope

4 mm

Fig. 12.18 Photo of a monolithic polysilicon surface-micromachined
z-axis vibratory gyroscope with integrated interface and control
electronics (after [12.20])

of ≈ 1◦/(s
√

Hz) under a vacuum pressure around
50 mTorr. Other MEMS single-axis gyroscopes inte-
grated in commercial IC processes were demonstrated
recently achieving an enhance performance [12.21, 22].

A dual-axis gyroscope based on a rotational disk
at its resonance can be used to sense angular rotation
along two lateral axes (x- and y-axis). Figure 12.19
shows a device schematic demonstrating the operating
principle. A rotor disk supported by four mechani-
cal suspensions can be driven into angular resonance
along the z-axis. An input angular rotation along the
x-axis will generate a Coriolis acceleration causing the
disk to rotate along the y-axis, and vice versa. This
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z-Axis drive

x-Axis
coriolis
output
oscillations

y-Axis coriolis
output
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Input rate Ωy Input rate Ωx 

Fig. 12.19 Schematic of a dual-axis gyroscope

Coriolis-acceleration-induced rotation will change the
sensor capacitance values between the disk and different
sensing electrodes underneath. The capacitance change
can be detected and processed by electronic interface
circuits. Angular rotations along the two lateral axes
can be measured simultaneously using this device ar-
chitecture. Figure 12.20 shows a photo of a dual-axis
gyroscope fabricated using a 2 μm thick polysilicon
surface micromachining technology [12.23]. As shown
in the figure, curved electrostatic drive combs are po-
sitioned along the circumference of the rotor dick to
drive it into resonance along the vertical axis. The gy-
roscope exhibits a low random walk of 1◦/

√
h under

a vacuum pressure around 60 mTorr. With accelerome-
ters and gyroscopes each capable of three-axis sensing,
a micormachine-based inertial measurement system
providing a six-degree-of-freedom sensing capability

z-Axis
gyro

x,y-Axis
gyro

x,y,z-Axis accelerometer

Fig. 12.21 Photo of a surface-micromachined inertial measurement system with a six-degree sensing capability

Rotor Electrostatic drive combs
600 µm

Fig. 12.20 Photo of a polysilicon surface-micromachined
dual-axis gyroscope (after [12.23])

can be realized. Figure 12.21 presents a photo of such
a system containing a dual-axis gyroscope, a z-axis gy-
roscope, and a three-axis accelerometer chip integrated
with microelectronic circuitry. Due to the precision in
device layout and fabrication, the system can measure
angular rotation and acceleration without the need to
align individual sensors.
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12.1.3 Optical MEMS

Surface micromachining has served as a key enabling
technology to realize microeletromechancal optical
devices for various applications ranging from so-
phisticated visual information displays and fiber-optic
telecommunication to bar-code reading. Most of the
existing optical systems are implemented using conven-
tional optical components, which suffer from bulky size,
high cost, large power consumption, poor efficiency
and reliability issues. MEMS technology is promising
for producing miniaturized, reliable, inexpensive opti-
cal components to revolutionize conventional optical
systems [12.25]. In this section of the chapter, a few
selected MEMS optical devices will be presented to
illustrate their impact in the fields of visual display, pre-
cision optical platform, and data switching for optical
communication.

Visual Display
An early MEMS device successfully used for various
display applications is the Texas Instruments Digital
Micromirror Device (DMD). The DMD technology
can achieve higher performance in terms of resolution,
brightness, contrast ratio, and convergence than the con-
ventional cathode ray tube and is critical for digital
high-definition television applications. A DMD con-
sists of a large array of small mirrors with a typical
area of 16 × 16 μm2 as illustrated in Fig. 12.22. A probe
tip is shown in the figure for a size comparison. Fig-

Fig. 12.22 Photo of a digital micromirror device (DMD)
array ( c© Texas Instruments)

Fig. 12.23 SEM micrograph of a close-up view of a DMD
pixel array (after [12.24])

ure 12.23 shows an SEM micrograph of a close-up view
of a DMD pixel array [12.24]. Each mirror is capable of
rotating by ±10◦ corresponding to either the on or off
position due to an electrostatic actuation force. Light
reflected from any on-mirrors passes through a projec-
tion lens and creates images on a large screen. Light
from the remaining off-mirrors is reflected away from
the projection lens to an absorber. The proportion of
time during each video frame that a mirror remains in
the on-state determines shades of gray, from black for
zero on-time to white for a hundred percent on-time.
Color can be added by a color wheel or a three-DMD
chip setup. The three DMD chips are used for pro-
jecting red, green and blue colors. Each DMD pixel
consists of a mirror connected by a mirror support post
to an underlying yoke. The yoke in turn is connected
by torsion hinges to hinge support posts, as shown in
Fig. 12.24 [12.26]. The support post and hinges are
hidden under the mirror to avoid light diffraction and
thus improve contrast ratio and optical efficiency. There
are two gaps on the order of a micrometer, one be-
tween the mirror and the underlying hinges and address
electrodes, and a second between the coplanar address
electrodes and hinges and an underlying metal layer
from the CMOS static random access memory (SRAM)
structure. The yoke is tilted over the second gap by
an electrostatic actuation force, thus rotating the mir-
ror plate. The SRAM determines which angle the mirror
needs to be tilted by applying proper actuation volt-
ages to the mirror and address electrodes. The DMD is
fabricated using an aluminum-based surface microma-
chining technology. Three layers of aluminum thin film
are deposited and patterned to form the mirror and its
suspension system. Polymer material is used as sacrifi-
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Fig. 12.24 Detailed structure layout of a DMD pixel (after [12.26])

cial layer and is removed by a plasma etch at the end
of the process to freely release the micromirror struc-
ture. The micromachining process is compatible with
standard CMOS fabrication, allowing the DMD to be
monolithically integrated with a mature CMOS address
circuit technology, thus achieving high yield and low
cost. Figure 12.25 shows an SEM micrograph of a fabri-
cated DMD pixel revealing its cross section after an ion

Fig. 12.25 SEM micrograph of a DMD pixel after remov-
ing half of the mirror plate using ion milling ( c© Texas
Instruments)

2.5 nm

Fig. 12.26 SEM micrograph of a close-up of a DMD yoke
and hinges (after [12.26])

milling. A close-up view on the yoke and hinge support
under the mirror is shown in Fig. 12.26.

Precision Optical Platform
The growing optical communication and measurement
industry require low-cost, high-performance optoelec-
tronic modules such as laser-to-fiber couplers, scanners,
interferometers, etc. A precision alignment and the
ability to actuate optical components such as mir-
rors, gratings, and lenses with sufficient accuracy are
critical for high-performance optical applications. Con-
ventional hybrid optical integration approaches, such
as the silicon-optical-bench, suffers from a limited
alignment tolerance of ±1 μm and also lacks of com-
ponent actuation capability [12.27, 28]. As a result,
only simple optical systems can be constructed with
no more than a few components, thus severely limiting
the performance. Micromachining, however, provides
a critical enabling technology, allowing movable opti-
cal components to be fabricated on a silicon substrate.
Component movement with high precision can be
achieved through electrostatic actuation. By combin-
ing micromachined movable optical components with
lasers, lenses, and fibers on the same substrate, an
on-chip complex self-aligning optical system can be
realized. Figure 12.27a shows an SEM micrograph
of a surface-micromachined, electrostatically actuated
microreflector for laser-to-fiber coupling and external-
cavity-laser applications [12.29]. The device consists of
a polysilicon mirror plate hinged to a support beam.
The mirror and the support, in turn, are hinged to
a vibromotor-actuator slider. The microhinge technol-
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Impact arms Slider

Support beam MirrorComb resonator Slider

Fig. 12.27 (a) SEM micrograph of a surface-microma-
chined, electrostatically actuated microreflector; (b) SEM
micrograph of a surface-micromachined vibromotor (af-
ter [12.29])

ogy [12.30] allows the joints to rotate out of the
substrate plane to achieve large aspect ratios. Common-
mode actuation of the sliders results in a translational
motion, while differential slider motion produces an

out-of-plane mirror rotation. These motions permit the
microreflector to redirect an optical beam in a desir-
able location. Each of the two slides is actuated with
an integrated microvibromotor shown in Fig. 12.27b.
The vibromotor consists of four electrostatic comb res-
onators with attached impact arms driving a slider
through oblique impact. The two opposing impacters
are used for each travel direction to balance the forces.
The resonator is a capacitively driven mass anchored to
the substrate through a folded beam flexure. The flex-
ure compliance determines the resonant frequency and
travel range of the resonator. When the comb struc-
tures are driven at their resonant frequency (around
8 kHz), the slider exhibits a maximum velocity of over
1 mm/s. Characterization of the vibromotor also shows
that a slider step resolution of less than 0.3 μm can
be achieved [12.31], making it attractive for precision
alignment of various optical components. The prototype
microreflector can obtain an angular travel range over
90◦ and a translational travel range of 60 μm. By using
this device, beam steering, fiber coupling, and optical
scanning have been demonstrated.

Optical Data Switching
High-speed communication infrastructures are highly
desirable for transferring and processing real-time voice
and video information. Optical fiber communication
technology has been identified as the critical backbone
to support such systems. A high-performance optical
data switching network, which routes various optical
signals from sources to destinations, is one of the key
building blocks for system implementation. At present,
optical signal switching is performed by using hybrid
optical-electronic-optical (O-E-O) switches. These de-
vices first convert incoming light from input fibers to
electrical signals first and then route the electrical sig-
nals to the proper output ports after signal analyses.
At the output ports, the electrical signals are converted
back to streams of photons or optical signals for fur-
ther transmission over the fibers. The O-E-O switches
are expensive to build, integrate, and maintain. Further-
more, they consume substantial amount of power and
introduce additional latency. It is therefore highly de-
sirable to develop an all-optical switching network in
which optical signals can be routed without interme-
diate conversion into electrical form, thus minimizing
power dissipation and system delay. While a num-
ber of approaches are being considered for building
all-optical switches, MEMS technology is attractive be-
cause it can provide arrays of tiny movable mirrors
which can redirect incoming beams from input fibers
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Fig. 12.28 Schematic of a two-dimensional micromirror-based fiber
optic switching matrix

to corresponding output fibers. As described in the
previous sections, these micromirrors can be batch fab-
ricated using silicon micromachining technologies, thus
achieving an integrated solution with the potential for
low cost. A significant reduction in power dissipation is
also expected.

Figure 12.28 shows an architecture of a two-
dimensional micromirror array forming a switching
matrix with rows of input fibers and columns of output
fibers (or vice versa). An optical beam from an input
fiber can be directed to an output fiber through activat-
ing the corresponding reflecting micromirror. Switches
with eight inputs and eight outputs can be readily im-
plemented using this technique, which can be further

Vertical torsion mirror devices

Mirror chip

1 mm

Ball lenses (D = 300 µm) 

Silicon submount Optical fibers

Fig. 12.29 SEM micrograph of a 2 × 2 MEMS fiber optic
switching network (after [12.32])

100 µm 

Torsion mirror Back electrode

Fig. 12.30 SEM micrograph of a polysilicon surface-
micromachined vertical torsion mirror (after [12.32])

extended to a 64 × 64 matrix. The micromirrors are
moved between two fixed stops by digital control, thus
eliminating the need for precision motion control. Fig-
ure 12.29 presents an SEM micrograph of a simple
2×2 MEMS fiber optic switching network prototype for
an illustration purpose [12.32]. The network includes
a mirror chip passively integrated with a silicon sub-
mount, which contains optical fibers and ball lenses.
The mirror chip consists of four surface-micromachined
vertical torsion mirrors. The four mirrors are arranged
such that in the reflection mode, the input beams are re-
flected by two 45◦ vertical torsion mirrors and coupled
into the output fibers located on the same side of the
chip. In the transmission mode, the vertical torsion mir-
rors are rotated out of the optical paths, thus allowing
the input beams to be coupled into the opposing out-
put fibers. Figure 12.30 shows an SEM micrograph of
a polysilicon vertical torsion mirror. The device con-
sists of a mirror plate attached to a vertical supporting
frame by torsion beams and a vertical back electrode
plate. The mirror plate is ≈ 200 μm wide, 160 μm long,
and 1.5 μm thick. The mirror surface is coated with
a thin layer of gold to improve the optical reflectiv-
ity. The back plate is used to electrostatically actuate
the mirror plate so that the mirror can be rotated out
of the optical path in the transmission mode. Surface
micromachining with microhinge technology is used to
realize the overall structure. The back electrode plate
is integrated with a scratch drive actuator array [12.33]
for self-assembly. The self-assembly approach is criti-
cal when multiple vertical torsion mirrors are used to
implement more advanced functions.
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A more sophisticated optical switching network
with a large scaling potential can be implemented by us-
ing a three-dimensional (3-D) switching architecture as
shown in Fig. 12.31. The network consists of arrays of
two-axis mirrors to steer optical beams from input fibers
to output fibers. A precision analog closed-loop mirror
position control is required to accurately direct a beam
along two angles so that one input fiber can be opti-
cally connected to any output fiber. The optical length
depends little on which set of fibers are connected,
thus achieving a more uniform switching characteristic,
which is critical for implementing large scale network.
Two-axis mirrors are the crucial components for imple-
menting the 3-D architecture. Figure 12.32 shows an
SEM micrograph of a surface-micromachined two-axis
beam-steering mirror positioned by using self-assembly
technique [12.34]. The self-assembly is accomplished
during the final release step of the mirror processing
sequence. Mechanical energy is stored in a special high-
stress layer during the deposition, which is put on top
of the four assembly arms. Immediately after the as-
sembly arms are released, the tensile stress in this layer
causes the arms to bend up, pushing the mirror frame
and lifting it above the silicon substrate. All mirrors
used in the switching network can be fabricated simul-
taneously without any human intervention or external
power supply.

12.1.4 RF MEMS

The increasing demand for wireless communication ap-
plications, such as cellular and cordless telephony, wire-
less data networks, two-way paging, global positioning
system, etc., motivates a growing interest in building
miniaturized wireless transceivers with multistandard
capabilities. Such transceivers will greatly enhance the
convenience and accessibility of various wireless ser-
vices independent of geographic location. Miniaturizing
current single-standard transceivers, through a high-
level of integration, is a critical step towards building
transceivers that are compatible with multiple stan-
dards. Highly integrated transceivers will also result
in reduced package complexity, power consumption,
and cost. At present, most radio transceivers rely on
a large number of discrete frequency-selection compo-
nents, such as radio-frequency (RF) and intermediate-
frequency (IF) band-pass filters, RF voltage-controlled
oscillators (VCOs), quartz crystal oscillators, solid-
state switches, etc. to perform the necessary analog
signal processing. Figure 12.33 shows a schematic of

Input/output fibers Focusing optics Fixed mirror

Two-axis gimbaled mirror array

Fig. 12.31 Schematic of a three-dimensional micromirror-based
fiber optic switching matrix

Fig. 12.32 SEM micrograph of a surface-micromachined two-axis
beam-steering micromirror positioned using a self-assembly tech-
nique (after [12.34])
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Fig. 12.33 Schematic of a superheterodyne radio architecture

a superheterodyne radio architecture, in which discrete
components are shaded in dark color. Theses off-chip
devices occupy the majority of the system area, thus
severely hindering transceiver miniaturization. MEMS
technology, however, offers a potential solution to inte-
grate these discrete components onto silicon substrates
with microelectronics, achieving a size reduction of
a few orders of magnitude. It is therefore expected to be-
come an enabling technology to ultimately miniaturize
radio transceivers for future wireless communications.

MEMS Variable Capacitors
Integrated high-performance variable capacitors are
critical for low noise VCOs, antenna tuning, tun-

a) b)

Fig. 12.34 (a) SEM micrograph of a top view of an aluminum surface-micromachined variable capacitor; (b) SEM
micrograph of a cross-sectional view of the variable capacitor (after [12.35])

able matching networks, etc. Capacitors with high
quality factors (Q), large tuning range and linear
characteristics are crucial for achieving system perfor-
mance requirements. On-chip silicon PN junction and
MOS based variable capacitors suffer from low qual-
ity factors (below 10 at 1 GHz), limited tuning range
and poor linearity, thus are inadequate for building
high-performance transceivers. MEMS technology has
demonstrated monolithic variable capacitors achieving
stringent performance requirements. These devices typ-
ically reply on an electrostatic actuation method to vary
the air gap between a set of parallel plates [12.35–38]
or vary the capacitance area between a set of conduc-
tors [12.39] or mechanically displace a dielectric layer
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in an air-gap capacitor [12.40]. Improved tuning ranges
have been achieved with various device configurations.
Figure 12.34 shows SEM micrographs of an aluminum
micromachined variable capacitor fabricated on a sil-
icon substrate [12.35]. The device consists of a 200 ×
200 μm2 aluminum plate with a thickness of 1 μm sus-
pended above the bottom electrode by an air gap of
1.5 μm. Aluminum is selected as the structural mater-
ial due to its low resistivity, critical for achieving a high
quality factor at high frequencies. A DC voltage ap-
plied across the top and bottom electrodes introduces an
electrostatic pull-down force, which pulls the top plate
towards the bottom electrode, thus changing the device
capacitance value. The capacitors are fabricated using
aluminum-based surface micromachining technology.
Sputtered aluminum is used for building the capaci-
tor top and bottom electrodes. Photoresist is served as
the sacrificial layer, which is then removed through
an oxygen-based plasma dry etch to release the mi-
crostructure. The processing technology requires a low
thermal budget, thus allowing the variable capacitors to
be fabricated on top of wafers with completed electronic
circuits without degrading the performance of active de-
vices. Figure 12.35 presents an SEM micrograph of four
MEMS tunable capacitors connected in parallel. This
device achieves a nominal capacitance value of 2 pF
and a tuning range of 15% with 3 V. A quality factor

500 µm

Fig. 12.36 SEM micrograph of a silicon tunable capacitor
using a comb drive actuator (after [12.39])

Fig. 12.35 SEM micrograph of four MEMS aluminum variable ca-
pacitors connected in parallel (after [12.35])

of 62 has been demonstrated at 1 GHz, which matches
or exceeds that of discrete varactor diodes and is at
least an order of magnitude larger than that of a typ-
ical junction capacitor implemented in a standard IC
process.

MEMS tunable capacitors based upon varying ca-
pacitance area between a set of conductors have been
demonstrated. Figure 12.36 shows an SEM micrograph
of a such device [12.39]. The capacitor comprises
arrays of interdigitated electrodes, which can be elec-
trostatically actuated to vary the electrode overlap
area. A close-up view of the electrodes is shown in
Fig. 12.37. The capacitor is fabricated using a silicon-

5 µm

Fig. 12.37 SEM micrograph of a close view of a tunable
capacitor comb fingers (after [12.39])
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Fig. 12.38 Photos of comb fingers at different actuation voltages
(after [12.39])

on-insulator (SOI) substrate with a top silicon layer
thickness around 20 μm to obtain a high aspect ra-
tio for the electrodes, critical for achieving a large
capacitance density and reduced tuning voltage. The
silicon layer is etched to form the device structure fol-
lowed by removing the underneath oxide to release
the capacitor. A thin aluminum layer is then sput-
tered over the capacitor to reduce the series resistive
loss. The device exhibits a quality factor of 34 at
500 MHz and can be tuned between 2.48 and 5.19 pF
with an actuation voltage under 5 V, corresponding to
a tuning range over 100%. Figure 12.38 shows the vari-
ation of electrode overlap area under different tuning
voltages.

Tunable capacitors relying on a movable dielectric
layer have been fabricated using MEMS technology.
Figure 12.39 presents an SEM micrograph of a copper-
based micromachined tunable capacitor [12.40]. The
device consists of an array of copper top electrodes sus-
pended above a bottom copper plate with an air gap
of ≈ 1 μm. A thin nitride layer is deposited, patterned,
and suspended between the two copper layers by lateral
mechanical spring suspensions after sacrificial release.
A DC voltage applied across the copper layers intro-
duces a lateral electrostatic pull-in force on the nitride,
thus resulting in a movement which changes the over-
lapping area between each copper electrode and the
bottom plate, and hence the device capacitance. The
tunable capacitor achieves a quality factor over 200
at 1 GHz with 1 pF capacitance due to the highly con-
ductive copper layers and a tuning range around 8%
with 10 V.

Cu top elelctrode GSG pads Cu bottom
GND

Lateral
spring

200 µm

Fig. 12.39 SEM micrograph of a copper surface-microma-
chined tunable capacitor with a movable dielectric layer
(after [12.40])

Micromachined Inductors
Integrated inductors with high quality factors are as crit-
ical as the tunable capacitors for high performance RF
system implementation. They are the key components
for building low-noise oscillators, low-loss matching
networks, etc. Conventional on-chip spiral inductors
suffer from limited quality factors of around 5 at 1 GHz,
an order of magnitude lower than the required val-

650 µm

Cu trace Alumina core

500 µm

Fig. 12.40 SEM micrograph of a 3-D coil inductor fabri-
cated on a silicon substrate (after [12.41])
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ues from discrete counterparts. The poor performance
is mainly caused by substrate loss and metal resistive
loss at high frequencies. Micromachining technology
provides an attractive solution to minimize these loss
contributions; hence enhancing the device quality fac-
tors. Figure 12.40 shows an SEM micrograph of a 3-D
coil inductor fabricated on a silicon substrate [12.41].
The device consists of 4-turn 5 μm thick copper traces
electroplated around an insulting core with a 650 μm
by 500 μm cross section. Compared to spiral induc-
tors, this geometry minimizes the coil area which is in
close proximity to the substrate and hence the eddy-
current loss, resulting in a maximized Q-factor and
device self-resonant frequency. Copper is selected as
the interconnect metal because of its low sheet re-
sistance, critical for achieving a high Q-factor. The
inductor achieves a 14 nH inductance value with a qual-
ity factor of 16 at 1 GHz. A single-turn 3-D device
exhibits a Q-factor of 30 at 1 GHz, which matches
the performance of discrete counterparts. The high-Q
3-D inductor and MEMS tunable capacitors, shown in
Fig. 12.35, have been employed to implement a RF
CMOS VCO achieving a low phase noise performance
suitable for typical wireless communication applica-
tions such as GMS cellular telephony [12.42].

Other 3-D inductor structures such as the levi-
tated spiral inductors have been demonstrated using
micromachining fabrication technology. Figure 12.41
shows an SEM micrograph of a levitated copper in-
ductor, which is suspended above the substrate through
supporting posts [12.44]. The levitated geometry can
minimize the substrate loss, thus achieving an im-
proved quality factor. The inductor shown in the figure

500 µm

50 µm gap

Fig. 12.41 SEM micrograph of a levitated spiral inductor
fabricated on a glass substrate (after [12.40])

1 mm

Fig. 12.42 SEM micrograph of a self-assembled out-of-
plane coil inductor (after [12.43])

100 µm 

Fig. 12.43 SEM micrograph of an interlocking trace from
a self-assembled out-of-plane oil inductor (after [12.43])

achieves a 1.4 nH inductance value with a Q-factor
of 38 at 1.8 GHz using a glass substrate. Similar
inductor structures have been demonstrated on stan-
dard silicon substrates achieving a nominal inductance
value of ≈ 1.4 nH with a Q-factor of 70 measured at
6 GHz [12.45].

A self-assembled out-of-plane coil has been fabri-
cated using micromachining technology. The inductor
winding traces are made of refractory metals with con-
trolled built-in stress such that the traces can curl out
of the substrate surface upon release and interlock into
each other to form coil windings. Figure 12.42 shows
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an SEM micrograph of a self-assembled out-of-plane
coil inductor [12.43]. A close-up view of an interlocking
trace is shown in Fig. 12.43. Copper is plated on the in-
terlocked traces to form highly conductive windings at
the end of processing sequence. The inductor shown in
Fig. 12.42 achieves a quality factor around 40 at 1 GHz.

MEMS Switches
The microelectromechanical switch is another poten-
tially attractive miniaturized component enabled by
micromachining technologies. These switches offer su-
perior electrical performance in terms of insertion loss,
isolation, linearity, etc., and are intended to replace
off-chip solid-state counterparts, which provide switch-
ing between the receiver and transmitter signal paths.
They are also critical for building phase shifters, tun-
able antennas, and filters. The MEMS switches can
be characterized into two categories: capacitive and
metal-to-metal contact types. Figure 12.44 presents
a cross-sectional schematic of an RF MEMS capacitive
switch. The device consists of a conductive membrane,
typically made of aluminum or gold alloy suspended
above a coplanar electrode by an air gap of a few mi-
crometers. For RF or microwave applications, actual
metal-to-metal contact is not necessary; rather, a step
change in the plate-to-plate capacitance realizes the
switching function. A thin silicon nitride layer with
a thickness on the order of 1000 Å is typically de-
posited above the bottom electrode. When the switch
is in the on-state, the membrane is high resulting in
a small plate-to-plate capacitance; hence, a minimum
high-frequency signal coupling (high isolation) between
the two electrodes. In the off-state (with a large enough
applied DC voltage), the switch provides a large ca-
pacitance due to the thin dielectric layer, thus causing

a)

b)

Suspended
membrane

Switch up

Silicon nitride

Input Output

Post

Input Output
Switch down

Post

Fig. 12.44 Cross-sectional schematics of an RF MEMS ca-
pacitive switch

Ground Membrane Undercut access holes

Lower electrodeDielectric

Signal path

Ground

Fig. 12.45 Top view photo of a fabricated RF MEMS ca-
pacitive switch (after [12.46])

a strong signal coupling (low insertion loss). The ca-
pacitive switch consumes near-zero power, which is
attractive for low power portable applications. Switch-
ing cycles over millions for this type of device have
been demonstrated. Figure 12.45 shows a top view
photo of a fabricated MEMS capacitive switch [12.46].
Surface micromachining technology, using metal for the
electrodes and polymer as the sacrificial layer, is used
to fabricate the device. The switch can be actuated with
a DC voltage on the order of 50 V and exhibits a low
insertion loss of ≈ −0.28 dB at 35 GHz and a high
isolation of −35 dB at the same frequency.

Metal-to-metal contact switches are important for
interfacing large bandwidth signals including DC. This
type of device typically consists of a cantilever beam
or clamped-clamped bridge with a metallic contact pad
positioned at the beam tip or underneath bridge cen-
ter. Through an electrostatic actuation, a contact can
be formed between the suspended contact pad and an
underlying electrode on the substrate [12.47–49]. Fig-
ure 12.46 shows a cross-sectional schematic of a metal-
to-metal contact switch [12.49]. The top view of the
fabricated device is presented in Fig. 12.47. The switch
exhibits an actuation voltage of 30 V, a response time
of 20 μs, and mechanical strength to withstand 109 actu-
ations. An isolation greater than 50 dB below 2 GHz and
insertion loss less than 0.2 dB from DC through 40 GHz
has been demonstrated. Metal-to-metal contact switches
relying on electrothermal actuation method have also
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Up state

Down state

Fig. 12.46 Cross-sectional schematic of a metal-to-metal
contact switch (after [12.49])

Fig. 12.47 Top view photo of a fabricated metal-to-metal
contact switch (after [12.49])

been developed to demonstrate a low actuation voltage
around 3 V, however, at an expense of reduced switch-
ing speed of 300 μs and increased power dissipation in
the range of 60–100 mW [12.50, 51]. The fabricated
switches achieve an off-state isolation of −20 dB at
40 GHz and an insertion loss of −0.1 dB up to 50 GHz.

MEMS Resonators
Microelectromechanical resonators based upon polysil-
icon comb-drive structures, suspended beams, and
center-pivoted disk configurations have been demon-
strated for performing analog signal processing [12.50,
52–56]. These microresonators can be excited into me-
chanical resonance through an electrostatic drive. The
mechanical motion causes a change of device capac-
itance resulting in an output electrical current when
a proper DC bias voltage is used. The output current
exhibits the same frequency as the mechanical reso-
nance, thus achieving an electrical filtering function

Sustaining CMOS circuitry Micromechanical resonator

Fig. 12.48 SEM micrograph of a surface-micromachined
comb drive resonator integrated with CMOS sustaining
electronics (after [12.52])

through the electromechanical coupling. Microma-
chined polysilicon flexural-mode mechanical resonators
have demonstrated a quality factor greater than 80 000
in a 50 μTorr vacuum [12.57]. This level of perfor-
mance is comparable to a typical quartz crystal and is
thus attractive for implementing monolithic low-noise
and low-drift reference signal sources. Figure 12.48
shows an SEM micrograph of a surface-micromachined
comb drive resonator integrated with CMOS sustaining
electronics on a same substrate to form a mono-
lithic high-Q MEMS resonator-based oscillator [12.52].
The oscillator achieves an operating frequency of
16.5 KHz with a clean spectral purity. A chip area
of ≈ 420 × 230 μm2 is consumed for fabricating the
overall system, representing a size reduction by orders
of magnitude compared to conventional quartz crystal
oscillators.

Micromachined high-Q resonators can be cou-
pled to implement low-loss frequency selection fil-
ters. Figure 12.49 shows an SEM micrograph of
a surface-micromachined polysilicon two-resonator,
spring-coupled bandpass micromechanical filter [12.54].
The filter consists of two silicon micromechanical
clamped-clamped beam resonators, coupled mechan-
ically by a soft spring, all suspended 0.1 μm above
the substrate. Polysilicon strip lines underlie the cen-
tral regions of each resonator and serve as capacitive
transducer electrodes positioned to induce resonator vi-
bration in a direction perpendicular to the substrate.
Under a normal operation, the device is excited capaci-
tively by a signal voltage applied to the input electrode.
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Fig. 12.49 SEM micrograph of a polysilicon surface-
micromachined two-resonator spring-coupled bandpass
micromechanical filter (after [12.54])

The output is taken at the other end of the structure, also
by capacitive transduction. The filter achieves a center
frequency of 7.81 MHz, a bandwidth of 0.23%, and an
insertion loss less than 2 dB. The achieved performance
is attractive for implementing filters in the low MHz
range.

To obtain a higher mechanical resonant frequency
with low losses, a surface-micromachined contour-
mode disk resonator has been proposed, as shown in
Fig. 12.50 [12.56]. The resonator consists of a polysil-
icon disk suspended 5000 Å above the substrate with
a single anchor at its center. Plated metal input elec-
trodes surround the perimeter of the disk with a narrow
separation of around 1000 Å, which defines the capac-
itive, electromechanical transducer of the device. To
operate the device, a DC bias voltage is applied to the
structure with an AC input signal applied to the elec-
trodes, resulting in a time varying electrostatic force act-
ing radially on the disk. When the input signal matches
the device resonant frequency, the resulting electrostatic
force is amplified by the Q-factor of the resonator, pro-

AnchorOutput electrode Transducer 
gap

Plated input
electrodes

R = 17 µm

Fig. 12.50 SEM micrograph of a polysilicon surface-
micromachined contour-mode disk resonator (after [12.56])

ducing expansion and contraction of the disk along its
radius. This motion, in turn, produces a time-varying
output current at the same frequency, thus achiev-
ing the desirable filtering. The prototype resonator
demonstrates an operating frequency of 156 MHz with
a Q-factor of 9400 in vacuum. The increased resonant
frequency is comparable to the first intermediate fre-
quency used in a typical wireless transceiver design and
is thus suitable for implementing IF bandpass filters.
Recently, self-aligned MEMS fabrication technique
was developed to demonstrate vibrating radial-contour
mode polysilicon micromechanical disk resonators with
resonant frequencies up to 1.156 GHz and measured
Q’s close to 3000 in both vacuum and air [12.51].
The achieved performance is attractive for potentially
replacing RF frequency selection filters in current wire-
less transceivers with MEMS versions.

12.2 Nanoelectromechanical Systems (NEMS)
Unlike their microscale counterparts, nanoelectrome-
chanical systems (NEMS) are made of electromechan-
ical devices that have critical structural dimensions at
or below 100 nm. These devices are attractive for ap-
plications where structures of very small mass and/or
very large surface area-to-volume ratios provide es-
sential functionality, such as force sensors, chemical
sensors, biological sensors, and ultrahigh frequency res-

onators to name a few. NEMS fabrication processes
can be classified into two general categories based
on the approach used to create the structures. Top-
down approaches utilize submicrometer lithographic
techniques to fabricate device structures from bulk ma-
terial, either thin films or thick substrates. Bottom-up
approaches involve the fabrication of nanoscale devices
in much the same way that nature constructs objects,

Part
B

1
2
.2



MEMS/NEMS Devices and Applications 12.2 Nanoelectromechanical Systems (NEMS) 381

by sequential assembly using atomic and/or molecu-
lar building blocks. While advancements in bottom-up
approaches are developing at a very rapid pace, most
advanced NEMS devices are currently created utiliz-
ing top-down techniques that combine existing process
technologies, such as electron-beam lithography, con-
ventional film growth and chemical etching. Top-down
approaches make integration with microscale packag-
ing relatively straightforward since the only significant
difference between the nanoscale and microscale pro-
cessing steps is the method used to pattern the various
features.

In large measure, NEMS has followed a de-
velopmental path similar to the route taken in the
development of MEMS in that both have leveraged
existing processing techniques from the IC industry.
For instance, the electron-beam lithographic techniques
used in top-down NEMS fabrication are the same
techniques that have become standard in the fabri-
cation of submicrometer transistors. Furthermore, the
materials used in many of the first generation, top-
down NEMS devices, (Si, GaAs, Si3N4, SiC) were
first used in ICs and then in MEMS. Like the first
MEMS devices, the first generation NEMS structures
consisted of free-standing nanomechanical beams, pad-
dle oscillators, and tethered plates made using simple
bulk and single layer surface nanomachining processes.
Recent advancements have focused on incorporating
nanomaterials such as nanotubes and nanowires synthe-
sized using bottom-up approaches into NEMS devices
by integrating these materials into top-down nano- and
micromachining processes. The following text serves
only at a brief introduction to the technology, high-
lighting the key materials, fabrication approaches, and
emerging application areas. For additional details and
perspectives, readers are encouraged to consult an ex-
cellent review on the subject [12.58].

12.2.1 Materials and Fabrication Techniques

Like Si MEMS, Si NEMS capitalizes on well-developed
processing techniques for Si and the availability of high-
quality substrates. Cleland and Roukes [12.59] reported
a relatively simple process to fabricate nanomechanical
clamped-clamped beams directly from single-crystal
(100) Si substrates. As illustrated in Fig. 12.1, the pro-
cess begins with the thermal oxidation of a Si substrate
(Fig. 12.1a). Large Ni contact pads were then fabricated
using optical lithography and lift-off. A polymethyl
methacrylate (PMMA) lift-off mold was then deposited
and patterned using electron-beam lithography into the

shape of nanomechanical beams (Fig. 12.1b). Ni was
then deposited and patterned by lifting off the PMMA
(Fig. 12.1c). Next, the underlying oxide film was pat-
terned by RIE using the Ni film as an etch mask. After
oxide etching, nanomechanical beams were patterned
by etching the Si substrate using RIE, as shown in
Fig. 12.1d. Following Si RIE, the Ni etch mask was
removed and the sidewalls of the Si nanomechanical
beams were lightly oxidized in order to protect them
during the release step (Fig. 12.1e). After performing an
anisotropic SiO2 etch to clear any oxide from the field
areas, the Si beams were released using an isotropic Si
RIE step, as shown in Fig. 12.1f. After release, the pro-
tective SiO2 film was removed by wet etching in HF
(Fig. 12.1g). Using this process, the authors reported the
successful fabrication of nanomechanical Si beams with
micrometer-scale lengths (≈ 8 μm) and submicrometer
widths (330 nm) and heights (800 nm).

The advent of silicon-on-insulator (SOI) substrates
with high quality, submicrometer-thick silicon top lay-
ers enables the fabrication of nanomechanical Si beams
with fewer processing steps than the aforementioned
technique, since the buried oxide layer makes these
device structures relatively easy to pattern and re-
lease. Additionally, the buried SiO2 layer electrically
isolates the beams from the substrate. Carr and Craig-
head [12.60] detail a process that uses SOI substrates
to fabricate submicrometer clamped-clamped mechan-
ical beams and suspended plates with submicrometer
tethers. The process, presented in Fig. 12.2, begins
with the deposition of PMMA on an SOI substrate.
The SOI substrate has a top Si layer that was either
50 or 200 nm in thickness. The PMMA is patterned
into a metal lift-off mask by electron beam lithog-
raphy (Fig. 12.2b). An Al film is then deposited and
patterned by lift-off into a Si etch mask, as shown
in Fig. 12.2c. The nanomechanical beams are then
patterned by Si RIE and released by etching the under-
lying SiO2 in a buffered hydrofluoric acid solution as
shown in Fig. 12.2d,e, respectively. Using this process,
nanomechanical beams that were 7–16 μm in length,
120–200 nm in width and 50 or 200 nm in thickness
were successfully fabricated.

Fabrication of NEMS structures is not limited to
Si. In fact, III–V compounds, such as gallium ar-
senide (GaAs), make particularly good NEMS materials
from a fabrication perspective because thin epitaxial
GaAs films can be grown on lattice-matched materials
that can be used as sacrificial release layers. A col-
lection of clamped-clamped nanomechanical GaAs
beams fabricated on lattice-matched sacrificial layers
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having micrometer-scale lengths and submicrometer
widths and thicknesses is shown in Fig. 12.3. Tighe
et al. [12.61] reported on the fabrication of GaAs plates
suspended with nanomechanical tethers. The structures
were made from single-crystal GaAs films that were
epitaxially grown on aluminum arsenide (AlAs) sac-
rificial layers. Ni etch masks were fabricated using
electron beam lithography and lift-off as described pre-
viously. The GaAs films were patterned into beams
using a chemically assisted ion beam etching process
and released using a highly selective AlAs etchant. In
a second example, Tang et al. [12.62] has capitalized
on the ability to grow high-quality GaAs layers on
ternary compounds such as AlxGa1−xAs to fabricate
complex GaAs-based structures, such as submicrometer
clamped-clamped beams from GaAs/AlGaAs quantum
well heterostructures. As with the process described
by Tighe et al. [12.61], this process exploits a lat-
tice matched sacrificial layer, in this case Al0.8Ga0.2As,
which can be selectively etched to release the het-
erostructure layers.

Silicon carbide and diamond NEMS structures have
been developed for applications requiring a material
with a higher acoustic velocity and/or a higher degree
of chemical inertness than Si. Silicon carbide nanome-
chanical resonators have been successfully fabricated
from both epitaxial 3C-SiC films grown on Si sub-
strates [12.63] and bulk 6H-SiC substrates [12.64]. In
the case of the 3C-SiC devices, the ultrathin epitaxial
films were grown by atmospheric pressure chem-
ical vapor deposition (APCVD) on (100)Si substrates.
Nanomechanical beams were patterned using a metal
RIE mask that was itself patterned by e-beam lithog-
raphy. Reactive ion etching was performed using two
NH3-based plasma chemistries, with the first recipe per-
forming an anisotropic SiC etch down to the Si substrate
and the second performing an isotropic Si etch used
to release the SiC beams. The two etches were per-
formed sequentially, thereby eliminating a separate wet
or dry release step. For the 6H-SiC structures, a suitable
sacrificial layer was not available since the structures
were fabricated directly on commercially available bulk
wafers. To fabricate the structures, a metal etch mask
was lithographically patterned by e-beam techniques on
the 6H-SiC surface. The anisotropic SiC etch mentioned
above was then performed, but with the substrate tilted
roughly 45◦ with respect to the direction of the plasma
using a special fixture to hold the wafer. A second such
etch was performed on the substrate tilted back 90◦ with
respect to the first etch, resulting in released beams with
triangular cross sections.

Nanomechanical resonators have also been fash-
ioned out of thin nanocrystalline diamond thin
films [12.65]. In this case, the diamond films were
deposited on SiO2-coated Si substrates by microwave
plasma chemical vapor deposition using CH4 and H2 as
feedstock. The diamond films were patterned by RIE us-
ing metal masks patterned by e-beam lithography. The
plasma chemistry in this case was based on CF4 and O2.
The devices were then released in a buffered HF solu-
tion. It is noteworthy that the structures did not require
a critical-point drying step after the wet chemical re-
lease, owing to the chemical inertness of the diamond
surface.

NEMS structures are not restricted to those that
can be made from patterned thin films using top-
down techniques. In fact, carbon nanotubes (CNT) have
been incorporated into NEMS devices using an ap-
proach that combines both bottom-up and top-down
processing techniques. An example illustrating the
promise and challenges of merging bottom-up with
top-down techniques is the CNT-based electrostatic ro-
tational actuator developed by Fennimore et al. [12.66].
In this example, multiwalled CNTs (MWCNT) are
grown using a conventional arc discharge process,
which typically produces an assortment of CNTs.
The CNTs are then transferred to a suitable SiO2
coated Si in a 1,2-dichlorobenzene suspension. An
AFM or SEM is then used to select a properly posi-
tioned CNT as determined by prefabricated alignment
marks on the substrate. Conventional electron-beam
lithography and lift-off techniques are then used to
pattern an Au film into contact/anchor pads on the
two ends of the CNT, a rotor pad at its center and
two counter electrodes at 90◦ to the anchor pads.
Anchoring is accomplished by sandwiching the CNT
between the Au contact and the underlying SiO2 film.
The rotor is released by simply etching the sacrifi-
cial SiO2 layer, taking care not to completely undercut
the anchors yet allowing for adequate clearance for
the rotor. Under proper conditions, the outer wall
of the MWCNTs could be detached from the inner
walls in order to allow for free rotation of the rotor
plate.

12.2.2 Transduction Techniques

Several unique approaches have been developed to
actuate and sense the motion of NEMS devices. Elec-
trostatic actuation can be used to actuate beams [12.67],
tethered meshes [12.68], and paddle oscillators [12.69].
Sekaric et al. [12.70] has shown that low power
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lasers can be used to drive paddle oscillators into
self-oscillation by induced thermal effects on the struc-
tures. In these examples, an optical detection scheme
based on the modulation of incident laser light by
a vibrating beam is used to detect the motion of the
beams. Cleland and Roukes [12.59] describe a mag-
netomotive transduction technique that capitalizes on
a time-varying Lorentz force created by an alternat-
ing current in the presence of a strong magnetic field.
In this case, the nanomechanical beam is positioned
in the magnetic field so that an AC current pass-
ing through the beam is transverse to the field lines.
The resulting Lorentz force causes the beam to oscil-
late, which creates an electromotive force along the
beam that can be detected as a voltage. Thus, in this
method, the excitation and detection are performed
electrically. In all of the above-mentioned cases, the
measurements were performed in vacuum, presum-
ably to minimize the effects of squeeze-film damping
as well as mass loading due to adsorbates from the
environment.

12.2.3 Application Areas

For the most part, NEMS technology is still in the
initial stage of development. Technological challenges
related to fabrication and packaging will require inno-
vative solutions before such devices make a significant
commercial impact. Nevertheless, NEMS devices have
already been used for precision measurements [12.71]
enabling researchers to probe the properties of matter
on a nanoscopic level [12.72, 73]. Sensor technologies
based on NEMS structures, most notably for attogram
scale mass detection [12.74, 75], attonewton force de-
tection [12.76], virus detection [12.77], and gaseous
chemical detection [12.78] have emerged and will con-
tinue to mature. Without question, NEMS structures
will prove to be useful platforms for a host of ex-
periments and scientific discoveries in fields ranging
from physics to biology, and with advancements in pro-
cess integration and packaging, there is little doubt that
NEMS technology will find its way into commercial
micro/nanosystems as well.

12.3 Current Challenges and Future Trends

Although the field of MEMS has experienced signifi-
cant growth over the past decade, many challenges still
remain. In broad terms, these challenges can be grouped
into three general categories:

1. Fabrication challenges
2. Packaging challenges
3. Application challenges.

Challenges in these areas will, in large measure, de-
termine the commercial success of a particular MEMS
device both in technical and economic terms. The fol-
lowing presents a brief discussion of some of these
challenges as well as possible approaches to address
them.

In terms of fabrication, MEMS is currently dom-
inated by planar processing techniques which find
their roots in silicon IC fabrication. The planar ap-
proach and the strong dependence on silicon worked
well in the early years, since many of the processing
tools and methodologies commonplace in IC fabri-
cation could be directly utilized in the fabrication
of MEMS devices. This approach lends itself to the
integration of MEMS with silicon ICs. Therefore,
it still is popular for various applications. However,
modular process integration of micromachining with

standard IC fabrication is not straightforward and
represents a great challenge in terms of processing
material compatibility, thermal budget requirements,
etc. Furthermore, planar processing places significant
geometric restrictions on device designs, especially
for complex mechanical components requiring high
aspect ratio three-dimensional geometries, which are
certain to increase as the application areas for MEMS
continue to grow. Along the same lines, new applica-
tions will likely demand materials other than silicon,
which may not be compatible with the conventional
microfabrication approach, posing a significant chal-
lenge if integration with silicon microelectronics is
required. Microassembly technique can become an
attractive solution to alleviate these issues. Multifunc-
tional microsystems can be implemented by assembling
various MEMS devices and electronic building blocks
fabricated through disparate processing technologies.
Microsystems on a common substrate will likely
become the ultimate solution. Development of so-
phisticated modeling programs for device design and
performance will become increasingly important as fab-
rication processes and device designs become more
complex. In terms of NEMS, the most significant
challenge is likely the integration of nano- and mi-
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crofabrication techniques into a unified process, since
NEMS devices are likely to consist of both nanoscale
and microscale structures. Integration will be particu-
larly challenging for nanoscale devices fabricated using
a bottom-up approach, since no analog is found in
microfabrication. Nevertheless, hybrid systems con-
sisting of nanoscale and microscale components will
become increasingly common as the field continues to
expand.

Fabrication issues notwithstanding, packaging is
and will continue to be a significant challenge to the im-
plementation of MEMS. MEMS is unlike IC packaging
which benefits from a high degree of standardiza-
tion. MEMS devices inherently require interaction with
the environment, and since each application has in
some way a unique environment, standardization of
packaging becomes extremely difficult. This lack of
standardization tends to drive up the costs associated
with packaging, making MEMS less competitive with
alternative approaches. In addition, packaging tends
to negate the effects of miniaturization based upon
microfabrication, especially for MEMS devices requir-
ing protection from certain environmental conditions.
Moreover, packaging can cause performance degrada-

tion of MEMS devices, especially in situations where
the environment exerts mechanical stresses on the
package, which in turn results in a long-term device per-
formance drift. To address many of these issues, wafer
level packaging schemes that are customized to the de-
vice of interest will likely become more common. In
essence, packaging of MEMS will move away from
the conventional IC methods that utilize independently
manufactured packages toward custom packages, which
are created specifically for the device as a part of the
batch fabrication process.

Without question, the increasing advancement of
MEMS will open many new potential application areas
to the technology. In most cases, MEMS will be one
of several alternatives available for implementation. For
cost sensitive applications, the trade off between techni-
cal capabilities and cost will challenge those who desire
to commercialize the technology. The biggest challenge
to the field will be to identify application areas that are
well suited for MEMS/NEMS technology and have no
serious challengers. As MEMS technology moves away
from component level and more towards microsystems
solutions, it is likely that such application areas will
come to the fore.
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