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corporated into single or distributed systems and thus allows
more widespread use of data collection and electronic control.

Micromachined devices have a minimum feature size in
the range of 1 �m to 1 mm. The term ‘‘micromachined’’ seems
to imply that the devices are incredibly precise, but this is not
the case. While micromachined devices are quite small, they
are not created to the same relative tolerance as macroscopic
objects made with conventional machining. Objects on the or-
der of a centimeter to a meter can have a relative tolerance
of 10�4 to 10�5, whereas micromachined devices have a rela-
tive tolerance of 10�2 to 10�3. So although micromachined de-
vices are small, they are not as accurately fabricated as mac-
roscopic devices.

One of the early commercial applications of a microma-
chined device was a pressure sensor (2) that appeared in
1962. Diaphragms of silicon were formed by combining wet
chemical etching, plasma etching, and oxidation. The piezor-
esistive effect in silicon was used as the transduction mecha-
nism from the mechanical to electrical domain. Through the
1970s, many companies commercialized other micromachined
products such as the Texas Instruments thermal print head
(1977) (3), IBM ink jet nozzle arrays (1977) (4) and Hewlett
Packard thermally isolated diode detectors (1980) (5). The
first commercial application of surface micromachining was
the ADXL50 accelerometer from Analog Devices, as shown in
Fig. 1 (6). Other materials have also been utilized in micro-
machined devices such as quartz wristwatch tuning fork reso-
nators (7).

In this article, the fabrication technology of micromachin-
ing is presented with the two important techniques, bulk and
surface micromachining, being described in detail. In the next
section, the fundamental building blocks of micromachined
devices are outlined followed by a discussion of the main sens-
ing and actuating physical mechanisms. Finally, some appli-
cations of micromachined devices are discussed.

MICROMACHINED DEVICES AND
FABRICATION TECHNOLOGIES

Micromachined (or micromechanical) devices are miniature
structures designed for sensing, actuation, and packaging.
They are created by micromachining, which constitutes a
broad class of fabrication techniques that grew out of the
technology and materials of the microelectronics industry.
Photolithography, oxidation, diffusion, chemical vapor deposi-
tion, evaporation, and wet and dry chemical etching (1) are
used not only to create transistors, resistors, and capacitors,
but to also create sensors, actuators and packaging struc-
tures. By using integrated circuit (IC) processing to create
micromachined devices, the integration of electronics with
sensors and actuators on a single substrate is possible. Single
crystal silicon is the substrate material of choice both because
of its dominant use in ICs and because of its superb mechani-
cal and etching characteristics. Applications of micromachin-
ing have required the development of augmented and new
process technologies to accommodate the unique critical pa-
rameters (e.g., stress control) as well as nonstandard materi-
als. The combination of small size and batch fabrication char-
acteristic of IC processing makes micromachined devices Figure 1. A photomicrograph of the Analog Devices ADXL50, the
particularly applicable for low-cost, high-volume applications. first surface micromachined accelerometer. (Courtesy of Analog De-

vices).Expanded use of these devices allows more sensors to be in-
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BULK MICROMACHINING

Bulk micromachining, which typically refers to any etching of
the substrate (isotropically or anisotropically) or bonding of
substrates, has been used for over 20 years and remains the
most prevalent fabrication process for micromachined devices.

In bulk micromachining, the silicon substrate itself is ma-
chined to form a functional component in a sensor, actuator,
or package. Bulk micromachined structures include dia-
phragms, membranes, cantilever beams, V-grooves, and
through-wafer holes that are created primarily with aniso-
tropic etching of the substrate. The anisotropic etch produces

Table 1. Mechanical Properties of Bulk Silicon and Quartz

Property Silicon Quartz

Young’s modulus (GPa) 129.5 � 109 [100]
168.0 � 109 [110]
186.5 � 109 [111]

Yield strength 7 GPa
Coefficient of thermal expan- 2.33 � 10�6 7.1 � 10�6 � Z

sion (	C�1) 13.2 � 10�6 � Z
Thermal conductivity 15.7 29 � Z

(W/mK) at 300	C 16 � Z
Density (kg/m3) 2300 2660
Melting point 1350	C 1710	C

tight dimensional control even in structures that are as thick
as the substrate. By selecting different crystal orientations
for the initial substrate, different etch profiles can be pro-

substrates such as gallium arsenide have been utilized for mi-duced (see Wolf (1) for a description of crystals and crystal
cromachining, but their high cost has limited their applica-notation). For example, a �110� wafer will produce vertical
tions.sidewalls when etched in an anisotropic etchant. Thin films

can be deposited on the substrate surface to create transduc-
Wet Anisotropic Silicon Etching

ing layers (i.e., piezoresistive or piezoelectric films), etch stop
layers, or isolation layers. Two-sided processing is common Wet anisotropic etchants create three-dimensional structures

in a crystalline silicon substrate because the etch rate de-and has the benefit of separating the electronics from the
sensing environment, thus allowing the sensors to be used in pends on the crystal orientation. Typically, the etch rate is

fastest along the �100� and �110� directions and slowest alonghazardous environments. More complicated structures, such
as accelerometers, gyros, valves, and pumps, can be created the �111� directions. Since silicon dioxide (SiO2)and silicon ni-

tride (Si3N4) are etched more slowly than silicon, they can beby incorporating wafer bonding techniques.
used as masking films or etch stops. Some silicon etchants
also have a reduced etch rate in the presence of heavy boronMaterials
doping, thus allowing a boron-doped layer to act as an etch

The most commonly used substrate for bulk micromachining stop in silicon.
is single-crystal silicon. Silicon has a diamond-cubic atomic A tremendous variety of structures can be created using
structure (1). The crystalline structure lends itself well to an- combinations of silicon dioxide, silicon nitride, and boron dif-
isotropic etching along the crystal planes. By changing the fused etch stops, front- and back-side lithography, and silicon
orientation of the substrate to the crystal planes, different substrates with different crystal orientations. For a �100� sili-
resulting etch profiles can be created. Silicon wafers are also con substrate the mask is aligned to the [110] direction. This
abundant and inexpensive. Because of the single crystal na- will create an etched feature that terminates at the mask
ture and purity of silicon wafers, the mechanical properties edge. Figure 2 shows the progress of the etch of three differ-
are well controlled (8). Silicon is stronger than steel, but is ent types of simple structures in �100� silicon: a V-groove, a
also very brittle. The elastic behavior of silicon makes the fab- diaphragm, and a through-wafer hole. As the etch proceeds
rication of reliable and repeatable structures possible. Many �111� planes form along the edges of the silicon nitride etch
sensors can be created from silicon because it is sensitive to masks. These planes form a 54.7	 angle with the (100) surface
stress, temperature, radiation, and magnetic fields as dis- of the wafer. If allowed, the etch will continue until only �111�
cussed in the sections below. planes are exposed. The angle between the �100� and �111�

Silicon dioxide (glass) substrates are also commonly used, planes causes the size of the etch pit for the diaphragm and
especially in bonding with other substrates. The mechanical through hole to be much larger than the whole opening. This
characteristics and melting points of glass can be modified by drawback can be compensated for by using a bonded wafer
changing the level of doping impurities in the glass. The addi- for the membrane. If the substrate is not aligned well to the
tion of sodium creates substrates that work well with anodic [110] direction, the etched feature will underetch the mask
bonding. Corning #7750 glass is best suited for bonding to until only the �111� planes are visible. Figure 3 illustrates
�100� silicon substrates because the coefficient of thermal the resulting structure due to a mask misalignment. Some
expansion is matched to that of silicon. The melting point of applications require vertical sidewalls in the silicon substrate.
doped glass puts an upper limit on the temperature that can This is accomplished with �110� substrates. The alignment of
be used in subsequent processing and on the operating tem- the mask is to the [111] direction. The �111� planes are per-
perature of the device. pendicular to the wafer surface. The etch proceeds as before,

Quartz is the single-crystal form of silicon dioxide. Like etching all planes except the �111� planes. It is thus easy to
silicon, quartz can be anisotropically etched (9). The most im- create through wafer slits with �110� substrates. For a more
portant characteristic of quartz is that it has a large piezo- detailed review of bulk micromachining, see Ref. (10).
electric effect (see below). Quartz, however, is quite fragile High etch selectivities between different crystal orienta-
and must be handled with care. As with silicon, the crystal tions and masking materials allows lateral as well as vertical
orientations of the quartz produce different mechanical and dimensions to be controlled to within 0.5 �m or better. How-
electrical characteristics. Table 1 shows some of the mechani- ever, while the dimensions of the structures are accurate,

there are some problems with wet anisotropic etching of sili-cal parameters of both single-crystal silicon and quartz. Other
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con. All of the chemistries etch silicon at �1 �m/min in the
fast etching orientation, �100�. Thus, to etch through an entire
500 �m wafer over 8 hours are required. In addition, the etch
rates and performance depends on temperature and concen-
tration of the solutions. The three main wet anisotropic sili-
con etchants and their characteristics are listed in Table 2.
Finally, although the anisotropically etched structures are
three-dimensional, there are only a few types of vertical fea-
tures that can be created (i.e., vertical and angled at 54.7	).

The most common anisotropic etchant is a mixture of po-
tassium hydroxide (KOH), water, and isopropyl alcohol at
80	C (11,12). At higher temperatures the uniformity of the
etch decreases. The concentration of KOH can be varied from
10 wt% to 50 wt% (2 M to 12 M). High KOH concentrations
result in smooth structures. Hydrogen gas is generated as a
byproduct of the etch and forms bubbles which are thought to
cause the surface roughness seen at low KOH concentrations.
The main advantage of KOH is that it has the highest etch
rate ratio between the �100� and �111� planes, 400 to 600. On
the other hand, KOH is not compatible with IC fabrication
because of the presence of the mobile ion, K�. KOH also
etches silicon dioxide at �28 Å/min, which makes oxide unus-
able as a masking material for through-wafer etches. Silicon
nitride, which is not attacked, must be used as the masking
material in long KOH etches.

Another common anisotropic etchant is a mixture of
ethylenediamine/pyrocatechol (EDP) and water at 115	C (13).
This etchant is a thick, opaque liquid that ages quickly when
exposed to oxygen. A reflux system is required to keep the
composition of the solution constant as well as provide a ni-
trogen atmosphere to prevent aging. When mixing this et-
chant the water is added last because the water triggers the
oxygen sensitivity. The main advantage of EDP is that it
etches oxide much more slowly than KOH. The oxide to (100)

Figure 2. The progress of the etch of three different types of simple silicon etch rate ratio is 5000 for EDP and 400 for KOH. Also,
structures in �100� silicon: a V-groove, a diaphragm, and a through- EDP is more selective to boron doped masking than KOH.
wafer hole. Note the use of the boron-diffused silicon membrane. Care must be taken when mixing the solution because EDP
(After Ref. 10.) is toxic.

Tetramethyl ammonium hydroxide (TMAH) (14) is of inter-
est because it is more stable than EDP, has a high selectivity
of oxide to silicon, and is compatible with complementary
metal-oxide-semiconductor (CMOS) circuit fabrication. This
makes TMAH useful for high-volume production applications.
However, the etch rate ratio of (100)/(111) silicon is only 12.5
to 50. Many other alkaline solutions have been studied: hy-
drazine, sodium hydroxide, ammonium hydroxide, cesium hy-
droxide, and tetraethyl ammonium hydroxide.

Dry Anisotropic Silicon Etching

An area of active research is high aspect ratio microstructures
(HARM). Either bulk silicon, silicon on insulator, or thick
(i.e., 
10 �m) polysilicon is etched anisotropically to form
structures that have a thickness-to-width ratio as high as
100. Whereas anisotropic etching of �110� silicon can form
tall, narrow structures, plasma etching is easier to use. The
plasma etch is performed by alternating between a silicon
etch (e.g., Cl2 or SF6) and a plasma polymerization step based
on a fluorocarbon. One drawback of this etch is the 1 �m/minFigure 3. Effect of misalignment between the mask and the actual
to 2 �m/min etch rate. Thus for a 650 �m thick silicon wafer�111� directions on the final etch profile. Note that the etched feature
it would take approximately 5 h to etch through the wafer.always increases in size due to misalignment. Also, that the etch fea-

ture is bounded by �111� planes. Much research is being carried out to increase the etch rate,
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Table 2. Common Wet Anisotropic Silicon Etchants and Characteristics (10)

Etch Rate Etch Rate Ratio
Etchant (100) �m/min (100)/(111) Masking Materials Boron Etch Stops

KOH/water, isopropyl alcohol, 85	C 1.25 400 Si3N4 (not etched), SiO2 (28 B 
 1020 cm�3 reduces e/r
A/min) by 20

EDP/wafer., pyrazine, 115	C 1.25 35 Si3N4 (2–5 A/min), SiO2 (1 B 
 5 � 1019 cm�3 reduces
A/min), many metals e/r by 50

TMAH/wafer, 90	C 1.0 1.25–50 Si3N4, SiO2 (1 A/min), B 
 4 � 1020 cm�3 reduces
many metals e/r by 40

but a value of 10 �m/min is probably the limit for the near use of integrated electronics on the wafers. Also, the flatness
and cleanliness of the wafers are critical in producing a qual-future.

An interesting application of this technology uses the ani- ity bond.
Both anodic and fusion bonding are not compatible withsotropic plasma etch to form a mold in which a thin sacrificial

oxide layer is deposited followed by a polysilicon thin film electronics. To bond in the presence of electronic circuits,
(termed Hexil) (15). The oxide is then removed with hydro-
fluoric acid (HF) as in surface micromachining, and the re-
sulting polysilicon structure is detached from the substrate.
This allows the creation of structures with milliscale dimen-
sions (50 �m to 100 �m tall) using 2 �m films.

Wafer Bonding

In wafer bonding processes, two substrates are bonded to-
gether either with an intermediate layer to promote adhesion
or directly together without an intermediate layer. Pressure
and heat are applied to the two or more substrates during
the bonding process. Higher-temperature processing typically
results in bonds with higher levels of hermiticity and
strength. Anodic bonding, fusion bonding, low-temperature
glass bonding, and reactive metal sealing are common tech-
niques for wafer bonding. For all bonding techniques, align-
ment of the substrates is accomplished either by two-sided
alignment or by infrared alignment. The quality of the bond
can be ascertained by looking at the wafers in visible wave-
lengths if transparent substrates are used, or in infrared (IR)
wavelengths if silicon substrates are used.

Anodic bonding, also known as electrostatic bonding (16)
or field-assisted thermal bonding, is used to bond silicon and
sodium-rich glass substrates. A commonly used glass is Corn-
ing #7740 (Pyrex) because it has a thermal expansion coeffi-
cient that is matched to silicon. This helps to prevent failure
of the bond due to residual thermal stresses. The anodic bond-
ing process can take place in air or vacuum (Fig. 4). The sili-
con and glass wafer are brought in contact and placed on a
hot plate at a relatively low temperature, 350	 to 450	C. An
electrostatic potential of 400 V to 700 V is then applied be-
tween the substrates using the glass substrate as the anode.
The mobile sodium ions are thus depleted from the interface.
This creates a depletion region of about 1 �m with high elec-
tric fields of 4–7 � 106 V/m. An electrostatic pressure is thus
induced between the substrates and is the driving force for
the bond (17).

Fusion bonding (18) is the fusing of two wafers thermally
without the need for a intermediate adhesion layer. The wa-
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fers must be cleaned and placed in contact. The wafers will Figure 4. (a) Diagram of the anodic bonding apparatus. When the
initially stick together because of van der Waals forces. A electric field is applied, the wafer assembly is pressed together and
force is then applied to the stack of wafers and the assembly the bond is formed. (b) Plot of typical current through the wafer as-
is annealed at high temperatures. The resulting bond is very sembly versus time. When the current falls to 10% of the initial value,

the bond is complete. (After Ref. 87.)strong and hermetic, but the high temperatures preclude the
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techniques which use an intermediate bonding layer are re-
quired. This adhesive layer can be low-temperature glass, re-
active metal, or organic films (19). All these bonds occur at
low temperatures, but each have different thermal character-
istics and can thus generate thermal stresses. Also, none of
these bonds are hermetic and all require flat wafers to ensure
quality bonds.

Isotropic Silicon Etches

Xenon difluoride (XeF2), when exposed to silicon at a reduced
pressure (2 torr), will selectively etch silicon at several hun-
dred micrometers per minute. The selectivities of XeF2 to ox-
ides, nitrides, and metals are 100 : 1, 100 : 1, and 200 : 1, re-
spectively. XeF2 has been used to integrate standard circuit
processes with microstructures such as accelerometers (20).
Typical structures are created as composites of metal and

Figure 6. A scanning electron micrograph of the Analog Devicespolysilicon encased in silicon dioxide or silicon nitride. The
ADXL76, an integrated, micromachined accelerometer. The sensor issubstrate under these structures is isotropically removed to
fabricated from a 2 �m thick polysilicon structure and is �500 �mcreate freestanding structures. Although this approach is
along the long axis. (Courtesy of Analog Devices.)very inexpensive, it suffers because the structure is made

from a composite of oxide, polysilicon, and metals and is less
reliable than silicon or polysilicon alone. Also, the isotropic

cally 0.1 �m to 10 �m thick, as compared to the substrate,nature of the etch creates a large undercut around the perim-
which is 500 �m to 700 �m thick. The resulting devices areeter of the etch hole. Silicon can also be etched in mixtures of
comprised of many stacked thin films, but are still essentiallynitric acid (HNO3) and hydrofluoric acid (HF) (21), but the
two-dimensional (2-D) planar structures. This is in contrastselectivities are much worse than those for XeF2. to bulk micromachining, which shapes the substrate to create
a more truly three-dimensional (3-D) structure.

SURFACE MICROMACHINING Surface micromachining was first demonstrated in 1965.
An electromechanical filter was created using a gold cantile-

In surface micromachining, devices are created from thin ver as the free-standing gate of a field-effect transistor (23).
films that are deposited and patterned on the surface of much Only input signals near one-half the resonant frequency of
thicker substrates. The underlying layers are then selectively the cantilever would create any output of the field effect tran-
removed, thus creating a free-standing structure which is sistor. In 1984, the first polycrystalline silicon surface micro-
attached to the substrate. Many layers can be used to sequen- machined devices were fabricated (24). By the early 1990s,
tially build up complicated structures such as gears and mo- the first integrated surface micromachined process was devel-
tors (22) (see Fig. 5 for an example). The thin films are typi- oped by Analog Devices (25). Figure 6 shows the ADXL76

structure, a �50 g full-scale integrated lateral accelerometer
created from a 2 �m thick polysilicon layer. Also, in the
1980s, the digital micromirror device (DMD) was created us-
ing aluminum as the mechanical structure (26).

The most basic surface micromachining process produces a
single structural layer suspended over the substrate. Figure
7 outlines the process for polysilicon surface micromachining.
The process begins with the deposition and patterning of a
silicon dioxide to form anchor points for the micromechanical
films. The oxide acts as a sacrificial film that will be removed
later in the process. Next, polysilicon is deposited and pat-
terned. Polysilicon is the structural micromechanical film out
of which the micromachined device will be created. The lat-
eral dimensions are defined by photolithography and etching
while the vertical dimensions are defined by film thickness.
The final step is the selective removal of the underlying film
using a selective chemical etch (i.e., hydrofluoric acid, HF)
and the drying of the devices. Preventing the structures from
sticking to the substrate or to each other during drying has
been the subject of much research. Drying techniques such as
supercritical point drying (27) or sublimation (28) have beenFigure 5. A scanning electron micrograph of a complex surface mi-
used to eliminate the surface tension forces. In addition, spe-cromachined mechanism. The mechanism in the center converts the
cial anti-stick coatings like Teflon and self-assembling mole-linear motion of the long beam on the right to a rotary motion of the
cules (SAMs) have been deposited after the removal of thesmall gear. Note that two different structural polysilicon layers are

used. (Courtesy of Sandia National Labs.) sacrificial oxide (29).
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One of the major advantages of surface micromachining cause buckling of constrained mechanical structures. Exces-
sive stress gradients can cause the films to curl up off of theis the possible economical integration of electronics with the

sensor. Surface micromachining produces structures that substrate.
Polysilicon has similar material characteristics as single-have smaller dimensions than those fabricated by bulk tech-

niques and thus have smaller signals to external stimulus. crystal silicon and is therefore a desirable mechanical mate-
rial. However, the material parameters of polysilicon changeThe integration of the electronics can make up for this small

signal because it reduces the parasitic losses between the sen- with different deposition, doping, and annealing conditions.
For example, Young’s modulus and yield stress vary some-sor and the electronics.
what due to processing, but the amount of variation is small
compared with that of residual stress and stress gradient. Ex-Materials
tensive studies have explored polysilicon including original

Any thin film can be used in surface micromachining, al- work by Guckel (30) and Howe (31) and subsequent investiga-
though chemical vapor deposition (CVD) films offer the best tions of in situ doping (32), fine-grained polysilicon (33), and
repeatability. The key is finding suitable pairs of materials correlations between texture and stress and stress gradient
where an etchant exists that will selectively remove the lower (34).
layer and thus create a free-standing micromachined struc-
ture. The most prevalent CVD films are silicon dioxide, silicon

Integrationnitride, and polycrystalline or amorphous silicon. These films
are most commonly deposited using low-pressure chemical va- Integration of electronics with surface micromachined devices
por deposition (LPCVD). Other thin films that have been used is intrinsically simpler because only one side of the wafer is
include polyimides, electroplated or deposited metals (alumi- utilized. In addition, the wafers are not as fragile, at least not
num, nickel, tungsten, and nickel-iron), and polymers. The until the surface micromachined structures are released from
mechanical characteristics of the thin films differ from the the substrate. There are three approaches to integration of
corresponding bulk materials because surface effects begin to microstructures: precircuit, mixed, and postcircuit processing.
dominate. Also, the assumption that the grain size is small Almost all integrated technologies involve some level of mix-
relative to the dimensions of the devices is no longer valid, ing between the circuit and micromechanical processing
and statistical variations in the mechanical parameters like steps. It is thus by the division of the majority of the pro-
Young’s modulus become significant. Finally, in thin films cessing steps that the techniques are characterized. By fabri-
both the axial stress and the stress gradient through the cating the micromachined devices prior to the circuit pro-
thickness of the film are critical. Compressive stresses can cessing, the high-temperature anneals which are required to

relieve the stresses in the thin films will not detrimentally
affect the circuit processing. Similarly, the circuit processing
must also not effect the microstructures, which is typical as
the circuit processes use lower temperatures. The topography
of the surface micromachined devices requires planarization.
Sandia National Labs has demonstrated a ‘‘structures-first’’
process using CMOS electronics (35). Unless the structures
are released from the substrate and encapsulated, the struc-
tures will need to be released from the substrate after the
circuit processing is complete.

A mixed integration strategy, like that used by Analog De-
vices (25), further interweaves the circuit and microstructure
processing. For example, the high-temperature circuit pro-
cessing would be completed first, followed by the microstruc-
ture fabrication, then the rest of the circuit processing.
Polysilicon/silicon dioxide surface micromachining is an ex-
ample of a technique that works well with preintegration or
mixed integration. The high-temperature anneals and topol-
ogy issues are minimized by gradually building up the struc-
tures and choosing the timing of the anneals to minimize
their impacts on the already created devices.

Integrating the microstructures after the circuit processing
is the closest to a modular technique. After the metal is
etched and passivated, the microstructures are fabricated.
The presence of the metal precludes the use of high-tempera-
ture anneals unless special metalization like tungsten is used

Figure 7. Illustration of surface micromachining—a cantilever– (36). Electroplating techniques or deposited metal/polymer
bridge example. (a) Deposit and pattern the sacrificial oxide film; (b)

surface micromachining allows the use of conventional cir-deposit and pattern the structural film (e.g., polysilicon); (c) selec-
cuits, but the mechanical characteristics of the metal struc-tively remove the underlying sacrificial film to create a free-standing
tures are not as desirable as polysilicon. As described above,micromechanical element. Note that the thickness of the structure is
XeF2 can be used to selectively remove the silicon substratedefined by the deposition thickness and that the in-plane dimensions

are defined by photolithography and etching. to release a composite microstructure of oxide, polysilicon,
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and metal. The mechanical characteristics of this composite MICROMACHINED DEVICES AND APPLICATIONS
structure are also not as desirable as those of polysilicon, but

The purpose of this section is twofold: (1) to examine quanti-the simplicity of the process makes some low-cost applications
tatively some of the fundamental building blocks (or models)very attractive.
used in typical micromachined device design and (2) to exam-
ine several broad classes of micromachined devices to give the

Other Micromachining Technologies reader a feeling for the possible application areas to which
micromachined devices can be applied. We will start with theAlthough surface and bulk micromachining can be used to
building blocks because they form the physical underpinningcreate a large variety of structures, there are applications and
of the functional mechanisms of actual micromachined de-materials that require other micromachining technologies.
vices.For example, many applications require truly 3-D structures

such as the miniaturization of mechanical systems (e.g.,
The Building Blocks of Micromachined Devicesclocks) and microrobotics. In general, surface micromachining

is limited to structures in the plane of the substrate. The in- Since almost any structure built using the broad class of
plane dimensions are controlled by lithography and thus have MEMS fabrication techniques can be considered a micro-
great design freedom, but the thickness is controlled by a de- machined device, it is rather presumptuous to make a list of
position thickness and is thus fixed. Bulk micromachining, on building blocks for MEMS. However, as micromachined de-
the other hand, does create 3-D structures, but the shapes are vices have evolved, a group of canonical structures have be-
constrained by the crystallographic planes. come ubiquitous. These structures, and the simple models

Surface micromachining has created hinged polysilicon used for their first-cut design, form the basis for the design of
structures (37) that can be erected above the substrate, but many micromachined systems.
the thickness of each element is still limited to the thickness

The Diaphragm. Arguably, the most basic micromachinedof the deposition. An active area of research is high-aspect
structure is the thin-film diaphragm. The fundamental func-ratio structures. These thick planar structures can be created
tion of a diaphragm in a micromachined device is to deformwith electroplating or highly anisotropic silicon etches. Al-
under a load. This deformation is then sensed, typically withthough these structures are still planar, the additional thick-
either (1) piezoresistors, which sense changes in stress, or (2)ness produces structures with more mass and additional ro-
a capacitance measurement that is sensitive to changes in thebustness. Many other technologies exist including electron
deflection itself. Figure 8 is a sketch of a diaphragm crossdischarge machining (38), focused ion-beam milling (39), ul-
section with an embedded (diffused) piezoresistor. The funda-trasonic machining (40), laser-assisted etching and deposi-
mental design relationship for a thin diaphragm is the de-tion, 3-D photolithography, and ultrahigh-precision mechani-
flection versus applied load relation (9):cal machining.

LIGA. The German Lithographie Galvanoformung Abform-
∂4w
∂x4 + ∂4w

∂x2 dy2 + ∂4w
∂y4 = 12(1 − ν2)p

Et3 (1)

technik (LIGA) is a technique that consists of lithography,
electroplating, and molding (41). The lithography process uses where w is the z-axis deflection as a function of the x and y
a 100 �m to 500 �m thick layer of photoresist [e.g., polymeth- position, p is a uniform applied pressure load, t is the dia-
ylmethacrylate (PMMA)] on a conductive substrate. High-en- phragm thickness, � is Poisson’s ratio, and E is Young’s mod-
ergy synchrotron X-ray radiation is used to expose the pho- ulus (or the modulus of elasticity). Equation (1) must be
toresist. A special X-ray mask is required that uses gold to solved in conjunction with the appropriate boundary condi-
absorb the X-ray radiation. After development, the desired tions for the case under study (for example, the diaphragm is

fixed along its entire edge). In general, such solutions are bestthick, high-aspect-ratio resist structure is obtained. Metal is
performed by numerical methods such as finite element anal-subsequently electroplated on the conductive substrate. After
ysis (FEA) (46), especially in cases where residual stress ef-resist removal, a free-standing metal structure is obtained.
fects must be added to Eq. (1). However, approximate designThis structure can be used as the final product or as an injec-
relations have been developed (47). For a square membrane,tion mold for plastic parts. The injection mold can be reused
the maximum absolute value of the stress occurs at the centerand is thus an inexpensive way of creating precision plastic

parts, although the fabrication of the mold itself is expensive.
Although LIGA produces relatively thick microstructures,

they are 2-D. To create more complex, multilevel devices,
structures produces by the basic process will require assem-
bly (42). There have been many modifications to LIGA that
include placing a patterned sacrificial film such as silicon di-
oxide, photoresist, or polysilicon under the metal LIGA struc-
tures to create a free-standing structure (43). In addition,
multiple layers of LIGA are now possible by repeating the ������

������

Piezoresistor

Si
rim

Si membrane

basic process with a planarization process between the two
LIGA processes. Applications such as electromagnetic micro- Figure 8. Cross-sectional sketch of a micromachined diaphragm
motors (44) and an electromagnetic dynamometer (45) have with a diffused piezoresistor. Note that the thickness of the dia-

phragm is not to scale. (After Ref. 10.)been produced using LIGA.
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valid for small displacements. Residual stresses will exist for
any structure with more than one anchor point. To build
structures which do not suffer from the complication of sig-
nificant residual stress effects, micromachined tethers are of-
ten built as folded tethers, as shown in Fig. 10. Such struc-
tures have the benefit of being compact; but even more
important, any residual or built-in stresses in the beams are

������
������
������

Piezoresistor Si beam

Si
rim

Si inertial
mass

allowed to relax. The spring constant of a folded tether (such
Figure 9. Cross-sectional sketch of a micromachined accelerometer as one of the four tethers in Fig. 10) can be approximated as
with piezoresistive sensing. The device is made up of a bulk micro- two long beams in series. Clearly, a parallel set of relations
machined silicon beam with an inertial (‘‘proof ’’) mass attached to its can be developed for a beam in torsion yielding a torsional
free end. Note that the beam width (into the page) is typically much spring, moment of inertia system.
thinner than the proof mass. Often there are multiple beams support-
ing one proof mass. (After Ref. 10.)

Capacitive Elements. A fundamental element for both sens-
ing and actuation is the air-gap capacitor. Such a capacitor
consists of a pair of conductors separated by a gap that allowsof the sides of the membrane and decreases toward the cor-
one or both of the conductors to move. If the conductor isners and the center of the membrane. The surface stress in
moved due to an applied force, the capacitance between thethe middle of a side can be approximated as
conductors changes. This change in capacitance can be mea-
sured electrically. Given an applied voltage, the same capaci-
tance structure yields a force, which can be exploited for actu-σmax ≈ 0.31p

a2

t2 (2)

ation.
where a is the membrane side length. Note that the maxi- The canonical capacitance structure is the parallel-plate
mum stress magnitude is proportional to the square of the capacitor. Such structures are often made up of a conductive
side length-to-thickness ratio. This ratio is constrained by surface on a bulk micromachined structure (e.g., a dia-
sensor area constraints and the strength and manufacturabil- phragm) and a counterelectrode on an adjacent wafer-bonded
ity of the thin membrane. surface. In surface micromachining, one capacitor plate is of-

ten made from the suspended structural film and the other
Beams and the Spring-Mass System. We saw that the funda- plate is a conducting electrode on the substrate surface. For

mental relationship for the diaphragm was the force displace- cases where the lateral extent of the capacitor is large com-
ment relation. Beams behave in a similar manner. The de- pared to the gap between the electrodes (i.e., fringing fields
flection characteristics of beams under various loading can be neglected), the relation for the capacitance of an infi-
conditions and various boundary constraints have been tabu- nite parallel plate capacitor is an appropriate model:
lated (48).

Beams have an even more powerful building-block function
in the context of lumped tether-plate (spring-mass) systems. Cpp = εA

g
(5)

The typical arrangement contains a plate, which constitutes
the mass, and a set of beams (tethers) which form the spring. where A is the area of the capacitor, g is the gap between the
Figure 9 shows a cross-sectional sketch of a cantilever beam capacitor plates, and � is the permittivity of the material in
which is fixed to the silicon substrate (rim) on one side and the capacitor gap.
has an attached inertial (‘‘proof ’’) mass on the other. Modeling The other canonical microfabricated capacitance structure
this type of structure as a lumped spring-mass system as- occurs in cases where the motion to be sensed or actuated is
sumes that the plate mass moves as a rigid body and all of in the plane of the thin film. This leads to the interdigitated
the bending occurs in the beams (tethers). In addition to a
simple force versus displacement relation, such systems are
resonant, with the resonant frequency given by

fr = 1
2π

r
k
M

(3)

where k is the spring constant and M is the mass of the sys-
tem. In the case where the beams can be treated as idealized
linear lumped elements, the spring constant can be found:

k = 3EI
L3 (4)

where I is the area moment of inertia around the centroidal Figure 10. Sketch of a spring-mass system where the four springs
axis of the beam cross-section, and L is the beam length. More are beam structures known as a folded flexures. These compact
complex spring structures can be created by combining these spring structures have the additional advantage that they allow re-
simple cantilever elements in series or parallel. This relation- sidual stresses to relax. Thus their stiffness is not a function of resid-

ual stress.ship ignores the effect of residual stress in the beam and is
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Figure 11. A scanning electron micrograph of a typical surface mi- Figure 12. A scanning electron micrograph of a surface microma-
cromachined interdigitated finger array. (Courtesy of MCNC.) chined hinge joint. The movable portion (U-shaped part from center

to right) is made from the first polysilicon layer. The fixed hinge
( jumps up and over the central beam) is made from the second polysi-
licon layer. The depressed areas to the left and right of the fixed hinge

finger structure as shown in Fig. 11. Calculation of the capaci- are the anchor areas that fix the hinge to the substrate. (Courtesy
tance in this case is more difficult because the aspect ratio of of MCNC.)
the gap to the characteristic electrode dimension is close to
1. Consequently, the electric field has a large fringing field
component and the parallel plate capacitance approximation Sensing and Actuation Mechanisms
is no longer valid. In general, 3-D numerical computations are

A sensing mechanism is any physical effect that converts en-required to obtain accurate values in this case (46). It is possi-
ergy from one form to another. In most practical sensors (orble to use a correction factor in Eq. (5) to get a reasonably
actuators), conversion into (or from) an electrical signal is theaccurate closed-form solution for small perturbations to the
desired goal. There are many, many physical transductiongeometry. However, these correction factors must, in general,
mechanisms, which might be exploited for sensors or actua-be computed numerically, and their accuracy is generally lim-
tors. Here we will examine several that are widely used inited to small displacements.

Pivots and Bearings. In addition to constrained, spring-mass
type motions, structures have been fabricated that allow un-
tethered motions. Constructions which allow free rotations
are typically planar pin joints (22) or out-of-plane hinges (37).
Hinges can be fabricated by using two polysilicon layers, with
one layer as the stationary hinge and one layer as the rotat-
ing part. Figure 12 shows a close-up scanning electron micro-
graph of an out-of-plane hinge joint. Figure 13 shows an ex-
ample of a pin bearing in the form of a variable capacitance
micromachined motor. In addition, linear sliding constraints
have been constructed (22). Further increasing the number of
polysilicon layers allows the creation of ever more compli-
cated joints and bearings. One application of hinges is in mi-
croptical systems such as bar code readers (49).

Isolated Thermal Mass. The most basic structure in micro-
machined thermal sensors is the thermally isolated (or ‘‘float-
ing’’) thermal mass. Micromachining allows masses to be built
with mechanical supports which have very small cross sec-
tions and thus very small thermal conductivities. Such isola-

Figure 13. A scanning electron micrograph of a typical surface mi-
tion allows physical transduction to occur without significant cromachined rotary pin bearing. The mushroom-shaped structure in
thermal influence from the surrounding support wafer. The the center is the pin, which is fixed to the substrate by the anchor in
use of a metal film or a diffused conductive ‘‘wire’’ allows heat- the very center. The central section of the rotor is under the cap of
ers and thermal sensors to be placed on these floating ther- the pin and thus is constrained to rotary motions around the pin.

(Courtesy of MCNC.)mal masses.
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MEMS. Other mechanisms include floating gate transistor large piezoresistive effect which is more than an order of mag-
nitude higher than that of metals. Hence, piezoresistance isdevices (23), electron tunneling from atomic tips (50), acoustic

wave interactions (51), and so on. frequently used as a sensing mechanism in micromachined
devices. The geometry and placement of the piezoresistors are
easily defined by selectively doping the semiconductor surfaceVariable Capacitance. As a sensing mechanism, variable ca-
or by depositing a piezoresistive thin film on a nonsilicon sur-pacitance is very straightforward. As implied by Eq. (5), a
face. The ability to diffuse the dopant into the surface or de-change in the gap spacing or electrode area causes a change
posit a thin film (i.e., polysilicon) allows the fabrication of thinin capacitance. There is a multitude of mechanisms for sens-
piezoresistive layers (0.5 �m to 3.0 �m, for example). Thising this change in capacitance, such as using a bridge circuit
allows the current to be restricted to the volume of maximumor using switched capacitance techniques (52,53).
stress and thus yields the maximum signal.Changes in capacitance also form a basic actuation mecha-

The piezoresistive effect is an anisotropic relation betweennism. The electromechanical energy transduction associated
the stress tensor and the relationship between the electricwith such systems can be examined by accounting for energy
field and the current density at a point. A full mathematicalconservation in the electromechanical system. In the case of
description of piezoresistance is beyond the scope of this arti-a simple capacitive system, the electrostatic co-energy can be
cle. The reader is referred to Sze (10) or Middelhoek (57) forfound as the integral of (54):
a mathematical treatment. The relationship between electric
field and current density can be written asdW ′

e = q · dv + f e · dx (6)

where q and v are the charge and voltage on the capacitor, f e

is the force of electrical origin, and x is the direction of motion.
Ei

ρ0
= Ji + πijklσklJj (11)

In the electrically linear case where voltage is the indepen-
dent variable, integration of Eq. (6) yields where E is the electric field, �0 is the unstrained resistivity, J

is the current density,  is the stress tensor, and � is the
fundamental piezoresistive coefficient. Due to the cubic sym-f e = ∂W ′

e(v, x)

∂x
= 1

2 v2 dC
dx

(7)
metry of silicon, � can be reduced to a 6-by-6 matrix with only
three independent coefficients. The values of these coefficients

This relationship forms the basis for the electrostatic actua- for silicon are shown in Table 3 (58). Of all the orientations
tion in micromachined devices (55). Clearly this relation can of stress and current that can be described by Eq. (11), two
be generalized to any number of electromechanical transduc- are particularly useful, the longitudinal and transverse com-
tion elements or degrees of freedom (54). If we substitute the ponents. To examine these, we can write the change in resis-
relation for the infinite parallel plate capacitor, Eq. (5), into tance in a piezoresistor as
Eq. (7), we find

�R
R

= σ1π1 + σtπt (12)
f e = −v2εA

2g2 (8)

where l is stress component parallel to the direction of the
What is important to note here is that the force is a function current, t is stress component perpendicular to the direction
of the square of the capacitive gap spacing. In cases where of the current, �l is the longitudinal piezoresistance coeffi-
the mechanical restoring force is a linear spring (as would be cient, and �t is the transverse piezoresistance coefficient. Ta-
the case for devices with beam tethers, for example), the sys- ble 4 shows these piezoresistance coefficients as a function of
tem will become unstable at some value of the gap spacing various crystal orientations and the fundamental material pa-
(56). rameters of Table 3.

For small motions about an operating position, the electro- Two canonical piezoresistive sensing structures are the di-
static force can be linearized: aphragm, typically used for pressure sensing, and the cantile-

ver beam-proof mass, typically used for inertial sensing. Sche-
matic cross-sectional drawings of these structures are shown
in Figs. 8 and 9. In the diaphragm structure, piezoresistors

f e = − v2εA
2(g + �x)2 ≈ −v2εA

2g2

�
1 − 2

�x
g

�
(9)

are typically placed near the center of the diaphragm edge
where �x is an incremental motion in one of the capacitor where the stress is highest [see Eq. (2)]. In the cantilever
plates. This allows the electrostatic force to be cast in the structure, the maximum stress caused by the deflection of the
form of an electrostatic spring constant: proof mass is at the beam surface.

A typical resistor configuration is the Wheatstone Bridge.
In this configuration, two resistors are oriented so that they
are most sensitive to stresses along their current carrying

ke = � f e

�x
= v2εA

g3 (10)

axis. Two more resistors are oriented to be most sensitive to
Note that this electrostatic spring acts in opposition to the stresses at right angles to their current flow. Thus, the resis-
mechanical spring. tance change of each pair is opposite. When electrically con-

nected in a Wheatstone Bridge circuit, a large differential out-
put voltage, which is independent of the absolute value of thePiezoresistance. Piezoresistance is the change in electrical

resistivity of a material due to mechanical stresses. Semicon- piezoresistor’s resistance, is obtained. One difficulty with pi-
ezoresistive sensors is their large temperature sensitivity.ductors, such as silicon and germanium, show a particularly
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Table 3. Piezoresistive Coefficients for n- and p-Type Silicon at
Room Temperature (56)

Silicon �0 (�-cm) �11 (10�11 Pa�1) �12 (10�11 Pa�1) �44 (10�11 Pa�1)

n-Type 11.7 �102.2 53.4 �13.6
p-Type 7.8 6.6 �1.1 138.1

These effects can be reduced by use of Wheatstone bridge cir- bimorph is used to generate forces. Other actuation mecha-
nisms take advantage of the large forces associated with acuits and careful resistor matching (10).
liquid–gas phase change.

Piezoelectricity. Piezoelectricity relates to the crystalo-
Resonant Sensing. Another general sensing mechanism isgraphic strains and polarization charge of an ionic crystal.

resonant sensing. Here an energy storage element is drivenWhen external force is applied to a piezoelectric crystal, a po-
to resonance by a feedback mechanism. The system is de-larization charge is induced on the surface. If the force is
signed so that variations in the quantity of interest alter thetime-varying, this polarization charge can be sensed as a
resonant frequency of this feedback system. This change intime-varying voltage or current. Similarly, if an electric po-
frequency is then measured and converted to an output sig-tential is applied, the crystal is deformed. The mathematical
nal. Since frequencies can be measured with high accuracy,description of piezoelectricity is a description of the coupling
very high precision sensors can often be realized using thisterms that enter the stress–strain and polarization–electric-
technique (61). Actuators can also make use of the largefield relations. The reader is referred to Madou (10) for an
stored energy in a resonant system to obtain large nonvibra-introduction to these relations or to Auld (59) for a more in-
tory motions from small vibratory motions (62).depth treatment.

The most common piezoelectric materials used in micro-
Viscous Damping. Although not a sensing mechanism,machined devices are crystalline quartz, ceramics such as

damping is a very important physical phenomenon in micro-zinc oxide, lead zirconate titanate (PZT), barium titanate, and
machined devices. Because of the small dimensions of micro-lead niobate, and polymers such as polyvinylidene fluoride
machined devices, surface forces, such as viscous fluid damp-(PVDF). Piezoelectric materials are most often used as actua-
ing, tend to dominate over momentum-based forces. From ators because they are capable of producing high stresses (but
fluid mechanics point of view, micromachined devices operatelow strains) and can achieve large forces with a small amount
in low Reynolds number regimes, even for large velocities.of input power. Piezoelectric sensors often use a bimorph
There are approximations to the full Navier–Stokes equa-beam structure whose output is proportional to the bending
tions which often apply to micromachined devices. For exam-of the bimorph.
ple, for plate-like structures that move laterally over each
other, the approximations of Stokes and Couette flow shearThermal Mechanisms. Thermal sensing can be divided into
damping are appropriate (63). For parallel plates that movemethods that directly produce an electrical signal and those
toward (or away from) each other, a squeeze-flim dampingthat are mediated by another, typically mechanical, mecha-
model is appropriate (64). Since micromachined devices oper-nism. Direct electrical transduction occurs with thermo-
ate in a low Reynolds number regime, the damping can becouples, temperature-dependent resistors, and the various
quite large when the device operates in liquids or in atmo-transistor-based mechanisms (60). Mechanically mediated
spheric pressure gas. For low-bandwidth devices, this damp-mechanisms typically take advantage of the thermal expan-
ing can be helpful. However, high-bandwidth and resonantsion of a material or the difference in expansion of two bonded
devices typically require evacuated packaging to achieve thematerials (bimorph) to achieve a mechanical stress or defor-
required high values of the quality factor.mation. This mechanical signal is then measured with one of

the mechanisms above such as a piezoresistor. Thermal actu-
ation is also mechanically mediated as in the case where a MICROMACHINED DEVICES

The breadth of micromachined devices that have been pro-
posed or demonstrated is large and continues to grow. A gen-
eral characteristic of these devices is that they interact or fa-
cilitate interaction across physical domains. Cataloging these
devices can be quite difficult since they span a broad range of
physical domains. However, these devices can, in general, be
characterized as either sensors or actuators. Sensors typically
translate energy from the energy domain being sensed into
a signal (typically electrical), possibly through intermediate
domains. Actuators, on the other hand, typically convert an
electrical signal into an energy or action in the physical do-
main to be actuated. As can be seen from the similarity of
these definitions, both sensors and actuators are fundamen-
tally the same thing: transducers of energy from one physical

Table 4. Longitudinal and Transverse Piezoresistance
Coefficients for Various Directions in Cubic Crystals (after
Ref. 9)

Longitudinal Transverse
Direction �l Direction �t

[1 0 0] �11 [0 1 0] �12

[0 0 1] �11 [1 1 0] �12

[1 1 1] ��(�11 � 2�12 � 2�44) [1 �1 0] ��(�11 � 2�12 � �44)
[1 1 0] ��(�11 � �12 � �44) [1 1 1] ��(�11 � 2�12 � �44)
[1 1 0] ��(�11 � �12 � �44) [0 0 1] �12

[1 1 0] ��(�11 � �12 � �44) [1 �1 0] ��(�11 � �12 � �44)

After Ref. 10, p. 166.
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domain to another. The real distinction between a sensor and The majority of micromachined accelerometers work in a
similar manner. They are constructed as a proof mass andan actuator is one of intent. And of course, there are devices

which contain elements of both, such as the force re-balance spring system. When the device is subject to an acceleration
load, the proof mass moves. This motion is typically sensedaccelerometer which uses actuation driven by a feedback loop

to null balance the sensor. by capacitive or piezoresistive means. A good figure of merit
for accelerometers is the resonant frequency of the sensitiveThe commercial successes of micromachined devices re-

main few, mostly due to manufacturing reproducibility prob- mode [see Eq. (3)]. In most cases, the accelerometer output is
proportional to the displacement of the proof mass. Thus, thelems and packing complexity. The successes mostly fall into

the category of sensors. The following sections overview many scale factor is proportional to one over the square of the reso-
nant frequency. Hence, a lower resonant frequency yields aof the broad classes of micromachined sensors and actuators.
more sensitive device for a given proof mass deflection to out-
put gain.Pressure Sensors

Bulk micromachined accelerometers have the advantage of
The silicon micromachined pressure sensor was one of the

a large proof mass which can be as thick as the wafer from
first commercially successful micromachined devices. As late

which it is constructed. In fact, wafer-bonded structures allow
as 1989, bulk micromachined pressure sensors accounted for

the proof mass to be multiple wafer thicknesses. As with bulk
most of the revenue in silicon micromachined sensors. Most

pressure sensors, the deflection of the proof mass can be mea-
of the silicon pressure sensors manufactured today are for au-

sured capacitively with an adjacent counterelectrode. In the
tomobile applications, most notably the manifold absolute

case of piezoresistive sensing, piezoresistors are typically
pressure (MAP) sensor. These pressure sensors can sense rel-

placed on the tether springs which support the proof mass
ative to a vacuum or relative to a fixed pressure such as atmo-

(see Fig. 9). Since the proof mass is thick and thus rigid, the
spheric, or they can be differential.

tethers are the only part of the structure where significant
The general functional characteristic of the pressure sen-

strains are obtained. The tethers in this type of system are
sor is quite simple. Applied pressure causes a thin-film dia-

typically thin beams which are left unetched during the sili-
phragm to deflect. The deflection is then sensed, typically by

con etch, or are made from a thin film which was patterned
one of two methods: capacitive or piezoresistive. Figure 8

and etched prior to the proof mass etch.
shows a schematic cross section of a bulk micromachined, sili-

Surface micromachined accelerometers are thin-film pla-
con diaphragm pressure sensor. Piezoresistively sensed de-

nar devices. They can move perpendicular to the plane of the
vices place a piezoresistor at one or more locations which en-

proof mass, as bulk micromachined accelerometers do, or they
counter maximum stress when the diaphragm deflects. The

can move in the plane. In the perpendicular case, they can
piezoresistors are often placed in a bridge circuit to increase

use capacitive sensing in an analogous fashion as the bulk
sensitivity. In the case of a capacitive sensor, the deflection of

structures. The mass of a surface micromachined structure is
the diaphragm changes the gap between it and a counterelec-

typically much smaller than a bulk micromachined structure.
trode (not shown). The change in capacitance is sensed elec-

Thus, to keep the resonant frequency of a surface microma-
tronically.

chined accelerometer at an acceptably low value, the tethers
Piezoresistive sensing is simple and requires little, if any,

must be significantly more compliant. As a consequence, the
external circuitry. Capacitive sensing requires an external

strain level in the thethers will be small and usually insuffi-
circuit; and in the case where this circuit is not integrated on

cient for piezoresistive sensing.
the same piece of silicon as the diaphragm, the capacitance

In the case of lateral, or in-plane, accelerometers, the ca-
must be large enough to be sensed in the presence of the large

pacitive counter electrodes must be in the same plane as the
parasitic capacitance associated with the interconnection to

proof mass motion. This implies that the ‘‘plates’’ are formed
the circuit. These issues often cause capacitive sensors to be

by the edge of the structural layer’s thin-film material. In or-
more expensive to produce. However, capacitive sensing is in-

der to obtain sufficient capacitance for sensing, interdigitated
herently more sensitive and significantly less temperature-de-

fingers are used to increase the capacitor electrode area and
pendent than piezoresistive sensing. Thus, for many applica-

thus the variable capacitance. Figure 6 shows a SEM of the
tions, where the sensor will see significant temperature

Analog Devices ADXL76 accelerometer. This is an example of
variations in its environment, capacitive sensing is chosen.

a surface micromachined accelerometer showing the interdig-
itated finger electrodes.

Inertial Sensing
Given the basic accelerometer structure and sensing mech-

anism, there are many ways to construct the sensing system.Inertial sensing implies the sensing of inertial forces such as
acceleration, gravitation, or angular acceleration. Current A fundamental difference is the closed-loop versus the open-

loop system. In an open-loop system, the proof mass is free tocommercial examples are accelerometers and gyroscopes, or
angular rate sensors, used in automobile and military appli- deflect according to the applied acceleration and the tether’s

compliance. In a closed-loop system, a feedback loop applies acations. Other related applications are shock sensors, vibra-
tion sensors, and gravitometers. force to the proof mass which balances the inertial force and

keeps the proof mass close to its zero acceleration position.
The output of the sensor is then proportional to the magni-Accelerometers. Accelerometers have seen their largest

market in automobile airbag sensing. Micromachined acceler- tude of the feedback signal. The benefits of such a scheme are
that the sensor will avoid any nonlinearities associated withometers have found a niche here because of their ability to be

cheaply produced in large volumes. This has given them a large proof mass deflections. However, this comes at the ex-
pense of a more complicated, larger, and more expensive tosignificant advantage over their larger electromechanical pre-

decessors. produce circuit.
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Rotations in the z axis cause y-axis-directed forces. The y-
axis-directed motions are sensed capacitively in the same
manner as the lateral accelerometer described above.

Although the vibratory gyro avoids many of the problems
associated with rotating gyros, its concept is based on the as-
sumption of an ideal lossless vibrating member with perfect
symmetry. In a practical case, the most obvious loss mecha-
nism is viscous damping. This can be eliminated or reduced
by operation in a vacuum. This requires a stable vacuum
package which is difficult and expensive to produce (67). Also
of significance are acoustic losses into the body to which the
gyro is fixed (i.e., the substrate). Such coupling can lead to
linear accelerations or vibrations appearing as rate signals.
Constructing a balanced oscillator in which reactions to the
driving force are not felt by the device’s mountings can reduce
these losses (68).

In addition to vibrating mass structures as described
above, there is a class of structures which use rings or thin
axisymmetric shells as the vibrating structures. Figure 15
shows a vibrating ring gyro made with electroplated nickel
(69). Vibrating shell gyros pick off the rotation of a vibrational
mode’s antinode position, which is caused by the input rota-
tion rate. Note that the rotation of the antinodes corresponds
to a rotation-induced transfer of energy between two identical

Figure 14. A photomicrograph of a surface micromachined vibratory
vibrational modes (70). In vibrating mass gyros, the outputgyro. The device is driven into resonance in the up/down axis. An
signal depends on the rotation-induced transfer of energy be-angular rate about the out-of-plane axis produce a coriolis accelera-
tween two different vibration modes. This difference allowstion in the left/right axis which is sensed as a left/right motion. (From
the vibrating shell gyro to avoid the temperature sensitivitiesRef. 66.)
caused by different temperature variations in the vibration
modes of the vibrating mass gyro.

Other types of accelerometers have been devised. In partic-
ular, the resonant accelerometer is of interest because of its Thermal Sensors
potential for high accuracy. In a typical resonant accelerome-

There are a large number of thermal sensors which are sili-ter, the motion of a proof mass caused by the acceleration
con-based, including the temperature-sensing capabilities ofcauses the stiffness of a resonant beam to change. This, in
the transistor itself. Here we will focus on those thermal de-turn, causes its resonant frequency to change. Another type
vices that rely on micromachining for their function.of accelerometer is the tunneling accelerometer (65). Here dis-

Thermal flow sensors are often based on the idea that aplacements of a proof mass are measured with high precision
fluid, which flows past a hot surface, will carry heat awayby measuring the tunneling current between a sharp tip and
from the surface. A typical micromachined device using thisan adjacent ground plane. Micromachining techniques are
type of mechanism is the flow anemometer. Here, a tempera-well suited to fabricating tips with appropriately small tip
ture-dependent resistor is used to detect the heat lost to theradii.
flow from a resistive heat source. The rate of heat loss is pro-
portional to the flow velocity. A related mechanism uses twoGyroscopes. Another important class of inertial sensor is
thermally isolated elements. The first is a heater, which pro-the gyroscope or angular rate sensor. The most familiar type
vides a pulsed heat flux. The second is a downstream temper-of gyroscope is the rotating disk gyro. However, this type of
ature sensor which detects the heat pulse generated by thefree rotational motion remains impractical for micromachined
upstream heater. The fluid velocity is given by the time ofdevices. More practical for micromachined devices is the vi-
flight (10). Figure 16 shows a characteristic implementationbrating gyro. The fundamental operating principle is the
(71). The heater and the sensor are suspended in the centersensing of Coriolis acceleration:
of the flow channel by thin, thermally isolating supports. The
thermal sensing element is often a temperature-dependentac = 2	 × v (13)
resistor in a bridge configuration. The IR bolometer is another
device that uses an isolated thermal resistor (72).where ac is the Coriolis acceleration, � is the angular rate,

Another basic construction is the stress-based thermal sen-and v is velocity of the proof mass. This velocity is usually
sor. Here two material layers with different thermal expan-obtained as the vibration of a spring-mass system in an oscil-
sion coefficients are used to form a bimorph structure thatlatory feedback loop. The Coriolis acceleration then acts on
exhibits a bending moment that is a function of the tempera-the inertial mass to generate a motion which is sensed.
ture of the device. Examples include IR sensors where theFigure 14 shows a vibratory rate gyroscope which is sensi-
heating caused by the IR energy flux causes a deflection.tive to rotation rates about the direction perpendicular to the
Thermal actuation devices are also based on the bimorph ef-plane of the structure (z axis) (66). The moving mass is driven

into resonance in the left–right, in-plane direction (x axis). fect. Thermally actuated valves have been built that take ad-
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Figure 15. A scanning electron micrograph of a ring gyro
device. The ring is driven into resonance by the sur-
rounding electrodes (T-shaped structures). An angular
rate about the out-of-plane axis causes a shift in the posi-
tion of the vibration nodes which is sensed (capacitively)
by the surrounding electrodes. (From Ref. 69.)

vantage of the large forces associated with a liquid–gas phase tions and materials. Semiconductor and micromachined de-
change (73). Other examples include the actuation of optical vice fabrication techniques simply provide a way of making
mirror devices (74) and thermally driven resonators. the devices smaller, cheaper, faster, etc. These chemical is-

sues are beyond the scope of this article. The reader is re-
Chemical and Biological Sensors ferred to Ref. (10) for a discussion of these issues.

The detection of combustible gases such as CO, H2, alco-A full discussion of chemical and biological sensors is an intri-
hols, hydrocarbons, and so on, is most frequently performedcate one that is far beyond the scope of this article. However,
with either semiconducting metal oxides or field-effect tran-it is worth pointing out a few common threads. These sensors
sistors (FETs). In the case of the metal oxide semiconductors,can be categorized into devices which detect gases, devices
a surface reaction occurs between oxygen and the gas, whichwhich detect liquids, and devices which detect complicated bi-
changes the resistance of the semiconductor. In the case ofological molecules such as DNA or proteins. One thing to note
the FET, a reaction occurs on the surface over the channel,is that most of these sensors do not rely fundamentally on
which alters the potential at the ‘‘gate’’ and modulates cur-micromachining for their construction. The fundamental
rent flow in the channel. This same FET mechanism can befunctional mechanisms are typically surface chemical in na-
used to detect ionic species. Biosensors are an extension ofture (often requiring catalysts, etc.). To date, most innovation
chemical sensors, which rely on biological materials and bio-in these systems has come from exploration of chemical reac-
chemical reactions. These reactions have the benefit of high
selectivity and sensitivity. Thus a biosensor can be described
as the addition of a biological sensing mechanism to a chemi-
cal (or physical) transducer.

One fundamental difficulty with both chemical and biologi-
cal sensors is that they must come into contact with the chem-
ical or biological environment they wish to sense. It is difficult
to make them reversibly reactive to the desired species while,
at the same time, unreactive to other species present in the
environment. Selectively permeable membranes and arrays of
sensors have been used to overcome this problem.

Micromachined Actuators

Actuators have long been envisioned as allowing the true rev-
olution in micromachined devices. To date, however, their use
has been limited. The most widespread use of actuation is in
force feedback inertial sensors (6). One of the first devices
that constituted an actuator in its own right was the so-called
micromotor. These devices were typically rotary, variable-ca-

Flow sensor
connectionsTrench

Temperature
sensors

Heater
connections

Microbridge

pacitance motors as shown in Fig. 17 (75). Variable capaci-Figure 16. A typical bulk micromachined flow anemometer device.
tance was chosen as a drive mechanism because of its com-Heat is generated by a resistive element (black) and sensed by the

upstream and downstream flow sensor elements. (After Ref. 71.) patibility with micromachining processes and materials.
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lated concept is the use of electrostatic forces to modulate the
effective stiffness and hence resonant frequency of a spring-
mass resonant system (79).

One class of constrained motion actuating devices is the
optical mirror and optical grating devices. The simplest type
is the torsional mirror device (80). Here a mirror, supported
on a torsional tether, is actuated to control the angle of re-
flection of a laser beam or other light source. Both continuous
and bi-stable control have been used. Various devices which
use thin cantilever beams or bridges to form controllable de-
fraction gratings have been demonstrated (81).

The use of piezoelectric materials in actuator devices is
very common due to their ability to provide large forces and
small displacements with low applied voltages. Typical appli-
cations are fluid pumps (82), linear and rotary motors (83),
and surface acoustic wave (SAW) sensors (10).

Another device, which has garnered considerable interest,
is the micromachined switch, or relay. The ability to achieve
a true open circuit switch, integrated with electronics could
be very useful for integrated circuit testing devices, communi-
cations systems, and RF systems. Simple electrostatically ac-
tuated cantilever beams or bridges have been designed for
this purpose (84). The difficulty with these structures, as with
macroscopic switches, are the material properties of the con-
tacting surfaces. Their sticking properties and their ability to
withstand millions of open/close cycles is critical.

Software Design Tools for Micromachined Devices

The design of micromachined devices involves examining
devices that operate in a broad set of physical domains. TheFigure 17. A scanning electron micrograph of a salient-pole variable-
3-D nature of micromachined devices typically requires fullcapacitance micromotor. Attractive electrostatic forces between the

rotor poles and the fixed stator poles (around the periphery) cause 3-D numerical simulation based on the Finite Element
rotary motion. (Courtesy of MCNC.) Method (FEM) or the Boundary Element Method (BEM).

FEM and BEM tools for specific physical domains, such as
mechanics or magnetics, were developed for macroscopic sys-
tems. Although these tools can provide useful simulation re-However, electrostatic systems have some scaling advantages
sults for some types of uncoupled behavior, micromachinedover magnetic systems as the characteristic length decreases
devices usually perform a transduction of energy between oneto the micron range (55). The most significant difficulty in
physical domain and another which often requires the solu-the construction of such devices is the formation of a bearing
tion of coupled physics problems (85). In this case, coupledstructure that can restrain the rotor to rotational motion
physical domain solvers are required. A classic example forwithout significant friction or wear. Because of this difficulty,
micromachined devices is the electrostatic instability of aand in an effort to overcome such friction (as well as viscous
bending beam electrode above a ground plane. As a voltage isair damping), various motor configurations have been con-
applied to the electrode, a force develops between the elec-structed (76). In spite of these design variations, microma-
trode and the ground plane. This causes the beam to bend,chined motors continue to suffer from short lifetimes due to
closing the gap between the electrode and the ground plane.wear. Also, they suffer from restricted usefulness due to the
This, in turn, causes the force to increase, which bends therelatively high applied voltages required to overcome friction
beam some more. At some ‘‘pull-in’’ voltage, this interactionand supply useful output torque.
is unstable and the beam collapses down to the ground plane.Electrostatic linear actuators have also been developed.
Knowledge of this pull-in voltage is often an important designDevices with relatively unconstrained linear motion suffer
parameter. Simulation of this value requires that the me-from many of the same problems as their rotary predecessors.
chanics and the electrostatics of this system be solved to-Constrained motion devices—that is, actuators whose moving
gether in a coupled, self-consistent way. There are manymember is supported and whose limited motion is typically
other coupled domains that are relevant to micromachineddue to a balance between the electrostatic drive force and an
devices, such as magnetomechanics and fluid–structure inter-elastic restraint—have been more successful. Such devices
action. Work on micromachined devices has accelerated ef-form the basis for resonant sensors, where the spring support
forts to develop coupled solvers for these domains.and the moving mass form the resonant system (77). Hybrid

From the perspective of a design tool environment, MEMSsystems have also been developed such as impact systems
involve making 3-D mechanical devices with the manufactur-which use a resonator to strike a second moving mass (for
ing techniques of integrated circuit fabrication. This creates aexample, a rotor) and cause it to move (78). Repeated, high-

frequency impacts yield quasi-continuous motion. Another re- need for design tools that join the functionality of 3-D me-
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