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ULTRASONIC AND ACOUSTIC
MICROMECHANICAL DEVICES

Ultrasonic and acoustic devices are sensors and actuators for
mechanical pressure waves with acoustic (10 Hz to 15 kHz)
and ultrasonic (	15 kHz) frequencies. The devices can be
classified into two categories. First, many devices process
pressure waves where sound and ultrasound are the final de-
sired entity. Examples are microphones, loudspeakers, sonar
receivers, and medical imaging systems. Second, there are de-
vices that utilize vibratory energy in sound and ultrasound
waves to cause a secondary desired effect. Examples of this
type of devices are acoustic chemical sensors, ultrasonic mo-
tors, microfluidic pumps, ultrasonic surgical tools, ultrasonic
bonders, ultrasonic atomizers, and acousto-optic modulators.

A further classification of acoustic devices is made between
high-intensity (	1 W/cm2) and low-intensity devices (
1
W/cm2). Low-intensity applications include microphones,
chemical sensors, and sonar receivers. The high-intensity ap-
plications include motors, pumps, bonders, surgical tools, etc.
Table 1 distributes the sonic applications among the four dif-
ferent categories possible. The reader is referred to Ref. 1 for

Table 1. Classification of Ultrasonic Applications

Direct Use of Indirect Use of
Sonic Energy Sonic Energy

Low intensity Microphones, sonar Chemical sensors, acousto-
receiver optic modulation

High intensity Loudspeakers, so- Microfluidic pumps, sur-
nar generator gery, atomization, bond-

ing, cutting

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright # 1999 John Wiley & Sons, Inc.



624 ULTRASONIC AND ACOUSTIC MICROMECHANICAL DEVICES

a more complete discussion on applications of acoustic and can be used to integrate more devices and therefore add
functionality to the entire system. Third, the extremelyultrasound devices.
small size allows the possibility of system size reduc-
tion. For example, micromachining allows the direct

CHARACTERISTICS OF MEMS ACOUSTIC DEVICES surgical placement of micromachined microphones and
loudspeakers inside the ear for superior hearing aid.

Several features distinguish micromachined acoustic systems The very small size results in very lightweight, incon-
made by MEMS (microelectromechanical system) techniques spicuous structures, and generally reduces the energy
from those fabricated by traditional means. Listed below are needed to power them.
the features of micromachining and how they affect the char-

3. Unique Material Properties of Silicon. Silicon is theacteristics of acoustic devices:
most common material encountered in micromachined
acoustic devices. Its material properties make it ideal1. Integration of Electronics and Mechanical Compo-
for ultrasonic and acoustic devices. Other materialsnents. In common with all acoustic devices is the me-
that are commonly used in micromachining are siliconchanical movement of the active element, and in most
nitride, polysilicon, and silicon dioxide. Their materialdevices the mechanical displacement is actuated or
properties relevant to acoustics are listed in Table 2.sensed electronically. MEMS technology allows a natu-
Thin film piezoelectric materials are also critical to mi-ral integration of electronic and mechanical compo-
cromachined acoustic devices, and they will be dis-nents, which results in substantial advantages over
cussed later in this chapter.conventional acoustic and ultrasonic devices. In acous-
a. Density. The density of silicon is 2330 kg/cm3, atic sensing applications (e.g., microphones), the signal-

value that is one-half to one-third that of metals.to-noise ratio is a function of the mechanical sensor ele-
This property further enhances the lightweight fea-ment, the electronics, and their electrical interconnects.
ture of devices.Electrical noise in electrical interconnects can be mini-

mized by placing a preamplifier as close as possible to b. High Speed of Sound. In acoustics and ultrasonics,
the sensing element. MEMS technology allows the given a frequency of operation, the speed of sound
placement of the electronics very close to the sensing determines the wavelength of the pressure waves.
elements in order to reduce the parasitic capacitance of The speed of sound in silicon is 9000 m/s, a value
the interconnects. However, processing incompatibili- about twice the speed of sound in metals, increasing
ties may make it difficult to fabricate the mechanical the wavelength for a given operating frequency. This
and electrical elements simultaneously, as lower yields property allows the fabrication of devices that are
and higher costs may result. Two attractive solutions larger and easier to package.
are to post-process mechanical elements onto CMOS c. Low Acoustic Attenuation. The acoustic loss of mate-
dies (4) and to assemble automatically previously fabri- rials results from dislocations driven by pressure
cated micromechanical and electronic elements (4). waves in solids. There are negligible volume disloca-

tions (�1/cm3) in commercially available prime-grade2. Small Devices. MEMS technology allows the fabrication
of extremely small mechanical parts, accurately, and in silicon wafers. Therefore the bulk losses for acoustic

and ultrasonic waves are almost negligible. In fact,a repeatable way. For example, cantilevers measuring
10 �m � 10 �m � 2 �m can be made using surface the measured internal quality factor of silicon ex-

ceeds 106 (2). The acoustic losses in silicon are typi-micromachining (see below). Integration of active elec-
tronics further allows devices that are very small. The cally an order of magnitude lower than in metals.

This results in micromachined devices that havesize reduction has three effects on acoustic devices.
First, large arrays of devices can be fabricated in the higher quality factors. This fact affects device perfor-

mance in many positive ways. Low internal loss insame space where conventional machining allowed only
one device to be built. Second, the extra available space sensing devices such as microphones leads to higher

Table 2. Relevant Properties of Various Materials

Property

Acoustic Thermal
Y Strength Density Smc Hardness Toughness Loss Conductance

Material GPa GPa kg/m3 m/s kg/mm2 MPa � m1/2 1/Q (W/m)K�1

Silicon 190 7 2300 335 850 1 �10�5 130
Diamond 1035 53 3500 881 7000 2.5 �10�5 600
Si3N4 385 14 3100 405 3486 5 �10�5 10–20
SiO2 73 8.4 2500 622 820 0.6 �10�5 1–2
SiC 700 21 3200 444 2480 4 �10�5 70–80
Titanium (C-120-AV) 110 0.9 4430 41 390 50 �3 � 10�4 7–10
Carbon steel 200 2.1 7900 53 660 100 �10�4 60–70
PZT-4 85 0.024 7600 0.93 — — 2.5 � 10�3 —
PZT-6H 68 0.028 7700 1.21 — — 1.54 � 10�2 —
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sensitivities. Loss mechanisms in solids tend to dis- Because more tools are continually being developed for mi-
cromachining, it is impossible to summarize micromachiningperse energy and create noise. Therefore low acoustic

loss leads to lower noise levels. Losses in materials in a complete and an all-encompassing manner. Hence, in this
article the focus will be on micromachining principles that arealso means that some of the energy is lost as heat. If

these can be minimized, then devices have lower common to most micromachine fabrication. Our main interest
is with silicon bulk and surface micromachining techniquespower requirements, and less heat generation. For

high-intensity devices, having lower heat generation that have resulted in research and commercial devices.
is of particular importance. Generally, high-intensity
acoustic devices are in contact with some other mate- Anisotropic Etching
rial to be processed ultrasonically. The contact at

Silicon atoms in a silicon crystal are arranged in the zinc-
high velocities results in high frictional losses at the

blende structure. Entire silicon crystals can be formed by sim-
transducer/material interface. The friction results in

ple repetition of the basic unit cell. Each of the faces of the
large heat generation and heat-induced transducer

unit cell can be described by a vector such as �100�, �111�,
damage. �110�, and so on. One can buy silicon wafers whose surface

d. High Thermal Conductivity. The thermal conductiv- consists of unit cells with the same face exposed. Commercial
ity in silicon is an order of magnitude larger than in wafers come in two orientations, �100� or �110�. The �110� wa-
metals. Even if heat is generated, it can be carried fers have traditionally been used for the bipolar circuit pro-
away to a heat sink more readily than in metals. cess, but the �100� wafers which are used in MOS-like pro-

e. High Smc. The maximum velocity at which an acous- cesses lead to a better gate oxide. Industry standards in the
tic or ultrasonic device can be driven is proportional form of wafer cuts were developed to easily distinguish the
to Smc, where Sm is the yield or fracture strain, and c different kinds of wafers. The reader is referred to Ref. 4 for
is the speed of sound. This product for silicon that more details on commercial wafers.
has a thermal oxide coating is 335 m/s. The Smc for Anisotropic etching is based on the wide variation in etch-
the highest strength metal is 45 m/s, or about eight ing rates as a function of the exposed crystal planes. It is
times smaller. Hence silicon devices can be driven to readily observed that the �111� direction has the lowest etch-
much higher particle velocities than metal devices. In ing rate and that �100� has the highest etch rate. The origin
most ultrasonic applications where the pressure of the anisotropic etch rates is still under investigation. The
waves cause a physical change in the material being leading theories are based on the fact that the silicon atom
processed, the process throughput is quadratically densities vary considerably over different crystal planes.
related to the ultrasonic particle velocity in the me- Anisotropic etching is performed by typically coating the
dium. A factor of eight increase in the particle veloc- wafer with a masking layer that does not etch appreciably in
ity should cause a 64 times increase in process the etchant. In general, special jigs are used to align the mask
throughput (3). to an orienting surface ground on the edge of the wafer so

that etching occurs with respect to a certain crystal direction.f. Lack of Fatigue. Fatigue in materials results from
The most common form of anisotropic etching is performed ondislocation movements and dislocation accumulation
�100� wafers. The �111� planes act as etch stops. The �111�in such a way that the strength in the high strain
crystal planes are oriented at 54.74� to the wafer surface, andareas is decreased over time and the device can fail
a wall with that angle results as shown in Fig. 1. If one usescatastrophically. The frequency ranges of commercial
�110� wafers, one can achieve vertical walls. In the �100� wa-metal high-intensity actuators are limited by fatigue.
fers the surface etches at typical etch rates of 1 �m/min,Since there are very few dislocations in silicon and
while the �111� planes, which are at a 54.74� angle, etch atlow dislocation mobilities in other micromachining
roughly 0.1 nm/min. A typical mask layer of silicon dioxidematerials such as silicon nitride, silicon dioxide, and
etches at roughly 0.001 �m/min. The etch-rate-ratio betweenpolysilicon, very little fatigue degradation of material
the silicon and oxide is 1000 : 1 and results in the capabilityproperties is encountered. Hence silicon-based micro-

machined devices can operate at higher frequencies
for longer periods without fatigue failure. This prop-
erty will enable silicon micromachined acoustic sen-
sors to be used in applications requiring long-term
stable use. Such applications include sensors and ac-
tuators in space, underground, and in implantable
devices.

MEMS FABRICATION TECHNIQUES

The definition of ‘‘micromachine’’ is not unique and changes
from person to person. Micromachining is a rapidly evolving
area of research, whose definition is still changing. The defi-
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nition that at least one dimension of a micromachine be in
the submicron to a few micron range is generally accepted Figure 1. Bottom shows resulting self-terminated pyramid and
without too much argument. For a more detailed treatment through-wafer etched cavity as a result of mask in top with a �100�

silicon wafer. Right side shows top view of wafer.of micromachining techniques, see Ref. 4.
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to etch through a silicon wafer. Hence, two etch ratios are In addition to the micro roughness, KOH etching results
in a bowing effect at the intersection of the �100� and the �111�important. One is the ratio between the �100� and the �111�

etch rates, also known as the anisotropy ratio. The second is planes. This is believed to occur due to the presence of excess
ionic reactive species available near the edges where �111�the ratio of the silicon etch rate to the mask etch rate, called

the mask-etch-rate ratio. planes do not consume the ions at all. Stirring the solution
can reduce such nonuniformity. Stirring is also used to re-
move adhering reaction product gas bubbles from the siliconMasking Layers. Typical masking layers on silicon are ther-
surface. Addition of isopropyl alcohol to the etch bath resultsmal (dry or wet) oxide, and low-stress silicon nitride thin
in smoother etch surfaces. Lower-density alcohol rises to thefilms. Silicon dioxide etch rates are usually higher than sili-
top of the bath and helps to regulate the temperature insidecon nitride etch rates. However, since oxides are more com-
the etch bath. Metals can be added to the etching bath tomonly available from ubiquitous thermal oxidation furnaces,
increase etch rates (5).it is preferred to silicon nitride, which can be deposited only

A disadvantage of KOH and other alkaline solutions isin the less common LPCVD (low pressure chemical vapor de-
that they can cause blindness by direct contact. Another dis-position) furnaces. Low-temperature plasma deposition of ei-
advantage of KOH is that the potassium ions diffuse into sili-ther oxide or nitride films results in pinhole-contaminated
con as an impurity and hence KOH is not considered IC-com-films. Evaporated, sputtered, or electroplated metal thin films
patible.can also be used as masking layers with selected anisotropic

etchants, as described below.
Effect of Doping on Etching Rates

Highly doped p-type (concentration 	1021 cm�3) areas of sili-Anisotropic Etchants. Many anisotropic etchants have been
identified over the last 30 years. The factors affecting the et- con behave as etch stops in the alkaline anisotropic etchants.

This agrees well with the electrochemical model of the aniso-chant choice are the desired etch-rate (determines the time of
etch), masking material and its etch rate, temperature re- tropic etching behavior, in which the excess holes in the p��-

doped silicon can pin the fermi level much lower than thequired, and chemical toxicity. The etchants fall under two
broad categories of organic and inorganic alkaline solutions. redox potential in the etching bath, eliminating the charge

exchange and the resulting chemical reaction (5). CantileversEDP (ethylene-diamene-pyrocatechol) is the most common
organic etchant used. This is a highly toxic combination of and beams of p��-doped areas have been readily made using

this process (Fig. 2). The thickness of the doped region is usu-carcinogenic, irritant, and pyrolytic chemicals, which micro-
machinists have used for decades under the protection of ally limited to 2 �m to 3 �m because of diffusion-limited

growth of doped regions. However, workers at the Universityhoods, protective clothing, and masks. Furthermore, these so-
lutions age, requiring constant reformulation. EDP based so- of Michigan have developed an extended time diffusion dop-

ing process that allows for doping to 10 to 20 �m depths.lutions have the main advantage of very low metal (Ag, Au,
Cr, Cu, Ta) etch rates, making possible the use of metals as
masks for anisotropic etching. EDP’s low silicon dioxide etch Porous Silicon Formation
rate allows one to do through-wafer etching with very thin

Porous silicon is a term for uniformly etched silicon withoxide coatings.
pores having diameters ranging from nanometers to microme-TMAHW (tetramethyl ammonium hydroxide water) or-
ters, and lengths up to millimeters. Hence, extremely high-ganic etch solutions are more IC compatible because the solu-
aspect ratio devices are possible. Porous silicon can be fabri-tion does not decompose at temperatures below 130�C. They
cated by electrochemically etching silicon in a hydrofluorichave a much lower oxide etch rate than does KOH (potassium
acid solution. The silicon oxidizes and then is etched by thehydroxide), which is discussed below. At high pH values,
HF acid. The pore size can be controlled by HF concentrationTMAH solutions etch aluminum at only 0.01 �m/min. Hence
or exposure to electron–hole generating photonic sources. Al-it is possible to use aluminum as a masking material with
though etching a planar surface produces randomly distrib-TMAH. The disadvantage with TMAH is the low anisotropy
uted pores, a surface with pore-initiating features can resultratio (12 to 50) as compared with that of KOH (500 to 1000).
in highly organized pores.Hence, considerable underetching can occur with TMAH.

MEMS Prototype Structures
Alkaline Etches. The most common alkaline etch is a KOH/

water solution used at 80�C to 90�C. Typically the KOH con- By anisotropic etching, one can generate prototypical struc-
tures that are the foundation of most micromechanical sys-centration is varied from 20% to 60%. Concentration and the

temperature affect the etch rates, etch-rate-ratio, and the tems. One of the common structures is the thin diaphragm
(membrane). The membrane can be formed by many methods,etched surface roughness. Higher KOH concentrations result

in lower etch rates and smoother surfaces. as shown in Fig. 2. One method, Fig. 2(a) and (b), is to time-
etch the silicon if the etch rate is known with confidence.One can calculate the mask thickness required for a given

depth of silicon etching using measured etch rate data. For However, etch rates vary considerably as the solution concen-
tration and/or temperature changes. Hence, the membraneexample, to do through-wafer etching with an oxide mask, at

90�C to achieve 2 �m/min, it can be shown that 3 �m of oxide thickness reproducibility is not better than 5 �m to 10 �m.
But a trick can be used to better reproduce membrane thick-are required. This oxide thickness is nearly impossible to

achieve in reasonable processing times by standard wet oxida- ness, as shown in Fig. 2(c). Early in the etching process, a top
window in the masking layer terminates in a pyramid. Thetion. Hence, silicon nitride films are more commonly used

with KOH etching solutions. mask opening can be adjusted so that the pyramid height cor-
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Figure 3. The masking layer is underetched at the concave corners,
until the etch front reaches the �111� planes at the cantilever neck.

at open-circuit potential. The KOH etches the p-type silicon
until it encounters the n-type silicon. The p–n junction is de-
stroyed, and the n-type silicon gets biased to eliminate any
carriers on the surface. This stops the etching completely (6).
An effective electrochemical reverse-biased diode stops the
moving etch front near the diode depletion region. Such tech-
niques can be used to control diaphragm thicknesses to
within nanometers. In addition to electrical biasing, one can
bias silicon by generating electrons and holes via photonic il-
lumination. Hence, for repeatable membrane thicknesses, one
has to etch in the dark.

Besides membranes, cantilevers can be made of silicon or
etch stop materials by similar techniques. Figure 3 shows a
cantilever of silicon nitride formed by exposing the silicon
from the front side of the wafer. Similar techniques can be
used to form a p��-doped cantilever, as shown in Fig. 4.

Plasma and Vapor Phase Etching (‘‘Dry Etching’’)

Dry etching can be classified into plasma and vapor phase
etching. Plasma etching is used in micromachining for many
reasons, the most important being the possibility of achieving
vertical etch sidewalls. In plasma etching the reactive gas is
mixed with a dilutant gas and exposed to high-energy radio-
frequency electric fields. These fields ionize the gas molecules,

(a)

(b)

(c)

(d)
creating electrons that further ionize the gas and lead to a

Figure 2. Some techniques to produce membranes and plates an- stable mix of ions and electrons. For plasma etching, the reac-
chored by silicon substrate. (a) Timed etch produces silicon plates or tive ions have to diffuse toward the surface, diffuse on the
etching to mask film produces thin-film membrane. (b) A self-termi-

surface, react with the surface atoms, and then diffuse awaynating pyramid from top is used to stop etch when an optic signal is
into the plasma. If the ions are very energetic, pure physicaltransmitted from the bottom. (c) Etch stops such as p�-doped silicon
etching will occur by ion-surface momentum transfer duringor electrochemically active layers can be used to stop etch. (d) The
impacts. The pressure, temperature, and RF power of thegrill technique to obtain different height cavities with one mask.
plasma influence the etch rates, etch uniformity, and etch
profiles.

responds to the desired plate thickness. As the etch front from
the bottom approaches the pyramid tip, a predetermined Plasma Etching. Silicon is commonly etched in a fluorine
amount of light transmission through the etch front and the plasma, which consists of SF6 or CF4 gases mixed with oxygen
pyramid surface is used as an indicator to stop the etching.
This technique will result in membranes whose thickness
varies by only 2 �m to 3 �m from wafer to wafer.

As shown in Fig. 2(d), thin membranes can also be ob-
tained by using membrane materials that act as etch stops
for the etching electrolyte. Etching through the wafer forms
silicon nitride or silicon dioxide membranes. Highly p��-doped
silicon then acts as the etch stop, and the result is a p��-doped
silicon membrane.

By electrically biasing doped silicon sections, one can elec-
trically control population of charge carriers at the semicon-
ductor-electrolyte interface. The ability to control the carriers
can be used to modulate the electrochemical reaction. Typi-
cally a p–n junction is reverse biased. The voltage drop is
largely across the p–n diode, leaving the p-type silicon surface Figure 4. Methods of creating cantilevers by underetching.
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in the plasma. These gases directly react with the silicon (Pyrex). The electrostatic field must be high enough to perma-
nently bond the two materials. When the field strength isatoms and form polymers which are etched by dilutant oxy-

gen radicals. Usually the plasma density is low, and the reac- very high, the bonding process is forgiving to surface irregu-
larities and contamination.tion rate is very high, causing a reaction-rate limited etching.

The supply-limited reaction results in a loading effect
whereby the more exposed areas of silicon are etched more Low-Temperature Glass Bonding. The procedure of applying

high electric fields can be eliminated by the use of very thinslowly than the less exposed areas.
Chlorine is not as reactive as fluorine with silicon. Hence films of glass that are deposited using microfabrication tech-

niques or bought from commercial glass frit companies. Thinchlorine-silicon plasma-assisted reaction has to be catalyzed
by high-energy ion bombardment. In a low-density plasma films of phosphoslicate or borosilicate glass can be sputtered

or spun on. The substrate to be bonded is placed on the glassthe momentum from the ions is transferred more favorably to
the bottom surface of the etch front than to the sidewalls. under pressure and at an elevated temperature. In general,

the bond strengths obtained are not as high as those obtainedThis phenomenon can result in vertical sidewalls. In particu-
lar, polymers can be formed on the sidewalls treated with with fusion or anodic bonding.
photoresist and/or carbon polymerization. Asymmetric mo-
mentum transfer from oxygen radicals again would lead to Reactive Metal Bonding. In reactive metal bonding, one uti-

lizes the fact that positive free energy is associated with thesidewall passivation. Since low reaction rates also result in a
smaller loading effect, when a degree of anisotropy is re- chemical reaction of a metal with silicon. When the metal and

silicon are put together, the combination melts at a lowerquired, one can use chlorine radicals by employing gases such
as SiCl4, CCl4, BCl3, and Cl2. temperature than either metal or silicon alone. For example,

gold reacts with silicon at low temperatures (363�C) to form
a Si–Au eutectic. Typically gold is evaporated, sputtered, orVapor Phase Etching of Silicon. Silicon etching due to XeF2
electroplated onto the surface to be bonded to a silicon sur-vapor has been known since the 1960s. However, recently it
face. When these areas are put in contact under vacuum andwas rediscovered in the micromachining context. When gently
at the eutectic temperature, the metal diffuses into the sili-heated, solid XeF2 sublimes. The XeF2 vapor instantaneously
con, forming the eutectic melt. When the interface is cooled,decomposes on a silicon surface, and the fluorine reacts with
the melt solidifies, forming the bond layer. One has to preparethe silicon atoms. The XeF2 silicon etch is isotropic. In partic-
the silicon surface carefully to eliminate any diffusion barri-ular, XeF2 is highly selective to silicon; it does not etch pho-
ers, such as silicon dioxide.toresist, metals, or silicon dioxide. To get smooth XeF2 etches,

any residual silicon dioxide, which can act as an etch stop,
Surface Micromachiningneeds to be removed in HF. Polysilicon can be prevented from

etching in XeF2 by oxidizing it slightly, simply by letting it sit A sacrificial layer material is deposited first on a silicon wa-
in air for two days. The use of XeF2 etching has been shown fer, coated with a passivation layer such as silicon nitride.
to be advantageous for creating microstructures by postpro- Lithography is used to define areas where the sacrificial etch
cessing on standard CMOS wafers. is removed selectively (Fig. 5). A conformal thin film of the

structural material, such as polysilicon, is deposited over the
Silicon Bonding entire wafer. The structural layer is patterned using lithogra-

phy and chemical or plasma etching, which is terminated onThe need to bond silicon to other materials or silicon itself
came from packaging requirements. Glass–silicon bonding
was developed to cover silicon micromachined devices with a
glass cap.

Anodic Bonding. Glass-silicon bonding originated from
metal-to-glass ‘‘Mallory’’ bonding. The glass wafer is placed on
top of the silicon wafer in a vacuum environment to eliminate
trapped air at the glass–silicon surface. A high electric field
(�7 � 106 V/m) is established across the glass–silicon sand-
wich at elevated temperatures (350�C to 400�C). The trapped
ions (typically glass is sodium and potassium rich) in the
glass migrate toward the interface under the influence of the
electric field and the increased ionic mobility at high tempera-
tures. Counteracting mirror charges develop in the silicon,
producing a strong electric field at the interface. When the
silicon–glass sandwich is brought back to room temperature
and the electric field removed, the ions are trapped at the
interface. If the glass and the silicon have different thermal
expansion coefficients, the resulting interfacial thermal
stresses can cause deformation of the sandwich at room tem-

Dimples

Cross section Top view

(a)

(b)

(c)

(d)

(e)

Etch holes

perature. Hence, much early work was devoted to finding
glasses with the same net thermal expansion as silicon at the Figure 5. The basic surface micromachining process used to fabri-

cate surface micromachined structures.bonding temperature. One such glass is the Corning 7740
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the sacrificial layer by a timed etch or by selective etching meric residue from the earlier use of photoresist. Solutions to
the stiction problem include drying with supercritical carbonchemistry. Then the entire sacrificial layer, but not the struc-

ture material, is etched selectively. The etch-rate ratio of the dioxide and sublimation of solid carbon dioxide (dry ice). The
use of certain organic self-assembled monolayers can reducesacrificial film relative to that of the structure has to be very

high in order to maintain structural layer thickness. Further- the incidence of stiction occurring during device operation.
Use of surface area reducing dimples are also used as shownmore, the interfacial stresses between the sacrificial and the

structure layer, and the internal stresses of the structural in Fig. 5.
layer, have to be very low to avoid curling of the structural
material after the release step. The structure material also

ACOUSTIC SENSORS AND ACTUATORShas to be nearly defect free to reduce the surface roughness
that typically results from the sacrificial layer etch. There are

Many sensing and actuation mechanisms employed in micro-very few combinations of sacrificial/structural materials that
machined devices can be used in acoustic and ultrasonic de-meet all these conditions.
vices. The frequency, power requirements, and signal-to-noiseNathanson at Westinghouse made surface micromachines
ratio often determine the choice of actuation mechanism.as early as 1965. He used aluminum as the structure material

and silicon dioxide as the sacrificial material. The somewhat
unpredictable and weak material properties of aluminum Doped Silicon Strain Gauges
eventually made this technology an interesting curiosity.

Strain-sensitive elements can be formed by doping singleRoger Howe at Berkeley and Henry Guckel at the University
crystal silicon or polysilicon structures. Doped silicon ele-of Wisconsin in the early 1980s developed an LPCVD polysili-
ments have high-gauge factors and hence make good straincon process for making stress-free polysilicon films on silicon
gauges. They can be used to measure strains caused by acous-dioxide. They were able to make bridges and cantilevers by
tic pressure in a gas or strain waves propagating in a solidusing the polysilicon as the structural material. Howe demon-
structure. The piezoresistors are formed on the edges of thestrated vapor sensors that utilized the resonance frequencies
silicon diaphragm, where the maximum strain occurs in de-of the mechanical structures. Once stress-free films of polysili-
flection (Fig. 6). Such strain gauges are always frequency lim-con had been made, people began to make a wide variety of
ited. The resistance always has some capacitance (parasiticsurface-micromachined structures.
or intentional) in parallel with it that limits the bandwidth of
this sensing method (7). For actuation, one can employ ther-Polysilicon/PSG Surface Micromachining. Polysilicon and
mal expansion of multilayer structures that contain dopedPSG (phosphosilicate glass–phosphorus-doped silicon oxide)
silicon.are the most popular structural and sacrificial materials, re-

spectively. LPCVD PSG films are chosen for their much
Capacitive Elementshigher etch rates in hydrofluoric acid compared to those of

thermal or wet oxides. The PSG is deposited typically in gases Diaphragm capacitors in micromachined structures can be
at low pressures and temperatures. It is patterned using li- formed readily by micromachining. Relatively large struc-
thography and a dry plasma etch to obtain vertical side walls. tures are used, so that their capacitances are much bigger
Polysilicon is deposited in an LPCVD tube with SiCl4 as the than the parasitic capacitance of their electrical interconnect-
source gas with nitrogen and hydrogen as dilutants. Appro- ing leads.
priate pressure and temperature result in reasonable deposi- For sensing, the incoming pressure or stress waves change
tion rates. Subsequently, a high-temperature anneal step is the capacitor gap and the capacitance. This change in capaci-
performed to densify the PSG glass and diffuse phosphorus tance can be measured using a charge sensitive op-amp. For
into the undoped polysilicon. The densification helps to reduce actuation, the gap can be modulated by applying an ac volt-
the interfacial and internal stresses. The polysilicon is pat- age on the capacitor. The resultant diaphragm movement
terned and etched in a plasma etch. Various wet etches have pushes fluids and hence launches acoustic waves. An example
been tried, each producing different final structures. Concen- of such a device is the MUT (micromachined ultrasonic trans-
trated HF solutions give very fast etch rates along with high ducer) device (Fig. 7) developed at Stanford University (16).
surface roughness. Dilute HF gives a slower etch rate but
does not select as well between polysilicon and PSG. Since

Piezoelectrics
the HF-PSG etch front moves laterally, it takes very long etch
times to produce long structures. To solve this problem, one The piezoelectric effect is a result of the nonsymmetrical dis-

tribution of ions in the basic unit cell of certain crystals, suchmust put etchant access holes in the polysilicon structure,
which effectively increases etch-front area and keeps the etch as quartz. The nonsymmetrical charge results in a net dipole

moment when the unit cell is compressed or expanded. Whentime manageably small (Fig. 5).
Stiction. A problem that has plagued micromachinists is integrated through the piezoelectric volume, this dipole mo-

ment results in a net charge on the surfaces. The applicationthe so-called stiction between released polysilicon structures
and the underlying silicon substrate. After the sacrificial of a stress on a piezoelectric material results in a net polariza-

tion charge. This is known as the direct piezoelectric effect.layer is etched away, the wafers are usually cleaned in suc-
cessive baths of water. Then, in the wafer drying process, the The converse piezoelectric effect is characterized by the

generation of stress and strain in a piezoelectric solid uponwater–air interface eventually contacts both the polysilicon
and the underlying silicon. Surface tension pulls the polysili- the application of an electric field. The applied electric field

causes a net force on the nonuniform charge density incon and silicon into contact. The surfaces may then stick to-
gether permanently because of van der Waals forces or poly- each unit cell. This force causes the ionic charge centers to
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itated fingers are used to excite alternating contraction and
expansion zones on a micromachined silicon nitride mem-
brane (see Fig. 8). When driven at high frequencies, these
transducers launch flexural plate waves along the micro-
machined thin diaphragm. An intriguing feature of FPWs is
that their phase velocity is a linear function of the plate thick-
ness for very small plate-to-wavelength ratios. Micromachin-
ing allows these plates to be made a few microns thick. Wave-
lengths are typically 100 �m. With such numbers, the phase
velocity is 300 m/s to 500 m/s. This is much lower than the
velocity of sound in most liquids and gases. The speed differ-
ence results in evanescent waves instead of propagating
waves to be produced near the vibrating membrane. Most of
the wave energy is trapped near the membrane and is not
dissipated. This is similar to the light-trapping property of
fiber optic cables, where the speed of light in the core of the
fiber is lower than that in the surrounding cladding material.
The ultrasonic flexural plate waves have been used as very
sensitive gas and liquid sensors.

Figure 6. Micromachined thermally actuated resonator. Top: Top
view of die showing piezoresistors for actuation (heating) and sensing
(piezoresistor). Middle: Cross-section view. Bottom: Scanning electron
microscope (SEM) of die.

move, and this causes net extension or contraction of the
unit cell.

In micromachined devices one generally does not use piezo-
electric crystals but rather thin films made of small piezoelec-
tric crystal grains. Thin films of piezoelectric ZnO, AlN, and
PZT (lead zirconate titanate) have the common feature of con-
taining microscopic grains of crystals. If these grains were
randomly oriented, the net piezoelectric effect from the grains
would cancel out. However, the thin films are often deposited
so that growth with oriented grains occurs. For ferroelectric
films like PZT, the unit cells are oriented by electrical poling
methods. A more detailed discussion of piezoelectric thin films
is given in THIN FILMS.

Piezoelectric films have been used widely as acoustic and
ultrasonic sensing elements. The main advantages to using
piezoelectric thin films are high electromechanical coupling
and very high bandwidths. Piezoelectric devices have been
used to sense ultrasonic waves at frequencies up to the GHz
range.

Figure 7. Surface micromachined ultrasonic transducers. Top: Fab-
Flexural Plate Wave Device. The flexural plate wave device rication process with cavity sealing. Bottom: SEM of diaphragms with

sealing holes.(FPW) was developed at Berkeley (8). Thin film ZnO interdig-
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Microphone. The bimorph structure has been used for mi-
crophone applications, as shown in Fig. 7 (9). The process flow
diagram displays the bulk-micromachining process used to
create the piezoelectric structure. The impinging sound waves
bend the cantilever beam, causing the ZnO thin film to gener-
ate a voltage that can be measured.

Ultrasonic Micromotor. Seen in Fig. 8 is a micromachined
micromotor made with thin-film PZT (10). The PZT film was
deposited on the silicon nitride membrane using the sol-gel
method. The rotor was positioned to make frictional contact
with the membrane so that, when the membrane vibrated at
one of its transverse modes, the rotor moved.

ACOUSTIC DEVICE MODELING

Acoustic sensors are used for detecting mechanical pressure
and velocity waves in fluids, and stress and particle velocities
in solids. Correspondingly, acoustic actuators generate me-
chanical waves in fluids and solids. The generation and sens-
ing is generally done electrically because of the availability of
high-quality efficient electrical sources, amplifiers and filters.
Hence, at the heart of any acoustic device are electric and
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632 ULTRASONIC AND ACOUSTIC MICROMECHANICAL DEVICES

Before discussing efficiency issues, we have to consider de-
vice models. In addition to analytical and physical modeling,
a large effort in numerical modeling using finite element
methods is being made for MEMS devices. Thermal, fluid, and
electromagnetic effects can be strongly coupled in any real
MEMS system, and so analytical modeling becomes nearly
impossible. Furthermore very small features connected to
much larger substrates require novel ways of modeling. In
response to this need, new companies are focusing on MEMS
finite element simulation. Examples are MEMCAD, Tanner
Research, and Coyote Systems. Several academic groups are
also developing CAD for MEMS, an example being SUGAR,
which is being developed at Berkeley.

There are two regimes of acoustic device operation to be
distinguished by the wavelength-to-device-dimension ratio. If
the acoustic wavelength is much bigger than the device, the
device can be thought of as a point source or a receiver, wave
effects can be ignored, and lumped element models can be
used. If the acoustic wavelength at the operating frequency is
much smaller than the device dimensions, one has to consider
wave phenomena in the device because multiple wavelengths
can fit in the device.

Lumped Element Models (Wavelength � Device Dimensions)

In this regime, the mechanical parts of acoustic devices,
which are diaphragms, beams, or plates, all move nearly in
phase throughout the entire device. Therefore the mechanical
parts can be represented as discrete mass-spring systems.
Furthermore, the mass-spring systems can be modeled as
equivalent electrical circuits by making analogies between
the mechanical and electrical variables. For example, one pos-
sible analogy is to model forces as voltages and velocities as
currents. Using this analogy, discrete masses can be modeled
as inductors, and discrete springs can be modeled as capaci-
tors. An equivalent electrical resistor can model the lossy vis-
cous effects in mechanical parts. The coupling of the real elec-
trical circuit to the equivalent electrical model of the
mechanical device is obtained through an equivalent trans-
former whose transformer ratio is related to the electrome-
chanical coupling constant defined above. This simplified
model is often very useful for device characterization and op-
timization. An example of such a system is the microphone
and the bimorph described below.

Continuous-Wave Models (Wavelength 
 Device Dimensions)

In this regime, the parts of an acoustic device can move with
different phases. This leads to wave phenomena inside the
device. The device behavior is characterized by differential
equations that have certain eigenfunctions as solutions. Su-
perposing the eigenfunctions yields the mechanical distur-
bances on the device. Even though a discrete model that is
good for all the modes is not possible, any given eigenfunction
can be equated to an equivalent spring-mass-damper. This

Figure 10. Piezoelectrically activated micromotor.mechanical system can then again be equated to an electri-
cal circuit.

An example is the modeling of the fundamental mode of
the longitudinal mode resonant transducer (LMRT) shown in motions at the horn side can be achieved. Such transducers

are used to generate high-amplitude ultrasound. The limita-Fig. 9. The metal version of the transducer consists of a back
and a front side, between which a piezoelectric ceramic such tions of these devices are the material properties of the tough-

est metals (titanium alloys) and the PZT bonding efficiency.as PZT is held in compression. When the PZT is driven at the
longitudinal mode resonance frequency of the structure, large The alternative silicon-micromachined version of such a
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ultrasound generated by a thin film ZnO actuator is focused
at the fluid-air interface where nonlinear acoustic forces can
cause ejection of liquid droplets (14).

SUMMARY

Micromachining techniques have been used to make acousti-
cally relevant mechanical and actuating structures. Microma-
chining allows the fabrication of structures that are in the
micron size domain. Membranes, cantilevers, and beams can
be made that have the same acoustic response as larger struc-
tures by making their lateral dimensions smaller and keeping
plate stiffnesses the same by reducing plate thickness. This
recipe allows miniaturization of acoustic and ultrasonic de-
vices.

In addition to the new domain of physical size for acoustic
devices, micromachining in silicon makes available unique
material properties that cannot be found in conventional
metal-based transducers. Silicon is very strong and can be
driven to much higher amplitudes than the metal counter-
parts. Silicon’s high thermal conductivity and small acoustic
losses permit one to make very high-quality and resilient
acoustic actuators and sensors.

The further capability to integrate solid-state sensors and
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electronic circuits into the acoustic structure enables one to
realize large improvements in signal-to-noise and system per-Figure 11. Longitudinal mode resonators. Top: Metal alloy/PZT

high-intensity transducer. Bottom: Corresponding micromachined formance. Parasitic capacitances and resistive lead losses in
silicon/PZT transducer. sensitive sensors can be minimized. Integration of electronics

reduces system size and complexity. Arrays of inexpensive de-
vices can be fabricated for faster signal processing.

transducer is the horn at the bottom of the figure (11,12). As micromachining becomes more widespread, acoustic de-
These transducers have been used to cut tissue, pump liquids, vices made using the technology will become more common.
and atomize liquids. Because of the silicon material proper- Most of the work thus far has been conducted in university
ties mentioned above, displacements as large as those pro- laboratories, but more recently, industry is starting to investi-
duced by the metal transducers can be generated with much gate and make micromachined acoustic devices (15). In the
smaller transducers. future, as the integration of micromechanical and electronic

elements proceeds, one can expect to see an increasing num-
Acoustic Pumping and Fluid Models ber and variety of micromachined ultrasonic and acoustic de-

vices become available (16).The interaction of fluids with a vibrating surface is important
in acoustic devices. Acoustic waves generated by actuators
travel through various media and get received at sensing de- BIBLIOGRAPHY
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