
MICRO-ELECTROMECHANICAL DEVICE Field of the Invention
This invention relates to electromechanical devices in
general . More particularly, the invention relates to
forming piezoelectric devices by micromachining
techniques Background of the Invention Fig. 1 shows a
conventional electromechanical device 101, such as a
piezoelectric device. The piezoelectric device
typically comprises a support structure 102 having
piezoelectric ceramic elements 104a-b disposed on at
least one surface of the support structure . The
support structure 102 is formed by stamping, bending
and/or moulding a metal plate into suitable shapes.
Piezoelectric elements 104a-b are disposed on the
support structure . The piezoelectric films are
deposited on the surface of the metal support
structure. However, the metal parts are easily
oxidized at elevated temperatures in the oxygenated
atmosphere that is required for processing the
piezoelectric thin films. Further, the process for
producing the piezoelectric films has to be adapted to
reduce oxidation of the metal parts. As such, the
piezoelectric films are produced at lower temperatures
using, for example, hydrothermal growth. Such methods
produce films with properties and mechanical adhesion
that are inferior to those produced with high
temperature annealing by, for example, sputtering,
MOCVD or sol-gel methods. Moreover, the structures are
immersed in corrosive solutions to realize the
hydrothermal growth, which results in severe
contamination and processing compatibility problems. 



Therefore, from the foregoing discussion, it is
desirable to provide reliable electromechanical
devices.Summary of the Invention The invention relates
generally to electromechanical devices. In one
embodiment, the invention relates to fabricating an
electromechanical device. The method comprises forming
a support structure of the electromechanical device by
providing first, second and third layers. The inner
surfaces of the second and third layers are attached
to the first layer, forming a support structure having
at least one cavity. After the support structure is
formed, an electromechanical active element on the
outer surface of at least one of the second and third
layers is provided. In one embodiment, the first,
second, and third layers are formed from single
crystal silicon. In another embodiment, the first
layer is formed from glass and the second and third
layers are formed from single crystal silicon. The
electromechanical active element comprises first and
second electrodes separated by a piezoelectric film.
Furthermore, the electromechanical device is conducive
to micromachining and batch processing, facilitating
miniaturization and reducing manufacturing cost .
Brief Description of the Drawings Fig. 1 shows a
conventional electromechanical device,- Fig. 2 shows
an electromechanical device in accordance with one
embodiment of the invention; Figs. 3-6 show
electromechanical devices in accordance with various
embodiments of the invention; Figs. 7a-g show a
process for forming an electromechanical device in
accordance with one embodiment 



of the invention; Fig. 8 shows a layout of a substrate
in accordance with one embodiment of the invention;
Figs. 9a-c show a portion of a process for forming an
electromechanical device in accordance with another
embodiment of the invention; and Figs. 10-12 show
processes for forming various cavity 5 configurations
of the support structure. Preferred Embodiments of the
Invention Fig. 2 shows an electromechanical device 201
in accordance with one embodiment of the invention.
The 10 electromechanical device comprises a support
structure 210 having first and second major outer
surfaces 224a-b of the support structure. The major
outer surfaces are located on opposite sides of the
structure, separated by a cavity 250. The
electromechanical device is conducive to 15 parallel
fabrication techniques to increase throughput and
reduce manufacturing costs. In one embodiment, the
electromechanical device is formed by micromachining
techniques, such as those employed in
microelectromechanical systems (MEMS) . 20 In one
embodiment, the major outer surfaces are provided by
first and second major support members 220a-b. The
major support members, in one embodiment, are attached
to a central portion of the support structure provided
by at least one minor support member 230. As shown,
first 25 and second minor support members 230a-b are
provided to which the major support members are
attached. In one embodiment, the shape of the minor
support members defines the shape of the cavity. The
shape of the cavity should be selected to provide the
structure with sufficient 30 compliance for generating
desired amount of bending 



deformation or vibration. In one embodiment, the
cavity comprises a rectangular shape. Other geometric
shapes are also useful, depending on design
requirements. For example, the cavity 350 can be
H-shaped, formed by the 35 shapes of the minor members
330a-b, as shown in Fig. 3 .In another embodiment, the
support structure comprises more than one cavity. The
cavities can be created by any number of minor support
members . For example, referring to Fig. 4 , first and
second cavities 450a-b are created by a single support
member 430. Alternatively, first and second cavities
550a-b can be formed by first, second and third minor
support members 530a-c, as shown in Fig. 5 . Although
the cavities are depicted as rectangular in shape, it
is understood, as already discussed, other geometric
shapes are also useful. Furthermore, the shapes of the
different cavities can be the same, different or
mirror images of each other. Referring back to Fig. 2
, numerous types of materials can be used to form the
support structure. In one embodiment, the support
structure comprises materials that can withstand the
various processing conditions for fabricating the
electromechanical device. For example, where the
active electromechanical elements, such as
piezoelectric films, are formed directly on the major
surfaces 224a-b, the materials of the support
structure should not exhibit significant expansion,
shrinkage or deformation as a result of the wide
temperature range changes experienced during
processing. The various support members can be formed
from the same or different materials. In one
embodiment, the minor support members comprise a first
material while the major support members comprise a
second material. In one 



embodiment, the first material of the support members
is derived from a larger first substrate to facilitate
parallel processing of numerous devices
simultaneously. The second material of the two major
support members is derived from two larger second
substrates attached to the first substrate. It is
understood that the two major support members need not
be formed from the same materialnor the first and
second materials be of different materials . The
materials of the support members comprise, for
example, silicon or glass. Other types of materials,
such as ceramic, glass-ceramic, other crystalline,
single crystalline or non-crystalline materials, or a
combination thereof, are also useful. In one
embodiment, the first and second materials comprise a
crystalline material. In one embodiment, the first and
second materials comprise single crystalline silicon.
Other types of crystalline materials are also useful.
The silicon is provided by silicon wafers to
facilitate parallel processing of the devices . In one
embodiment, the first crystalline silicon wafer which
provides the minor support members is oriented in the
<110> crystallographic direction that is parallel to
the direction in which the wafers are attached (i.e.,
z direction) . The second and third silicon wafers
which are attached to the opposing major surfaces of
the first silicon wafer for forming the major support
members are oriented in either the <100> or <110>
crystallographic direction parallel to the
z-direction. Other crystalline wafer orientations may
also useful. The wafers are attached, in one
embodiment, using elevated temperature processes. Such
processes include, for example, siliconto- 



silicon fusion bonding. Other attachment techniques,
such as the use of an intermediate layer to facilitate
adhesion, laser assisted bonding and anodic bonding,
are also useful and may depend on the type of
materials used. In one embodiment, an
electromechanical active element is provided on at
least one of the first and second major outer surfaces
of the support structure. In one embodiment,
electromechanical active elements 260a-b are provided
on the first and second major outer surfaces of the
support structure. Providing more than first andsecond
electromechanical active elements, including for
example on surfaces other than the major outer
surfaces, are also useful. In one embodiment, an
active electromechanical element comprises a
piezoelectric stack for forming a piezoelectric
device. Other types of electromechanical active
elements are also useful. The piezoelectric stack
comprises an active material or film 264 sandwiched
between first and second electrodes 266 and 268. In
one embodiment, the active film comprises a
piezoelectric film. Other types of active films are
also useful. The first electrode is the bottom
electrode and the second electrode is the top
electrode. The use of other types of multilayered
piezoelectric stacks, such as those having more than
two electrodes, each separated by an active film, is
also useful . Various types of piezoelectric materials
can be used to form the active film. In one
embodiment, the piezoelectric material comprises a
piezoelectric ceramic material. The piezoelectric
ceramic material comprises, for example, lead titanate
(PT) , lead zirconate titanate (PZT) , lead magnesium
niobate (PMN) , lead zinc niobate 



(PZN) or a combination thereof. Other types of
piezoelectric ceramics are also useful. In one
embodiment, the piezoelectric ceramic includes a
composition around the morphotropic phase boundary
(MPB), such as Pb (Zr0.52 Ti0.48 )O3 or 0 .7Pb
(Mgi/3Nb2/3 )O3-O .3PbTiO 3 . A s already discussed,
other types of materials can also be used to form the
active film. Such materials comprise, for example,
electrostrictive materials including electrostrictive
ceramics, ferroelectric ceramics or antiferroelectric
ceramics. In one embodiment, the electrodes are formed
from a conductive material which is a solid at room
temperature. The conductive material comprises a
material which shouldbe stable with the piezoelectric
material. The conductive material comprises, for
example, a noble metal or alloys thereof. Conductive
materials, such as conducting ceramics, are also
useful. Other types of conductive materials are also
useful. In one embodiment, the lower electrode
comprises platinum and the upper electrode comprises
gold. Other combinations of materials for different
electrodes are also useful. For example, both
electrodes can be formed from the same material or
different types of materials. In one embodiment, an
insulating layer 270 is provided between the bottom
electrode and the major support surface, insulating
the bottom electrode from the major support member
and/or enhancing the adhesion between the two. The use
of an insulating layer is particularly useful for
applications in which the support structure is formed
from non-insulating materials. The insulator layer
comprises, for example, a dielectric material, such as
SiO2. Other types of insulating or dielectric
materials can also 



be used. The top electrode, as shown, includes at
least one contact pad 269. In one embodiment, the
contact pad is located at or toward a first end 221 of
the major support member. To provide access to the
bottom electrode, a contact opening or window 274 is
provided. The contact window, in one embodiment, is
located at the first end of the major support member.
A sufficient amount of space should be provided
between the contact pads and window to avoid shorting
problems. Locating the contact pad and contact window
at other locations is also useful. For example, the
contact pad and window need not be located in
proximity to each other. In an alternative embodiment,
the top electrode is divided into first and second top
electrodes 668a-b, as shown in Fig. 6 . Each electrode
is associated with acontact pad (669a or 669b) . In
one embodiment, the contact pads are located at or
towards the first end of the major support member.
Locating the contact pads at other locations of the
major support member is also useful. Providing top
electrodes divided into more than two electrodes is
also useful. The use of multiple electrodes enables
finer control of the movement of the major support
member to improve or optimize performance of the
piezoelectric device. In one embodiment, an
adhesion-promoting layer (not shown) is provided to
enhance the adhesion between the lower electrode and
the insulator layer. Another adhesion-promoting layer
(not shown) can also be provided between the upper
electrode and the piezoelectric film to improve
adhesion between the two layers. The adhesionpromoting
layers comprise, for example, titanium. Other 



types of adhesion-promoting layers are also useful.
The various layers of the piezoelectric stack, in one
embodiment, are formed using thin film deposition
techniques. Such techniques include, for example,
sputtering, pulse laser deposition (PLD) ,
evaporation, CVD, MOCVD, spin- coat ing and dip -coat
ing. In one embodiment, the layers formed by thin film
processes comprise a thickness of less than about 5 mm
(e.g., the piezoelectric film) . Alternatively, the
piezoelectric stack is preformed and mounted onto the
support structure using, for example, a bonding agent.
Other techniques for providing the piezoelectric
stacks are also useful. Figs. 7a-g show
cross-sectional views of a process for fabricating a
piezoelectric device in accordance with one embodiment
of the invention. Referring to Fig. 7a, a first
substrate 703 is provided. In one embodiment, the
first substrate is used to form a plurality of devices
in parallel. The first substrate is used to fabricate
the central portion of the support structure of
thepiezoelectric device, which includes the minor
members. In one embodiment, the first substrate
comprises a single crystalline material, such as
silicon. For example, the substrate comprises a 4-inch
silicon wafer. Providing wafers of other sizes is also
useful. Other types of single crystalline material as
well as non-single crystalline material are also
useful. For example, materials such as glass, ceramic,
glass-ceramic, or a combination thereof can be
employed. The thickness of the first substrate defines
the width of the minor support structures, which
contributes to the overall thickness of the support
structure. Typical thickness of the silicon wafer is
about 200-900 mm . 



Other thicknesses are also useful, depending on design
requirements. In one embodiment, the first substrate
is polished on both sides. Polishing the substrate
surface can enhance, for example, bonding quality.
When the substrate is polished, the reduction in
thickness due to the polishing should be taken into
account. In one embodiment, the crystallographic
orientation <110> of the substrate is in the direction
of the thickness of the substrate (z-direction) .
Referring to Fig. 7b, a portion of the substrate after
patterning to form the minor support members (e.g.,
central portion) of the support structure is shown.
Illustratively, the portion of the substrate
represents the fabrication of first and second
piezoelectric devices. In one embodiment, the first
substrate is patterned to form through-grooves 752a-b.
The grooves correlate to a single rectangular cavity
for each piezoelectric device. Other types of patterns
are also useful, depending on the desired cavity
pattern or number of cavities. In one embodiment, the
minor support members are formed by micromachining
techniques. Such techniques include, for example, wet
or dry etching techniques.Other techniques are also
useful. In one embodiment, patterning of the first
substrate is achieved using wet etching techniques for
(110) oriented silicon wafer. The substrate is
prepared for the patterning process. In one
embodiment, a hard mask 755 is used to pattern the
substrate. Other techniques for patterning the
substrate are also useful. A hard mask is formed on
first and second major surfaces 706 and 707 of the
first substrate. The hard masks, in one embodiment,
comprise silicon oxide. Other types of hard mask
material can also be used. For 



example, silicon nitride can be used to serve as a
hard mask. The silicon oxide hard mask, in one
embodiment, is formed by thermal oxidation, which
includes processing the substrate in an oxidizing
ambient environment at a temperature of about 900 -
12000C for about 10 hours. Other techniques for
forming the hard mask, such as chemical vapour
deposition or sputtering, are also useful. The
thickness of the hard mask should be sufficient to
withstand the patterning process. In one embodiment,
the hard mask is about 2 mm thick. Other thicknesses
are also useful . After the hard masks are formed,
soft masks (not shown) are formed thereon. In one
embodiment, the soft masks comprise photosensitive
material, such as photoresist. Other photosensitive
materials are also useful . The soft masks are
patterned using conventional photolithographic
techniques to selectively expose portions of the hard
masks. For example, the soft masks are selectively
exposed to radiation of appropriate wavelength through
a lithographic mask having the desired pattern. In one
embodiment, the soft masks are exposed one at a time.
After exposure, the soft masks are developed to remove
the exposed or unexposed portions, depending on
whether a positive or negative-type photosensitive
material is used. This creates windows oropenings in
the soft masks corresponding to the grooves to be
formed in the substrate. The patterns of the soft
masks preferably are identical . A wet etch is then
performed to remove portions of the hard masks exposed
by the soft masks. The wet etch is performed, by
example, dipping into the wet etch solution. The etch
solution, in one embodiment, comprises 



hydrofluoric acid and aqueous ammonium fluoride. Other
types of wet etch solutions are also useful. Wet
etching techniques are preferred as both hard masks
are patterned at the same time. Other techniques for
patterning the hard masks, such as dry etching, are
also useful. After the hard masks are patterned, the
soft masks are removed. The substrate is then wet
etched to form grooves 752a-b therethrough. The wet
etch is performed by, for example, immersing the
substrate in a wet etch solution. In one embodiment,
the wet etch solution for etching the substrate
comprises an aqueous potassium hydroxide solution.
Other types of etch solutions can also be useful. For
example, the etch rate of a (HO)- oriented silicon
wafer in a 30% by weight etch solution is about 13 mm
per hour at 600C . The etching time can be controlled
to ensure that the substrate is completely etched
through to produce the grooves. In one embodiment, the
crystallographic direction of the substrate is
oriented to result in substantially an anisotropic wet
etch process. The wet etch ratio between the forward
<110> direction and sideward <111> direction of the
(110) silicon wafer is approximately 200:1 - 300:1.
Therefore, by orienting the silicon substrate in the
<110> direction (e.g., (110) plane is parallel to the
top and bottom surfaces 706 and 707) , the wet etch
would result in substantially an anisotropic etch,
enabling the formation of the grooves while
substantially suppressing sideward
etching.Alternatively, the minor support members can
be formed using a dry etch, such as a deep reactive
ion etch (DRIE) or other dry etch techniques which
includes sputter etching and vapour phase etching. The
etch can be 



performed from one or both major surfaces of the
substrate For example, the dry etch could form the
grooves by etching from the top or bottom surface or
first etching from the top and then etching from the
bottom. Only the surface that is etched would need a
hard mask. Other techniques for patterning the
substrate are also useful. The technique employed for
patterning the substrate may also depend on the
material of the substrate. After the substrate is
patterned, the hard masks are removed. Removal of the
hard masks can be achieved by a wet etch. The wet
etch, for example, comprises an etch solution of
hydrofluoric acid solution. The substrate may then be
subjected to preparation for subsequent processing.
Such preparation, for example, may include chemical
mechanical polishing (CMP) to improve surface
roughness of the substrate surfaces. After polishing,
the substrate is then cleaned. In one embodiment, the
substrate is cleaned with standard RCAl and RCA2
solutions and rinsed with deionized water. Other
cleaning processes can also be useful . Referring back
to Fig. 7c, second and third substrates 721a-b are
attached to the first patterned substrate. In one
embodiment, the second and third substrates comprise
silicon. Other types of materials, such as glass,
ceramic or glass-ceramic, can also be useful.
Additionally, it is not necessary that the second and
third substrates be formed from the same material . In
one embodiment, the second and third silicon
substrates are oriented in the <100> direction. Other
crystallographic orientations are also useful .In one
embodiment, the second and third substrates are
attached to the patterned first substrate 703 by 



elevated temperature process, such as fusion bonding.
Other techniques for attaching the substrates, such as
anodic bonding, adhesive bonding, or thermocompression
bonding, are also useful. In one embodiment, the
second and third substrates are prepared prior to
fusion bonding. Preparation may include, for example,
polishing both sides of the substrates to improve
surface roughness and cleaning them in RCA2 and RCAl
solutions, followed by rinsing in deionized water.
Treating the substrates in the RCAl solution promotes
hydrophilic surfaces on the substrates. Using
substrates with hydrophilic surfaces advantageously
enables low temperature pre-bonding before fusion
bonding at high temperature. Alternatively, the
substrate surfaces may also be treated with plasma to
provide hydrophilic surfaces. The second substrate is
attached to the first substrate and subjected to a
pre-bonding treatment in a wafer bonder. Pre-bonding
treatment includes, for example, applying pressure
and/or moderately elevating the temperature. The
pre-bonding treatment is preferably performed while
the substrate surfaces are hydrophilic. After
pre-bonding treatment, the first and second substrates
are then bonded together by annealing at about 900-12
000C for about 2 hours. The pre-bonding and bonding
procedure is repeated for the third substrate, thereby
completing the bonding of the substrates. Typically,
the substrates are about a few hundreds of micrometers
thick. This thickness may be greater than desired. If
so, the thickness of the second and third substrates
can be reduced. The thickness of the second 



and third substrates, in one embodiment, is reduced to
about 1-60 mm . Other thicknesses can also be
useful,depending on design requirements. Various
techniques, such as mechanical lapping, chemical wet
etching or plasma etching, can be used to reduce the
thickness of the substrates. Other techniques are also
useful. In one embodiment, the thickness of the
substrates is reduced by mechanical lapping. To
improve surface roughness after the thinning process,
the substrate surfaces can be polished by, for
example, CMP. In alternative embodiments, the second
and third substrates comprise SOI substrates.
Typically, an SOI substrate comprises an insulating
layer sandwiched by first (e.g., bulk) and second
(e.g., surface) silicon wafers. Usually, one of the
silicon wafers (e.g., surface) is thinner than the
other (e.g., bulk). In one embodiment, the thinner
silicon wafer is bonded to the first substrate which
forms the central portion of the support structure.
The use -of SOI wafers, for example, can eliminate or
reduce the duration of the thinning process of
silicon. The silicon wafers which are not bonded to
the first substrate are removed by wet etch. For
example, the substrate stack is dipped into a wet etch
solution which dissolves silicon, such as an aqueous
potassium hydroxide solution. Other techniques for
removing the top silicon wafers of the SOI substrate,
such as dry etching, are also useful. A protective
coating or mechanical chuck can be used to protect the
periphery of the first substrate and bottom silicon
wafers of the SOI substrates which are bonded to the
first substrate. After the top silicon wafers of the
SOI substrates are removed, a wet etch is used to
strip off the silicon 



oxide insulator layers of the SOI substrates. The wet
etch comprises, for example, HF acid solution. Other
techniques or chemistry can also be used to remove the
silicon oxide layers. For example, the silicon oxide
layers can be removed by dry etching.Referring to Fig.
7d, insulator layers 771a-b are deposited on the outer
surfaces of the second and third substrates 721a-b. In
one embodiment, the insulator layers comprise silicon
oxide. Other types of dielectric or insulating
materials are also useful. The layers are deposited
by, for example, chemical vapour deposition (CVD)
techniques. Various types of CVD or other techniques
can be used. In one embodiment, the insulator layer is
deposited using plasma enhanced CVD (PECVD) at a
temperature of about 2800C . The thickness of the
insulator layer is about 0.5 mm . Other thicknesses
are also useful. Referring to Fig. 7e, the various
layers of the piezoelectric stacks 760a-b are
deposited on the insulator layers. In one embodiment,
the various layers of the stack are formed one at a
time on both sides of the substrate stack, one side at
a time. For example, the bottom electrode is formed on
one side of the substrate stack followed by flipping
the substrate stack and forming the bottom electrode
on the other side. Other arrangements for forming the
stacks are also useful. For example, all layers of one
stack are formed and then the substrate is flipped to
form the other stack. In one embodiment, bottom
electrode layer 766, piezoelectric layer 764 and top
electrode layer 768 are sequentially deposited on the
insulating layer. An adhesion-promoting layer can be
provided on the insulating layer to promote adhesion
between it and the bottom 



electrode layer. Various techniques can be employed to
deposit the piezoelectric stack layers. In one
embodiment, the layers of the piezoelectric stack are
formed by thin film deposition techniques. Such
techniques, for example, include sputtering, pulsed
laser deposition, evaporation, CVD, spin-coating and
dip-coating. The thin film process deposits the layers
having a thickness of less than about 5 mm each. Other
techniques for forming the differentlayers are also
useful. Preferably, but not necessarily, the various
corresponding layers of the stacks are the same or
similar. In one embodiment, the adhesion-promoting
layer comprises titanium of about 50 nm thick. The
adhesionpromoting layer is deposited by sputtering.
The bottom electrode layer comprises a noble metal. In
one embodiment, the bottom electrode layer comprises
platinum. The bottom electrode layer, for example is
about 0.3 mm . The Ti and Pt layers are preferably
deposited within one sputtering cycle for each side of
the substrate stack. The piezoelectric layer comprises
a PZT. Preferably, the PZT comprises a target
composition around the MPB, such as Pb (Zr0.52Ti0 .4
)O3 . Other target compositions are also useful. The
thickness of the piezoelectric layer is about 0.3 - 20
mm . Preferably, the thickness of the piezoelectric
layer is less than about 5 mm . The PZT layer is
deposited by, for example spin-coating, such as the
sol -gel or metal -organics decomposition (MOD) .
Other techniques, such as CVD, pulsed laser deposition
and sputtering, are also useful. In one embodiment, a
precursor solution containing the compositional
elements of the piezoelectric layer is spin-coated on
the bottom electrode and heated to form the 



piezoelectric layer. The wet layer is dried at a
temperature of about 1100C for about 2 minutes, and
subsequently subjected to a pyrolysis process at about
4100C for about 10 minutes. The spin-coating, drying
and pyrolysis processes are repeated for about three
times before the layer is heated at around 5600C for
20 minutes. The before-mentioned processes, in one
embodiment, are repeated for another 2 times, after
which the layer is annealed at about 7000C for 5
minutes. The piezoelectric layer, after the process,
is preferably fully crystallized without cracking.The
top electrode layer is deposited on the piezoelectric
layer. In one embodiment, the top electrode comprises
a noble metal. In one embodiment, the top electrode
comprises gold. Other types of noble metals or
conductive materials are also useful. The thickness of
the upper electrode is about 0.2 mm . Providing a top
electrode having other thicknesses is also useful . In
one embodiment the top electrode layer is deposited by
sputtering. Other deposition techniques for forming
the top electrode layer are also useful. An
adhesion-promoting layer can also be formed prior to
the top electrode layer to promote adhesion of the top
electrode layer to the piezoelectric layer. The
adhesionpromoting layer, for example, comprises
titanium. Other types of adhesion-promoting materials
are also useful. In one embodiment, the thickness of
the adhesion-promoting layer is about 20 nm. Other
thicknesses are also useful. Referring to Fig. 7f, the
layers on the substrate surfaces are patterned as
desired to form the piezoelectric stacks 760a-b.
Various mask, etch, and lift-off techniques can be
used to form the piezoelectric 



stack. For example, wet or dry etch techniques can be
used to pattern the various layers of the
piezoelectric stacks . In one embodiment, the various
layers are patterned using wet etch techniques. A
photoresist layer is formed and patterned to form a
mask layer over the top electrode layer. The resist
mask can be used to pattern the piezoelectric stack.
Different chemistry can be used for the different
layers. For example, the top electrode layer is etched
in an aqueous iodine solution and an aqueous potassium
iodide solution while the piezoelectric layer is
etched in a HNO3 and HF acid solution. Other etch
solutions can also be used to pattern the various
layers.In one embodiment, the mask is used to pattern
the top electrode layer to form a single top
electrode, such as that shown in Fig. 2 . Providing a
mask which is used to form two (as shown in Fig. 6 )
or more top electrodes is also useful . Subsequently,
another mask may be used to form a contact window to
the bottom electrode. As described, the layers are
patterned using wet etch techniques. Wet etching is
preferable as various layers of the piezoelectric
stacks on both top surfaces of the second and third
substrates can be patterned simultaneously.
Alternatively, the layers can be patterned using a
combination of dry, wet etch, and lift off techniques.
For example, the top electrode can be patterned using
a lift-off process, the bottom electrode layers can be
formed by a wet etch process and the piezoelectric
layer can be patterned by a dry etch process In one
embodiment, the dry etch comprises plasma etching
using CHF3/Ar. Other configurations for patterning the
layers are also useful. 



In an alternative embodiment, the various layers of
the piezoelectric stack are etched individually, using
wet or dry etch techniques. Other combinations of
etching the various layers of the piezoelectric stack
are also useful. In yet an alternative embodiment, a
contact window to the bottom electrode may be avoided
if the patterning process results in exposing a
portion of the bottom electrode. For example, the
bottom electrode can be extended on at least one end
of the electrode stack. Other configurations which
expose the bottom electrode without requiring a
contact window are also useful. In one embodiment, the
patterning of the piezoelectric stacks leaves the
insulator layer on the surface of the second and third
substrates, as shown in Fig. It. In some cases, the
bottom electrode may also remain on the surface of the
second and third substrates,indicated by the dotted
lines 789. To facilitate dicing of the substrate,
dicing channels may be formed on the substrate. The
dicing channels are located in an area 783, for
example, between two electrode stacks. To form the
dicing channels, portions of the bottom electrode and
insulator layers are removed (if present) . In one
embodiment, the bottom electrode is etched using ion
milling while the insulator layer is plasma etched
using CF4 . Other techniques for patterning the layers
are also useful . The substrate stack is then diced
into individual devices 701a-b, as shown in Fig 7g .
In one embodiment, a protective layer is temporarily
coated on the stack to protect the underlying layers
from damage during the dicing process. For example, a
layer of photoresist may be spin-coated on each side
of the stack, followed by hard 



baking, prior to dicing. After the dicing is
completed, the photoresist layers can be removed with,
for example, acetone solution. The devices are then
activated by applying an electric field (e.g.,
180kV/cm) to electrically pole the piezoelectric
films. After the electrical poling, the films exhibit
piezoelectric properties . In another embodiment, the
support structure is formed first by, for example,
patterning the first substrate and bonding the second
and third substrates, as described in Figs 7a-c. After
the wafer stack is formed, preformed piezoelectric
stacks are mounted onto the substrate using a bonding
agent, such as an adhesive or tape. For such
applications, the preformed piezoelectric stacks may
also include the insulator layer as well. The dicing
channels, if desired, can be formed prior to mounting
the preformed piezoelectric stacks. Thereafter, the
wafer is diced to form separate piezoelectric
devices.Alternatively, the wafer stack is diced prior
to individually mounting the preformed piezoelectric
stacks. Fig. 8 shows a top view of a substrate stack
808 used to form a plurality of piezoelectric devices.
The substrate stack includes a first substrate
sandwiched by second and third substrates. Grooves 852
are formed in the first substrate. The grooves
correspond to cavities of support structures. A s
shown in Fig. 8 , the length of the grooves is in the
x-direction. In one embodiment, single crystal silicon
wafer with (110) orientation is used as the first
substrate, and the length direction of the grooves is
aligned within the (111) plane of the single crystal
silicon wafer. Piezoelectric stacks are formed on top
surfaces of second and third substrates (not 



shown) . Dicing of the substrate is performed along
the x - direction 815 and y-direction 816.
Piezoelectric devices 801 are located at the
intersection of the dicing lines. Although only two
dicing lines in each direction are shown, it is
understood that there are many more dicing lines in
both directions. As illustrated, each groove can be
used to form multiple devices. The grooves can be
disposed on the first substrate to optimize the number
of devices formed on a substrate. By forming multiple
devices from the substrate stack, a large number of
devices may be produced in one processing cycle.
Production consistency and efficiency is therefore
significantly improved, reducing manufacturing cost .
Figs. 9a-c show a partial process for forming a
piezoelectric device in accordance with another
embodiment of the invention. Referring to Fig. 9a, a
first substrate 903 is provided. Preferably, the first
substrate is used to form a plurality of devices in
parallel. The first substrate is used to fabricate the
central portion of the support structure of the
piezoelectric device, whichincludes the minor members.
In one embodiment, the first substrate comprises a
non-crystalline material, such as glass. Other types
of non-crystalline materials are also useful. The
glass substrate, in one embodiment, is a 4 - inch
Pyrex 7740 glass substrate. The first substrate is
patterned to form minor support members of support
structures for piezoelectric devices. In one
embodiment, the first substrate is patterned to form
grooves 952a-b. The substrate can be patterned by
various techniques, such as laser cut, ultrasonic cut,
or deep reaction ion etching (DRIE) . 



Other patterning techniques are also useful . In one
embodiment, the glass substrate is patterned with
DRIE. The parameters of the DRIE process are described
in Table 1 . Other DRIE process parameters are also
useful. Table 1 Referring to Fig. 9b, second and third
substrates 921a-b are provided. The second and third
substrates are attached to the first patterned
substrate. Preferably, the materials of the substrates
have closely matched coefficients of expansion. By
having closely matched coefficients of expansion, the
stress on the support structure caused by various
process steps to form the piezoelectric device is
reduced since all the members expand and contract
about the same amount. This results in minimized
stress, thus improving reliability for the support
structure. In one embodiment, the second and third
substrates comprise silicon. The use of SOI substrates
or othertypes of materials which have a similar
coefficient of expansion as the first substrate are
also useful. Additionally, it is not necessary that
the second and third substrates be formed from the
same material . In one embodiment, the second and
third silicon substrates are oriented in the <100>
direction. In one embodiment, the second and third
substrates are prepared with recesses 923a-b and
924a-b which correspond to the locations of the
grooves in the first substrate. In one embodiment, the
depth of the recesses is about 2-20 mm . Other depths
are also useful. The recesses can be formed using
various mask and etch techniques, such as wet or dry
etching. In one embodiment, a hard mask is used to
etch the 



silicon substrates. The hard mask comprises, for
example, silicon oxide. Other types of hard mask
materials can also be used. The hard mask material, in
one embodiment, is formed by thermal oxidation. Other
techniques, such as CVD, can also be used to form the
hard mask. A soft mask layer, such as photoresist, is
deposited and patterned over the hard mask layer. The
hard mask layer unprotected by the soft mask is
removed by, for example, wet etching. In one
embodiment, the wet etch solution comprises
hydrofluoric acid and an aqueous ammonium fluoride
solution. Other types of wet etch solutions can also
be used. Alternatively, dry etching, such as RIE, can
also be used to etch the hard mask. The RIE can be
performed using, for example, CHF 3/O2 (100 sccm/2s
seem) at about 100-150 W and 30-40 mT. Etching the
hard mask creates openings that expose portions of the
silicon substrate to be etched to form the recesses.
The second and third substrates are then patterned to
form the recesses. In one embodiment, a wet etch is
employed to pattern the substrates. The wet etch
solution comprises KOH solution. A protective layer
can bedeposited on the sides of the substrates to
protect them from the etch solution. Alternatively,
the substrate is etched by a dry etch, such as DRIE
with C4F8/SF6 . Other types of etch techniques are
also useful. After patterning the substrates, the hard
masks are removed with a wet etch using hydrofluoric
acid. The wet etch also removes any native oxide on
the non-etched surfaces. Referring to Fig. 9c, the
second and third substrates 921a-b are attached to the
patterned first substrate 903. In one embodiment, the
substrates are attached by anodic bonding. To prepare
the substrates for bonding, all the 



substrates are cleaned. In one embodiment, the
substrates are cleaned in NH4OH :H2O2 :H2O (1:1:5) and
HCl: H2O2 :H2O (1:1:5) baths. After cleaning, the
substrates are bonded at about 350-400 0C with an
applied voltage of about 1000V. After the substrates
are bonded, the process continues to form the
piezoelectric device, as described in Figs. 7c-g.
Figs. 10-12 show various embodiments of patterning the
first substrate to form different cavity
configurations for the support structure. A first
substrate 1003 is provided. The first substrate
comprises, for example, silicon. Other types of
materials are also useful. In one embodiment, the
silicon substrate is oriented in the (110) plane.
Referring to Fig. 10, the substrate is patterned to
form grooves 1052a-b. Various patterning techniques
can be used to form the grooves, such as those
described in connection with Figs. 7a-b. In one
embodiment, a wet etch is employed to form the
grooves. Other techniques, such as dry etching, can
also be useful. The etch is performed, for example,
using a hard mask on one or both substrate surfaces.
The first substrate provides first, second, and third
minor support members for the support structure of the
piezoelectric device. When the second and third
substrates 1021a-b are attached to the first
substrate, asupport structure having first and second
cavities formed by grooves 1052a-b is provided. Such a
support structure is similar to that described in Fig.
5 . Referring to Fig. 11, the first substrate 1003 is
patterned to form recesses 1152a-b from the top and
bottom surfaces 1004a-b, separated by a mid-member
1154 of the substrate. In one embodiment, the recesses
are formed by a wet etch. Hard masks are formed on
both top and bottom 



surfaces of the substrate. The wet etch is timed such
that it does not etch through the substrate, thereby
leaving a mid-member 1154 separating the recesses.
Alternatively, a dry etch can be performed from the
top and bottom surfaces, one at a time. The dry etch
etches the substrate partially from the top and bottom
surfaces, forming recesses while leaving mid-member
1154. Other techniques for forming the recesses are
also useful . When the second and third substrates
1221a-b are attached to the first substrate, a support
structure having first and second cavities formed by a
single minor support member is provided, such as that
described in Fig. 4 . Referring to Fig. 12, the first
substrate 1003 is shown. In one embodiment, the first
substrate is first patterned to form recesses, as
described in Fig. 11. After the recesses are formed, a
portion of the mid-member is removed to create a
discontinuity 1204. The discontinuity can be formed
using various techniques, such as wet or dry etching.
If a wet etch is used, mask layers are formed on both
top and bottom surfaces. Alternatively, if a dry etch
is employed, then only one mask on one surface is
needed. When the second and third substrates 1221a-b
are attached to the first substrate, a support
structure having an H -shaped cavity is formed, such
as that described in Fig. 3 .As described, various
cavity configurations can easily be formed using
different mask patterns as well as additional
lithographic steps. More complex patterns can also be
formed by using multiple lithographic and etching
steps . While the invention has been particularly
shown and 



described with reference to various embodiments, it
will be recognized by those skilled in the art that
modifications and changes may be made to the present
invention without departing from the spirit and scope
thereof. The scope of the invention should therefore
be determined not with reference to the above
description but with reference to the appended claims
along with their full scope of equivalents.What is
claimed is: 1 . A method for fabricating an
electromechanical device comprising : forming a
support structure including providing a first layer,
providing second and third layers, each having inner
and outer surfaces, attaching inner surfaces of the
second and third layers to the first layer to form the
support structure, wherein the support structure
comprises at least one cavity between the second and
third layers; and providing an electromechanical
active element on the outer surface of at least one of
the second and third layers . 2 . The method of claim
1 further comprises reducing the thickness of at least
one of the second and third layers after attaching the
second and third layers to the first layer and prior
to providing the electromechanical active element . 3
. The method of claim 1 or 2 wherein attaching the
second and third layers comprises joining the second
and third layers to the first layer at an elevated
temperature. 4 . The method of claim 2 wherein
reducing the thickness 



of at least one of the second and third layers at
least comprises mechanical polishing. 5 . The method
of claim 2 wherein the second and third layers each
comprises multi- layered substrates and reducing the
thickness of the second and third layers comprises
removing at least one layer of material from themulti
-layered substrates. 6 . The method of claim 5 wherein
the multi-layered substrates of the second and third
layers comprise silicon-on-insulator wafers having a
bulk silicon layer and a surface silicon layer
separated by an insulator and reducing the thickness
of the second and third layers comprises removing at
least the bulk silicon layers from the
silicon-on-insulator wafers. 7 . The method of any of
claims 1-5 wherein the second and third layers
comprise a single crystal material. 8 . The method of
claim 7 wherein the single crystal material comprises
single crystal silicon. 9 . The method of any of
claims 1-8 wherein the first layer comprises a single
crystal material. 10. The method of claim 9 wherein
the single crystal material of the first layer
comprises single crystal silicon . 11. The method of
claim 10 wherein the single crystal silicon of the
first layer comprises a <110> crystallographic
direction parallel to a sandwich direction of the
first, second and third layer sandwich. 12. The method
of claim 11 wherein the cavity comprises at least one
edge which is perpendicular to the sandwich direction.
13. The method of claims 7-12 wherein the first,
second and third layers comprise single crystal
silicon and the 



second and third layers are attached to the first
layer by silicon fusion bonding at high
temperature.14. The method of any of claims 1-8,
wherein the first layer comprises glass. 15 . The
method of claim 14 wherein the second and third layers
comprise single crystal silicon and the second and
third layers are attached to the first layer by anodic
bonding at an elevated temperature. 16. The method of
any of claims 1-15 wherein the electromechanical
active element comprises an active film comprising a
piezoelectric or an electrostrictive material 17. The
method of claim 16 wherein the electromechanical
active element further comprises bottom and top
electrodes sandwiching the active film. 18. The method
of claim 17 further comprises at least one
intermediate layer between the electromechanical
active element and the outer surface of at least one
of the second or third layers. 19. The method of any
of claims 1-18 wherein the active film is deposited
using a thin film deposition technique. 20. The method
of claim 19 wherein the piezoelectric material
comprises a composition around a morphotropic phase
boundary (MPB) . 21. The method of any of claims 1-2 0
wherein first, second and third wafers are provided
for the first, second and third layers and further
comprises : forming a cavity array in the first wafer;
attaching inner surfaces of the second and thirdwafers
to the first wafer to form a wafer stack; providing
electromechanical active elements on the outer surface
of at least one of the second and third wafers; and
dicing the wafer stack to form a plurality of 



electromechanical devices in parallel in a single
fabrication cycle. 22. The method of claim 21 wherein
the cavity array comprises elongated slots for
providing at least one cavity in individual
electromechanical devices located at intersections of
dicing lines and elongated slots. 23 . The method of
claim 22 wherein the first wafer comprises a (110)
oriented single crystal silicon wafer and a length
direction of the elongated slots is aligned within the
(111) planes of the single crystal silicon wafer. 24
The method of any of claims 21-23 further comprises
coating at least one side of the wafer stack to
protect the electromechanical devices from damage
during dicing. 25. An electromechanical device
comprising: a support structure including a first
layer, second and third layers, each having inner and
outer surfaces, the inner surfaces of the second and
third layers are attached to the first layer, wherein
the support structure includes at least one cavity;
and an electromechanical active element disposed on
the outer surface of at least one of the second and
third layers .26. The electromechanical device of
claim 25 wherein the electromechanical active element
comprises a piezoelectric or an electrostrictive film
having a thickness of less than about 5 mm . 


