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MICROELECTROMECHANICAL DEVICE WITH
CHAMBERS AND PIEZOELECTRIC ISLAND
METHOD OF FORMING A DEVICE WITH A
PIEZOELECTRIC TRANSDUCER

BACKGROUND
[0001] This invention relates to forming piezoelectric actuators for
microelectromechanical devices.
[0002] Piezoelectric materials can generate electricity or an electric polarity when

subjected to mechanical stress. Alternatively, applying a voltage across a piezoelectric
material can cause converse piezoelectricity, that is, the piezoelectric material
mechanically deforms when a voltage is applied. Converse piezoelectricity can cause
bending forces in the piezoelectric material that are extremely high. Both of these
properties, generating electricity and converse piezoelectricity, are harnessed for use in
electrical and mechanical devices, such as transducers, e.g., actuators and sensors.
Multiple transducers, including a combination of actuators and sensors, can be combined
together in a microelectromechanical system (MEMS).

[0003] A MEMS typically has mechanical structures formed in a semiconductor
substrate using conventional semiconductor processing techniques. A MEMS can include
a single structure or multiple'.s‘tructures. MEMS have an electrical component, where an
electrical signal activates each or is produced by actuation of each structure in a MEMS.
[0004] One implementation of a MEMS includes a body having chambers formed
in the body and a piezoelectric actuator formed on an exterior surface of the body. The
piezoelectric actuator has a layer of piezoelectric material, such as a ceramic, and
elements for transmitting a voltage, such as electrodes. The electrodes of the
piezoelectric actuator can either apply a voltage across the piezoelectric material or
transmit a voltage that is produced when the piezoelectric material is deformed.

[0005] One type of MEMS with piezoelectric actuators are micro-fluidic ejection
devices. An actuator can include piezoelectric material that can be actuated by electrodes,
causing the piezoelectric material to deform towards a chamber of the device. This
deformed actuator pressurizes the chamber, causing fluid in the chamber to exit, for
example, through a nozzle. Each structure component, including the actuator, the
chamber and the nozzle, can affect how much fluid is ejected. In a MEMS with multiple
structures, forming uniform sized components for each structure across the MEMS can
improve the uniformity of performance of the MEMS, such as the uniformity of fluid

quantities that are ejected. Forming uniform structures can be challenging when
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attempting to process each structure to have measurements that are within a few microns

of other structures in the MEMS.

SUMMARY
[0006] In general, in a microelectromechanical device is described. The device
has a body and a plurality of piezoelectric islands. The body has a plurality of chambers.
The plurality of piezoelectric islands are supported by the body, wherein each of the
piezoelectric islands has a first surface, a second surface opposing the first surface and a
third planar surface interconnecting the first and second surfaces. The piezoelectric
islands have a surface that substantially includes grains of piezoelectric material and is
relatively free of loose grains of piezoelectric material. A conductive material is on the
first surface and a conductive material is on the second surface of the piezoelectric
islands. At least one of the plurality of piezoelectric islands is positioned substantially
adjacent to a corresponding chamber of the plurality of chambers. At least one of the
piezoelectric islands has a conductive material on the third surface, the conductive
material on the third surface electrically contacting the conductive materials on the first
and second surfaces.
[0007] In general, in another aspect, a microelectromechanical device is
described. The device has a plurality of chambers. The device also has transducer layer.
The transducer layer provides a plurality of transducers, each transducer positioned
substantially adjacent to a corresponding chamber of the plurality of chambers, each
transducer including a piezoelectric island supported by the body. The piezoelectric
island is defined by a first surface and a second surface opposite to the first surface, the
first and second surfaces are substantially planar and the first surface is substantially
parallel to the second surface. A bonding layer between the transducer layer and the body.
The bonding layer extends up between at least two transducers in the transducer layer.
[0008] In another aspect, a method of forming a device with a piezoelectric
transducer is described. A first surface of a body of piezoelectric material is bonded to a
semiconductor material. Recesses are formed into a second surface of the body of
piezoelectric material, the recesses having walls. After forming the recesses, the second
surface of the body of piezoelectric material are attached to a device body. After
attaching the body of piezoelectric material to the device body, the semiconductor

material is removed from the first surface of the body of piezoelectric material.
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[0009] Potential advantages of the invention may include one or more (or none) of
the following. Forming ground cuts into a piezoelectric material prior to forming a
conductive layer can permit formation of wrap-around electrodes. These wrap-around
electrodes can enable creation of an electrode contact area on the opposite side of the
piezoelectric material from the side on which the electrode is formed. The wrap-around
electrode can electrically connect the electrode and the electrode connect area. A flexible
circuit can be attached to both the drive and ground electrode by contacting the flexible
circuit to only one side of the piezoelectric material.

[0010] Forming a piezoelectric actuator frorﬁ piezoelectric material that is
processed prior to attaching to a chamber body can increase the variety of processing
steps that can be used to form the piezoelectric material, because the sensitivity of the
chamber body to the processes used for forming the actuator need not be accounted for.
Dicing the piezoelectric material prior to bonding onto the chamber body can reduce or
eliminate cuts formed in the chamber body, thereby reducing leaks in the chamber body.
Cutting deeper into a block of piezoelectric material than the depth of the final
piezoelectric layer in the piezoelectric actuator and grinding the piezoelectric material to
the desired thickness of the final piezoelectric layer can permit formation of a group of
uniformly thick piezoelectric actuators. The wear and radius of the saw blade may have
less impact on the uniformity of the piezoelectric actuators when cuts are made deeper
into a starting block of piezoelectric material than the thickness of final piezoelectric
layer. Uniformly thick actuators can provide uniform piezoelectric response to applied
drive voltages. Uniform piezoelectric response can result in similar behavior between
structures in a MEMS. Uniform piezoelectric response in a fluid ejection MEMS can
result in ejecting a uniform quantity of fluid from each of the structures when a similar
amount of power is applied to each of the structure’s actuators. Additionally, maintaining
uniformly thick piezoelectric actuators can maintain the quantity of fluid ejected from the
structures in one MEMS to the structures in another MEMS. In forming an actuator,
cutting the piezoelectric material prior to bonding the material to the chamber body can
eliminate tabs of piezoelectric material between the actuators, thereby reducing cross-talk
between the structures.

[0011] The piezoelectric material can be bonded to a handle layer prior to *
processing. The handle material can control the expansion of the piezoelectric material in

response to heating. When particular piezoelectric materials are heated, such as lead
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zirconate titanate, the material expands at a variable rate. As the material is brought back
to room temperature, the material may not immediately return to its pre-heated
dimensions. If the chamber body and the handle layer are both formed of silicon, which
expands at a predictable and constant rate as temperature is increased, the handle layer
can control the expansion of the piezoelectric material caused during a heating bonding
process, so that the piezoelectric material expands at approximately the same rate as the
chamber body expands. Consequently, misalignment occurring during heating may be
reduced. In addition, the handle layer can be secured by a mechanical handling device
when the piezoelectric material is being processed. This reduces the potential damage to
the piezoelectric material during processing caused by the handling device. Additional
processing may be possible with the handle layer that may not be possible when the
mechanical handling device holds the piezoelectric material directly and the piezoelectric
material becomes too thin to both secure and process at the same time. The handle layer
may also include alignment feature, which may facilitate accurate alignment of actuator
precursors in the piezoelectric material to chambers in the MEMS body. The handle layer
can be wider than the piezoelectric layer. The alignment features can be located in an
area outside of the piezoelectric layer.

[0012] The details of one or more embodiments of the invention are set forth in
the accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

DESCRIPTION OF DRAWINGS
[0013] FIG. 1A is a cross-sectional end view of a part of a MEMS with
piezoelectric actuators.
[0014] FIG. 1B is a cross-sectional side view of a portion of a die having two fluid

ejection MEMS with piezoelectric actuators.

[0015] FIG. 1C is a top view of a MEMS device having piezoelectric actuators.
[0016] F1G. 2 shows a piezoelectric material.

[0017] FIG. 3 shows the piezoelectric material and a silicon wafer.

[0018] FIG. 4 shows an assembly of the piezoelectric material bonded to the

silicon wafer.

[0019] FIG. 5 shows the assembly after thinning the piezoelectric material.
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[0020] FIG. 5A shows an enlarged view of a surface of a ground piezoelectric
material.

[0021] FIG. 5B shows an acid clean piece of ground piezoelectric material.
[0022] FIG. 6 shows the assembly with ground cuts formed in the bottom of the
material.

[0023] FIG. 7 is a bottom view of one implementation of a diced piezoelectric
material.

[0024] FIG. 8 shows a cross-sectional view of the piezoelectric material along the

X-axis after forming a conductive layer.

[0025] FIG. 9 shows a cross-sectional view of the piezoelectric material along the
Y-axis after separation cuts are made.

[0026] FIG. 10 is a bottom view of one implementation of the piezoelectric
material with separation cuts, isolation cuts and ground cuts.

[0027] FIG. 11 shows a cross-sectional view of the piezoelectric material along
the X-axis with the ground cuts and alignment cuts.

[0028] FIG. 12 shows a cross-sectional view of the assembly after alignment slots

are made in the silicon layer.

[0029] FIG. 13 is a top view of the silicon wafer with the alignment holes.
[0030] FIG. 14 shows a cross-sectional view of a chamber body.

[0031] FIG. 15 shows the chamber body aligned with the incomplete actuator
assembly.

[0032] FIG. 16 shows the chamber body and piezoelectric material bonded
together.

[0033] FIG. 17 shows the chamber body with partially formed actuators.

[0034] FIG. 18 shows the piezoelectric islands after a top conductive layer is
formed.

[0035] FIG. 19 shows the piezoelectric islands after application of a photoresist.
[0036] FIG. 20 shows the photoresist after patterning.

[0037] FIG. 21 is an end-wise cross-sectional view of multiple structures where

each chamber has an individual actuator.
[0038] FIG. 22 is a cross-sectional side view of a structure with a completed

piezoelectric actuator.
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[0039] FIG. 23 shows a single structure with a flexible circuit attached to the
actuator.

[0040] FIG. 24 is a plan view of one embodiment of an actuator.

[0041) FIG. 25 is a flow diagram of the steps for forming a MEMS with structures

having piezoelectric actuators.
[0042] Like reference symbols in the various drawings indicate like elements.
The items in the drawings are not to scale. Some items have been enlarged for
demonstration purposes.

DETAILED DESCRIPTION
[0043] A method for forming a MEMS with structures each having a piezoelectric
actuator is described. As shown in FIGS. 1A, 1B and 1C, a MEMS device 100 has a body
200 supporting piezoelectric actuators 104, the body 200 having multiple transducer
structures 110. The body 200 has chambers 205 formed in a layer of material. The
chambers 205 can be closed off from the outside atmosphere, such as in a pressure
transducer, or open to the outside atmosphere, such as to eject fluid. The body 200 can be
a unitary layer of a single material. Alternatively, the body 200 can be constructed of
multiple layers joined together, either of a single material or multiple materials.
[0044] The piezoelectric actuator 104 can include a top electrode 106, a
piezoelectric layer 109 and a bottom electrode 112. The piezoelectric actuator 104 can
include a membrane 118 formed over the chambers 205. The membrane 118 can isolate
the chambers 205 from the piezoelectric layer 109. In one implementation, the bottom
electrode 112 is electrically connected to a bottom electrode contact area 211 by a
conductive wrap-around 280. In one implementation, the bottom electrode 112 can be in
communication with other bottom electrodes 112. The conductive wrap-around 280 is
formed in a ground cut 140, as described further below. An insulator layer (not shown),
such as an oxide layer, can be located between the bottom electrode 112 and the body
200. In one implementation, the body 200 serves as a bottom electrode. If the body
forms the bottom electrode, only the top electrode 106 and piezoelectric layer 109 are
required to form the piezoelectric actuator. Other electrode configurations can also be
selected, such as a side-by-side arrangement of electrodes. A layer of bonding material,
such as an adhesive, can optionally be located between the piezoelectric layer 109 and the
body 200.
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[0045]) A circuit (not shown) can be electrically connected to the bottom electrode
112 at the bottom electrode contact area 211, and to the top electrode 106. The circuit can
apply a voltage to the electrodes. The applied voltage can actuate the piezoelectric layer
109, causing the piezoelectric material to contract. When the piezoelectric material
contracts, the contraction causes the attached membrane 118 to deflect toward the
chamber 205, pressurizing the chamber 205. In one implementation, pressurizing the
chamber 205 can cause fluid to eject from chamber 205 and out a nozzle 101. In another
implementation, the chamber 205 is not pressurized by the actuator, but pressurized (or
depressurized) by an environmental event. The change in pressure in the chamber 205
can cause the piezoelectric layer 109 to contract, thereby creating a voltage that can be
transmitted by the electrodes 112, 106 and sensed by the circuit.

[0046] As shown in FIG. 1B, in one implementation a MEMS can be constructed
with two rows of fluid ejection structures, such that structures in the two rows face the
center of the device and the nozzles are arranged substantially in a line. The structures
each have a longitudinal center that runs the length of the chamber 205. The center of a
structure in one row can align with the center of a structure in the other row. The cross-
sectional view of the structure shows the center of one structure in a first row and a
phantom of a structure in a second row (the chamber of a second structure is shown in
phantom). An isolation cut 168 can be formed over the nozzle 101 so that fluid ejection
structures that face one another have actuators that are electrically and physically isolated
from one another.

[0047] Multiple piezoelectric actuators, where each piezoelectric actuator is a part
of one structure of a MEMS having multiple structures, can be formed from a single layer
of piezoelectric material. This allows for parallel processing of multiple actuators at one
time. For simplicity, a method of forming a piezoelectric actuator for a single structure
will be described below with respect to most figures. The piezoelectric layer 109 and the
body 200 can be cut or etched such that each MEMS can be separated from the other
MEMS. In one implementation, streets 103 are etched and saw cuts 102 are made in the
body 200. The MEMS can be manually broken away along the streets 103 and saw cuts
102. As shown in FIG. 25, the body 200 and the piezoelectric layer 109 can be processed
separately and joined together at a later stage of processing.

[0048] As shown in FIGS. 2 and 25, forming the piezoelectric actuator begins

with providing a starting layer of piezoelectric material (step 305), such as lead zirconate
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titanate (piezoelectric layer 107), although other piezoelectric materials can be used. In
one implementation, the PZT has a density of about 7.5 g/cm’ or more, €.g., about 8
g/em’. The d31 coefficient can be about 200 or greater. HIPS-treated piezoelectric
material is available as H5C and H5D from Sumitomo Piezoelectric Materials, Japan.
The H5C material exhibits an apparent density of about 8.05 g/cm’® and d31 of about 210.
The H5D material exhibits an apparent density of about 8.15 g/cm® and a d31 of about
300. Substrates are typically about 1 cm thick and can be sawn to the desired working
thickness. The piezoelectric material can be formed by techniques including pressing,
doctor blading, green sheet, sol gel or deposition. Piezoelectric material manufacture is
discussed in Piezoelectric Ceramics, B. Jaffe, Academic Press Limited, 1971, the entire
contents of which are incorporated herein byA reference. Forming methods, including hot
pressing, are described at pages 258-9. Single crystal piezoelectric material such as lead-
magnesium-niobate (PMN), available from TRS Ceramics, Philadelphia, PA, can also be
used. Bulk PZT materials can have higher d coefficients, dielectric constants, coupling
coefficients, stiffness and density than sputtered, screen printed or sol-gel formed PZT
materials.

[0049] These properties can be established in a piezoelectric material by using
techniques that involve firing the material prior to attachment to a body. For example,
piezoelectric material that is molded and fired by itself (as opposed to on a support) has
the advantage that high pressure can be used to pack the material into a mold (heated or
not). In addition, fewer additives, such as flow agents and binders, are typically required.
Higher temperatures, 1200 - 1300°C for example, can be used in the firing process,
allowing better maturing and grain growth. Unlike piezoelectric layers that are formed by
sol gel or sputtering techniques, the grains in a bulk piezoelectric material can have a
width of between about two and four microns. Firing atmospheres (e.g., lead enriched
atmospheres) can be used to reduce the loss of PbO (due to the high temperatures) from
the ceramic. The outside surface of the molded part that may have PbO loss or other
degradation can be cut off and discarded. The material can also be processed by hot
isostatic pressing (HIPs), during which the ceramic is subject to high pressures. The
Hipping process can be conducted during firing or after a block of piezoelectric material
has been fired, and is used to increase density, reduce voids and increase piezoelectric
constants. The Hipping process can be conducted in an oxygen or oxygen/argon

atmosphere.
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[0050] The starting layer of piezoelectric material can be between about 100 and
about 400 microns, such as between around 250 and about 300 microns, thick. The
piezoelectric material has a bottom surface 113 and a top surface 115, where the bottom
surface 113 will eventually be the surface that is closest the chamber body.

[0051] As shown in FIG. 3, a handle layer 135 of material, such as silicon, is
placed over the top surface 115 of the piezoelectric layer 107. The handle layer 135 can
be formed of the same material that is used to form the body 200. The handle layer 135
provides a layer for holding and transporting the piezoelectric layer 107 so that the
piezoelectric layer 107 is not damaged during processing. »The handle layer 135 will also
control the expansion of the piezoelectric layer 107 during a subsequent heating and
bonding step, as described further below. The handle layer 135 can be between 400 to
1000 microns thick, although the exact thickness is relatively unimportant. In one
implementation, the handle layer 135 is wider than the piezoelectric layer 107.

[0052] As shown in FIG. 4, the handle layer. 135 is bonded to the piezoelectric
layer 107 (step 313, FIG. 25). The bond can be achieved by applying an adhesive, such
as polymerized benzocyclobutene (BCB), to either the piezoelectric layer 107 or the
handle layer 135 and then pressing the two layers together. The adhesive can then be
cured, such as by heating the assembly. |

[0053] Referring to FIG. 5, the piezoelectric layer 107 can then be thinned so that
it is thicker than the final desired thickness of the piezoelectric portion of the actuator
(item 109 in FIG. 1), but thinner than the starting layer of piezoelectric material (step 318,
FIG. 25). In one implementation, the piezoelectric layer 107 is thinned to less than about
200 microns, or about 50 microns.

[0054] To thin the piezoelectric layer 107, a precision grinding technique, such as
horizontal grinding, can be used to produce a highly uniform thin layer having a smooth,
low void surface morphology. In horizontal grinding, a workpiece is Iﬁounted ona
rotating chuck having a reference surface machined to a high flatness tolerance. The
exposed surface of the workpiece is contacted with a horizontal grinding wheel, also in
alignment at high tolerance. The grinding can produce flatness and parallelism of, e.g.,
about 0.25 microns or less, e.g., about 0.1 microns or less, and a surface finish to 5 nm Ra
or less over a substrate. The grinding also produces a uniform residual stress.

[0055] A suitable precision grinding apparatus is Toshiba Model UHG-130C,
available through Cieba Technologies, Chandler, AZ. The substrate can be ground with a

9
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rough wheel followed by a fine wheel. A suitable rough and fine wheel have 1500 grit
and 2000 grit synthetic diamond resinoid matrices, respectively. Suitable grinding wheels
are available from Adoma or Ashai Diamond Industrial Corp. of Japan.

[0056] One implementation of the grinding process uses the following parameters.
The workpiece spindle is operated at 500 rpm and the grinding wheel spindle is operated
at 1500 rpm. The x-axis feed rate is 10 microns/min for first 50-300 microns using the
rough wheel and 1 micron/min for last 50-100 microns using the fine wheel. The coolant
is 18 megohms-cm deionized water.

[0057) As shown in FIG. 5A, after grinding, the piezoelectric layer essentially has
a flat surface with both securely attached grains and loose grains of piezoelectric material,
as well as a paste 119 made up of particles of piezoelectric material and grinding fluid.
The grinding process cleaves many of the grains of piezoelectric material, but also
loosens some of the grains. As shown in FIG. 5B, following the grinding, the
piezoelectric material can be cleaned in a 1% solution of fluoroboric acid (HBFy) to
remove surface damage caused by the grinding. The grains of piezoelectric material that
were loosened by the grinding process are substantially removed, leaving small recesses
121, while the securely attached grains 120 remain. The cleaning can also remove any
additional materials that may be left on the piezoelectric material surface, such as the
paste 119. The surface morphology can be measured with a Zygo model Newview 5000
interferometer with Metroview software, available from Zygo Corp, Middlefield, CT.
[0058] As shown in FIG. 6, ground cuts 140 are made into the second surface 113
of the piezoelectric layer 107 (step 324, FIG. 25). The piezoelectric layer 107 is sawed
into or diced to create the ground cuts 140. The ground cuts 140 are made such that they
extend as deep or deeper than the final thickness of the piezoelectric portion of the
actuators when then structures are complete (item 109 in FIG. 1). In one implementation,
the ground cuts 140 are about forty microns in depth and the piezoelectric material layer
in the completed actuator is between about fifteen and thirty five microns thick. The
ground cuts 140 can have a cross-section that is rounded at the base of the cut.

[0059] Referring FIG. 7, a bottom view of one implementation of a piezoelectric
layer 107 is shown. Multiple cuts are shown across the entire surface of the piezoelectric
material to show multiple actuators being formed. The ground cuts 140 extend far
enough along the width of the bottom of the piezoelectric layer 107 so that each

piezoelectric actuator has a ground cut 140. To simplify manufacture, the ground cuts

10
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140 can extend the entire width of the piezoelectric layer 107. In the illustrated
implementation, the bottom of the piezoelectric layer 107 will be aligned with a body
having eighteen dies 150, the locations of which are indicated in phantom. A pair of
ground cuts can pass through each die because each die 150 includes two rows of
structures, and the two rows will each need separate connections to the ground electrodes.
[0060] As shown in FIG. 8, a conductive layer 158 is formed on the bottom
surface 113 of the piezoelectric layer 107 (step 327, FIG. 25). The conductive layer 158
will eventually become the bottom electrode as well as a conductive wrap-around 280
that enables electrical contact from the bottom electrode to the top surface of the
piezoelectric layer 107. The conductive wrap-around 280 portion is located on the walls
of the ground cuts 140. The coating can be by vacuum depositing, e.g., sputtering.
Conductors for deposit can include copper, gold, tungsten, tin, indium-tin-oxide (ITO),
titanium, platinum, a combination of metals, or other materials that would be desirable for
use as an electrode. In.one implementation, the conductive layer includes stacked layers
of titanium-tungsten, gold-tin and gold.

[0061] Referring to FIG. 9, isolation cuts are also made through the conductive
layer 158 and into the piezoelectric layer 107 (step 333, FIG. 25). The isolation cuts
separate the piezoelectric material of one piezoelectric actuator from the piezoelectric
material of a neighboring piezoelectric actuator, which can reduce and in some cases
eliminate cross-talk between neighboring actuators. The isolation cuts are made to be
deeper than the final thickness of the piezoelectric layer. In one implementation, the cuts
are not as deep as the total thickness of the piezoelectric layer 107 in which the cuts are
made. In one implementation, the isolation cuts 165 are at least 15 microns deep. If the
ground cuts 140 lie along the X-axis of the piezoelectric layer 107, the isolation cuts 165
can be made along the Y-axis of the piezoelectric layer 107 such that the ground cuts 140
are perpendicular to the isolation cuts 165. The isolation cuts 165 are made after the step
of forming a conductive layer so that the cuts that do not have conductive material along
their vertical walls, unlike the ground cuts 140.

[0062] As shown in FIG. 10, additional X-axis isolation cuts 168 can be formed
that are parallel to the ground cuts 140. These X-axis isolation cuts 168 can be used in a
MEMS device with two rows of structures to separate the piezoelectric actuators of
adjacent structures that face one another, such as the structures 130 and 131 in FIG. 1C.

A bottom view of the piezoelectric layer 107 shows the ground cuts 140, along with the

11
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optional X-axis isolation cuts 168 and the isolation cuts 165 along the Y-axis (the
corresponding location of individual dies are shown in phantom). The isolation cuts 165
are made in the area that corresponds to the printhead die location 152.

[0063] Referring to FIG. 11, alignment cuts 171 are formed in the bottom surface
113 of the piezoelectric layer 107 (step 336, FIG. 25). The cuts 171 canbe used in a
subsequent aligning step, as described further below. The alignment cuts 171 extend
entirely through the piezoelectric layer 107 and can extend partially into the handle layer
135. In one implementation, the alignment cuts are around 80 microns in depth. The
alignment cuts 171 can be made either along the X-axis of the piezoelectric layer 107,
i.e., parallel to the ground cuts, or along the Y-axis. The alignment cuts 171 are made in
a peripheral portion of the piezoelectric layer 107, such as outside of the area of the
piezoelectric layer 107 that corresponds to the printhead die location 152, such as
between the printhead die location 152 and the edge of the piezoelectric layer 107. The
alignment cuts 171 do not overlap the portion of the piezoelectric layer 107 that
subsequently will form the individual actuators. Alternatively, if the handle layer 135 is
wider than the piezoelectric layer 107, and the alignment cuts 171 can be made in the
handle layer 135 in a region that is outside if the piezoelectric layer 107.

[0064] As shown in FIG. 12, alignment slots 182 are made into the piezoelectric
layer 107 (step 340, FIG. 25). The alignment slots 182 can be made by plunging a saw
into the top surface of the handle layer 135. This forms a semicircular profiled cut. To
reduce the risk of breaking or weakening the assembly (the piezoelectric layer 107 and
handle layer 135), the alignment slots 182 are made orthogonal to the alignment cuts 171
and only a couple of alignment slots are made. The alignment slots 182 need only be
deep enough to intersect the alignment cuts 171. As shown in FIG. 13, a top view through
the handle layer 135 reveals that the intersection of the cuts and the slots. The through-
holes 185 can be used to align the piezoelectric layer 107 with the body.

[0065] Referring to FIG. 14, a body 200 with chambers 205 is provided for
attaching to the piezoelectric layer 107. The chambers 205 are spaced such that when the
piezoelectric layer 107 is brought together with the body 200, the chambers 205 are
aligned with the conductive layer 158 that is between each of the isolation cuts 165. The
chambers 205 can be narrower, as wide as or wider than the piezoelectric layer 107

between each isolation cut 165.
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[0066] The body 200 can be formed from multiple layers or from a single layer.
When the body is formed from multiple layers, the layers can be joined together to form a
laminated structure. If the layers are each of the same material, such as silicon, joining
the layers together can form a monolithic body with virtually imperceptible seams, as
described in U.S. Provisional Application, Serial No. 60/510,459, entitled “Print Head
with Thin Membrane”, filed October 10, 2003, the disclosure of which is hereby
incorporated by reference. The chambers can be covered by a membrane that is flexible
and can transmit the movement of the piezoelectric layer 107 to the chamber.

[0067] In one implementation, the body 200 is a fluid ejection device constructed
for ejecting droplets or streams of fluids, such as ink. In addition to the chamber 205, the
body can have an ink delivery path that fluidly connects the chamber 205 to a reservoir
where the ink is stored. The chamber 205 can also include a filter structure (not shown)
to prevent debris traveling with the ink from flowing through the chamber 205. The
chamber 205 can be connected to an outlet, such as a nozzle, by a descender path.

[0068] A bonding layer 193 can be formed on the body 200, such as by spinning
on a layer of bonding material. The bonding layer 193 can include an adhesive, such as
BCB. Alternatively, the bonding layer 193 can be formed on the conductive layer 158.
The bonding layer 193 can be very thin, such as around 0.1 to 0.3 microns.

[0069] Referring to FIG. 15, the piezoelectric layer 107 is positioned and aligned
with the body 200 (step 344, FIG. 25). Specifically, the piezoelectric layer 107 and body
200 are aligned along the Y-axis so that the separation cuts 165 are aligned with walls 208
between the chambers 205 in the body 200. In one implementation, the piezoelectric
layer 107 is aligned along the X-axis so that the ground cuts 140 do not overlie the
chambers 205.

[0070] If the body 200 is formed of silicon, an infrared camera can be used to
reveal the locations of the walls 208. A smooth silicon surface is substantially transparent
to infrared light, allowing the camera to detect the features formed in the silicon body
200. An alignment mark can be formed in a peripheral portion of the silicon body 200.
The through-holes 185 can be aligned with the alignment mark to align the piezoelectric
layer 107 with the body 200, thereby aligning the isolation cuts 165 with the walls 208.
[0071] As shown in FIG. 16, after alignment, the conductive layer 158 or body
200, depending on the surface to which the adhesive is applied, is brought into contact
with the bonding layer 193 (step 349, FIG. 25). If BCB is used as the adhesive, the body
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200 and piezoelectric layer 107 are held together and heated. In one implementation, the
assembly is heated to around 200°C for about 40 hours to polymerize the BCB. If the
surface of the body 200 or the conductive layer 158 is slightly rough, slipping between
the piezoelectric layer 107 and the body 200 can be prevented. In one implementation, a
substantial quantity of BCB is applied to the conductive layer 158 or the body 200 such
that when the body 200 and piezoelectric layer 107 are brought together, the BCB fills at
least a portion of the separation cuts 165 and/or the isolation cuts 165. In one
implementation, a metal eutectic bond adheres the body 200 and the piezoelectric layer
107 together.

[0072] As shown in FIG. 17, the handle layer 135 and a portion of the
piezoelectric layer 107 are removed from the assembly (step 352, FIG. 25). The handle
layer 135 and the piezoelectric layer 107 can be ground to completely remove the handle
layer 135 and thin the piezoelectric layer 107 to at least the extent that the conductive
material in the base of the ground cuts 140 is removed. In one implementation, the
piezoelectric layer 107 is thinned to between 10 and 35 microns, such as around 20
microns. This thinning step thins the piezoelectric layer.107 to its final thickness and
forms individual islands of piezoelectric material. The bonding layer 193 is not shown in
this and the following figures for the sake of simplicity.

[0073] Referring to FIG. 18, an upper conductive layer 210 is formed over islands
of the thinned piezoelectric layer 107 (step 359, FIG. 25). The upper conductive layer
210 can be formed using vacuum deposit techniques, as described above. The upper
conductive layer 210 will be used to form the top electrode 106.

[0074] As shown in FIG. 19, a layer of photoresist 214 is deposited onto the upper
conductive layer 210, such as by spin-coating. The photoresist is then exposed and
developed to define the locations of the upper electrodes, as shown in FIG. 20.

[0075] As shown in FIG. 21, the upper conductive layer 210 is then etched to form
individual electrodes (step 364, FIG. 25). The upper electrodes can be the same width or
narrower than the piezoelectric islands upon which they are located. In one embodiment,
the upper electrode is narrower than the pumping chamber. The ratio between the width
of the upper electrode and the pumping chamber can be about 0.5 to about 1.2, such as
about 0.65 to about 0.9. Additionally, the piezoelectric islands can be the same width,
wider or narrower than the chambers over which they are positioned. If the piezoélectric

islands are wider than the pumping chamber, such as between about 10 and 20 microns
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wider, the walls between the pumping chambers can support the PZT islands. Forming a
piezoelectric island wider than the chambers allows for a greater pressure to be applied to
the MEMS body and piezoelectric layer assembly during bonding while reducing the risk
of the piezoelectric portion punching through the membrane when the pressure is applied.
If the lower electrodes are ground electrodes, the ground electrodes of each piezoelectric
actuator can either be connected together or each structure’s ground can be isolated.
[0076] As shown in FIG. 22, in patterning of the upper conductive layer 210, a
lower electrode contact area 211 is formed for the lower conductive layer 158 on the top
surface of the piezoelectric layer 107. Because the ground cuts 140 are made to be deeper
then the final depth of the piezoelectric layer 107, after the piezoelectric layer 107 is
ground to its final thickness, the conductive wrap-around 280 extends so that the
conductive material is level with the top of the piezoelectric layer 107. The top
conductive layer, and the lower electrode contact area 211, electrically contacts the
conductive wrap-around 280 and therefore is electrically connected to the lower
conductive layer 158 or bottom electrode. (The conductive wrap-around 280 is formed by
the step of forming the conductive layer (step 327, FIG. 25) after the ground cuts 140 are
formed.) The patterning process removes conductive material in an electrode break area
220 to electrically separate the lower electrode from the top electrode 106 conductive
material.

[0077] Multiple dies each having multiple structures can be formed from common
layers, such as a single silicon substrate and a single layer of piezoelectric material.
During processing of the body 200, streets 103 can be formed in the bottom surface of the
body to define the boundaries between the dies. The streets 103 are recesses that do not
transverse the thickness of the body. Additional saw cuts 102 can be made in the top of
the piezoelectric layer 107 in locations that correspond to the streets. The saw cuts 102
need not extend entirely to the streets 103. Rather, the individual dies can be separated
from one another by manually breaking the assembly along the streets 103 (step 367).
The streets 103 can be formed and dies can be broken in an area that aligns with the
ground cut 140.

[0078] Referring to FIG. 23, an electrically conducting material 215, 225, such as
a conductive adhesive or solder, can be disposed on the actuator (step 371, FIG. 25). The
flexible circuit and the actuator are brought into contact. The flexible circuit 229 is also

in contact with the ground, or the bottom electrode, by way of the electrode contact area
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221. A drive voltage can be applied to the electrodes, which drives the piezoelectric layer
107.

[0079] Referring to FIG. 24, in one implementation, the structure can be
constructed to minimize input power into the portions of the piezoelectric layer 107 that
do not actuate the chamber 205. A contact pad 224 can be sufficiently sized to be bonded
to the flexible circuit 229. If the entire length of the piezoelectric island is not involved in
actuating the pumping chamber, a narrow electrode portion 230 can be formed that
reduces loss of power to portions of the piezoelectric island that need not be actuated.
[0080] Difficulties posed by conventional methods of forming piezoelectric
actuators can be overcome with the methods described herein. Piezoelectric layers that
are formed from pre-fired sheets of piezoelectric material can allow for treating the
piezoelectric material with techniques that the body may not be able to withstand without
damage to the body. For example, if the piezoelectric actuator is formed separately from
the body, the piezoelectric material can be fired to a temperature that creates better
maturing and grain growth. The same high temperatures may not be tolerated by the
other components of the MEMS. Additionally, bulk piezoelectric materials can have
higher d coefficients, dielectric constants, coupling coefficients, stiffness and density than
sputtered or sol-gel piezoelectric materials. Piezoelectric materials formed by other
methods, such as by sol-gel application to the body, can require that there be additives in
the piezoelectric pre-cursor. The additives are often burned off, creating a less dense
piezoelectric material than can be formed when the bulk piezoelectric material is formed
separately from the body. Forming a bulk piezoelectric material separately from the body
allows the material to include fewer or no additives. Additionally, the bulk material can
be fired under pressure. Higher temperatures and pressures make the material denser,
which generally improves the material properties, and in particular, reduces the number of
voids in the material. Voids can create electrical shorts and ruin the device.

[0081] However, processing pre-fired sheets of piezoelectric material to form
piezoelectric actuators can lead to risks. For example, if the piezoelectric layer is cut to
separate individual actuators after bonding the piezoelectric material to the body, there is
a risk of cutting into the chamber body, which can potentially cause leaks. Conversely,
there is a risk of not cutting deeply enough into the piezoelectric material, leaving tabs
between neighboring structures. If the cuts are not uniform, the structures may each have

varying degrees of piezoelectric response to the same power input, and cross-talk can
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occur between structures. The cut depth non-uniformity can occur because of saw blades
that become worn with use or variation in saw positioning with respect to the
piezoelectric layer.

[0082] Forming the piezoelectric actuators by grinding and dicing the
piezoelectric material prior to bonding the material onto the chamber body can create
uniformly thick piezoelectric actuators. The piezoelectric portion can be uniformly thick
across a single actuator. The actuators can also have a very uniform thickness across a
group of actuators. As an example of the dimensional uniformity that can be achieved
across structures in a die, each structure can have a piezoelectric actuator that is between
about 25 and 200 microns, or approximately 150 microns wide, the die having between
100 and 200 structures in a row, and the difference in thicknesses across the piezoelectric
actuators of a die can be as little as two microns. Cutting individual islands followed by
grinding down the piezoelectric material can form islands with top and bottom surfaces
that are parallel to one another. This geometry may not be achieved with a screen printing
method or by depositing green sheets of ceramic material, patterning the ceramic material
and firing the ceramic materials. Methods such as, firing green sheets, screen printing
and sol-gel application, can form piezoelectric actuators that do not have a rectangular
cross section. For example, these methods can form actuators with a planar bottom and a
curved top or a cross-section that appears to have the upper corners of the rectangle
removed. By cutting the islands from a bulk piezoelectric material, the thickness of the
actuator across the width and length of the actuator can be very uniform. Piezoelectric
actuators with high uniformity of dimensions can exhibit very uniform piezoelectric
characteristics.

[0083] Forming the cuts prior to bonding the piezoelectric material can allow for
the wrap-around electrode structure to be formed. The wrap-around electrode structure
creates a contact area for the bottom electrode that is on the top of the piezoelectric layer.
The wrap-around electrode structure can simplify connecting an integrated circuit to the
actuators.

[0084] Forming the actuators to be narrower than the width of the pumping
chamber can concentrate the displacement of the actuator over the most flexible portion
of the membrane. By making the actuators narrower, less voltage is required to actuate
the piezoelectric material. The top electrode can be made narrower than the piezoelectric

layer to concentrate the voltage at the central portion of the piezoelectric layer. This can
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reduce competing piezoelectric forces across the piezoelectric layer. Forming the upper
electrode to be narrower than the piezoelectric layer causes the actuator to respond better
to input voltage. Better actuator response allows for a lower drive voltage to be applied
across the actuator to achieve the desired actuator response. The advantage of forming
the actuators to be wider than the pumping chamber is that the walls surrounding the
pumping chambers can support the actuators. If the walls support the pumping chambers,
the risk of the actuators breaking through the membrane is reduced. In particular, if
pressure is applied to the actuators, such as during a bonding process, the likelihood of
damaging the device is reduced.

[0085] Thinning a relatively thick piezoelectric layer after bonding the layer to a
handle layer can facilitate processing steps for forming the actuator. If the piezoelectric
layer is not thinned to a suitable working thickness prior to bonding onto the chamber
body, a longer thinning process may be required after bonding. Also, it is desirable that
the handle material is stiffer than the piezoelectric layer. A stiffer handle layer allows the
assembly to expand close to the thermal expansion of the handle material when the
assembly is heated. However, thinning the piezoelectric layer to its final thickness before
attaching to the handle layer may not enable the desired thickness to be achieved without
damaging the piezoelectric layer. The handle layer provides a base for securing the
piezoelectric material during thinning. If the apparatus for thinning the piezoelectric
material can secure the handle layer rather than securing the piezoelectric layer during
thinning, there is less likelihood that the securing feature will interfere with the thinning
process. In one implementation, the handle is clamped to the thinning apparatus and a
grinding wheel grinds the piezoelectric layer to the desired thickness. Because the clamp
only needs to contact the handle layer, the clamp need not interfere with the grinding
wheel.

[0086] Grinding can cause some of the exposed grains to be loosened from the
piezoelectric material. Additionally, a paste-like substance is formed by the grinding, the
paste-like substance including broken bits of piezoelectric material. The paste-like
substance can be deposited on the piezoelectric layer during grinding. The paste-like
substance and the loosened grains can create gaps in the bonding between the
piezoelectric layer and the conductive layer. The degree of these gaps can vary from

spot-to-spot and cause variations in performance.
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[0087) Cleaning the piezoelectric material after grinding removes the loosened
grains of piezoelectric material and paste and causes the surface of the piezoelectric
material to consist mainly of fully secured grains of piezoelectric material. The cleaning
creates a rougher surface, but improves the efficiency and uniformity of the piezoelectric
characteristics of the piezoelectric material over piezoelectric material that has a flat
surface with loosened piezoelectric grains of material. Cleaning the piezoelectric material
after grinding also improves the surface for applying a conductive material. If the surface
is free of paste and loosened grains of material, the likelihood of gaps existing between
the conductive material and the cohesive block of piezoelectric material is reduced.
[0088] The thermal expansion of piezoelectric material can be controlled by
bonding the piezoelectric material to a handle layer prior to bonding the piezoelectric
material to the body. When the piezoelectric material and the chamber body are heated to
form the bond between the two structures, the piezoelectric material (or other suitable
piezoelectric material) and the material used to form the body can expand at different
rates, particularly if the body is made from a material other than piezoelectric material,
such as silicon. Moreover, the expansion and contraction of piezoelectric material due to
thermal change can be variable. That is, piezoelectric material that is heated up and
cooled back to its original temperature may not immediately return to its originally size.
The rate of thermal expansion and contraction can vary due to different factors, such as
how long ago the material was poled and how many thermal cycles the material has
already experienced. The changes in the size of the chamber body and piezoelectric
material caused by heating can change the alignment of the chamber walls with respect to
the separation cuts.

[0089] If the handle layer is made up of the same material as body, the handle
material can control the expansion rate of the piezoelectric material such that the
expansion rates of the piezoelectric material and the body are substantially the same.
Particularly when the handle layer is much thicker than the piezoelectric material, the
handle layer can force the piezoelectric material to expand and contract with the handle
layer. In one implementation, the piezoelectric material is PZT and the handle layer is
silicon that has a thickness that is ten times that of the PZT layer. Silicon is
approximately three times stiffer than PZT. Between the difference in thickness and
stiffness, silicon appears to have a spring rate that is thirty times that of the PZT. The
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material with the greater apparent spring rate overrides the expansion and contraction of
the other material thereby causing the PZT to expand at the same rate as the silicon.
[0090] The piezoelectric actuator described above can be used to form a number
of micromechanical devices, such as a sensors, transducers, or ink jet printheads with
piezoelectric actuators.

[0091] A number of embodiments of the invention have been described.
Nevertheless, it will be understood that various modifications may be made without
departing from the spirit and scope of the invention. For example, the actuators can be
formed so that they are parallel to one another, but at an angle with respect to the
piezoelectric layer. The actuators can be made by forming recesses into the body of
piezoelectric material that are not perpendicular to the surface, but an angle.
Alternatively, the recesses can have a central axis that is perpendicular to the surface of
the body, but sidewalls that are at an angle other than 90° to the surface of the body. For
‘example, the sidewalls can form islands with a trapezoidal shape, where the wider portion
of the trapezoid is further away from the pumping chamber than the narrower portion.
Piezoelectric materials other than PZT can be used to form the actuators. The drive
electrode connection can be on the island above the pumping chamber and the ground
electrode connection can be on an island of piezoelectric material that is on the periphery
of the die, e.g., a contact island, rather than having both the drive and ground connections
being on the island situated over the pumping chamber. Alternatively, the piezoelectric
island need not have a wrap-around electrode. The bottom electrode can extend beyond
the piezoelectric island and be electrically separated from the top electrode. In one
implementation, the electrodes are only formed on one surface of the piezoelectric
material. In one implementation, the grinding is stopped before the cuts or recesses are
exposed. This leaves a bridge of piezoelectric material between the actuators. The bridge
can be sufficiently small to minimize cross-talk between the devices. The body to which
the piezoelectric material is attached need not have chambers formed therein. If
chambers, or other features are to be formed in the body, the chambers can be formed
after the piezoelectric material is attached to the body. Accordingly, other embodiments

are within the scope of the following claims.

20



WO 2006/044329 PCT/US2005/036441
WHAT IS CLAIMED IS:

1. A microelectromechanical device, comprising:

a body having a plurality of chambers;

a plurality of piezoelectric islands supported by the body, wherein each of the
piezoelectric islands has a first surface, a second surface opposing the first surface and a
third planar surface interconnecting the first and second surfaces, wherein the
piezoelectric islands have a surface that substantially includes grains of piezoelectric
material and is relatively free of loose grains of piezoelectric material; and

"a conductive material on the first surface and a conductive material on the second
surface of the piezoelectric islands;

wherein at least one of the plurality of piezoelectric islands is positioned
substantially adjacent to a corresponding chamber of the plurality of chambers;

wherein at least one of the piezoelectric islands has a conductive material on the
third surface, the conductive material on the third surface electrically contacting the

conductive materials on the first and second surfaces.

2. The device of claim 1, further comprising a bonding layer, wherein the
bonding layer is between the first conductive layer and the body and at least part of the
bonding layer is between at least two piezoelectric islands of the plurality of piezoelectric

islands.

3. A microelectromechanical device, comprising:

a body having a plurality of chambers;

a transducer layer providing a plurality of transducers, each transducer positioned
substantially adjacent to a corresponding chamber of the plurality of chambers, each |
transducer including a piezoelectric island supported by the body, wherein the
piezoelectric island is defined by a first surface and a second surface opposite to the first
surface, the first and second surfaces are substantially planar and the first surface is
substantially parallel to the second surface; and

a bonding layer between the transducer layer and the body, wherein the bonding

layer is between at least two transducers of the plurality of transducers.
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4. A method of forming a device with a piezoelectric transducer, comprising:

bonding a first surface of a body of piezoelectric material to a semiconductor
material;

forming recesses into a second surface of the body of piezoelectric material, the
recesses having walls;

after forming the recesses, attaching the second surface of the body of
piezoelectric material to a device body, wherein the device body is formed of the
semiconductor material; and

after attaching the body of piezoelectric material to the device body, removing the

semiconductor material from the first surface of the body of piezoelectric material.

5. The method of claim 4, where the method further comprises removing
material from the first surface of the piezoelectric material at least until the recesses are

exposed.

6. The method of claim 5, wherein the bonding step occurs prior to the step

of forming the recesses.

7. The method of claim 6, wherein removing material from the first surface

of piezoelectric material includes thinning the body of semiconductor material.

8. The method of claim 4, wherein attaching the body of piezoelectric
material to the device body includes bonding the body of piezoelectric material to the

device body with a thermally cured adhesive.

9. The method of claim 8, wherein attaching the body of piezoelectric
material to the device body includes heating the body of piezoelectric material and the

device body.
10.  The method of claim 4, further comprising cleaning the body of

piezoelectric material to release loose fragments of piezoelectric material from the body

of piezoelectric material.
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11.  The method of claim 10, wherein cleaning the body of piezoelectric

material includes cleaning the body in a fluoroboric acid solution.

12. A method of forming a device with a piezoelectric transducer, comprising:

cleaning a body of piezoelectric material;

forming recesses into a first surface of the body of piezoelectric material, the
recesses having walls;

after forming the recesses, attaching the first surface of the body of piezoelectric
material to a device body; and

after attaching the body of piezoelectric material to the device body, removing at

least a portion of a second surface of the body of piezoelectric material.

13.  The method of claim 12, wherein the step of cleaning the body includes

cleaning the body of piezoelectric material in a fluoroboric acid solution.

14.  The method of claim 12, wherein cleaning the body of piezoelectric
material occurs prior to attaching the body of piezoelectric material to the device body
and the method further comprising cleaning the body of piezoelectric material after of

attaching the body of piezoelectric material to the device body.

15.  The method of claim 14, wherein clearing the body after attaching the

body includes cleaning the body of piezoelectric material in a fluoroboric acid solution.

16.  The method of claim 12, further comprising, forming a first conductive

layer on the body of piezoelectric material.

17.  The method of claim 16, wherein forming a first conductive layer occurs

before attaching the body of piezoelectric material to the device body.
18.  The method of claim 17, further comprising forming a second conductive

layer after removing at least a portion of a second surface of the body of piezoelectric

material.
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