WO 2004/005030 A2 ||| 0A0 00000 A O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

15 January 2004 (15.01.2004) PCT WO 2004/005030 A2
(51) International Patent Classification’: B41J Edward, R. [US/US]; 449 River Road, Plainfield, NH
03781 (US).
(21) International Application Number:
PCT/US2003/020730 (74) Agent: GAGEL, John, J.; Fish & Richardson P.C., 225
Franklin Street, Boston, MA 02110-2804 (US).
(22) International Filing Date: 2 July 2003 (02.07.2003)
(81) Designated States (national): AE, AG, AL, AM, AT, AU,
(25) Filing Language: Enelish AZ,BA, BB, BG, BR,BY, BZ, CA, CH, CN, CO, CR, CU,
g Language: & CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
(26) Publication Language: English LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC,
(30) Priority Data: SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA,
10/189,947 3 July 2002 (03.07.2002) US UG, US,UZ, VC, VN, YU, ZA, ZM, ZW.
(71) Applicant (for all designated States except US): SPEC- (84) Designated States (regional): ARIPO patent (GH, GM,

(72)
(75)

TRA, INC. [US/US]; 101 Etna Road, Lebanon, NH 03766-
1422 (US).

Inventors; and

Inventors/Applicants (for US only): BIBL, Andreas
[US/US]; 588 Harrington Avenue, Los Altos, CA 94024
(US). HIGGINSON, John, A. [US/US]; 2826 Forbes
Avenue, Santa Clara, CA 95051 (US). HOISINGTON,
Paul, A. [US/US]; 179 Beaver Meadow Road, Norwich,
VT 05055 (US). GARDNER, Deane, A. [US/US];
22321 Cupertino Road, Cupertino, CA 95014-1043 (US).
HASENBEIN, Robert, A. [US/US]; 26 Melinda Road,
Enfield, NH 03748 (US). BIGGS, Melvin, L. [US/US]; 39
Church Street, Norwich, VT 05055 (US). MOYNIHAN,

KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Burasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
EBuropean patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54)

Title: PRINTHEAD

e 15
24 15
320 3 28 28 33 32
e N o
i ] 5 e N 4
2N % U7 1A
30 30 31
- ' 68— I
22 . \82

(57) Abstract: Ink jet printheads and printhead components are described.



WO 2004/005030 PCT/US2003/020730

Printhead

TECHNICAL FIELD

This invention relates to printheads.

BACKGROUND

Ink jet printers typically include an ink path from an ink supply to a nozzle
path. The nozzle path terminates in a nozzle opening from which ink drops are
ejected. Ink drop ejection is controlled by pressurizing ink in the ink path with an
actuator, which may be, for example, a piezoelectric deflector, a thermal bubble jet
generator, or an electro statically deflected element. A typical printhead has an array
of ink paths with corresponding nozzle openings and associated actuators, and drop
gjection from each nozzle opening can be independently controlled. In a drop-on-
demand printhead, each actuator is fired to selectively eject a drop at a specific pixel
location of an image as the printhead and a printing substrate are moved relative to
one another. In high performance printheads, the nozzle openings typically have a
diameter of 50 micron or less, e.g. around 25 microns, are separated at a pitch of 100-
300 nozzles/inch, have a resolution of 100 to 3000 dpi or more, and provide drop
sizes of about 1 to 70 picoliters (pl) or less. Drop ejection frequency is typically 10
kHz or more.

Hoisington et al. U.S. 5,265,315, the entire contents of which is hereby
incorporated by reference, describes a printhead that has a semiconductor printhead
body and a piezoelectric actuator. The printhead body is made of silicon, which is
etched to define ink chambers. Nozzle openings are defined by a separate nozzle
plate, which is attached to the silicon body. The piezoelectric actuator has a layer of
piezoelectric material, which changes geometry, or bends, in response to an applied
voltage. The bending of the piezoelectric layer pressurizes ink in a pumping chamber
located along the ink path.

The amount of bending that a piezoelectric material exhibits for a given
voltage is inversely proportional to the thickness of the material. As a result, as the
thickness of the piezoelectric layer increases, the voltage requirement increases. To

limit the voltage requirement for a given drop size, the deflecting wall area of the
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piezoelectric material may be increased. The large piezoelectric wall area may also
require a correspondingly large pumping chamber, which can complicate design
aspects such as maintenance of small orifice spacing for high-resoljition printing.
Printing accuracy is influenced by a number of factors, including the size and
velocity uniformity of drops ejected by the nozzles in the head and among multiple
heads in a printer. The drop size and drop velocity uniformity are in turn influenced
by factors such as the dimensional uniformity of the ink paths, acoustic interference
effects, contamination in the ink flow paths, and the actuation uniformity of the

actuators.

SUMMARY

In an aspect, the invention features a printhead having a monolithic
semiconductor body with an upper face and a lower face. The body defines a fluid
path including a pumping chamber, a nozzle flow path, and a nozzle opening. The
nozzle opening is defined in the lower face of the body and the nozzle flow path
includes an accelerator region. A piezoelectric actuator is associated with the
pumping chamber. The actuator includes a piezoelectric layer having a thickness of
about 50 micron or less.

In another aspect, the invention features a printhead having a monolithic
semiconductor body with a buried layer and an upper face and a lower face. The body
defines a plurality of fluid paths. Each fluid path includes a pumping chamber, a
nozzle opening, and a nozzle path between the pumping chamber and the nozzle
opening. The nozzle path includes an accelerator region. The pumping chamber is
defined in the upper face of the body, the nozzle opening is defined in the lower face
of the body, and the accelerator region is defined between the nozzle opening and the
buried layer. A piezoelectric actuator is associated with the pumping chamber. The
actuator includes a layer of piezoelectric material having a thickness of about 25
micron or less.

In another aspect, the invention features a printhead including a monolithic
semiconductor body having an upper face and a substantially parallel lower face, the

body defining a fluid path including an ink supply path, a pumping chamber, and a



WO 2004/005030 PCT/US2003/020730

nozzle opening, wherein the pumping chamber is defined in the upper face and the
nozzle opening is defined in the lower face.

In another aspect, the invention features a printhead with a semiconductor
body defining a fluid flow path, a nozzle opening, and a filter/impedance feature
having a plurality of flow openings. The cross-section of the flow openings is less
than the cross section of the nozzle opening and the sum of the areas of the flow
openings is greater than the area of the nozzle opening.

In another aspect, the invention features a printhead including a monolithic
semiconductor body defining a flow path and a filter/impedance feature. In
embodiments, a nozzle plate defining nozzle openings is attached to the
semiconductor body. In embodiments, the semiconductor body defines nozzle
openings.

In another aspect, the invention features a filter/impedance feature including a
semiconductor having a plurality of flow openings. In embodiments, the cross-
section of the openings is about 25 microns or less.

In another aspect, the invention features a printhead including a body with a
flow path and a piezoelectric actuator having a pre-fired piezoelectric layer in
communication with the flow path and having a thickness of about 50 micron or less.

In another aspect, the invention features a printhead with a piezoelectric layer
having a surface R_of about 0.05 microns or less.

In another aspect, the invention features a printhead having a piezoelectric
actuator including a piezoelectric layer having a thickness of about 50 micron or less
and having at least one surface thereof including a void-filler material.

In another aspect, the invention features a method of printing, including
providing a printhead including a filter/impedance feature having a plurality of flow
openings, and ejecting fluid such that t/(flow development time) is about 0.2 or
greater, where t is the fire pulse width and the flow development time is (fluid
density) r2/(fluid viscosity), where r = cross-section dimension of at least one of the
flow openings.

In another aspect, the invention features a method including providing a
piezoelectric layer having a thickness of about 50 micron or less, providing a layer of

filler material on at least one surface of the layer, reducing the thickness of the filler
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layer to expose the piezoelectric material, leaving voids in the surface of piezoelectric
material including the filler material.

In another aspect, the invention features a method of forming a printhead by
providing a body, attaching to the body a piezoelectric layer, reducing the thickness of
said fixed piezoelectric layer to about 50 micron or less and utilizing the piezoelectric
layer to pressurize fluid in the printhead.

In another aspect, the invention features a method of forming a printhead,
including providing a piezoelectric layer, providing a membrane, fixing the
piezoelectric layer to the membrane by anodic bonding, and/or fixing the membrane
to a body by anodic bonding and incorporating the actuator in a printhead.

In another aspect, the invention features a nozzle plate including a monolithic
semiconductor body including a buried layer, an upper face, and a lower face. The
body defines a plurality of fluid paths, each including a nozzle path and a nozzle
opening. The nozzle path includes an accelerator region. The nozzle opening is
defined in the lower face of the body and the accelerator region is between the lower
face and the buried layer.

In another aspect, the invention features a nozzle plate, including a monolithic
semiconductor body including a plurality of fluid paths, each including a nozzle path,
anozzle opening, and a filter/impedance feature.

Other aspects or embodiments may include combinations of the features in the
aspects above and/or one or more of the following.

The piezoelectric layer has a thickness of about 25 micron or less. The
piezoelectric layer has a thickness of about 5 to 20 micron. The density of the
piezoelectric layer is about 7.5 g/cm3 or more. The piezoelectric layer has a d,
coefficient of about 200 or more. The piezoelectric layer has a surface with an R of
about 0.05 micron or less. The piezoelectric layer is composed of pre-fired
piezoelectric material. The piezoelectric layer is a substantially planar body of
piezoelectric material. The filler material is a dielectric. The dielectric is selected
from silicon oxide, silicon nitride, or aluminum oxide or paralyne. The filler material
is ITO.

A semiconductor body defines a filter/impedance feature. The

filter/impedance feature defines a plurality of flow openings in the fluid path. The
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filter/impedance feature has a plurality of projections in the flow path. At least one
projection defines a partially enclosed region, ¢.g. defined by a concave surface. The
projections are posts. At least one post includes an upstream-facing concave surface.
The feature includes a plurality of rows of posts. A first upstream row and a last
downstream row and posts in the first row have an upstream-facing convex surface
and posts in the last row have downstream-facing convex surfaces. The posts
between the first and second row include an upstream-facing concave surface. The
posts have upstream-facing concave surfaces adjacent said posts having downstream-
facing concave surfaces. The feature comprises a plurality of apertures through a wall
member. The cross-sectional dimension of the openings is about 50% to about 70%
of the cross-sectional dimension of the nozzle opening. The filter/impedance feature
is upstream of the pumping chamber. The filter/impedance feature is downstream of
the pumping chamber.

The cross-sectional dimension of the flow opening is less than the cross-
sectional dimension of the nozzle opening. A filter/impedance feature has a concave
surface region. The cross-section of the flow openings is about 60% or less than the
cross-section of the nozzle opening. The sum of the area of the flow openings is
about 2 or more times the cross section of the nozzle opening.

Flow is substantially developed in a time corresponding to the fire pulse
width, e.g. flow development at the center of the opening reaches about 65% or more
of the maximum. The t/(flow development time) is about 0.75 or greater. The fire
pulse width is about 10 micro-sec, or less. The pressure drop across the feature is less
than, e.g. 0.5 to 0.1, of the pressure drop across the nozzle flow path.

The actuator includes an actuator substrate bonded to the semiconductor body.
The actuator substrate is attached to the semiconductor body by an anodic bond. The
actuator substrate is selected from glass, silicon, alumina, zirconia, or quartz. The
actuator substrate has a thickness of about 50 micron or less, e.g. 25 microns or less,
e.g. 5 to 20 microns. The actuator substrate is bonded to the piezoelectric layer by an
anodic bond. The actuator substrate is bonded to the piezoelectric layer through an
amorphous silicon layer. The piezoelectric layer is bonded to the actuator substrate by
organic adhesive. The actuator substrate extends along the fluid path beyond the

piezoelectric layer. A portion of the actuator substrate extends along the fluid path
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beyond the pumping chamber has reduced thickness. The actuator substrate is
transparent.

The semiconductor body includes at least two differentially etchable materials.
The semiconductor body includes at least one buried layer, the nozzle flow path
includes a varying cross-section and a buried layer is between regions of different
cross-section regions. The pumping chamber is defined in the upper face of the body.
The nozzle flow path includes a descender region for directing fluid from the
pumping chamber toward the lower face and an accelerator region directing fluid
from the descender region to the nozzle opening. The buried layer is at the junction
of the descender region and the accelerator region. The cross-section of the
accelerator region and/or the descender regions and/or accelerator region is
substantially constant. The cross-section of the accelerator region decreases toward
the nozzle opening. The cross-section has a curvilinear region. The ratio of the
length of the accelerator region to the nozzle opening cross-section is about 0.5 or
more, e.g. about 1.0 or more. The ratio is about 5.0 or less. The length of the
accelerator region is about 10 to 50 micron. The nozzle opening has a cross-section
of about 5 to 50 micron.

The pumping chambers are defined between substantially linear chamber
sidewalls and the nozzle flow path is defined by a substantially collinear extension of
one of the side walls. The body defines a plurality of pairs of flow paths, wherein the
pairs of flow paths have adjacent nozzles and the pumping chamber sidewalls are
substantially collinear. The nozzle flow paths in said pairs of nozzles are
interdigitated. The nozzles in said plurality of pairs define a substantially straight
line. The nozzle flow paths have a region with long cross-section and a short cross-
section and the short cross-section is substantially parallel with the line of nozzle
openings.

The thickness of the piezoelectric layer and/or the membrane is reduced by
grinding. The piezoelectric layer is fired prior to attachment to the body. The
piezoelectric layer is attached to an actuator substrate and the actuator substrate is
attached to the body. The piezoelectric layer is attached to the actuator substrate by
anodic bonding. The piezoelectric layer is attached to the actuator substrate by an

organic adhesive. The actuator substrate is attached to the body prior to attaching the



WO 2004/005030 PCT/US2003/020730

piezoelectric layer to the actuator substrate. The thickness of the actuator substrate is
reduced after attaching the actuator substrate to the body. The actuator substrate is
attached to the body by anodic bonding. The body is a semiconductor and the
actuator substrate is glass or silicon. The piezoelectric actuator includes a
piezoelectric layer and a membrane of glass or silicon and anodically bonding said
membrane to the body. The piezoelectric layer is anodically bonded to the membrane.
The piezoelectric actuator includes a metalized layer over the piezoelectric layer and a
layer of silicon oxide or silicon over said metalized layer.

The method includes providing a body defining a flow path, and attaching the
actuator to the body by an anodic bond. Flow path features such as ink supply paths,
filter/impedance features, pumping chambers, nozzle flow paths, and/or nozzle
openings are formed by etching semiconductor, as described below.

Aspects and features related to piezoelectric materials can be used with
printheads including flow paths defined by non-monolithic and/or non-semiconductor
bodies. Aspects and features related to use of monolithic bodies defining flow paths
can be used with non-piezoelectric actuators, e.g. electrostatic or bubble-jet actuators.
Aspects and features related to filter/impedance can be utilized with non-piezoelectric
or piezoelectric actuators and monolithic or non-monolithic bodies.

Still further aspects, features, and advantages follow.

DESCRIPTION OF DRAWINGS

FIG. 1 is a perspective view of a printhead, while FIG. 1A is an enlarged view
of the area A in FIG. 1, and FIGS. 1B and 1C are assembly views of a printhead unit.

FIGS. 2A and 2B are perspective views of a printhead module.

FIG. 3 is a cross-sectional view of a printhead unit.

FIG. 4A is a cross-sectional assembly view through a flow path in a printhead
module, while FIG. 4B is a cross-sectional assembly view of a module along line BB
n FIG. 4A.

FIG. 5A is a top view of a portion printhead module body and FIG. 5B is an
enlarged view of region B in FIG. 5A.

FIG. 6A is a plot of flow velocity across a flow opening, while FIG. 6B is a

plot of voltage as a function of time illustrating drive signals.
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FIGS. 7A is a plot of the surface profile of a piezoelectric layer, FIG 7B is an
oblique view of the surface profile, and FIG 7C illustrates the surface profile through
line CC in FIG. 7A.

FIGS. 8A —8N are cross-sectional views illustrating manufacture of a
printhead module body.

FIGS. 9 is a flow diagram illustrating manufacture of a piezoelectric actuator
and assembly of a module.

FIG. 10 is a cross-sectional side view illustrating grinding of a piezoelectric
layer.

FIG. 11 is a cross-sectional view of a printhead module.

FIG. 12A is a cross-sectional view of a printhead module, while FIG. 12B is an
enlarged view of a portion of the front surface of the module in region B in FIG. 12B.

FIG. 13A is a cross-sectional view of a printhead module, while FIG. 13B is an
enlarged top view of the region A in FIG. 13A.

FIG. 14A is a cross-sectional view of a printhead module, while FIG. 14B is an
enlarged top view of the region A in FIG. 14A.

FIG. 15A is a cross-sectional view of a printhead module, while FIG. 15B is an
enlarged top view of region A in FIG. 15A.

FIG. 16A is a cross-sectional view of a printhead module while FIG. 16B is a

perspective view of a component of the module.

Structure

Referring to FIG. 1, an ink jet printhead 10 includes printhead units 80 which
are held in an enclosure 86 in a manner that they span a sheet 14, or a portion of the
sheet, onto which an image is printed. The image can be printed by selectively jetting
ink from the units 80 as the printhead 10 and the sheet 14 move relative to one
another (arrow). In the embodiment in FIG. 1A, three sets of printhead units 80 are
illustrated across a width of, e.g., about 12 inches or more. Each set includes multiple
printhead units, in this case three, along the direction of relative motion between the
printhead and the sheet. The units can be arranged to offset nozzle openings to
increase resolution and/or printing speed. Alternatively, or in addition, each unit in

each set can be supplied ink of a different type or color. This arrangement can be used
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for color printing over the full width of the sheet in a single pass of the sheet by the
printhead.

Referring as well to FIGS. 1B and 1C, each printhead unit 80 includes a
printhead module 12 which is positioned on a faceplate 82 and to which is attached a
flex print 84 for delivering drive signals that control ink ejection. Referring
particularly to FIG. 1C, the faceplate 82 is attached to a manifold assembly 88 which
includes ink supply paths for delivering ink to the module 12.

Referring as well to FIG. 2A, each module 12 has a front surface 20 that
defines an array of nozzle openings 22 from which ink drops are ejected. Referring to
FIG. 2B, each module 12 has on its back portion 16 a series of drive contacts 17 to
which the flex print is attached. Each drive contact corresponds to an actuator and
each actuator is associated with an ink flow path so that ejection of ink from each
nozzle opening is separately controllable. In a particular embodiment, the module 12
has an overall width of about 1.0 cm and a length of about 5.5 cm. In the embodiment
illustrated, the module has a single row of nozzle openings. However, modules can be
provided with multiple rows of nozzle openings. For example, the openings in one
row may be offset relative to another row to increase resolution. Alternatively or in
addition, the ink flow paths corresponding to the nozzles in different rows may be
provided with inks of different colors or types (e.g. hot melt, UV curable, aqueous-
based). The dimensions of the module can be varied e.g., within a semiconductor
wafer in which the flow paths are etched, as will be discussed below. For example,
the width and length of the module may be 10 cm or more.

Referring as well to FIG. 3, the module 12 includes a module substrate 26 and
piezoelectric actuators 28, 28”. The module substrate 26 defines module ink supply
paths 30, 30°, filter/impedance features 32, 32°, pumping chambers 33, 33’, nozzle
flow paths 34, 34°, and nozzle openings 22. Actuators 28, 28 are positioned over the
pumping chambers 33, 33°. Pumping chambers 33, 33’ supplying adjacent nozzles
are on alternate sides of the center line of the module substrate. The faceplate 82 on
the manifold assembly covers the lower portion of the module supply paths 30, 30’.
Ink is supplied (arrows 31) from a manifold flow path 24, enters the module supply
path 30, and is directed to the filter/impedance feature 32. Ink flows through the

filter/impedance feature 32 to the pumping chamber 33 where it is pressurized by the
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actuator 28 such that it is directed to the nozzle flow path 34 and out of the nozzle
opening 22.
Module Substrate

Referring particularly to FIGS. 4A and 4B, the module substrate 26 is a
monolithic semiconductor body such as a silicon on insulator (SOI) substrate in which
ink flow path features are formed by etching. The SOI substrate includes an upper
layer of single crystal silicon known as the handle 102, a lower layer of single crystal
silicon known as the active layer 104, and a middle or buried layer of silicon dioxide
known as the BOX layer 105. The pumping chambers 33 and the nozzle openings 22
are formed in opposite parallel surfaces of the substrate. As illustrated, pumping
chamber 33 is formed in a back surface 103 and nozzle opening 22 is formed in a
front surface 106. The thickness uniformity of the monolithic body, and among
monolithic bodies of multiple modules in a printhead, is high. For example, thickness
uniformity of the monolithic members, can be, for example, about + 1 micron or less
for a monolithic member formed across a 6 inch polished SOI wafer. As a result,
dimensional uniformity of the flow path features etched into the wafer is not
substantially degraded by thickness variations in the body. Moreover, the nozzle
openings are defined in the module body without a separate nozzle plate. Ina
particular embodiment, the thickness of the active layer 104 is about 1 to 200 micron,
e.g., about 30 to 50 micron, the thickness of the handle 102 1s about 200 to 800
micron, and the thickness of the BOX layer 105 is about 0.1 to 5 micron, e.g., about 1
to 2 micron. The pumping chambers have a length of about 1 to 5 mm, e.g., about 1
to 2 mm, a width of about 0.1 to 1 mm, e.g., about 0.1 to 0.5 mm and a depth of about
60 to 100 micron. In a particular embodiment, the pumping chamber has a length of
about 1.8 mm, a width of about 0.21 mm, and a depth of about 65 micron. In other
embodiments, the module substrate may be an etchable material such as a
semiconductor wafer without a BOX layer.

Referring as well to FIGS. 5A and 5B, the module substrate 26 defines a
filter/impedance feature 32 located upstream of the pumping chamber 33. Referring
particularly to FIG. 5B, the filter/impedance feature 32 is defined by a series of
projections 40 in the flow path which are arranged, in this example, in three rows 41,

42, 43 along the direction of ink flow. The projections, which in this example are

10



WO 2004/005030 PCT/US2003/020730

parallel posts, are integral with the module substrate. The filter/impedance feature
can be constructed to provide filtering only, acoustic impedance control only, or both
filtering and acoustic impedance control. The location, size, spacing, and shape of the
projections are selected to provide filtering and/or a desired acoustic impedance. As a
filter, the feature traps debris such as particulates or fibers so that they do not reach
and obstruct the nozzle flow path. As an acoustic impedance element, the feature
absorbs pressure waves propagating from the pumping chamber 33 toward the ink
supply flow path 30, thus reducing acoustic crosstalk among chambers in the module
and increasing operating frequency.

Referring particularly to FIG. 5B, the posts are arranged along the ink flow
path such that each row of posts is offset from the adjacent row of posts to effectively
avoid a direct flow path through the feature, which improves filtering. In addition, the
shape of the posts improves filtering performance. In this example, posts 46 in the
first row 41 include an upstream surface 48 that is generally convex and a
downstream surface 50 that is generally concave, forming a partially enclosed well
area 47. The posts 52 in row 42 include upstream 54 and downstream 56 concave
surfaces. The posts 60 in the last row 43 include downstream convex surfaces 62 and
upstream concave surfaces 64. As ink flows into the feature 32 from the module ink
flow path 30, the convex surface 48 of the posts 46 in the first row 41 provide a
relatively low turbulence-inducing flow path into the feature. The concave surfaces
on the posts in the first, second, and third rows enhance filtering function, particularly
for filtering long, narrow contaminants such as fibers. As a fiber travels with the ink
flow beyond the first row 41, it tends to engage and be retarded by the downstream
concave surfaces 54, 62 of the second or third row of posts and become trapped
between the upstream concave surfaces 54, 62 and the downstream concave surfaces
50, 56. The downstream convex surface 64 on the third row 43 encourages low
turbulence flow of filtered ink into the chamber. In embodiments, the concave surface
can be replaced by other partially enclosing shapes that define, for example,
rectangular or triangular well areas.

The spaces between the posts define flow openings. The size and number of
the flow openings can provide desirable impedance and filtering performance. The

impedance of a flow opening is dependent on the flow development time of a fluid
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through the opening. The flow development time relates to the time it takes a fluid at
rest to flow at a steady velocity profile after imposition of pressure. For a round duct,
the flow development time is proportional to:

(fluid density)* r2/ (fluid viscosity)
where r is the radius of the opening. (For rectangular openings, or other opening
geometries, r is one-half the smallest cross-sectional dimension.) For a flow
development time that is relatively long compared to the duration of incident pulses,
the flow opening acts as an inductor. But for a flow development time that is
relatively short compared to the duration of incident pressure pulses, the flow opening
acts as a resistor, thus effectively dampening the incident pulses.

Preferably, the flow is substantially developed in times corresponding to the
fire pulse width. Referring to FIG. 6A, flow development across a tube is illustrated.
The graph plots velocity U over the maximum velocity U__, across an opening,
where r* = 0 is the center of the opening and r* = 1 is the periphery of the opening.
The flow development is plotted for multiple t*, where t* is the pulse width, t, divided
by the flow development time. This graph is further described in F. M. White,
Viscous Fluid Flow, McGraw-Hill, 1974, the entire contents of which is incorporated
by reference. The graph in Fig. 6A is discussed on p. 141-143.

As FIG. 6A illustrates, at about t* = 0.2 or greater, flow development at the
center of the opening reaches about 65% of maximum. At about t* = 0.75, flow
development is about 95% of maximum. For a given t* and pulse width, flow
opening size can be selected for a fluid of given density and viscosity. For example,
for t* = 0.75, an ink having a density of about 1000 kg/m? and a viscosity of about
0.01 Pascal-sec., and where the pulse width is 7.5 microsec, then r = 10e-6m and the
diameter of the openings should be about 20 micron or less.

Referring to FIG. 6B, pulse width, t, is the duration of voltage application used
for drop ejection. Two drive signal trains are illustrated, each having three drop-
ejection waveforms. The voltage on an actuator is typically maintamed at a neutral
state until drop ejection is desired, at which time the ejection waveform is applied.
For example, for a trapezoidal waveform, the pulse width, t, is the width of the

trapezoid. For more complex waveforms, the pulse width is the time of a drop
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gjection cycle, e.g., the time from initiation of the ejection waveform to the return to
the starting voltage.

The number of flow openings in the feature can be selected so that a sufficient
flow of ink is available to the pumping chamber for continuous high frequency
operation. For example, a single flow opening of small dimension sufficient to
provide dampening could limit ink supply. To avoid this ink starvation, a number of
openings can be provided. The number of openings can be selected so that the overall
flow resistance of the feature is less than the flow resistance of the nozzle. In
addition, to provide filtering, the diameter or smallest cross sectional dimension of the
flow openings is preferably less than the diameter (the smallest cross-section) of the
corresponding nozzle opening, for example 60% or less of the nozzle opening. In a
preferred impedance/filtering feature, the cross section of the openings is about 60%
or less than the nozzle opening cross section and the cross sectional area for all of the
flow openings in the feature is greater than the cross sectional area of the nozzle
openings, for example about 2 or 3 times the nozzle cross sectional area or more, €.g.
about 10 times or more. For a filter/impedance feature in which flow openings have
varying diameters, the cross sectional area of a flow opening is measured at the
location of its smallest cross sectional dimension. In the case of a filter/impedance
feature that has interconnecting flow paths along the direction of ink flow, the cross-
sectional dimension and area are measured at the region of smallest cross-section. In
embodiments, pressure drop can be used to determine flow resistance through the
feature. The pressure drop can be measured at jetting flow. Jetting flow is the drop
volume/fire pulse width. In embodiments, at jetting flow, the pressure drop across the
impedance/filter feature is less than the pressure drop across the nozzle flow path.

For example, the pressure drop across the feature is about 0.5 to 0.1 of the pressure
drop across the nozzle flow path.

The overall impedance of the feature can be selected to substantially reduce
acoustic reflection into the ink supply path. For example, the impedance of the
feature may substantially match the impedance of the pumping chamber.
Alternatively, it may be desirable to provide impedance greater than the chamber to
enhance the filtering function or to provide impedance less than the chamber to

enhance ink flow. In the latter case, crosstalk may be reduced by utilizing a compliant
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membrane or additional impedance control features elsewhere in the flow path as will
be described below. The impedance of the pumping chamber and the filter/impedance
feature can be modeled using fluid dynamic software, such as Flow 3D, available
from Flow Science Inc., Santa Fe, NM.

In a particular embodiment, the posts have a spacing along the flow path, Sl’
and a spacing across the flow path, S,, of about 15 micron and the nozzle opening is
about 23 micron (FIG. 5B). The width of the posts is about 25 micron. In the
embodiment in Fig. 5, the three rows of posts in the filter/impedance feature act as
three in-series acoustic resistors. The first and last rows provide six flow openings
and the middle row provides five flow openings. Each of the flow openings has a
minimum cross-section of about 15 micron, which is smaller than the cross-section of
the nozzle opening (23 micron). The sum of the area of the openings in each row is
greater than the area of the nozzle opening. A feature defined by projections for
impedance control and/or filtering has the advantage that the spacing, shape
arrangement and size of the projections both along and across the flow path can, for
example, provide a tortuous fluid pathway effective for filtering, with flow passages
sized for effective dampening. In other embodiments, as discussed below, the
filter/impedance feature may be provided by a partition(s) having a series of
apertures.

Referring particularly to FIG. SA, the module substrate also defines pumping
chambers 33 33’ which feed respective nozzle flow paths 34, 34’. The pumping
chambers 33, 33’ are positioned opposite one another across the nozzle opening line
and have sidewalls 37, 37" that are generally collinear. To obtain a straight line of
closely spaced nozzle openings, the nozzle flow paths join the pumping chamber
along extensions 39, 39’ of one of the sidewalls, forming an indigitated pattern of
nozzle flow paths. In addition, to maintain a relatively low volume at the transition
between the pumping chamber and the nozzle flow path, the shape in the transition is
ovaloid, with the smaller axis along the nozzle opening line. As described below, this
orientation provides a small nozzle opening pitch and a relatively large nozzle path
volume. In addition, manufacturing is simplified since straight line saw cuts can be
made across the module to separate adjacent chambers and form 1solation cuts on both

sides of the nozzle line.
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Referring back to FIGS. 4A and 4B, the module substrate also defines nozzle
flow path 34. In this example, the nozzle flow path 34 directs ink flow orthogonally
with respect to the upper and lower module substrate surfaces. The nozzle flow path
34 has an upper descender region 66 and a lower accelerator region 68. The
descender region 66 has a relatively large volume and the accelerator region 68 has a
relatively small volume. The descender region 66 directs ink from the pumping
chamber 33 to the accelerator region 68, where the ink is accelerated before it is
gjected from the nozzle opening 22. The uniformity of the accelerator regions 68
across the module enhances the uniformity of the ink drop size and the ink drop
velocity. The accelerator region length is defined between the front face 106 and the
BOX layer 105 of the module body. In addition, BOX layer 105 is at the interface of
the descender 66 and accelerator 68 regions. As will be discussed below, the BOX
layer 105 acts as an etch stop layer during manufacture to accurately control etch
depth and nozzle uniformity.

The accelerator region illustrated in FIG. 4A is a generally cylindrical path of
constant diameter corresponding to the orifice opening diameter. This region of
small, substantially constant diameter upstream of the nozzle opening enhances
printing accuracy by promoting drop trajectory straightness with respect to the axis of
the nozzle opening. In addition, the accelerator region improves drop stability at high
frequency operation by discouraging the ingestion of air through the nozzle opening.
This is a particular advantage in printheads that operate in a fill-before-fire mode, in
which the actuator generates a negative pressure to draw ink into the pumping
chamber before firing. The negative pressure can also cause the ink meniscus in the
nozzle to be drawn inward from the nozzle opening. By providing an accelerator
region with a length greater than the maximum meniscus withdrawal, the ingestion of
air is discouraged. The accelerator region can also include a variable diameter. For
example, the accelerator region may have funnel or conical shape extending from a
larger diameter near the descender to a smaller diameter near the nozzle opening. The
cone angle may be, for example, 5 to 30°. The accelerator region can also include a
curvilinear quadratic, or bell-mouth shape, from larger to smaller diameter. The
accelerator region can also include multiple cylindrical regions of progressively

smaller diameter toward the nozzle opening. The progressive decrease in diameter
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toward the nozzle opening reduces the pressure drop across the accelerator region,
which reduces drive voltage, and increases drop size range and fire rate capability.
The lengths of the portions of the nozzle flow path having different diameters can be
accurately defined using BOX layers which act as etch stop layers, as will be
described below.

In particular embodiments, the ratio of the length of the accelerator region to
the diameter of the nozzle opening is typically about 0.5 or greater, e.g., about 1 to 4,
preferably about 1 to 2. The descender has a maximum cross-section of about 50 to
300 micron and a length of about 400-800 micron. The nozzle opening and the
accelerator region have a diameter of about 5 to 80 micron, e.g. about 10 to 50
micron. The accelerator region has a length of about 1 to 200 micron, e.g., about 20
to 50 micron. The uniformity of the accelerator region length may be, for example,
about + 3% or less or + 2 micron or less, among the nozzles of the module body. For
a ﬂow_path arranged for a 10 pl drop, the descender has a length of about 550 micron.
The descender has a racetrack, ovaloid shape with a minor width of about 85 micron
and a major width of about 160 micron. The accelerator region has a length of about
30 micron and a diameter of about 23 microns.
Actuator

Referring to FIGS. 4A and 4B, the piezoelectric actuator 28 includes an
actuator membrane 70, a bonding layer 72, a ground electrode layer 74, a
piezoelectric layer 76, and a drive electrode layer 78. The piezoelectric layer 74 is a
thin film of piezoelectric material having a thickness of about 50 micron or less, e.g.
about 25 micron to 1 micron, e.g. about 8 to about 18 micron. The piezoelectric layer
can be composed of a piezoelectric material that has desirable properties such as high
density, low voids, and high piezoelectric constants. These properties can be
established in a piezoelectric material by using techniques that involve firing the
material prior to bonding it to a substrate. 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. Firing atmospheres (e.g. lead enriched
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atmospheres) can be used that 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,
typically 1000-2000 atm. The Hipping process is typically conducted after a block of
piezoelectric material has been fired, and is used to increase density, reduce voids, and
increase piezoelectric constants.

Thin layers of prefired piezoelectric material can be formed by reducing the
thickness of a relatively thick wafer. A precision grinding technique such as
horizontal grinding can produce a highly uniform thin layer having a smooth, low
void surface morphology. In horizontal grinding, a workpiece 1s mounted on a
rotating chuck and the exposed surface of the workpiece is contacted with a horizontal
grinding wheel. The grinding can produce flatness and parallelism of, e.g., 0.25
microns or less, e.g. about 0.1 micron or less and surface finish to 5 nm Ra or less
over a wafer. The grinding also produces a symmetrical surface finish and uniform
residual stress. Where desired, slight concave or convex surfaces can be formed. As
discussed below, the piezoelectric wafer can be bonded to a substrate, such as the
module substrate, prior to grinding so that the thin layer is supported and the
likelihood of fracture and warping is reduced.

Referring particularly to FIG. 7A to 7C, interferometric profilometer data of a
ground surface of piezoelectric material is provided. Referring particularly to FIG
7A, the surface finish exhibits a series of substantially parallel ridges over an area of
about 35 mm2. The average peak to valley variation is about 2 micron or less, the rms
is about 0.07 micron or less, and the Ra is about 0.5 micron or less. Referring
particularly to FIG. 7B, the surface profile is illustrated in perspective. Referring
particularly to FIG. 7C, the surface profile across a line CC in FIG. 7A is provided.

A suitable precision grinding apparatus is Toshiba Model UHG-130C,
available through Cieba Technologies, Chandler, AZ. The substrate can be ground
with a rough wheel followed by a fine wheel. A suitable rough and fine wheel have
1500 grit and 2000 grit synthetic diamond resinoid matrix, respectively. Suitable
grinding wheels are available from Adoma or Ashai Diamond Industrial Corp. of

Japan. The workpiece spindle is operated at 500 rpm and the grinding wheel spindle
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is operated at 1500 rpm. The x-axis feed rate is 10 micron/min for first 200-250
micron using the rough wheel and 1 micron/min for last 50-100 micron using the fine
wheel. The coolant is 18 m ¢) deionized water. The surface morphology can be
measured with a Zygo model Newview 5000 interferometer with Metroview software,
available from Zygo Corp, Middlefield, CT. The density of the piezoelectric material
is preferably about 7.5 g/cm3 or more, e.g., about 8 g/cm3 to 10 g/cm3 The d31
coefficient is preferably 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 d,, of about 210. The
H5D material exhibits an apparent density of about 8.15 g/cm3 and a d,, of about 300.
Wafers are typically about 1 cm thick and can be diced to about 0.2 mm. The diced
wafers can be bonded to the module substrate and then ground to the desired
thickness. The piezoelectric material can be formed by techniques including pressing,
doctor blading, green sheet, sol gel or deposition techniques. Piezoelectric material
manufacture is discussed in Piezoelectric Ceramics, B. Jaffe, Academic Press Limited,
1971, the entire contents of which are incorporated herein by reference. Forming
methods, including hot pressing, are described at pages 258-9. High density, high
piezoelectric constant materials are preferred but the grinding techniques can be used
with lower performance material to provide thin layers and smooth, uniform surface
morphology. Single crystal piezoelectric material such as lead-magnesium-niobate
(PMN), available from TRS Ceramics, Philadelphia, PA, can also be used.

Referring back to FIGS. 4A and 4B, the actuator also includes a lower
electrode layer 74 and an upper electrode layer 78. These layers may be metal, such
as copper, gold, tungsten, indium-tin-oxide (ITO), titanium or platinum, or a
combination of metals. The metals may be vacuum-deposited onto the piezoelectric
layer. The thickness of the electrode layers may be, for example, about 2 micron or
less, e.g. about 0.5 micron. In particular embodiments, ITO can be used to reduce
shorting. The ITO material can fill small voids and passageways in the piezoelectric
material and has sufficient resistance to reduce shorting. This material is
advantageous for thin piezoelectric layers driven at relatively high voltages. In
addition, prior to application of the electrode layers, the piezoelectric material

surfaces may be treated with a dielectric to fill surface voids. The voids may be filled
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by depositing a dielectric layer onto the piezoelectric layer surface and then grinding
the dielectric layer to expose the piezoelectric material such that any voids in the
surface remain filled with dielectric. The dielectric reduces the likelihood of
breakdown and enhances operational uniformity. The dielectric material may be, for
example, silicon dioxide, silicon nitride, aluminum oxide or a polymer. The dielectric
material may be deposited by sputtering or a vacuum deposition technique such as
PECVD.

The metalized piezoelectric layer is fixed to the actuator membrane 70. The
actuator membrane 70 isolates the lower electrode layer 74 and the piezoelectric layer
76 from ink in the chamber 33. The actuator membrane 70 is typically an inert
material and has compliance so that actuation of the piezoelectric layer causes flexure
of the actuator membrane layer sufficient to pressurize ink in the pumping chamber.
The thickness uniformity of the actuator membrane provides accurate and uniform
actuation across the module. The actuator membrane material can be provided in
thick plates (e.g. about 1 mm in thickness or more) which are ground to a desired
thickness using horizontal grinding. For example, the actuator membrane may be
ground to a thickness of about 25 micron or less, €.g. about 20 micron.  In
embodiments, the actuator membrane 70 has a modulus of about 60 gigapascal or
more. Example materials include glass or silicon. A particular example is a boro-
silicate glass, available as Boroflot EV 520 from Schott Glass, Germany.
Alternatively, the actuator membrane may be provided by depositing a layer, e.g. 2 to
6 micron, of aluminum oxide on the metalized piezoelectric layer. Alternatively, the
actuator membrane may be zirconium or quartz.

The piezoelectric layer 76 can be attached to the actuator membrane 70 by a
bonding layer 72. The bonding layer 72 may be a layer of amorphous silicon
deposited onto the metal layer 74, which is then anodically bonded to the actuator
membrane 70. In anodic bonding, the silicon substrate is heated while in contact with
the glass while a negative voltage is applied to the glass. Ions drift toward the
negative electrode, forming a depletion region in the glass at the silicon interface,
which forms an electrostatic bond between the glass and silicon. The bonding layer
may also be a metal that is soldered or forms a eutectic bond. Alternatively, the

bonding layer can be an organic adhesive layer. Because the piezoelectric material
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has been previously fired, the adhesive layer is not subject to high temperatures
during assembly. Organic adhesives of relatively low melting temperatures can also
be used. An example of an organic adhesive is BCB resin available from Dow
Chemical, Midland, MI1. The adhesive can be applied by spin-on processing to a
thickness of e.g. about 0.3 to 3 micron. The actuator membrane can be bonded to the
module substrate before or after the piezoelectric layer is bonded to the actuator
membrane.

The actuator membrane 70 may be bonded to the module substrate 26 by
adhesive or by anodic bonding. Anodic bonding is preferred because no adhesive
contacts the module substrate features adjacent the flow path and thus the likelihood
of contamination is reduced and thickness uniformity and alignment may be
improved. The actuator substrate may be ground to a desired thickness after
attachment to the module substrate. In other embodiments, the actuator does not
include a membrane between the piezoelectric layer and the pumping chamber. The
piezoelectric layer may be directly exposed to the ink chamber. In this case, both the
drive and ground electrodes can be placed on the opposite, back side of the
piezoelectric layer not exposed to the ink chamber.

Referring back to FIG. 2B, as well as FIGS. 4A and 4B, the actuators on either
side of the centerline of the module are separated by cut lines 18, 18’ which have a
depth extending to the actuator membrane 70. For an actuator membrane 70 made of
a transparent material such as glass, the nozzle flow path is visible through the cut
lines, which permits analysis of ink flow, e.g. using strobe photography. Adjacent
actuators are separated by isolation cuts 19. The isolation cuts extend (e.g. 1 micron
deep, about 10 micron wide) into the silicon body substrate (FIG. 4B). The isolation
cuts 19 mechanically isolate adjacent chambers to reduce crosstalk. If desired, the
cuts can extend deeper into the silicon, e.g. to the depth of the pumping chambers.
The back portion 16 of the actuator also includes ground contacts 13, which are
separated from the actuators by separation cuts 14 extending into the piezoelectric
layer leaving the ground electrode layer 72 intact (FIG. 4A). An edge cut 27 made
before the top surface is metalized exposes the ground electrode layer 72 at the edge
of the module so that the top surface metalization connects the ground contacts to the

ground layer 72.
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Manufacture

Referring to FIGS. 8A to 8N, manufacture of a module substrate is illustrated.
A plurality of module substrates can be formed simultaneously on a wafer. For
clarity, FIGS 8A-8N illustrate a single flow path. The flow path features in the
module substrate can be formed by etching processes. A particular process is
isotropic dry etching by deep reactive ion etching which utilizes a plasma to
selectively etch silicon or silicon dioxide to form features with substantially vertical
sidewalls. A reactive ion etching technique known as the Bosch process is discussed
in Laermor et al. U.S. 5,501,893, the entire contents of which is incorporated hereby
by reference. Deep silicon reactive ion etching equipment is available from STS,
Redwood City, CA, Alcatel, Plano, Texas, or Unaxis, Switzerland. SOI wafers having
<100> crystal orientation are available from, and reactive jon etching can be
conducted by, etching vendors including IMT, Santa Barbara, CA.

Referring to FIG. 8A, a SIO wafer 200 includes a handle of silicon 202, a
BOX layer of silicon oxide 205, and an active layer of silicon 206. The wafer has an
oxide layer 203 on the back surface and an oxide layer 204 on the front surface. The
oxide layers 203, 204 may be formed by thermal oxidation or deposited by a vapor
deposition. The thickness of the oxide layers is typically about 0.1 to 1.0 micron.

Referring to FIG. 8B, the front side of the wafer is provided with a photoresist
pattern defining a nozzle opening region 210 and ink supply region 211.

Referring to FIG. 8C, the front side of the wafer is etched to transfer to the
oxide layer a pattern defining a nozzle opening area 212 and a supply area 213. The
resist is then removed.

Referring to FIG. 8D, the back side of the wafer is provided with a photoresist
pattern 215 defining a pumping chamber region 217, a filter region 219, and an ink
supply path region 221.

Referring to FIG. 8E, the back side is then etched to transfer to the oxide layer
203 a pattern including a pumping chamber area 223, a filter area 225, and an ink
supply path area 227.

Referring to FIG. 8F, a resist pattern 229 defining a descender region 231 is

provided on the back side of the wafer.
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Referring to FIG. 8G, the descender area 232 is etched into the handle 202.
The etching may be conducted using reactive ion etching to selectively etch silicon
while not substantially etching silicon dioxide. The etching proceeds toward the BOX
layer 205. The etching is terminated slightly above the BOX layer so that subsequent
etching steps (FIG. 8H) remove the remaining silicon to the BOX layer. The resist is
then stripped from the back side of the wafer.

Referring to FIG. 8H, the pumping chamber area 233, filter area 235, and
supply area 237 are etched into the back side of the wafer. Deep silicon reactive ion
etching selectively etches silicon without substantially etching silicon dioxide.

Referring to FIG. 81, a photoresist pattern 239 defining a supply region 241 is
provided on the front side of the wafer. The photoresist fills and protects the nozzle
area 213.

Referring to FIG. 87, a supply area 241 is etched using reactive ion etching.
The etching proceeds to the BOX layer 205.

Referring to FIG. 8K, the buried layer is etched from the supply region. The
BOX layer may be etched with a wet acid etch that selectively etches the silicon
dioxide in the BOX layer without substantially etching silicon or photoresist.

Referring to FIG. 8L, the supply area is further etched by reactive ion etching
to create a through passage to the front of the wafer. The resist 239 is then stripped
from the front side of the wafer. Prior to the etching illustrated in FIG. 8L, the back
side of the wafer can be provided with a protective metal layer, e.g. chrome, by PVD.
After the supply area is etched, the protective metal layer is removed by acid etching.

Referring to FIG. 8M, the accelerator region 242 of the nozzle is formed by
reactive ion etching from the front side of the wafer to selectively etch silicon without
substantially etching silicon dioxide. The etching proceeds in nozzle area 213 defined
in the oxide layer 204 to the depth of the BOX layer 205. As a result, the length of
the accelerator region is defined between the front surface of the wafer and the buried
oxide layer. The reactive ion etching process can be continued for a period of time
after the BOX layer 205 is reached to shape the transition 240 between the descender
region and the accelerator region. In particular, continuing to apply the 1on etching
energy after the silicon has been etched to the BOX layer tends to increase the

diameter of the accelerator region adjacent the BOX layer 205, creating a curvilinear
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shaped diametrical transition 240 in the accelerator region. Typically, the shaping is
achieved by overetching by about 20%, i.e., etching is continued for a time
corresponding to about 20% of the time it takes to reach the BOX layer. Diametric
variations can also be created by varying the etching parameters, e.g. etch rate, as a
function of the etch depth.

Referring to FIG. 8N, the portion of the BOX layer 205 at the interface of the
descender region and the accelerator region is removed using a wet etch applied from
the back side of the wafer, to create a passageway between the descender region and
the accelerator region. In addition, the wet etch application may remove the oxide
layer 203 on the back surface of the wafer. If desired, the oxide layer 204 on the front
surface of the wafer can be similarly removed to expose single crystal silicon, which
is typically more wettable and durable than silicon oxide.

Referring now to FIG. 9, a flow diagram outlining manufacture of the actuator
and assembly of the module is provided. In step 300, a silicon wafer including a
plurality of modules with flow paths as illustrated in FIG. 8N is provided. In step
302, a blank of actuator substrate material, such as borosilicate glass is provided. In
step 304, a blank of piezoelectric material is provided. In step 306, the actuator
substrate material is cleaned, for example, using an ultrasonic cleaner with 1% Micro-
90 cleaner. The glass blank is rinsed, dried with nitrogen gas and plasma etched. In
step 308, the cleaned actuator substrate blank is anodically bonded to the etched
silicon wafer provided in step 300. In step 310, the exposed surface of the actuator
substrate blank is ground to a desired thickness and surface morphology using a
precision grinding technique such as horizontal grinding. The front surface of the
wafer may be protected by UV tape. The actuator substrate blank is typically
provided in a relatively thick layer, for example, about 0.3 mm 1n thickness or more.
The substrate blank can be accurately ground to a thickness of, e.g., about 20 microns.
By bonding the actutuator substrate to the module substrate prior to grinding, warping
or other damage to the thin membrane is reduced and dimensional uniformity is
enhanced.

In step 312, the actuator substrate is cleaned. The actuator substrate may be
cleaned in an ultrasonic bath and plasma etched as described above. In step 314, the

piezoelectric blank is precision ground on both sides to provide smooth surface
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morphology. In step 316, one side of the piezoelectric blank is metalized. In step
318, the metalized side of the piezoelectric blank is bonded to the actuator substrate.
The piezoelectric blank may be bonded using a spun on adhesive. Alternatively, a
layer of amorphous silicon may be deposited on the metalized surface of the blank
and the blank then anodically bonded to the actuator substrate.

In step 320, the piezoelectric blank is ground to a desired thickness using a
precision grinding technique. Referring as well to FIG. 10, the grinding is achieved
using a horizontal grinder 350. In this process, the wafer is assembled to a chuck 352
having a reference surface machined to high flatness tolerance. The exposed surface
of the piezoelectric blank is contacted with a rotating grinding wheel 354, also in
alignment at high tolerance. The piezoelectric blank may have a substantial thickness,
for example, about 0.2 mm or more, which can be handled for initial surface grinding
in step 314. However, at the thicknesses desired for the actuator, for example, 50
microns or less, the piezoelectric layer can be easily damaged. To avoid damage and
facilitate handling, the piezoelectric blank is ground to the desired thickness after it
has been bonded to the actuator substrate. During grinding, the nozzle opening may
be covered to seal the ink flow path from exposure to grinding coolant. The nozzle
openings may be covered with tape. A dummy substrate can be applied to the chuck
and ground to desired flatness. The wafer is then attached to the dummy substrate and
ground to the parallelism of the dummy substrate.

In step 322, edge cuts for the ground electrode contacts are cut to expose the
ground electrode layer 74. In step 324, the wafer is cleaned. In step 326, the backside
of the wafer is metalized, which provides a metal contact to the ground layer, as well
as provides a metal layer over the back surface of the actuator portion of the
piezoelectric layer. In step 228, separation and isolation cuts are sawed. In step 330,
the wafer is again cleaned.

In step 334, the modules are separated from the wafer by dicing. In step 336,
the modules are attached to the manifold frame. In step 338, electrodes are attached.
Finally, in step 340, the arrangement is attached to an enclosure.

The front face of the module may be provided with a protective coating and/or
a coating that enhances or discourages ink wetting. The coating may be, ¢.g., a

polymer such as Teflon or a metal such as gold or rhodium. A dicing saw can be used
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to separate module bodies from a wafer. Alternatively or in addition, kerfs can be
formed by etching and separation cuts can be made in the kerfs using a dicing saw.

The modules can also be separated manually by breaking along the kerfs.

Other Embodiments

Referring to FIG. 11, a compliant membrane 450 is provided upstream of the
pumping chamber, e.g. over filter/impedance feature and/or the ink supply flow path.
A compliant membrane reduces crosstalk by absorbing acoustic energy. The
compliant membrane may be provided by a continuous portion of the actuator
substrate. This portion may be ground, sawed, or laser machined to reduced thickness
(e.g. to about 2 micron) compared to the portion over the pumping chamber to
enhance compliance. A compliant membrane may include a piezoelectric material
layer or the piezoelectric material may be sized so as to not cover the membrane. The
membrane may also be a separate element such as a polymer or silicon dioxide or
silicon nitride film bonded to the module substrate. A compliant membrane along the
front face of the module adjacent the ink supply flow path may be used in addition or
in place of the membrane 450. Compliant membranes are discussed in Hoisington

~ U.S. 4,891,054, the entire contents of which is incorporated herein by reference.

Referring to FIGS. 12A and 12B, a filter/impedance control feature 500 is
provided as a series of apertures formed in a wall member, in this case in the module
substrate in the same layer defining nozzle/accelerator region. In this example, the
ink is provided by a frame flow path 512 that leads to the bottom surface 514 of the
module substrate. The bottom surface 514 has a series of apertures 516 sized to
perform a filtering function and absorb acoustic energy.

Referring to FIGS. 13A and 13B, a printhead module 600 is provided with a
substrate body 610 formed of e.g. carbon or metal and a nozzle plate 612 formed of
semiconductor and having an impedance/filter feature 614. A pumping chamber 616
and an actuator 618 are in communication with the body 610. The substrate body 612
defines a nozzle flow path 620 which may be formed by grinding, sawing, drilling, or
other non-chemical machining and/or assembling multiple pre-machined layers. The
feature 614 of the nozzle plate is formed of a plurality of rows of posts 615 in the flow

path leading to an accelerator region 616 and a nozzle opening 617. The nozzle plate
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612 may be formed by etching a SOI wafer including a BOX layer 619 to provide
high uniformity in the accelerator portion of the flow path. The nozzle plate 612 may
be bonded to the body 610 by, e.g., an adhesive.

Referring to FIGS. 14A and 14B, a printhead module 700 is provided with a
substrate body 710 formed, e.g. of carbon or metal, and a nozzle plate 712 formed of
silicon and having an impedance/filter feature 714. A pumping chamber 716 and an
actuator 718 are in communication with the body 710. The carbon substrate body 712
defines a nozzle flow path 720. The feature 714 is formed on the back surface of the
nozzle plate and includes a plurality of apertures 721. The nozzle plate 712 may be
formed by etching a SOI wafer including a BOX layer 719 to provide high uniformity
to the accelerator portion of the flow path. The nozzle plate 712 may be bonded to the
body 710 by e.g. an adhesive.

Referring to FIGS. 15A and 15B, a printhead module 800 is provided with a
substrate body 810 formed e.g. of carbon or metal, a nozzle plate 812 formed of e.g.
metal or silicon and an impedance/filter feature 814 defined in a layer 830 formed of
silicon. A pumping chamber 816 and an actuator 818 are in communication with the
body 810. The body 812 defines a nozzle flow path 820. The feature 814 has a
plurality of apertures 821. The nozzle plate 812 and the layer 830 may be formed by
etching a SOI wafer including a BOX. The element 830 is located between the body
810 and nozzle plate 812. The element 830 can be bonded to the body 810 and the
nozzle plate 812 can be bonded to the element 830 using, e.g., an adhesive.

Referring to FIGS. 16A and 16B, a semiconductor filter/impedance control
element 900 is provided as a separate element in a module 910. The module body
defines a pressure chamber 912 and can be constructed of a plurality of assembled
layers as discussed in Hoisington, U.S. 4,891,654, contents incorporated supra. The
element 900 is positioned near an ink inlet 918 upstream of the chamber 912. In this
embodiment, the filter/impedance control element is formed as a series of thin
rectangular projections 920 positioned at angles to provide a maze-like path along the
ink flow direction. The projections can be formed by etching a semiconductor
substrate.

In other embodiments, the etched module body or nozzle plates described

above can be utilized with actuator mechanisms other than piezoelectric actuators.
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For example, thermal bubble jet or electrostatic actuators can be used. An example of
an electrostatic actuator can be found in U.S. 4,386,358, the entire contents of which
is incorporated herein by reference. Other etchable materials can be used for the
module substrate, nozzle plates, and impedance/filter features, for example,
germanium, doped silicon, and other semiconductors. Stop layers can be used to
define thicknesses of various features, such as the depth, uniformity, and shape the
pumping chamber. Multiple stop layers can be provided to control the depth of
multiple features.

The piezoelectric actuators described above can be utilized with other module
substrates and substrate systems. Piezoelectric layers formed of piezoelectric material
that has not been prefired can be used. For example, a thin piezoelectric film can be
formed on a glass or silicon substrate by techniques, such as sol gel deposition or a
green sheet technique and subsequently fired. The surface characteristics and/or
thickness can be modified by precision grinding. The high temperature resistance of
these actuator substrate materials can withstand the firing temperatures of the ceramic
precursors. While a three-layer SOI substrate is preferred, semiconductor substrates
having two layers of differentially-etchable semiconductor material, such as a layer of
silicon oxide on silicon, can be used to form module body substrates or nozzle plates
and control feature depths by differential etching. For example, a monolithic body of
silicon oxide on silicon can be used. An accelerator region can be defined between a
nozzle opening on the silicon face of a substrate and the interface between the silicon

and silicon oxide layer.

Use

The printhead modules can be used in any printing application, particularly
high speed, high performance printing. The modules are particularly useful in wide
format printing in which wide substrates are printed by long modules and/or multiple
modules arranged in arrays.

Referring back to FIGS. 1 to 1C, to maintain alignment among modules within
the printer, the faceplate 82 and the enclosure 86 are provided with respective
alignment features 85, 89. After attaching the module to the faceplate 82, the

alignment feature 85 is trimmed, e.g., with a YAG laser or dicing saw. The alignment
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feature is trimmed utilizing an optical positioner and the feature 85 is aligned with the
nozzle openings. The mating alignment features 89 on the enclosure 86 are aligned
with each other, again, utilizing laser trimming or dicing and optical alignment. The
alignment of the features is accurate to + 1 pm or better. The faceplate can be formed
of, e.g., liquid crystal polymer. Suitable dicing saws include wafer dicing saws e.g.
Model 250 Integrated Dicing Saw and CCD Optical Alignment System, from
Manufacturing Technology Incorporated, Ventura, CA.

The modules can be used in printers for offset printing replacement. The
modules can be used to selectively deposit glossy clear coats applied to printed
material or printing substrates. The printheads and modules can be used to dispense
or deposit various fluids, including non-image forming fluids. For example, three-
dimensional model pastes can be selectively deposited to build models. Biological
samples may be deposited on an analysis array.

Still further embodiments are in the following claims.
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WHAT IS CLAIMED IS:

1. A printhead, comprising

a monolithic semiconductor body having an upper face and a lower face, the
body defining a fluid path including a pumping chamber, a nozzle flow path, and a
nozzle opening, wherein the nozzle opening is defined in the lower face of the body
and the nozzle flow path includes an accelerator region, and

a piezoelectric actuator associated with the pumping chamber, the actuator

including a piezoelectric layer having a thickness of about 50 micron or less.

2. The printhead of claim 1 wherein the piezoelectric layer has a thickness

of about 25 micron or less.

3. The printhead of claim 1 wherein the piezoelectric layer has a thickness

of about 5 to 25 micron.

4.  The printhead of claim 1 wherein the density of the piezoelectric layer is

about 7.5 g/cm?3 or more.

5. The printhead claim 1 wherein the piezoelectric layer has a d,, coefficient

of about 200 or more.

6. The printhead of claim 1 wherein the piezoelectric layer has a surface

with an Ra of about 0.05 micron or less.

7. The printhead of claim 1 wherein the piezoelectric layer is composed of

pre-fired piezoelectric material.

8. The printhead of claim 1 wherein the semiconductor body defines a

filter/impedance feature.

9. The printhead of claim 8 wherein the filter/impedance feature defines a

plurality of flow openings in the fluid path.
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10. The printhead of claim 9 wherein the filter/impedance feature

comprises a plurality of projections in the flow path.

11. The printhead of claim 10 wherein the projections comprise posts.

12.  The printhead of claim 8 wherein the filter/impedance feature

comprises a plurality of apertures through a wall member.

13. The printhead of claim 8 wherein the filter/impedance feature is

upstream of the pumping chamber.

14. The printhead of claim 1 wherein the actuator includes an actuator

substrate attached to the semiconductor body.

15.  The printhead of claim 14 wherein the actuator substrate is attached to

the semiconductor body by an anodic bond.

16. The printhead of claim 15 wherein the actuator substrate is selected

from glass or silicon.

17.  The printhead of claim 16 wherein the actuator substrate is selected

from alumina, zirconia, or quartz.

18.  The printhead of claim 15 wherein the actuator substrate has a

thickness of about 50 micron or less.

19.  The printhead of claim 14 wherein the piezoelectric layer is attached to

the actuator substrate by organic adhesive.
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20. The printhead of claim 1 wherein the semiconductor body includes at
least one buried layer, the nozzle flow path includes a varying cross-section and the

buried layer is between the regions of different cross sections.

21.  The printhead of claim 20 wherein the pumping chamber is defined in

the upper face of said body.

22.  The printhead of claim 20 wherein the nozzle flow path includes a
descender region for directing fluid from the pumping chamber toward the lower face

and an accelerator region directing fluid from the descender region to the nozzle

opening.

23.  The printhead of claim 22 wherein the buried layer is at the junction of

the descender region and the accelerator region.

24.  The printhead of claim 22 wherein the cross-section of the accelerator

region is substantially constant.

25.  The printhead of claim 22 wherein the cross-section of the accelerator

region decreases toward the nozzle opening.

26.  The printhead of claim 22 wherein the ratio of the length of the

accelerator region to the nozzle opening cross-section is about 0.5 or more.

27.  The printhead of claim 26 wherein the ratio is about 1.0 or more.

28.  The printhead of claim 27 wherein the ratio is about 5.0 or less.

29.  The printhead of claim 1 wherein the accelerator region has a length

of about 10 to 75 micron.
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30.  The printhead of claim 1 wherein the nozzle opening has a cross-

section dimension of about 5 to 50 micron.

31. A printhead comprising:

a monolithic semiconductor body including a buried layer and having
an upper face and a lower face, the body defining a plurality of fluid paths, each fluid
path including a pumping chamber, a nozzle opening, and a nozzle path between the
pumping chamber and the nozzle opening, the nozzle path including an accelerator
region,

wherein the pumping chamber is defined in the upper face of the body,
the nozzle opening is defined in the lower face of the body, and the accelerator region
is defined between the nozzle opening and the buried layer, and

a piezoelectric actuator associated with the pumping chamber, the
actuator including a layer of piezoelectric material having a thickness of about 25

micron or less.

32. The printhead claim 31 wherein the piezoelectric layer has ad,,

coefficient of about 200 or more.

33.The printhead of claim 31 wherein the piezoelectric layer is composed of

pre-fired piezoelectric material.

34.  The printhead of claim 31 wherein the actuator includes an actuator

substrate bonded to the semiconductor body.

35.  The printhead of claim 31 wherein the semiconductor body defines a

filter/impedance feature comprising a plurality of projections in the flow path.

36.  The printhead of claim 31 wherein the filter/impedance feature is

upstream of the pumping chamber.
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37. A printhead comprising:
a monolithic semiconductor body defining a flow path and a

filter/impedance feature.

38.  The printhead of claim 37 wherein the filter/impedance feature defines

a plurality of flow openings.

39.  The printhead of claim 38 wherein the filter/impedance feature

comprises a plurality of projections.

40.  The printhead of claim 39 wherein the projections comprise posts.

41. The printhead of claim 39 wherein said feature comprises a plurality of

apertures in a partition.

42. The printhead of claim 39 wherein the cross-sectional dimension of the

flow openings is about 25 micron or less.

43. The printhead of claim 38 including a nozzle opening and wherein the
cross-sectional dimension of the flow openings are less than the cross-sectional

dimension of the nozzle opening.

44. The printhead of claim 43 wherein the semiconductor body defines a

nozzle opening.

45. A printhead comprising:
a filter/impedance feature comprising a semiconductor having a
plurality of flow openings wherein the cross-section of the openings is about 25

micron or less.

46. The printhead of claim 45 wherein the filter/impedance feature

comprises projections.
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47.  The printhead of claim 45 wherein the filter/impedance feature

comprises openings in a partition.

48. A printhead, comprising:

a semiconductor body defining a fluid flow path, a nozzle opening, and a
filter/impedance feature having a plurality of flow openings, wherein the cross-section
of the flow openings is less than the cross section of the nozzle opening and the sum

of the areas of the flow openings is greater than the area of the nozzle opening.

49. The printhead of claim 48 wherein the cross-section of the flow

openings is about 60% or less of the cross-section of the nozzle opening.

50.  The printhead of claim 49 wherein the sum of the area of the flow

openings is about 2 or more times the cross section of the nozzle opening.

51. The printhead of claim 50 wherein the flow openings are defined by

projections in the flow path.

52. A printhead comprising:

a monolithic semiconductor body having an upper face and a
substantially parallel lower face, the body defining a fluid path including an ink
supply path, a pumping chamber, and a nozzle opening, wherein the pumping
chamber is defined in the upper face and the nozzle opening is defined in the lower

face.

53. The printhead of claim 52 including a nozzle flow path between the

pumping chamber and the nozzle opening.
54. The printhead of claim 53 wherein the pumping chambers are defined
between substantially linear chamber sidewalls and said nozzle flow path is defined

along a substantially collinear extension of one of said side walls.
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55.  The printhead of claim 54 wherein said body defines a plurality of
pairs of flow paths, wherein the pairs of flow paths have adjacent nozzles and the

pumping chamber sidewalls are substantially collinear.

56.  The printhead of claim 55 wherein the nozzle flow paths in said pairs

of nozzles are interdigitated.

57.  The printhead of claim 56 wherein the nozzles in said plurality of pairs

define a substantially straight line.

58.  The printhead of claim 57 wherein the nozzle flow paths have a region
with long cross-section and a short cross-section and the short cross-section is

substantially parallel with the line of nozzle openings.

59.  The printhead of claim 52 wherein the semiconductor body defines a

filter/impedance feature.

60.  The printhead of claim 59 wherein the filter/impedance feature defines

a plurality of flow openings in the fluid path.

61. A printhead comprising:
a body including a flow path and,
a piezoelectric actuator having a pre-fired piezoelectric layer fixed to

the body and having a thickness of about 50 micron or less.

62.  The printhead of claim 61 wherein the piezoelectric layer is about 25

micron or less.

63. The printhead of claim 62 wherein the piezoelectric layer is bonded to

an actuator membrane.
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64. The printhead of claim 63 wherein the actuator membrane has a

thickness of about 25 micron or less.

65.  The printhead of claim 64 wherein the actuator membrane is silicon or

glass.

66.  The printhead of claim 61 wherein the piezoelectric layer has a surface

with an Ra of about 0.05 micron or less.

67.  The printhead of claim 61 wherein the piezoelectric layer is a

substantially planar body of piezoelectric material.

68. A printhead comprising:
a piezoelectric actuator including a piezoelectric layer having a surface with
anR_of about 0.05 micron or less, the actuator arranged to pressurize fluid in the

printhead.

69.  The printhead of claim 68 wherein the piezoelectric layer has a

thickness of about 50 micron or less.
70. A printhead comprising:
a piezoelectric actuator including a piezoelectric layer having a thickness of

about 50 micron or less and having at least one surface thereof including a void-filler

material.

71.  The printhead of claim 70 wherein the void-filler material is a

dielectric.

72.  The printhead of claim 71 wherein the dielectric is selected from

silicon oxide, silicon nitride, or aluminum oxide.
73.  The printhead of claim 70 wherein the void-filler material is ITO.
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74. A printhead, comprising
a monolithic body having an upper face and a lower face, the
body defining a fluid path including a pumping chamber, a nozzle flow path, and a
nozzle opening, wherein the nozzle opening is defined in the lower face of the body,

and

a piezoelectric actuator associated with the pumping chamber.

75.  The printhead of claim 74 wherein the body defines a

filter/impedance feature.

76.  The printhead of claim 75 wherein the filter/impedance features

defines a plurality of flow openings in the fluid path.

77.  The printhead of claim 76 wherein the filter/impedance feature

comprises a plurality of projections in the flow path.

78.  The printhead of claim 77 wherein the projections comprise

posts.

79.  The printhead of claim 75 wherein the filter/impedance feature

comprises a plurality of apertures through a wall member.

80.  The printhead of claim 75 wherein the filter/impedance feature

is upstream of the pumping chamber.

81.  The printhead of claim 74 wherein the body is an etchable

material.

82.  The printhead of claim 74 wherein the body is a semiconductor.

83. The printhead of claim 82 wherein the body is silicon.

37



10

15

20

25

WO 2004/005030 PCT/US2003/020730

84. A printhead comprising:
a monolithic body defining a flow path and a filter/impedance

feature.

85.  The printhead of claim 84 wherein the filter/impedance feature

defines a plurality of flow openings.

86.  The printhead of claim 85 wherein the filter/impedance feature

comprises a plurality of projections.

87. The printhead of claim 86 wherein the projections comprise

posts.

88.  The printhead of claim 87 wherein the cross-sectional

dimension of the openings is about 25 micron or less.

89. The printhead of claim 85 including a nozzle opening and
wherein the cross-sectional dimension of the flow openings are less than the cross-

sectional dimension of the nozzle opening.

90. The printhead of claim 85 wherein the flow path and

filter/impedance feature are defined in an etchable material.

91. The printhead of claim 90 wherein the etchable material is a

semiconductor.

92. The printhead of claim 91 wherein the etchable material is

silicon.
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