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(57) Abstract: A fluid ejection apparatus includes a plurality of fluid ejectors. Each fluid ejector includes a pumping chamber, and
an actuator configured to cause fluid to be ejected from the pumping chamber. The fluid ejection apparatus includes a feed channel
fluidically connected to each pumping chamber; and at least one compliant structure formed in a surface of the feed channel. The at

O least one compliant structure has a lower compliance than the surface of the feed channel.
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FLUID EJECTION BEVICES WITH REDUCED CROSSTALK
TECHNICAL FIELD
The present disclosure relates generally to fhud ejection devices.

BACKGROUND

In some fluid ejection devices, fluid droplets are ejected from one or more nozzles
onto a medium. The nozzles are fluidically connected to a fluid path that mcludes a fhud
pumping chamber. The flud pumping chamber can be actuated by an actuator, which causes
gjection of a flud droplet. The medium can be moved relative to the fluid gjection device.
The ejection of a fluid droplet from a particular nozzle i1s timed with the movement of the
medium to place a fluid droplet at a desired location on the medium. Ejecting fluid droplets
of uniform size and speed and in the same direction enables uniform deposition of fhud

droplets onto the medium.

SUMMARY

When an actuator of a fluid ejector 1s activated, a pressure fluctuation can propagate
from the pumping chamber into the connected inlet and outlet feed channels. This pressure
fluctuation can propagate into other fluid ejectors that are connected to the same mlet or
outlet feed channel. Thus fluidic crosstalk can adversely affect the print quality.

To mitigate the propagation of pressure fluctuations, compliant microstructures can
be formed in one or more surfaces of the inlet feed channel the outlet feed channel, or both.
The presence of compliant microstructures 1n a feed channel increases the compliance
available in the surfaces of the feed channel, attenuating the pressure fluctuations that occur
in that feed channel. In some examples, the compliant microstructures include recesses
formed in a bottom surface of the feed channel. A membrane covers the recesses and deflects
into the recesses responsive to an increase in pressure in the feed channel, thus attenuating
the pressure fluctuation. In some examples, the compliant microstructures include nozzle-like
structures formed in the bottom surface of the feed channel. When the pressure in the feed
channel increases, a meniscus at an outward facing opening of each nozzle-like structure can

attenuate the pressure fluctuation. The presence of such compliant microstructures can thus
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reduce fluidic crosstaltk among fluid ejectors connected to the same inlet or outlet feed
channel, thus stabilizing the drop size and velocity of the fluid ejected from each fhud
gjectors and enabling precise and accurate printing.

In a general aspect, a fluid ejection apparatus includes a plurality of fluid ejectors.
Each fluid ejector includes a pumping chamber, and an actuator configured to cause fluid to
be gjected from the pumping chamber. The fluid ejection apparatus includes a feed channel
fluidically connected to each pumping chamber; and at least one compliant structure formed
in a surface of the feed channel. The at least one comphliant structure has a lower compliance
than the surface of the feed channel

Embodiments can include one or more of the following features.

The at least one comphiant structure comprises multiple recesses formed in the surface
of the feed channel; and a membrane disposed over the recesses. In some cases, the
membrane seals the recesses. In some cases, the depth of each recess is less than the
thickness of the surface of the feed channel. In some cases, the membrane is configured to
deflect into the recesses responsive to an increase in fluid pressure in the feed channel In
some cases, the recesses are formed i one or more of a bottom wall or a top wall of the feed
channel. In some cases, the recesses are formed in a side wall of the feed channel

The at least one compliant structure comprises one or more dummy nozzles formed in
the surface of the feed channel. In some cases, each dummy nozzle includes a first opening
on an internal surface of the surface and a second opening on an external surface of the
surface. In some cases, a convex meniscus 18 formed at the second opening responsive to an
increase in fluid pressure in the feed channel In some cases, each fluid ejector includes a
nozzle formed in a nozzle layer, and wherein the dummy nozzles are formed in the nozzle
layer. In some cases, the dummy nozzles are substantially the same size as the nozzles.

Each fluid ejector includes a nozzle formed in a nozzle layer, and wherein the nozzle
layer comprises the surface of the feed channel.

Each fluid ejector includes an actuator and a nozzle, and wherein actuation of one of
the actuators causes fluid to be ejected from the corresponding nozzle. In some cases,
actuation of one of the actuators causes a change in fluid pressure in the feed channel, and
wherein the at least one compliant structure 1s configured to at least partially attenuate the

change i fluid pressure in the feed channel.
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In a general aspect, a method includes forming a plurality of nozzles in a nozzle layer;
forming at least one compliant structure in the nozzle layer, wherein the at least one
compliant structure has a lower comphliance than the nozzle layer; and attaching the nozzle
layer to a substrate comprising a plurality of fluid ejectors, each fluid ejector comprising a
pumping chamber and an actuator configured to cause fluid to be gjected from the pumping
chamber.

Embodiments can include one or more of the following features.

Forming at least one compliant structure in the nozzle layer comprises: forming a
plurality of recesses in the nozzle layer; and disposing a membrane over the recesses. In
some cases, disposing a membrane over the recesses comprises: depositing a membrane layer
over a top surface of the nozzle layer; and removing a portion of the mermbrane layer over
each nozzle.

Forming a plurality of nozzles comprises forming the plurality of nozzles in a first
layer, and wherein forming at least one compliant structure comprises: forming the at least
one comphiant structure in a second layer; and attaching the first layer to the second layer.

Forming at least one comphant structure in the nozzle layer comprises: forming the at
least one comphant stracture 1n a first layer; and attaching the first layer to a second layer
having the plurality of nozzles formed theremn, wherein the first layer and the second layer
together form the nozzle layer.

Forming at least one complhant structure in the nozzle layer comprises forming one or
more dummy nozzles in the nozzle layer.

In a general aspect, a method includes actuating a fluid ejector in a fluid gjection
apparatus. Actuation of the fluid ejector causes a change in fluid pressure in a feed channel
fluidically connected to the fluid ejector. The method includes deflecting a membrane into a
recess formed in a surface of the feed channel responsive to the change in thud pressure in
the feed channel.

Embodiments can include one or more of the following features.

Deflecting the membrane into the recess comprises reversibly deflecting the
membrane.

The approaches described here can have one or more of the following advantages.

The presence of compliant microstructures, such as recesses or dummy nozzles, in the
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surface of a feed channel can mitigate fluidic crosstalk among fhiid ejectors fluidically
connected to that feed channel. For mnstance, compliant microstructures can increase the
compliance available in the surfaces of a feed channel, thus allowing the energy from a
pressure fluctuation caused by the actuation of an actuator in a fluid ejector to be attenuated.
As a result, the effect of the pressure fluctuation on other fluid ejectors connected to that feed
channel can be reduced. By reducing fluidic crosstalk among fluid ejectors in a printhead, the
drop size and velocity of the fluid ejected from the fluid ejectors can be stabilized, thus
enabling precise and accurate printing.

The details of one or more embodiments are set forth 1n the accompanying drawings
and the description below. Other features, aspects, and advantages will become apparent

from the description, the drawings, and the claums.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross sectional view of a printhead.

FIG. 2 15 a cross sectional view of g portion of a printhead.

FIG. 3 1s a cross sectional view of a fluid ejector.

FIG. 4A 1s a cross sectional view of a portion of the printhead taken along line B-B in
Fig 2.

FIG. 4B 15 a cross sectional view of a portion of the printhead taken along line C-C in
Fig 2.

FIGS. 5A and 5B are a top view and a side view, respectively, of a feed channel with
recesses.

FIGS. 6A-6F are diagrams of an approach to fabricating fhud ejectors having
recesses.

FIG. 7 1s a flowchart.

FIGS. BA-8F are diagrams of an approach to fabricating fluid ejectors having
recesses.

FIG. 9 is a flowchart.

FIG. 10 1s a cross sectional view of a fluid ejector having side wall compliant
microstructures.

FIG. 11 1s a side view of a feed channel with dummy nozzles.
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FIG. 12 1s a diagram of an approach to fabricating fluid ejectors having dummy
nozzles.
Like reference numbers and designations in the various drawings indicate hike

elements.

DETAILED DESCRIPTION

Referring to Fig. 1, a printhead 100 can be used for gjecting droplets of fluid, such as
ink, biological liquids, polymers, liquids for forming electronic components, or other types of
fluid, onto a surface. The printhead 100 includes a casing 410 with an nterior volume that is
divided into a fluid supply chamber 432 and a fluid return chamber 436, e.g | by an upper
divider 530 and a lower divider 440.

The bottom of the fluid supply chamber 432 and the fluid return chamber 436 1s
defined by the top surface of an interposer assembly. The interposer assembly can be
attached to a lower printhead casing 410, such as by bonding, friction, or another mechanism
of attachment. The interposer assembly can include an upper mterposer 420 and a lower
mterposer 430 positioned between the upper interposer 420 and a substrate 110

The upper interposer 420 includes a fluid supply inlet 422 and a fluid return outlet
428 For instance, the fluid supply inlet 422 and fluid return outlet 428 can be formed as
apertures in the upper interposer 420. A flow path 474 15 formed in the upper interposer 420,
the lower interposer 430, and the substrate 110. Fluid can flow along the flow path 474 from
the supply chamber 432 into the floid supply inlet 422 and to one or more fluid ejection
devices {described in greater detail below) for ejection from the printhead 100. Fluid can also
flow along the flow path 474 from one or more fluid gjection devices into the fluid return
outlet 428 and mto the return chamber 436, In Fig. 1, a single flow path 474 1s shownas a
straight passage for illustrative purposes; however, the printhead 100 can include multiple
flow paths 474, and the flow paths 474 are not necessarily straight.

Referring to Figs. 2 and 3, the substrate 110 can be a monolithic semiconductor body,
such as a silicon substrate. Passages through the substrate 110 define a flow path for fluid
through the substrate 110. In particular, a substrate inlet 12 receives fhud from the supply
chamber 432, extends through a membrane 66 {discussed in more detail below), and supphies
fluid to one or more inlet feed channels 14. Each inlet feed channel 14 supplies fluid to

multiple fluid ejectors 150 through a corresponding inlet passage (not shown). For simplicity,
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only one fluid ejector 150 1s shown in Figs. 2 and 3. Each fluid ejector includes a nozzle 22
formed 1n a nozzle laver 11 that s disposed on a bottom surface of the substrate 110. In some
examples, the nozzle laver 11 is an integral part of the substrate 110; i some examples, the
nozzle layer 11 15 a layer that 1s deposited onto the surface of the substrate 110. Flind can be
selectively ejected from the nozzle 22 of one or more of the fluid ejectors 150 to print onto a
surface.

Fluid flows through each fluid ejector 150 along an ejector flow path 475. The ejector
flow path 475 can include a pumping chamber inlet passage 17, a pumping chamber 18 a
descender 20, and an outlet passage 26. The pumping chamber inlet passage 17 flmdically
connects the pumping chamber 18 to the inlet feed channel 14 and can include, e.g., an
ascender 16 and a pumping chamber inlet 15, The descender 20 1s fluidically connectedto a
corresponding nozzle 22, An outlet passage 26 connects the descender 20 to an outlet feed
channel 28, which s in fluidic connection with the return chamber 436 through a substrate
outlet (not shown).

In the example of Figs. 2 and 3, passages such as the substrate mnlet 12, the inlet feed
channel 14, and the outlet feed chanvel 28 are shown in a common plane. In some examples
{e.g., in the examples of Figs. 3A and 3B), one or more of the substrate miet 12, the mlet feed
channel 14, and the outlet feed channel 28 are not in a common plane with the other
passages.

Referring to Figs. 4A and 4B, the substrate 110 includes multiple mlet feed channels
14 formed therein and extending parallel with one another. Each nlet feed channel 14 15 in
fldic communication with at least one substrate inlet 12 that extends perpendicular to the
inlet feed channels 14. The substrate 110 also includes multiple outlet feed channels 28
formed therein and extending parallel with one another. Each outlet feed channel 28 15 1in
fluidic communication with at least one substrate outlet (not shown) that extends
perpendicular to the outlet feed channels 28. In some examples, the inlet feed channels 14
and the outlet feed channels 28 are arranged in alternating rows.

The substrate includes multiple fluid ejectors 150, Fluid flows through each fluid
ejector 150 along a corresponding ejector flow paths 475, which mncludes an ascender 16, a
pumping chamber inlet 15, a pumping chamber 18, and a descender 20. Each ascender 16 1s

fluidically connected to one of the inlet feed channels 14. Each ascender 16 15 also fluidically
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connected to the corresponding pumping chamber 18 through the pumping chamber inlet 15.
The pumping chamber 18 is thndically connected to the corresponding descender 26, which
leads to the associated nozzle 22, Each descender 20 is also connected to one of the outlet
feed channels 28 through the corresponding outlet passage 26. For instance, the cross-
sectional view of fluid ejector of Fig. 3 is taken along line 2-2 of Fig. 4A

The particular flow path configuration described here is an example of a flow path
configuration. The approaches described here can also be used in other flow path
configurations.

In some examples, the printhead 100 includes multiple nozzles 22 arranged 1n parallel
columns 23. The nozzles 22 in a given column 23 can be all fluidically connected to the same
mlet feed channel 14 and the same outlet feed channel 28. That 1s, for instance, all of the
ascenders 16 1n a given column can be connected to the same inlet feed channel 14 and all of
the descenders in a given column can be connected to the same outlet feed channel 28.

In some examples, nozzles 22 i adjacent columns can all be fluidically connected to
the same inlet feed channel 14 or the same outlet feed channel 28, but not both. For instance,
in the example of Fig. 4A, each nozzle 22 in column 23a 1s flnidically connected to the mlet
feed channel 14a and to the cutlet feed channel 28a. The nozzles 22 in the adjacent column
23b are also connected to the inlet feed channel 14a but are connected to the outlet feed
channel 28b. In some examples, columns of nozzles 22 can be connected to the same inlet
feed channel 14 or the same outlet feed channel 28 1n an alternating pattern. Further details
about the printhead 100 can be found i U.S. Patent No. 7,566,118, the contents of which are
incorporated herein by reference in their entirety.

Referring again to Fig. 2, each fluid ejector 150 includes a corresponding actuator 30,
such as a piezoelectric transducer or a resistive heater. The pumping chamber 18 of each
fluid ejector 150 is 1n close proximity to the corresponding actuator 30. Each actuator 30 can
be selectively actuated to pressurize the corresponding pumping chamber 18, thus ejecting
fluid from the nozzle 22 that is connected to the pressurized pumping chamber.

In some examples, the actuator 30 can include a piezoelectric layer 31, suchasa
layer of lead zirconium titanate (PZT). The piezoelectric layer 31 can have a thickness of
about 50 um or less, e.g., about 1 um to about 25 ym, e.g., about 2 um to about 5 um. In the

example of Fig. 2, the piezoelectric layer 31 15 continuous. In some examples, the
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piezoelectric layer 31 can be made discontinuous, e.g., by an etching or sawing step during
fabrication. The piezoelectric laver 31 1s sandwiched between a drive electrode 64 and a
ground electrode 65. The drive electrode 64 and the ground electrode 65 can be metal, such
as copper, gold, tungsten, mdium-tin-oxide (1TO), titanium, platinum, or a combination of
metals. The thickness of the drive electrode 64 and the ground electrode 65 can be, e g,
about 2 um or less, e g, about 0.5 pm.

A membrane 60 1s disposed between the actuator 30 and the pumping chamber 18 and
isolates the ground electrode 65 from fluid in the pumping chamber 18, In some examples,
the membrane 66 is a separate layer; in some examples, the membrane 1s unitary with the
substrate 110. In some examples, the actuator 30 does not include a membrane 66, and the
ground electrode 65 s formed on the back side of the piezoelectric layer 31 such that the
mezoelectric layer 31 1s directly exposed to fluid in the pumping chamber 18,

To actuate the piezoelectric actuator 30, an electrical voliage can be applied between
the drive electrode 64 and the ground electrode 65 to apply a voltage to the piezoelectric
layer 31. The applied voltage causes the piezoelectric laver 31 to deflect, which in turn
causes the membrane 66 to deflect. The deflection of the membrane 66 causes a change in
volume of the pumping chamber 18, producing a pressure pulse (also referred to as a finng
pulse) in the pumping chamber 18. The pressure pulse propagates through the descender 20
to the corresponding nozzle 22, thus causing a droplet of fluid to be ejected from the nozzle
22,

The membrane 66 can formed of a single layer of silicon {e.g., single crystatline
silicon}, another semiconductor material, one or more layers of oxide, such as aluminum
oxide {Al02} or zirconium oxide (Zr0O2), glass, alominum nitride, silicon carbide, other
ceramics or metals, silicon-on-insulator, or other materials. For instance, the membrane 66
can be formed of an inert material that has a compliance such that the actuation of the
actuator 30 causes flexure of the membrane 66 sufficient to cause a droplet of fluid to be
ejected. In some examples, the membrane 66 can be secured to the actuator 30 with an
adhesive layer 67. In some examples, two or more of the substrate 110, the nozzle layer 11,
and the membrane 66 can be formed as a unitary body.

In some cases, when the actuator 30 of one of the fluid ejectors 150 1s actuated, a

pressure fluctuation can propagate through the ascender 16 of the fluid gjector 150 and into
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the inlet feed channel 14, Likewise, energy from the pressure fluctuation can also propagate
through the descender 20 of the fluid gjector 150 and into the cutlet feed channel 28. In some
cases, this application refers to the inlet feed channel 14 and the outlet feed channel 28
generally as a feed channel 14, 28, Pressure fluctuations can thus develop in one or more of
the feed channels 14, 28, that are connected to an actuated flund gjector 150. In some cases,
these pressure fluctuations can propagate into the ejector flow paths 475 of other flud
ejectors 150 that are connected to the same feed channel 14, 28. These pressure fluctuations
can adversely affect the drop volume and/or the drop velocity of drops ejected from those
fluid ejectors 150, degrading print quality. For mstance, vanations in drop volume can cause
the amount of fluid that s ejected to vary, and variations in drop velocity can cause the
location where the ejected drop 1s deposited onto the printing surface to vary. The
imducement of pressure fluctuations in fluid ejectors 1s referred to as fluidic crosstalk.

In some examples, fluidic crosstalk can be caused by slow dissipation of the pressure
fluctuations in the feed channels 14, 28. In some examples, fluidic crosstalk can be caused by
standing waves that develop in the feed channels 14, 28 For instance, a pressure fluctuation
that propagates into a feed channel 14, 28 when the actuator 30 of one of the fluid gjectors
150 1s actuated can develop mto a standing wave. When fluid ejection occurs at a frequency
that reinforces the standing wave, the standing wave m the feed channel 14, 28 can cause
pressure oscillations to propagate into the gjector flow paths 475 of other fluid ejectors 150
connected to the same feed channel 14, 28, causing fhudic crosstalk among those flud
gjectors 150,

Fluidic crosstalk can also be caused by a sudden change in thud flow through the feed
channels 14, 2&. In general, when a fluid in motion 1n a flow channel 15 forced to stop or
change direction suddenly, a pressure wave can propagate in the flow channel (sometimes
referred to as the “water hammer” effect}. For instance, when one or more thid ejectors 150
connected to the same feed channel 14, 28 are suddenly turned off, the water hammer effect
causes a pressure wave to propagate into the flow channel 14, 28. That pressure wave can
further propagate into the ejector flow paths 475 of other fluid gjectors 150 that are
connected to the same feed channel 14, 28, causing fluidic crosstalk among those fluid

gjectors 150.

O
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Fluidic crosstalk can be reduce by providing greater compliance in the fluid gjectors
to attenuate the pressure fluctuations. By increasing the comphiance available in the fluid
gjectors, the energy from a pressure fluctuation generated in one of the fluid ejectors can be
attenuated, thus reducing the effect of the pressure fluctuation on the neighboring fluid
ejectors.

Compliance in a fluid ejector and its associated tluid flow passages is available in the
fluid, the meniscus at the nozzle, and the surfaces of the fluid flow passages (e.g, the inlet
feed channel 14, the pumping chamber inlet passage 17, the descender 20, the outlet passage
26, the outlet feed channel 28, and other fluid flow passages).

The comphliance of the fluid in the feed channel is given by

v

B

where V is the volume of the fluid in the feed channel and B 15 the bulk modulus of the flud.

Crivia =

The compliance of a single meniscus is given by

4

c wr
“INENISCUS 3¢

where 1 1s the radius of the meniscus and o 1s the surface tension.
The comphiance of a rectangular surface (such as a surface of the inlet or outlet feed
channel) 13 given by (for fixed end conditions)

1wt

Lwall = T
well ™ 60 Ft,, 3

where |, w, and tw are the length, width, and thickness of the surface, respectively. Each
surface of the inlet and outlet feed channels has some compliance. In some fluid ejectors, the
most compliant surface of the feed channel is the bottom surface formed by the silicon nozzle
layer 11.

In one specific example, a printhead has a feed channel (e.g., an inlet feed channel 14
or an outlet feed channel 28) that serves 16 fluid gjectors (hence there are 16 menisci
assoctated with the feed channel). The feed channel has a width of 0.39 mm, a depth of 0.27
mm, and a length of 6 mm. The thickness of the silicon nozzle layer 11 s 30 um and the
modulus of the nozzle laver 15 186E9 Pa. The radius of each meniscus 15 7 um. A typical bulk
modulus for a water-based inks is about B = 2E9 Pa and a typical surface tension 15 about

0.035 N/m.

10
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For this example, the compliance of the fhind in the feed channel, the 16 meniscy, and
the nozzle layer in the feed channel are given in Table 1. Notably, the nozzle layer in the feed

channel has the lowest compliance.

Compliance (m'/Pa)
Fluid 316E-21
Menisc 115818
Nozzle layer 180E-21

Table 1. Compliance values for the fluid in the feed channel, the menisci of the 16 nozzles fed by
the feed channel, and the nozzle layer of the feed channel.

Increasing the compliance 1n a fluid ejector 150 and its associated fluid flow passages
can help to mitigated fluidic crosstalk among fluid ejectors 150. By increasing the avatlable
compliance, the propagation of a pressure fluctuation from a particular fluid ejector 150t a
neighboring fluid ejector 150 can be attenuated within the fluid ejector 150s or the inlet
and/or outlet feed channels 14, 28 to which the fluid ejector 150 15 connected, thus reducing
the effect of that pressure fluctuation on other fluid ejectors 150. For instance, the
comphance of a feed channel 14, 28 can be mcreased to mitigate fluidic crosstalk among
fluid ejectors 150 connected to that feed channel 14, 28

Referring again to Fig. 3, comphance can be added to the inlet feed channel 14, the
outlet feed channel 28, or both, by forming compliant microstructures 50 on one or more
surfaces of the mnlet feed channel 14 and/or the outlet feed channel 28. For instance, in the
example of Fig. 3, compliant microstructures 50 are formed in a bottom surface 52 of the
et feed channel 14 and a botiom surface 54 of the outlet feed channel. In this example, the
bottom surfaces 52, 54 are formed by the nozzle layer 11. The additional compliance
provided by the compliant microstructures 50 in a feed channel 14, 28 attenuates the energy
from a pressure fluctuation i a particular fluid ejector 150 that s connected to that feed
chamnel 14, 28. As a result, the effect of that pressure fluctuation on other fluid gjectors 150
conmected to that same feed channel 14, 28 can be reduced.

Referring to Figs. 5A and 5B, i some embodiments, the compliant microstructures
50 formed n the nozzle laver 11 of the 1nlet feed channel 14 and/or the outlet feed channel
28 can be recesses S00 covered by a thin membrane 502, The membrane 502 is disposed over

the recesses 500 such that an inner surface 504 of the nozzle layer 11 facing into the feed

11
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channel 14, 28 is substantially flat. In some cases, ¢.g., when a vacuum is present in the
recess 500, the membrane 502 can be slightly deflected into the recess 500, In some
examples, the recesses 500 can be formed in the nozzle layer 11, which we also refer to as
the bottom wall of the inlet or cutlet feed channel 14, 28 In some examples, the recesses 500
can be formed i a top wall of the inlet or outlet feed channel, which is the wall opposite the
hottom wall. In some examples, the recesses 500 can be formed in one or more side walls of
the inlet or outlet feed channel 14, 28, which are the walls that intersect the top and bottom
walls.

When a pressure fluctuation propagates into the feed channel 14, 28, the membrane
502 can deflect into the recesses, attenuating the pressure fluctuation and mitigating fluidic
crosstalk among neighboring fluid ejectors 150 connected to that feed channel 14, 28. The
deflection of the membrane 302 is reversible such that when the fluid pressure in the feed
channel 14, 28 1s reduced, the membrane 302 returns to its original configuration.

The recesses 500 can have a lateral dimension (e g., a radius) of between about 50 pm
and about 150 pm, e.g., about 100 um. For instance, the lateral dimension of the recesses 500
can be between about 10% and about 75% of the width of the feed channel surface, e.g.,
about 30% of the width of the feed channel surface. The recesses S00 can have a depth of
between about 5 um and about 15 um, e.g., about 6-10 pm. The recesses 500 can be provided
at a density of between about 10 recesses/mm? and about 50 recesses/mm?, e.g., about 20
recesses/mm’. In the example of Figs. 5A and 5B, the recesses 500 are circular. In some
examples, the recesses 500 can be other shapes, such as ovals, ellipses, or other shapes. For
instance, the recesses 500 can be shaped such that there are no sharp corners where
mechanical stresses can be concentrated. The recesses 500 can be positioned in ordered
arrays, €.9., rows and columns, although this is not necessary. For example, the recesses 500
can be randomly distributed.

In some examples, the membrane 502 can be formed of silicon. In some examples,
the membrane 502 can be formed of an oxide, such as 8510, In some examples, the
membrane 502 can be formed of a metal, e g, a sputtered metal layer. In general, the
membrane 502 is thin enough to be able to deflect responsive to pressure fluctuations in the
feed channel 14, 28. In addition, the membrane 502 1s thick enough to be durable. The

overall elastic modulus of the membrane 502 should be sufficient that the membrane will not
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deflect all the way to the bottom 506 of the recesses 500 under expected pressure fluctuations
in pperation, as otherwise the membrane 502 could break or bond to the bottom 506 of the
recesses S00. For mnstance, the membrane can have a thickness of between about 0.5 um and
about S um, e.g., about 1 pm, about 2 um, or about 3 pm.

The presence of multiple recesses 500 in each feed channel 14, 28 can help to ensure
that the compliance of the nozzle layer 11 in the feed channel 14, 28 can be reduced even if
one or more membranes S02 fail (e.g., by breaking or bonding to the botiom 506 of a recess
500).

The membrane 502 can seal the recesses 500 against fluids, such as hquids (e.g., ink)
and gases {e.g., air). In some examples, the recesses 500 are vented during fabrication and
then sealed such that a desired pressure 15 achieved in the recesses, e.g., atmospheric pressure
{(atm), 1/2 atm, or another pressure. In some examples, the recesses 300 are not vented such
that there 1s a vacuurn in the recesses. The existence of a vacuum in the recesses 500 can
mcrease the stress on the membrane 502 and can reduce the added comphance provided by
the recesses S00.

The compliance of the nozzle layer 11 in the feed channel, including the 48 recesses,
can be calculated by

wa’
192D

where N 1s the number of recesses and a 15 the radius of each recess. D is given by

C=N

TS
where E is the modulus of the mermbrane, tm 18 the thickness of the membrane, and v 15 the
Poisson’s ratio of the membrane.

The center deflection of the membranes can be calculated by
qa’*

Ye = —700

64D

where g is the design pressure load of the membrane. This center deflection expression
applies in cases in which the deflections are small, e g, for a deflection of up to about 5% of
the thickness of the membrane. In some examples, greater deflections can deviate from this
expression. For instance, an example membrane 502 that 1s 2 pm thick deflects 3.2 ym and s

3.5 umes stiffer than predicted by this expression.
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The tensile stress in the membrane 502 can be calculated by
!
o= 0.75:1(?)‘

In one specific example, 48 recesses of 100 pm radius are formed in the nozzle layer
11 1n a feed channel 14, 28 having the dimensions and modulus given above. The membrane
502 covering the recesses is formed of $10: thermal oxide and has a thickness of 2.0 ym, a
modulus of 75E9 Pa, and a Poisson’s ratio of 0.17. The recesses 500 are unvented. The
design pressure load q is set to 150000 Pa, to account for 1 atm for the vacuum in the
recesses and 0.5 atm for the purge pressure of the feed channel.

For this example, the compliance of the nozzle layer 11, the center deflection of the
membrane 502, and the tensile stress in the membrane 502 are given in the first column
Table 2. Notably, the presence of the 48 recesses increased the compliance of the nozzle
layer by a factor of about nine relative to the nozzle layer without recesses {discussed above

and in Table 1).

Compliant membrane | Standard membrane
Compliance C 15.3E-18 m*/Pa 6.1E-18 m"/Pa
Center deflection ye -4.6 um -2.5 um
Tensile stress ¢ 281E6 Pa 264E6 Pa

Table 2. Compliance of a nozzle Iayer in the feed channel, center deflection of the membrane,
and tensile stress in the membrane.

In some cases, the membrane 502 1s deposited under compressive stress, which can
merease the center deflection ve beyond that given in Table 2. For instance, the center
deflection of the membrane 502 can become more than half the thickness of the membrane,
In these situations, the stiffness of the membrane 1s increased and the stress for a given load
is less {described in greater detatl in section 11.11 of Roark’s Formulas for Stress and Strain,
7% edition, the contents of which are incorporated herein by reference in their entirety). For
mstance, 10 the example given above, the center deflection of the membrane s 2.3 times the
thickness of the membrane. Thus, the stiffness of the membrane 13 increased by a factor of
2.5. The compliance, center deflection, and tensile stress taking this increased stiffness into
account are given in the second column of Table 2. The compliance of the nozzle layer with

recesses 15 still mncreased by a factor of 3.5 relative to the nozzle layer without recesses.
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These calculations show that the presence of recesses 500 in the nozzle layer 11 can
significantly increase the comphiance of the nozzle layer 11. A nozzle layer 11 having such
recesses SO0 can thus attenuate a pressure fluctuation in a feed channel 14, 28 more
effectively than a flat nozzle laver 11, nutigating fluidic crosstalk among fluid ejectors 150
connected to that feed channel 14, 28

Figs. 6A-6F show one approach to fabricating fluid ejectors 150 having recesses 500
formed in the nozzle layer 11, Referring to Figs. 6A and 7, a nozzle wafer 60 (e.g,, a stlicon
wafer) includes the nozzle layer 11 (e.g., a silicon nozzle layer), an etch stop layer 62 {e. g,
an oxide or nitride etch stop layer, such as 510 or S13N4), and a handle layer 64 (e g, a
silicon handle layer). In some examples, the nozzle wafer 60 does not include the etch stop
layer 62. In some examples, the nozzle wafer 80 15 a silicon-on~insulator (SOI} water and the
msulator layer of the SOI wafer acts as the etch stop layer 84

Openings that will provide the nozzles 22 are formed through the nozzle laver 11
(700}, e.g., using standard microfabrication technuques including lithography and etching,

Recesses 500 that extend partially, but not entirely, through the nozzle layer 11 are
also formed (702), e.g., using standard microfabrication techniques including hthography and
etching. For mstance, a first fayer of resist can be deposited onto the unpatterned nozzle layer
11 and Iithographically patterned. The nozzle layer 11 can be etched, e.g., with a deep
reactive ion etch (BRIE), to form the nozzles 22, The first laver of resist can be stripped, and
a second layer of resist can then be deposited onto the nozzie layer 11 and bithographically
patterned. The nozzle layer 11 can be etched according to the patterned resist to form the
recesses 500, e.g., using a wet etch or dry etch.

Referring to Figs. 6B and 7, a second wafer 68 having a handle layer 69 and a
membrane layer 70, that will provide the membrane 502 15 bonded to the nozzle water 60. In
particular, the membrane layer 70 is bonded to the nozzle layer 11 of the nozzle wafer 60
(704}, e.g., using thermal bonding or another wafer bonding technique. The layer membrane
70 can be an oxide {e.g., S1{}: thermal oxide}.)

Referring to Figs. 6C and 7, the handle laver 69 is removed (706}, e.g., by grinding
and polishing, wet etching, plasma etching, or another removal process, leaving only the
membrane layer 70. Referring to Figs. 6D and 7, the membrane layer 70 is masked and

etched, e g., using standard microfabrication technigues including lithography and etching, to

et
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expose the nozzles 22 (708). The portions of the membrane iayer 70 that remain form the
membrane 502 over the recesses 500.

The patterned nozzle wafer 60 having nozzles 22 and recesses 500 formed therein can
be further processed, e.g., as described in U.S. Patent No. 7,566,118, the contents of which
are incorporated herein by reference in their entirety, to form the fluid ejectors 130 of the
printhead 100 Referring to Figs. 6F and 7, in some examples, a top face 74 of the patterned
nozzle wafer 60 can be bonded to a flow path wafer 76 (710} having flow passages such as
descenders 20 and other flow passages (not shown), actuators (not shown), and other
elements formed therein. For instance, the top face 74 of the nozzle wafer 60 can be bonded
to the flow path wafer 76 using using low-temperature bonding, such as bonding with an
epoxy (e g., benzocyclobutene (BCB)) or using low-temperature plasma activated bonding.

Referring to Figs. 6F and 7, the handle layer 64 can then be removed (712}, e.g., by
grinding and polishing, wet etching, plasma etching, or another removal process. The etch
stop layer 62, if present, s etther removed (as shown in Fig. 6F) or masked and etched, e.g,
using standard mucrofabrication techniques including hithography and etching, 1o expose the
nozzles (714).

In some examples, a thick nozzle wafer 60 can be used (e.g., 30 um, 50 wm, or 100
um thick}). The use of a thick nozzle wafer runimuzes the nisk that the nozzle fabrication
process will thin the nozzle wafer to an extent that the nozzle wafer is weakened.

Figs. 8A-8D show another approach to fabricating fhuid ejectors 150 having recesses
300 m the nozzle layer. Referring to Figs. 8A and 9, a nozzle wafer 80 {e.g., a silicon wafer)
includes a nozzle sublayer 82 (e.g., a silicon nozzle sublayer), an etch stop laver 84 (e.g., an
oxide or nitride etch stop layer, such as 8102 or S13N4), and a handle layer 86 {(&.g., a silicon
handle layer). In some examples, the nozzle wafer 80 does not include the etch stop layer 84.
In some examples, the nozzle wafer 80 is a silicon-on-insuiator {SOI) water and the insulator
layer of the SOI wafer acts as the etch stop layer 84.

Openings that will provide the nozzles 22 are formed through the nozzle sublayer 82
(900}, e.g., using standard microfabrication techniques including lithography and etching.

Referring to Figs. 8B and 9, a second wafer 86 includes a top layer 88, an etch stop
layer 90 {e.g., an oxide or nitride etch stop layer, such as S102 or Si13N4}, and a handle layer

of silicon 92. The top layer 88 can be formed of the same material as the nozzle sublayer 82
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(e.g., stlicon}. Recesses 500 are etched into, e.g., through, the top layer 88 of the SOI wafer
86 (902), e.g., using standard microfabrication techniques including lithography and etching.
In some examples, the second wafer 86 1s an SOI wafer and the insulator layer of the SOI
wafer acts as the etch stop layer 90.

Referring to Figs. 8C and 9, the SOI water 86 1s bonded to the nozzle wafer 80 {(904),
e.g., using thermal bonding or another wafer bonding technique, such that the top layer 88 of
the SOI wafer 86 1s in contact with the nozzle sublayer 82 of the nozzle wafer 80. The
recesses 500 and nozzles 22 are aligned, e.g., by uttlizing bond alignment targets (not shown)
fabricated on the SOF wafer 86 and the nozzle wafer 80. For instance, the alignment targets
can include alignment indicators, such as verniers, to show the amount of misalignment
between the SOT wafer 86 and the nozzle wafer 80. In some examples, the SOI wafer 86 and
the nozzle wafer 80 are aligned with an alignment tool that utilizes cameras, such as infrared
cameras, to view the alignment targets through the silicon wafers.

Referring to Figs. 8D and 9, the handle laver 92 of the SOI wafer 86 is removed
(906), e.g., by grinding and polishing, wet etching, plasma etching, or another removal
process. Referring to Figs. 8F and 9, the msulator layer 90 and top laver 88 are masked and
etched, e.g., using standard microfabrication techmigques including hithography and etching, to
expose the nozzles 22 (908). The mnsulator layer 88 that remains forms the membrane 502
over the recesses 500,

In the approach of Figs. 8A-8E, the nozzle sublayer 82 and the top layer 88 together
form the nozzle layer 11. The patterned nozzle wafer 80 can be further processed to form the
fluid ejectors 150 of the printhead (910), e.g., as shown in Figs. 6F and 6F and as described
in U.8. Patent No. 7,566,118, the contents of which are incorporated herein by reference in
their entirety.

Referring to Fig. 8BF, in some examples, the recesses 500 can be vented such that the
air in the recesses 1s at atmospheric pressure. To fabricate vented recesses, straight bore vents
95 are etched into the nozzle sublayer 82 of the nozzle wafer 80 prior to bonding the nozzle
water 80 with the SO wafer 86. The vents 95 are etched through the thickness of the nozzle
sublayer 82 and to the etch stop layer 84. The straight bore vents 95 are positioned such that
the vents 95 will align with the recesses 500 when the nozzle wafer 80 is bonded with the

SOTI water 86. When the nozzles 22 are opened by removal of the handle layer 86 and the
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etch stop layer 84, the vents 95 will be open to the atmosphere, thus venting the interior
space of the recesses 500.

Referring to Fig. 10, in some examples, compliant microstructures can be added to
the side walls 172, 174 of the inlet feed channel 14 and/or the outlet feed channel 28. For
instance, one or more recess slots 170 can be formed adjacent to one or hoth side walls 172,

74, leaving a side wall membrane 176 between the recess slots 170 and the interior of the
feed channel 28. The side wall membrane 176 can deflect into the recess slots 170 in
response to a pressure fluctuation to atienuate the pressure in the feed channel 14, 28 In
some examples, the recess siots 170 can be formed by a DRIE vertical etch of the substrate
110 prior to bonding the nozzle laver 11 to the substrate 110, In some examples, the recess
slots 170 can be formed using an anisotropic etch or a DRIE etch that 1s tapered outwards,
where the etch is stopped by an etch stop layer, such as a thermal oxide grown on the side
walls 172, 174.

Referring to Fig. 11, in some embodiments, the comphiant microstructures 50 (Fig. 3)
formed in the nozzle layer 11 of the inlet feed channel 14 and/or the outlet feed channel 28
can be nozzle-like structures 120, which this application sometimes refers to as dummy
nozzies 120, {For clarity, we sometimes refer to the nozzles 22 of the fluid ejectors 150 as
firing nozzles.) The dummy nozzles 120 are located in the feed channels 14, 28, and are not
directly connected to or associated with any mdividual fluid ejector 150 and do not have
corresponding actuators. The fhuid pressure 1o the feed channels 14, 28 1s generally not high
enough to cause fhud to be ejected from the dummy nozzles 120 during normal operation.
For instance, the fluid gjector 150 can operate at an ejection pressure of a few atmospheres
{e.g., about 1-10 atm} and a threshold pressure for gjection can be about half of the operating
pressure.

The dummy nozzles 120 extend through the entire thickness of the nozzle layer 11
and provide a free surface that increases the compliance of the nozzle layver 11. Each dummy
nozzle 120 includes an inward facing opening 122 on an internal surface 124 of the nozzie
layer 11 and an outward facing opening 126 on an external surface 128 of the nozzle layer 11
{(e.g., the surface that faces toward the printing surface). A meniscus 130 of fluid 1s formed at
the outward facing opening 126 of each dummy nozzle 120 (shown for only one dummy

nozzie 120 in Fig. 11). In some examples, the feed channel 14, 28 is negatively pressurized
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such that, in the absence of a pressure fluctuation, the meniscus 130 is drawn inward from the
opening 126 {e.g., a concave meniscus). When a pressure fluctuation propagates into the feed
channel 14, 28, the meniscus 130 bulges out (e.g., a convex meniscus), attenuating the
pressure fluctuation and mitigating fluidic crosstalk among neighboring fluid ejectors 150
connected to that feed channel 14, 28

In some examples, the dummy nozzles 120 are similar in size and/or shape to the
firing nozzles 22. For instance, the dummy nozzles 120 can be a generally cylindrical path of
constant diameter, in which the inward facing opening 122 and the outward facing opening
126 have the same dimension. The dummy nozzles 120 can be a tapered, conically shaped
path extending from a larger inward facing opening 122 to a smaller outward facing opening
126. The dummy nozzles 120 can include a curvilinear quadratic shaped path extending from
a larger mward facing opening 122 to a smaller outward facing opening 126. The dummy
nozzles 120 can include multiple cylindrical regions of progressively smaller diameter
toward the outward facing opening 126,

When the dummy nozzles 120 are similar in size to the firing nozzles 22, the bubble
pressure of the dumimy nozzles 120 and the firing nozzles 22 is also similar. However,
because the fhud pressure is generally lower 1n the feed chanunels 14, 28 than in the fluid
gjectors 150, fluid can be gjected from the firing nozzles 22 without causing accidental
discharge through the dummy nozzles 120. In some examples, the dummy nozzles 120 can
have a different size than the firmg nozzles 22.

In some examples, the ratio of the thickness of the dummy nozzles 120 {(e.g., the
thickness of the nozzle layer 11) and the diameter of the outward facing opening 128 can be
about (0.5 or greater, e.g., about 1 to 4, or about 1 to 2. For instance, the radius of the outward
facing opening 128 can be between about 5 um and about 80 um, e.g., about 10 um to about
50 um. For a tapered shape, the cone angle of the conically shaped path of the dummy
nozzles 120 can be, e.g., between about 5° and about 45° In general, the dummy nozzles 120
are small enough that large contaminant particles capable of clogging the firing nozzles 22
cannot enter the feed channels 14, 28 through the dummy nozzles 120

In some examples, the printhead 100 can be purged at high fluid pressure, e.g , to
clean the fluid flow passages. The high fluid pressure during a purge can cause fluid to be

ejected from the dummy nozzles 120. To reduce fluid loss through the dummy nozzles 120
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during such a purge, a small nomber of dummy nozzles 120 can be formed in each feed
channel 14, 28. For instance, 1 to 20 dummy nozzles 120 can be formed in each feed channel
14, 28, e.g., about 1, 2, or 4 dummy nozzles per firing nozzle. In some examples, the dummy
nozzles 120 can be capped during a purge such that little or no fluid 1s lost through the
dummy nozzles 120.

Fig. 12 shows an example approach to fabricating fluid ejectors 150 having dummy
nozzles 120 formed in the nozzle layer 11. A nozzle wafer 140 includes the nozzle layer 11,
an etch stop layer 142 (e g., an oxide or nitride etch stop layer, such as S102 or S1sNa), and a
handle layer 124 {(e.g., a silicon handle layer). In some examples, the nozzle wafer 120 does
not mclude the etch stop laver 122

The firing nozzles and dummy nozzles 120 are formed through the nozzle laver 11,
e.g., using standard microfabrication techniques mcluding lithography and etching. In some
implementations, the firing nozzles 22 and dummy nozzles 120 are formed in the nozzle
layer 11 at the same time, e g., using the same etching step.

After formation of the firing nozzles 22 and dummy nozzles 120, fabrication can
proceed substantially as shown and described with respect to Figs. 6B-6F, albeit with the
dummy nozzles 120 replacing the recesses 500,

Because the dummy nozzles 120 during processing steps that would have occurred to
form the firing nozzles 22, there 13 hittle to no cost impact associated with forming the
dummy nozzles 120, In the example shown, the firing nozzles 22 and the dummy nozzles
120 are the same size. In some examples, the firing nozzles 22 and the dummy nozzles 120

can have different sizes.

Particular embodiments have been described. Other embodiments are within the

scope of the following claims.
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What is claimed 1s:

1. A fluid ejection apparatus comprising:
a plurality of fluid gjectors, each fhud ejector comprising:
a pumping chamber, and
an actuator configured to cause fluid to be ejected from the pumping chamber;
a feed channel fluidically connected to each pumping chamber; and

at least one compliant structure formed in a surface of the feed channel, wherein the
at least one comphiant structure has a fower compliance than the surface of the

feed channel.
2. The thud ejection apparatus of claim 1, wherein the at least one compliant structure
comprises:
multiple recesses formed in the surface of the feed channel; and

a membrane disposed over the recesses.

3. The fluid ejection apparatus of claim 2, wherein the membrane seals the recesses.

4. The thud ejection apparatus of claim 2, wherein the depth of each recess 1s less than the

thickness of the surface of the feed channel.

5. The fluid ejection apparatus of claim 2, wherein the membrane 1s configured to deflect

into the recesses responsive to an increase in fluid pressure in the feed channel.

6. The fluid ejection apparatus of claim 2, wherein the recesses are formed in one or more of

a bottom wall or a top wall of the feed channel.

7. The flnd gjection apparatus of claim 2, wherein the recesses are formed in a side wall of

the feed channel.
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8 The fluid ejection apparatus of claim 1, wherein the at least one compliant structure

comprises one or more dummy nozzles formed in the surface of the feed channel

9. The fluid ejection apparatus of claim 8, wherein each dummy nozzle includes a first
opemng on an internal surface of the surface and a second opening on an external surface of

the surface.

1¢. The thud ejection apparatus of claim 9, wherein a convex meniscus 1s formed at the

second opening responsive to an increase in fluid pressure in the feed channel.

11. The fluid ejection apparatus of claim 8, wherein each fluid ejector mncludes a nozzle

formed in a nozzle layer, and wherein the dummy nozzles are formed in the nozzle layer.

12. The thud ejection apparatus of claim 11, wherein the dummy nozzles are substantially

the same size as the nozzles.

13, The fluid ejection apparatus of claim 1, wherein each fluid ejector mcludes a nozzle
formed n a nozzle layer, and wherein the nozzle layer comprises the surface of the feed

channel.

14, The fluid ejection apparatus of claim 1, wherein each tluid ejector includes an actuator
and a nozzle, and wherein actuation of one of the actuators causes fluid to be gjected from the

corresponding nozzle.

15 The fluid ejection apparatus of claim 14, wherein actuation of one of the actuators causes
a change in fluid pressure in the feed channel, and wherein the at least one compliant
structure 1s configured to at least partially attenuate the change in fluid pressure in the feed

channel.

16. A method comprising:

forming a plurality of nozzles in a nozzle layer;

[\
[\l
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forming at least one comphiant structure in the nozzle layer, wherein the at feast one

comphliant structure has a lower comphiance than the nozzle layer; and

attaching the nozzle layer to a substrate comprising a plurality of fluid ejectors, each
fluid ejector comprising a pumping chamber and an actuator configured to

cause fluid to be ejected from the pumping chamber.

17. The method of claim 16, wherein forming at least one compliant structure in the nozzle
layer comprises: forming a plurality of recesses in the nozzle layer; and disposing a

membrane over the recesses.

18. The method of claim 17, wherein disposing a membrane over the recesses comprises:
depositing a membrane layer over a top surface of the nozzle layer; and removing a portion

of the membrane layer over each nozzle.

19. The method of claim 16, wherein forming a plurality of nozzles comprises forming the
plurality of nozzles 1n a {first layer, and wherein forming at least one compliant structure
comprises: forming the at least one compliant structure 10 a second layer; and attaching the

first layer to the second layer.

20. The method of claim 16, wherein forming at least one compliant structure in the nozzle
layer comprises; forming the at least one comphant structure in a first layer, and attaching the
first layer to a second layer having the plurality of nozzles formed therein, wherein the first

layer and the second layer together form the nozzle layer.

21, The method of claim 16, wherein forming at least one compliant structure in the nozzle

layer comprises formung one or more dumimy nozzles in the nozzle layer,

22, A method comprising;
actuating a fhud ejector in a fluid gjection apparatus, wherein actuation of the fhud
gjector causes a change in fluid pressure in a feed channel fluidically

connected to the fluid ejector; and
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deflecting a membrane 1nto a recess formed in a surface of the feed channel

responsive to the change in fluid pressure in the feed channel.

23. The method of claim 22, wherein the deflecting the membrane into the recess comprises

reversibly deflecting the membrane.
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