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Electrohydrodynamic print head with ink pinning

Technical Field

The invention relates to an electrohydrodynamic print head and to a

method for manufacturing the same.

Background Art

WO 2016/169956 describes an electrohydrodynamic print head
having a nozzle carrier with a plurality of nozzles. It is designed to eject ink along an

ejection direction.

Disclosure of the Invention

The problem to be solved by the present invention is to provide a
specific print head of this type and a method for its manufacture.

This problem is solved by the print head of claim 1.

Accordingly, the print head may comprise at least the following ele-
ments:

- A nozzle carrier: This is a substrate on which the nozzles are ar-
ranged.

- A plurality of nozzles arranged on the carrier. The nozzles form
the locations from where the ink is ¢jected.

-A plurality of ejection electrodes associated with the nozzles and
located on the front side of the nozzles: The ejection electrodes are used to e.g. indi-
vidually eject ink from their associated nozzles.

The print head comprises at least one multilayer structure with a
bottom layer, a top layer, and at least one intermediate layer between the bottom layer
and the top layer. The intermediate layer(s) form(s) walls extending between the bot-
tom layer and the top layer. A plurality of cavities are located in the intermediate
layer between the bottom layer and said top layer.

The walls may form at least part of the walls of the cavities.

Advantageously, at least part of the cavities, in particular a majority

of the cavities, are closed cavities, i.e. they are closed on all sides, in particular by the
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walls and by the bottom and the top layers. This aspect of the invention is based on
the understanding that such cavities have applications other than as ducts. In particu-
lar, they can be used to reduce mechanical stress and/or to shape electric fields.

In one embodiment, the walls form a honeycomb structure between
the bottom layer and the top layer, i.e. a hexagonal pattern. Such a structure is found
to reduce the mechanical stress.

In an important aspect of the invention, at least some of the cavities
are arranged between different electrodes of the print head or between an electrode
and an ink retainer of the print head. In this context, “different electrodes” are advan-
tageously electrodes that, in operation of the print head, may carry different voltages.
This design improves the ability of the print head to better withstand the effects of the
electrical fields.

Advantageously, the different electrodes are separated from the cav-
ity or cavities by one or more solid dielectric layers. These layers help preventing an
electric breakdown between the electrodes.

The electrodes may be mounted to the bottom layer and/or the top
layer of the multilayer structure, in particular with one electrode mounted to the bot-
tom layer and the other electrode mounted to the top layer.

Advantageously, the electrodes are embedded into the bottom layer
and/or into the top layer, with the bottom layer and/or top layer forming dielectric
solid layers covering the electrodes from the bottom and top sides.

The print head may further comprise guard electrodes arranged at a
level behind the ejection electrodes. In this context, “at a level behind the ejection
electrodes” indicates that the guard electrodes are closer to the nozzle carrier than the
ejection electrodes. Such guard electrodes can be used reduce the electric field
strengths behind them, e.g. in order to reduce the fields at structures retaining (pin-
ning) the ink.

In this case, at a given nozzle, at least some of the cavities may be
arranged between the guard electrode and the ejection electrode, thereby reducing the
risk of electrical breakdown between the ejection electrode and the guard electrode.

The print head may further comprise at least one shielding electrode
arranged at a level in front of the ejection electrodes. In this context, “at a level in
front of the ejection electrodes” indicates that the ejection electrode is closer the noz-
zle carrier than the shield electrode. Such shield electrode(s) can be used to control
the field between the print head and the target.

In this case, at a given nozzle, at least some of the cavities may be

arranged between the ejection electrode and the shielding electrode, thereby reducing
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the risk of electrical breakdown between the ejection electrode and the shielding elec-
trode.

As mentioned, the print head has a nozzle carrier to which the noz-
zles are mounted. In one embodiment, the nozzle carrier may comprise said multi-
layer structure (or if there are several such multilayer structures, then at least one of
them).

In an advantageous design, the nozzle carrier comprises at least the
following parts:

- A front layer: The nozzles are mounted to the front side of the
front layer.

- A backing layer located at the back side of the front layer.

Electrical vias connected to the ejection electrodes may extend
through the front layer and the backing layer. They feed voltages to the ejection elec-
trodes.

In addition, ink feed ducts are arranged (at least) in the front layer.

In this case, the front layer may comprise the intermediate layer (or
if there are several such multilayer structures, then at least one of them). This allows
to form thick ink ducts without creating undue mechanical strain in the print head.

The print head may comprise a support structure supporting the
ejection electrodes on the nozzle carrier, wherein the support structure comprises a
plurality of support elements arranged between the nozzles. In this case, the support
structure advantageously comprises at least the intermediate layer of the multilayer
structure (or if there are several such multilayer structures, then at least one of them).

In this case, the print head may further comprise a plurality of ink
retainers arranged between the nozzles and the support elements. The ink retainers
prevent ink from reaching the support elements and wetting them. Along the ejection
direction, the front surfaces of the ink retainers are located at a level behind (i.e.
closer to the nozzle carrier) the front ends of the nozzles, i.e. along the ejection direc-
tion the ink retainers are set back in respect to the projections.

The method for manufacturing the print head advantageously com-
prises at least the following steps:

- Applying a material layer on said bottom layer: This material layer
will later form at least part of the intermediate layer. The material may e.g. be a per-
manent photoresist like SUS.

- Removing part of the material layer: This leaves the walls in place
and forms the cavities.

- Applying the top layer above the material layer.
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Brief Description of the Drawings

The invention will be better understood and objects other than those

set forth above will become apparent when consideration is given to the following de-

tailed description thereof. Such description makes reference to the annexed drawings,

wherein:

get,

nozzle,

Fig. 1 shows a partially sectional view of a print head and of the tar-
Fig. 2 is a vertical sectional view through a first embodiment of a

Fig. 3 is a horizontal sectional view along line A-A of Fig. 2,
Fig. 4 is a horizontal sectional view along line B-B of Fig. 2,
Fig. 5 is a horizontal sectional view along line C-C of Fig. 2,

Fig. 6 shows some alternative nozzle tip designs in addition to the

cross-shaped design of Fig. 5,

nozzle,

nozzle,

Fig. 7 is a horizontal sectional view along line D-D of Fig. 2,
Fig. 8 is a horizontal sectional view along line E-E of Fig. 2,

Fig. 9 is a vertical sectional view through a second embodiment of a

Fig. 10 is a horizontal sectional view along line A-A of Fig. 9,
Fig. 11 is a vertical sectional view through a third embodiment of a

Fig. 12 is a vertical sectional view through a fourth embodiment of

a nozzle, which basically corresponds to the first embodiment but illustrates the de-

sign of the nozzle support,

Fig. 13 is a horizontal sectional view along line A-A of Fig. 12,
Fig. 14 is a horizontal sectional view along line B-B of Fig. 12,
Fig. 15 is a horizontal sectional view along line C-C of Fig. 12,
Fig. 16 is a horizontal sectional view along line D-D of Fig. 12,
Fig. 17 is a vertical sectional illustrating two possible via designs

for wiring of the electrodes,

Fig. 18 illustrates a multilayer honeycomb structure,
Fig. 19 shows a design of the walls of the intermediate layer,
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Fig. 20 shows a vertical sectional view of an electrode with an em-
bodiment of the dielectric layers surrounding it,
Fig. 21 is a vertical section view of an embodiment without ink re-

tainer.

Note: While the ejection direction X in Fig. 1 points downwards,
with the target being located below the print head, the ejection direction X in all other
figures depicting vertical sectional views points upwards, i.e. Fig. 1 is rotated by 180°
in respect to all other figures showing sections parallel to the ejection direction. The
direction in those figures is rather based on how manufacturing progresses, i.e. lower

layers are manufactured ahead of top layers.

Modes for Carrving Out the Invention

Definitions

“Forward” defines the direction into which the print head is de-
signed to eject ink. For example, the ejection electrodes are forward from the nozzles.

“Backward” defines the opposite direction. For example, the noz-
zles are arranged backward from the ejection electrodes.

“At the front” and “at the back™ are understood to designate a loca-
tion at levels forward from or backward from something else.

“Front” and “back” are the forward and backward sides.

Properties “at a given nozzle” are advantageously understood as
properties that are true for a majority, in particular for least at 90%, of the nozzles.
For example, if it is said that “at a given nozzle, the guard electrode is arranged be-
tween the ejection electrode and the ink retainer”, this advantageously means that this
is true for a majority of the nozzles, in particular for at least 90% of them. It may e.g.
be that there are some nozzles that do not have ejection electrodes and/or guard elec-
trodes, such as nozzles at the edges of the print head and/or unused nozzles.

The ejection direction X of the print head defines the “vertical” up-
wards direction, i.e. the print head is, by definition, designed to eject ink upwards. (In
operation, it may, of course, be under any angle to the direction of gravity.) Hence,
definitions such as “above” and “below” are to be understood in reference to this defi-
nition of “vertical”.

“Horizontal” is any direction perpendicular to the vertical direction.
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“Lateral” designates something that is horizontal from something

Print Head

Fig. 1 shows a schematic sectional view of an embodiment of the
print head 1. It is depicted above a target 2 and it is structured to eject ink along an
gjection direction X onto the target.

The print head comprises a plurality of nozzles 4 located at the front
side of a nozzle carrier 6. The nozzles 4 may be arranged in a one- or two-dimen-
sional array.

The print head has a plurality of ejection electrodes (not shown in
Fig. 1) for ejecting ink from the nozzles 4 and optional further electrodes arranged on
a support structure 8, the design of which is described in more detail below. Further
electrodes may be provided in electrical contact with the ink to set the ink to a defined
electrical potential.

Nozzle carrier 6 comprises a front layer 10, with the nozzles 4 being
mounted to the front side of front layer 10 and forming projections thereon. It also
comprises a backing layer 12 located at the back side of front layer 10.

The internal structure of front layer 10 is not shown in Fig. 1 and
will be described in more detail below. It may e.g. be of a dielectric, in particular a
polymer.

Backing layer 12 may e.g. be an insulated semiconductor material
or it may be a dielectric. Advantageously, backing layer 12 is, at least partially, of
glass.

Electrical vias 14 are connected to the ejection electrodes and ex-
tend through front layer 10 and the backing layer 12 for connecting the ejection elec-
trodes to a voltage supply 17. Advantageously, there is at least one via 14 for each
nozzle 4. Further vias may be provided to connect other electrodes to voltage supply
17.

Ink ducts 15, 16 supply ink to the nozzles 4 and (optionally) recycle
ink back from the nozzles 4. They are located, in part, in front layer 10 and they ex-
tend through peripheral regions of backing layer 12. Their design is described in more
detail below.

Fig. 1 shows an embodiment of the print head that has supply ducts
15 as well as suction ducts 16 for the ink.
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At least one pump 18 and/or another pressure source or vacuum
source is provided to supply ink to the supply ducts 15 and, if there are suction ducts,
to retrieve ink from the suction ducts 16.

Advantageously, the print head comprises a first pressure control 20
for generating a first defined pressure p1 at the input of the supply ducts 15, e.g.ina
reservoir tank 22.

The ink is supplied through an optional filter 24 and the supply
duets 15 to the nozzles 4.

If there are suction ducts 16, they are connected to a suction system,
which may comprise a second pressure control 26 for generating a second defined
pressure p2 at the exit of the suction ducts 16, e.g. in a suction tank 28. The suction
system may also comprise a pump. This may in particular be pump 18 as mentioned
above, in which case pump 18 acts as a circulating pump.

A suitable pump design is e.g. shown in US 6631983.

As further shown in Fig. 1, the print head may comprise a circuit
carrier 30, such as a PCB, arranged at the back side of nozzle carrier 6.

An optional interposer layer 32 may be provided between circuit
carrier 30 and nozzle carrier 6 for matching a denser resolution of the vias 14 to the
circuit resolution of circuit carrier 30. Such interposer layers are e.g. used in flip-chip
designs where semiconductor chips are applied to PCBs.

Circuit carrier 30 carries control circuitry 33, which may e.g. imple-
ment at least part of voltage supply 17, such as the driver stage of such a voltage sup-
ply, which connects voltage sources to the various electrodes of the print head.

In the shown embodiment, the ink ducts 15, 16 extend through in-
terposer layer 32 (if present) as well as circuit carrier 30.

If the vias 14 have a large enough mutual spacing (e.g. larger than
0.4 mm), they may directly interface with circuit carrier 30 without an interposer
layer 32.

Advantageously, target 2 is arranged on an acceleration electrode,
which is connected to voltage supply 17 to generate an accelerating electrical field
between print head 1 and target 2.

The pressure controls 20, 26 can be used to maintain pressures as
described in the section Operating the Print Head below. Advantageously, they allow
to separately adjust the pressures in the supply ducts 15 as well as in the pressure
ducts 16.
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Nozzle Design 1

Figs. 2 — 8 show a first embodiment of a nozzle 4 and the surround-
ing elements. (As mentioned above, in contrast to Fig. 1, the ejection direction X in
Fig. 2 points upwards.)

As can be seen from Fig. 2, nozzle 4 forms a projection on the front
side 36 of nozzle carrier 6, e.g. on the front side of its front layer 10. It is located at an
exit passage 5 through which ink can be ejected towards target 2.

Fig. 2 also shows the various electrodes that may be associated with
the nozzles 4.

The ejection electrode 38 is located on the front side of the nozzle 4.
In the embodiment of Fig. 2 and 7, it is annular with a central opening 39 for the pas-
sage of the ink. It is connected to one of the vias 14, which extends through support
structure 8 and nozzle carrier 6.

Figs. 3 and 4 show two possible implementation of the vias 14. On
the right side, under reference number 14, a hollow implementation is shown, where
the vias are formed as a metallic coating 14a within a dielectric tube 14b extending
along the ejection direction and surrounding a central duct 14c, which may also be
used as a ventilation duct for feeding gas to/from the region between the print head
and the target. This type of structure can e.g. be formed by

a) Forming the tube 14b together with the honeycomb structure as
described below, and

b) Forming the metallic coating 14a within tube 14b e.g. by sputter-
ing.

The alternative design, shown under reference number 14°, com-
prises a solid metal core 14°a within a dielectric tube 14’b. Tube 14°b can again be
formed together with the honeycomb structure as described below, and metallic core
14°a can e.g. be formed by means of electro plating.

The alternative via designs 14, 14' are also shown in Fig. 17. The
hollow via design 14 is depicted for connecting the shielding electrode 40 while the
filled via design 14 is depicted for the ejection electrode 38 (which is not visible in
Fig. 17). Note: Only the metal parts are shown as hatched regions in Fig. 17 while
other cross-sectioned parts are not hatched.

Typically, a single print head will only use one design of vias, with
the two different types in Figs. 3, 4, and 17 shown for illustration purposes only.

Turning to Fig. 2 and 8, a shielding electrode 40 may be located at

the front side of and at a distance from the ejection electrodes 38, i.e. the ejection
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electrodes 38 are closer to nozzle carrier 6 than the shielding electrode 40. Advanta-
geously, there is one continuous shielding electrode 40 extending over the front of
print head 1, but there may also be several such shielding electrodes.

If several shielding electrodes are used, they may be applied to dif-
ferent potentials, e.g. by applying a voltage gradient by means of a voltage divider,
which e.g. allows to gradually deflect the ink over a cross section of the print head.

Shielding electrode 40 is provided to control the field between print
head 1 and target 2. For each nozzle 4, an opening 41 in shielding electrode 40 allows
for the passage of the ink.

As shown in Figs. 2 and 5, a guard electrode 42 may be located be-
hind and at a distance from ejection electrode 38 but in front of and at a distance from
nozzle carrier 6. As shown in Figs. 2 and 5, it may again be annular. Alternatively, it
may also extend over several nozzles.

An opening 43 in guard electrode 42 above nozzle 4 allows for the
passage of the ink.

The function of guard electrode 42 is described below.

Nozzle 4 of this embodiment comprises a tip section 46, a shaft sec-
tion 48, and a base section 50, 52, with tip section 46 arranged in front of shaft sec-
tion 48, and base section 50, 52 (Figs. 2, 3) arranged behind shaft section 48.

The shown nozzle design relies on the ink wetting the lateral sur-
face of nozzle 4 and not passing through a central channel of nozzle 4 (as it is e.g.
known from WO 2016/169956), but the latter could be used as well.

If nozzle 4 has a central channel, e.g. if exit duct 60 extends all the
way to the tip of the nozzle, the nozzle 4 is advantageously still operated such that ink
not only wets the top of the nozzle but also its lateral outer sides. By making sure that
ink covers the outside of all nozzles, all nozzles provide the same ink geometry to the
ejection electrodes, which allows to achieve a more uniform ink ejection over the
whole print head.

To facilitate a good flow of ink along nozzle 4 into ejection direc-
tion X, nozzle 4 advantageously has at least one groove running along ejection direc-
tion X on its lateral surface, i.e. on the surface extending along ejection direction X.
This groove(s) run(s) along at least part of the length of nozzle 4.

This can e.g. be seen in Fig. 5, where tip section 46 is shown to be
cross-shaped (with four recesses 46a formed between the arms of the cross), and
where shaft section 48 forms two grooves 48a.

Fig. 6 shows alternative designs of tip section 46:
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(a) is a tip section 46 that has a convex lateral surface and is e.g. a
cylinder without a groove — this is the presently preferred design because it generates
a good meniscus for the ink to be ejected from;

(b) is a tip section 46 that forms two lateral grooves 46a;

(c) is a tip section that forms an axial canal 46c.

Base section 50, 52 connects tip section 46 and shaft section 48 to
nozzle carrier 6. It also contains the duct(s) for feeding ink to the nozzle. This is best
seen in Figs. 2, 3, and 4.

In particular, in the shown embodiment, base section 50, 52 com-
prises a bottom sublayer 52 and a top sublayer 50. Bottom sublayer 52 has a central
opening 54 communicating with the end of a supply duct section 15a that feeds ink to
nozzle 4. One or more radial transversal exit ducts 56 extend, transversally to ejection
direction X, outwards from central opening 54 to a first annular duct 58.

In Fig. 2, the flow of the ink in the duct are depicted by arrows.

Top sublayer S0 may also form an axial exit duct 60 extending to-
wards the tip of the nozzle and connecting supply duct section 15a to the grooves 48a
(Fig. 5) of shaft section 48, thereby guiding ink directly up towards tip section 46.

Top sublayer 50 may be surrounded by a second annular duct 62
aligned with first annular duct 58 surrounding nozzle 4.

Nozzle 4 is surrounded by an ink retainer 66, whose purpose is to
retain the ink laterally. Annular duct 62 is located, in radial direction, between ink re-
tainer 66 and nozzle 4, thereby communicating with a region 64 between nozzle 4 and
ink retainer 66.

The front surface 68 of ink retainer 66 (i.e. the front-facing surface
closest to the ejection electrode 38) is set back, along ejection direction X, in respect
to the front end 70 of nozzle 4. Hence, when there is ink in region 64, the surface of
the ink forms an ascending slope, as shown by the dash-dotted lines, towards the tip
of nozzle 4, making sure that the tip is the location where the ink is closest to ejection
electrode 38, thereby forming a defined point to launch the ink from.

The main function of ink retainer 66 is to pin the ink, i.e. to keep the
ink away from the vertical parts of support structure 8, i.e. to prevent it from climbing
up and forming a pool that might submerge the nozzle.

This function is implemented by a combination of one or more of
the following features:

a) Ink retainer 66 is provided with a hydrophobic and/or oleophobic
surface, e.g. by a hydrophobic and/or oleophobic coating 73, shin with a thick, black
line in Fig. 2. For example, the surface can be formed, at least in part, of Teflon
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and/or PTFE, which are hydrophobic and oleophobic. Depending on the scope of inks
to be used, it may also be only hydrophobic (e.g. HMDS, i.e. Bis(trimethylsi-
lyl)amine) or only be oleophobic (e.g. based on polymers). In particular, the surface
of ink 66 retainer is advantageously more hydrophobic and/or oleophobic than a sur-
face of nozzle 4.

b) Ink retainer 66 forms a ledge 66a facing away from the nozzle 4
closest to it, which makes it hard for the ink to creep around it. In other words, when
seen from the nozzle, the ledge extends outwards, forming an “undercut” 66b.

¢) Ink retainer 66 is located in a region where electric fields are low.
Since strong electric fields tend to decrease the surface tension of the ink, this design
reduces the risk of the ink wetting its way around the ink retainer. In the shown em-
bodiment, the guard electrode 42 associated with nozzle 4 is arranged between ejec-
tion electrode 38 and ink retainer 66. In this context, “between” advantageously
means that guard electrode 42 intersects, and advantageously divides in two, the vol-
ume of space between ejection electrode 38 and ink retainer 66.

It must be noted that ink retainer 66 is not the only means for retain-
ing the ink laterally, i.e. for preventing the ink to reach the closest support element.
Alternatively or in addition thereto, the ink suction ducts 16 may be used to remove
any ink that might reach the support elements. This is described in more detail in the
section Operating the Print Head.

Guard electrode 42 is connected to voltage supply 17, e.g. by means
of vias 14° or 14, and it may be set, during operation, to a potential that is closer to
the potential of ink retainer 66 (i.e. of the ink) than to the (maximum) potential of the
ejection electrodes. In particular, voltage supply 17 may be adapted to keep guard
electrode 42 at the same potential as ink retainer 66. This allows to keep the electrical
field at ink retainer 66 very low.

As shown in Fig. 2, guard electrode 42 is advantageously arranged
at the same “height” (with the vertical direction defined by the ejection direction X)
as the front end 70 of nozzle 4, e.g. within an accuracy of 25% of the vertical distance
d between ejection electrode 38 and the front end 70 of nozzle 4. This provides for a
good shielding of the ink below the tip of nozzle 4 while still strongly exposing the
tip to the field of ejection electrode 38.

As can be seen in Fig. 2, there is an air-filled cavity 71 forming a
gap between guard electrode 42 and ink retainer 66, which prevents the ink from
reaching guard electrode 42.

To laterally retain the ink in region 64, ink retainer 66 is advanta-

geously arranged on the front side 36 of nozzle carrier 6 and projects from it. In the
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embodiment of Figs. 2 — 4, it comprises a first ring 72 mounted to front surface 36 of
nozzle carrier 6 and a second ring 74 mounted to the front side of first ring 72. Sec-
ond ring 74 forms the ledge 66a mentioned above.

Ink Suction

As mentioned above, in the embodiment of Figs. 1 and 2, suction
ducts 16 are provided to retrieve ink from the nozzles 4. This allows to maintain a
flow of fresh ink at a given nozzle.

In that case, at a given nozzle, the closest ink retainer 66 advanta-
geously surrounds not only nozzle 4 and the end section 15a of the supply duct but
also the end of the end section 16a of suction duct 16. Hence, the two ducts can be
used to control the flow of ink towards a nozzle and back from it.

The pressure at the supply ducts 15 and the suction ducts 16 is ad-
justed to keep the ink in region 64 somewhere e.g. between an upper level 64a and a
lower level 64b as shown in Fig. 2. Advantageously, and as described in more detail
in the section “Operating the Print Head” below, the ink is kept at the lower level 64b.

For a good lateral restriction of the ink, each nozzle 4 is advanta-
geously surrounded by the opening or openings of one or more suction ducts. This
may e.g. be a single annular opening (such as formed by annular opening 62 of Fig.
2), or it may be an annular series of suction openings. This opening or these openings

is/are arranged between the nozzle and the support elements 78 next to it.

Support Structure

As mentioned, a support structure 8 is provided for connecting the
various electrodes 38, 40, 42 to nozzle carrier 6. It is arranged on front side 36 of noz-
zle carrier 6.

Support structure 8 comprises a plurality of support elements 76, 78
arranged between the nozzles 4.

Ink retainer 66 is advantageously designed to prevent ink from
reaching these support elements 76, 78 and to prevent it from wetting them, thereby
reducing the tendency of the ink to submerge the nozzles.

Support structure 8 advantageously comprises at least one electrode
carrier layer. In the embodiment of Fig. 2, there are three such layers 80, 82, 84. Each
such electrode carrier layer comprises at least one electrode 38, 40, 42 and may ex-

tend parallel to top surface 36.
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Typically, the electrode 38, 40, 42 is embedded within its electrode
carrier layer 80, 82, 84 and covered on its front and back side by at least one dielec-
tric sublayer 80a, 80b or 82a, 82b or 84a, 84b.

At least part of the support elements are formed by vertical walls 76
forming a honeycomb structure, see Fig. 3. Each such honeycomb structure is part of
a multilayer structure which is used in various parts of the print head and is described
in more details below.

In addition or alternatively to the walls 76 forming honeycomb
structures, the support elements comprise, in the shown embodiment, a vertical wall
78 surrounding exit passage 5 of each nozzle 4. Wall 78 may e.g. be a cylindrical
wall, but it may also e.g. be polygonal. It is advantageously centered on nozzle 4.

In another embodiment, walls 78 may also be dispensed with, and
the walls around exit passage 5 may be formed by the walls 76 of the honeycomb
structure. In this case, the honeycomb structure needs to be aligned with the nozzles.

In yet another embodiment, several nozzles may be surrounded by a
single wall 78.

In the embodiment shown here, the support elements 76 and/or 78
are provided between each of the electrode carrier layers 80, 82, 84 as well as be-
tween the backmost electrode carrier layer 80a and nozzle carrier 6. They may, how-
ever, also only be provided between a subset of these structures.

As can best be seen from Fig. 2, there is a first recess located be-
tween nozzle 4 and its ink retainer 66, which is formed by the annular first and sec-
ond annular duct 58, 62. It provides a volume to receive at least part of ink pool 64.
Along ejection direction X, the bottom of first recess 58, 62 is at the back in respect
to (i.e. is closer to nozzle carrier 6 than) the front surface 68 of ink retainer 66.

In the shown embodiment, there is a second recess 86 located be-
tween ink retainer 66 and the closest support element 78. It provides room for ledge
66a and/or makes it harder for the ink to reach support element 78. Along ejection di-
rection X, the bottom of recess 86 is at the back in respect to (i.e. is closer to nozzle
carrier 6 than) the front surface 68 of ink retainer 66.

Nozzle Design 2

Figs. 9 and 10 show a second embodiment of a nozzle design. It pri-
marily differs from the first one in that there is only an ink supply duct 15 (with its

end section 15a shown in Fig. 10) but no suction duct for the nozzle.
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Further, there is no recess between nozzle 4 and ink retainer 66. Ra-
ther, ink retainer 66 is laterally arranged‘ on nozzle 4 with its front surface 68 at a dis-
tance from front end (tip) 70 of nozzle 4.

In other words, its front surface 68 is set back with respect to front
end 70 of nozzle 4 in order to form an ascending slope for the ink in region 64 and re-
ducing the risk of submerging the nozzle.

Advantageously, ink retainer 66 is mounted “low” on the nozzle 4
to make submerging the nozzle less probable. In particular, front surface 68 of ink re-
tainer 66 is closer to the front size 36 of nozzle carrier 6 than to front end 70 of nozzle
4,

As can be seen, in this embodiment, ink retainer 66 is formed by the
sublayer 52 of the base section of nozzle 4.

Nozzle Design 3

Fig. 11 shows a third embodiment of a nozzle design. It primarily
differs from the second one in that it has no guard electrode. To keep the electrical
field at the location of ink retainer 66 low, ink retainer 66 is located far back.

In particular, as shown in Fig. 11, the distance d’, along ejection di-
rection X, between front surface 68 of ink retainer 66 and front end 70 of nozzle 4 is
large.

Quantitatively, if d designates the distance, along ejection direction
X, between ejection electrode 38 and the front end 70 of nozzle 4, the following con-

dition is advantageously maintained:
d’>kd

with k being at least 0.5, in particular at least 1.0.

Nozzle Design Without Ink Retainer

In the embodiments shown so far, nozzle 4 was surrounded by the
ink retainer 66 that projects up from top surface 36 of nozzle carrier 6. However, us-
ing ink suction allows to dispense with such an ink retainer. This is illustrated in Fig.
21, which shows an embodiment basically corresponding to the one of Fig. 2 but
without an ink retainer. Hence, the layers forming the base sections 50, 52 of the em-

bodiment of Fig. 2 may be dispensed with.



10

15

20

25

30

35

WO 2022/152379 PCT/EP2021/050671

15

In this embodiment, the ink is retained around nozzle 4 by being
sucked into the end section(s) 16a of ink suction ducts 16 that surround the nozzle.

In one embodiment, a single, annular (or e.g. hexagonal or other-
wise closed-loop) end section 16a of the suction ducts 16 may be arranged around
nozzle 4.

In another embodiment, a plurality of individual end sections 16a
may be provided, closely spaced and surrounding nozzle 4, e.g. arranged along a cir-
cle or another closed loop.

In this embodiment, guard electrode 42 may still be useful because
it reduces the tendency of the ink to spread along surface 36 of nozzle carrier 6.

In the embodiment shown, exit duct 60 extends all the way to the
top 70 of the nozzle. Hence, ink flows axially through the nozzle. Advantageously,
the pressure in exit duct 60 is selected such that the ink overflows the nozzle and
flows down along its lateral side walls. From there, it arrives at the end section(s) 16a
of the suction ducts 16 and is carried off. This provides for a continuous ink exchange
in the nozzle.

In another embodiment, the ink may be guided up along the outer
surface of the nozzles, e.g. in grooves as shown in the embodiment of Figs. 2 - 5, and
the ink can be suctioned off from the end section 16a, e.g. through an axial opening in
the nozzle.

Optionally, however, the designs of this section may also be com-
bined with e.g. a simple ink retainer 66 (as indicated in dotted lines) surrounding the

end section(s) 16a of the suction ducts 16.

Nozzle Carrier

Figs. 12 — 16 show a possible design of nozzle carrier 6. It is to be
noted that Figs. 13 — 15 are at a reduced scale as compared to Fig. 12 in order to illus-
trate how neighboring nozzles may be interconnected by supply ducts and suction
ducts, and Fig. 16 is shown at an even more reduced scale illustrating a whole cross
section of the print head at the level of backing layer 12.

These figures show the nozzle of Fig. 2, but similar nozzle carriers
can be used for different nozzle designs, such as for the designs of Figs. 9 and 11.

As mentioned above, nozzle carrier 6 comprises a front layer 10,
with the nozzles 4 being mounted to the front side 36 thereof, as well as a backing
layer 12 located at the back side of front layer 10. Front layer 10 as well as backing
layer 12 may in turn be multi-layer-structures.

They are described in more detail in the following.
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Front layer 10 consists of several sublayers 10a — 10d and forms at
least part of the ducts 13, 16 for feeding ink to and, where applicable, from the noz-
zles.

In the embodiment of Fig. 12, front layer 10 comprises, in front-to-
back order, sublayers 10a, 10b, 10¢, and 10d for forming the ducts.

Sublayer 10a forms front surface 10a and comprises openings 15a,
16a for the supply ducts and (if needed) the suction ducts, respectively.

Sublayer 10b forms (if needed) horizontal sections 16b of the suc-
tion ducts as well as vertical sections 15b of the supply ducts.

As best seen in Fig. 13, the horizontal sections 16b of the suction
ducts interconnect all or at least a plurality of the nozzles 4. In addition, between the
ducts, sublayer 10b comprises vertical walls 90 forming honeycomb patterns similar
to the ones in support structure 8. The regions of the honeycomb patterns may be sep-
arated from the ducts 16b and/or 15b by means of vertical separating walls 92.

Fig. 13 also shows the vias 14, 14’ extending along ejection direc-
tion X through all of front layer 10.

The vertical sections 15b of the supply ducts are connected to verti-
cal sections 15¢ of the supply ducts in sublayer 10c, see Fig. 14.

As shown in Fig. 15, sublayer 10d forms horizontal sections 15d of
the supply ducts, interconnecting neighboring nozzles.

Again, sublayer 10d may comprise vertical walls 94 forming honey-
comb patterns similar to the ones in support structure 8. The regions of the honey-
comb patterns may be separated from the ducts 10d by means of vertical separating
walls 96.

Fig. 15 also shows the vias 14, 14> extending along ejection direc-
tion X through all of front layer 10.

Fig. 16 shows a possible arrangement of electrical vias 14 (and 14°),
the supply ducts 15 and the suction ducts 16 at the level of backing layer 12. Since
the horizontal distribution of the ink ducts 14, 16 is implemented in front layer 10
above backing layer 12, the ink can be fed through one or a few, potentially large ink
ducts arranged outside the convex hull 96 of the regular array of electrical vias 14,
which simplifies the design of backing layer 12, i.e. no ink ducts extend through the
backing layer 12 within the convex hull 96.

Instead of using a honeycomb structures in the sublayers 10b and/or

10d, solid layers may be used, e.g. of glass.
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Honeycomb Multilayer Structures

As follows from the above, the print head shown here advanta-
geously uses one or more honeycomb multilayer structures. One such multilayer
structure 109 is illustrated in Figs. 18, 19. It has a bottom layer 110, a top layer 112,
and at least one intermediate layer 114 between bottom layer 110 and top layer 102.
Intermediate layer 114 forms walls 116 extending between bottom layer 110 and top
layer 112. These walls form at least part of the walls of a plurality of cavities 118 in
the intermediate layer 114 between bottom layer 110 and top layer 112.

The walls 114 advantageously form a honeycomb pattern.

Such a structure is found to reduce mechanical stress, in particular if
the bottom or top layer 110, 112 is of a material different from intermediate layer 114
and/or if it is located close to or adjacent to another layer that is of a material different
from intermediate layer 114.

Examples of such honeycomb multilayer structures in the examples
above are the following:

-In Figs. 2, 11, 12: Front layer 10 or sublayer 10a is the “bottom
layer” 110, layer 80 of support structure 8 is the “top layer” 112, and the walls 76 be-
tween them form the “intermediate layer” 114.

- In Figs. 2, 11, 12: Layer 80 of support structure is the “bottom
layer” 110, layer 82 of support structure 8 is the “top layer” 112, and the walls 76 be-
tween them form the “intermediate layer” 114.

-In Figs. 2, 11, 12: Layer 82 of support structure is the “bottom
layer” 110, layer 84 of support structure 8 is the “top layer” 102, and the walls 76 be-
tween them form the “intermediate layer” 114.

- In Figs. 12, 13: Sublayer 10c is the “bottom layer” 110, sublayer
10a is the “top layer” 112, and the walls 90 of sublayer 10b between them form the
“intermediate layer” 114.

- In Figs. 12, 15: Backing layer 12 is the “bottom layer” 110, sub-
layer 10c is the “top layer” 112, and the walls 94 of sublayer 10d between them form
the “intermediate layer” 114.

In the first three examples, support structure 8 comprises at least the
intermediate layer 114 of the multilayer structure.

In the last two examples, nozzle carrier 6 comprises at least the in-
termediate layer 114 of the multilayer structure.

If the thickness t of intermediate layer 114 (see Fig. 18) is compara-

tively large, the stress reduction achieved by the multilayer structure is particularly
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evident. Advantageously, the thickness t is larger than 1 pm, in particular larger than
10 um.

Advantageously, intermediate layer 114 is a polymer layer, e.g.
formed from an SU-8 layer after structuring. This type of layer can be manufactured
and structured easily (see manufacturing information below), and if using it in a mul-
tilayer structure as shown reduces the stress as to compared to a solid layer of such a
material.

Hence, advantageously, the print head comprises at least one layer
of a material different from the intermediate layer, in particular a layer of semicon-
ductor or glass.

The cavities 118 are advantageously closed cavities, i.e. they do not
form part of the ink duct sections 15b or 16d in Figs. 15 and 13 nor do they communi-
cate with the surrounding atmosphere.

If the walls 116 form a regular, repetitive pattern, homogeneity is
improved and stress can further be decreased.

Advantageously, the walls 116 have a thickness m of less than 25%
of the minimum diameter M of the cavities (see Fig. 19). This leads to a low content
of solid material in the intermediate layer, further reducing mechanical stress. In this
context, the thickness m is the extension of the walls 116 perpendicular to their sur-
faces. The diameter M of the cavities is the extension of the cavities 118 in a direction
parallel to the bottom and top layers 110, 114.

For best strain removal, the minimum diameter M of the cavities
118 is advantageously larger than the thickness t of intermediate layer 114, i.e. M>t.
Smaller cavities extending through intermediate layer 114 would generate higher me-
chanical stress in the intermediate layer.

The walls 116 extend advantageously perpendicular to bottom layer
110 and the top layer 112. This not only improves the mechanical stability against
forces acting perpendicularly to the layers, but it also allows to form the walls by ani-
sotropic material removal techniques, particularly by photolithography of a photo-ac-
tive polymer.

Tt must be noted that the top layer and the bottom layer of the multi-
layer structures are parallel to each other.

The closed cavities 118 do not communicate with the ink ducts, i.e.
they are not used for guiding ink through the print head. If the print head has ventila-
tion ducts, the closed cavities 118 do not communicate with these ventilation ducts ei-

ther.
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The closed cavities 118 may be filled with air. Alternatively, they
may be evacuated. Or they may be filled with a gas such as nitrogen. Advanta-
geously, they may be filled with a gas having a high breakdown voltage, such as SF¢
or C4Fs. The gas can be introduced by performing the respective manufacturing step

(see below) in a workspace having the desired gas composition.

Electrode Design
The print head is designed to withstand the high electric fields that

ocecur during operation with minimum structural damage.

For this purpose, the electrodes 38, 40, 42 are arranged between
solid dielectric layers 80a, 80b, 82a, 82b, 84a, 84b that border cavities. In the shown
embodiments, such cavities are e.g. formed by the cavities 71, 717, 71” below the
electrode carrier layer 80, 82, 84 and/or by the cavities 118 formed by the walls 116.

At least some of the cavities may be closed cavities (i.e. enclosed by
walls on all sides, such as the cavities 118).

At least some of the cavities may be open cavities, in particular cav-
ities communicating with and being adjacent to exit passage 5 of nozzle 4, such as the
cavities 71, 71°, 717 of the embodiments above.

In such a design, the solid dielectric layers around the electrodes
typically are able to withstand higher fields than the gas in the cavities and also have
higher relative permittivity €, and they therefore prevent a total breakdown. At the
same time, since there is no fixed molecular or atomic structure within the cavities,
the cavities are not prone to permanent damage caused by large electric fields. Hence,
this design improves the ability of the print head to withstand the effects of the elec-
trical fields of the electrodes even during long periods of operation.

As can be seen in the embodiments shown here, there are solid sup-
port structures extending vertically between the neighboring electrode carrier layers
80, 82, 84, e.g. the walls 76 and 78. However, there are advantageously no such solid
support structures extending directly between neighboring electrodes. In other words,
any straight line extending between two neighboring electrodes extends through at
Jeast one of the cavities 71, 717, 71” or 118. This condition should be met for some
or, in particular, all neighboring electrodes of the print head if they carry, in opera-
tion, substantially different potentials, in particular differing by a voltage of at least
100 V.

This condition may be fulfilled by not placing solid support struc-
tures to extend vertically between the electrodes and/or by locally removing sections
of the support structures, e.g. at the location of contact lead 38b in Fig. 7.
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In yet another embodiment, the field strength may be reduced by
designing the electrical tracks to be very narrow at locations where no cavity between
the electrodes is provided. In that case, the tracks are advantageously be no more than
half as wide as the height of the wall structures 76, 78. If, for example, the wall struc-
tures have a height of 5 um, the tracks should not be wider than 2.5 ym.

Advantageously, the lateral offset between an electrode and the next
(i.e. closest) support structure should, for at least one of the two neighboring elec-
trodes, be at least 25% of the vertical distance between the two neighboring elec-
trodes.

Advantageously, at least one of the dielectric layers protecting the
electrodes has high relative permittivity €. Thus, the field within it is weak, with the
major voltage drops being shifted to the layers of lower permittivity and in particular
to the cavities. This allows to even better protect the structure from an electrical
breakdown.

In this context, a high relative permittivity ¢ is advantageously at
least 5. Suitable materials are e.g. Si3Ny4 (with a relative permittivity € between 9.5
and 10.5) or Al,O3 (with & between 9.3 and 11.5).

Advantageously, as shown in Fig. 20, several dielectric layers are
provided between the cavity 120 and the electrode 122. (With cavity 120 of Fig. 20
e.g. representing the cavities 118 or 71, 717, 717 of the examples above and electrode
122 representing one of the electrodes 38, 40, 42 in the examples above, in particular
ejection electrode 38.

In the shown embodiment, electrode 122 is enclosed by a first die-
lectric layer 124a, 124b, which is in turn enclosed by a second dielectric layer 126.

First dielectric layer 124a, 124b is advantageously a polymer layer,
e.g. consisting of patterned SU-8 (see manufacturing process below). Such a polymer
Jayer has a low relative permittivity, e.g. between 2.5 and 3.0. It corresponds e.g. to
the sublayers 80a, 80b, 82a, 82b, 84a, 84b of the electrode carrier layer 80, 82, 84 de-
scribed above and may, at least in part, be manufactured using lamination techniques
(see below).

Second dielectric layer 126 is an inorganic layer with a higher elec-
tric breakdown threshold than first dielectric layer 124a, 124b. It advantageously has
a higher relative permittivity than first dielectric layer 124a, 124b, in particular by a
factor 2. It may e.g. be of Si3Ng or AloO3 for the reasons mentioned above. It has the
highest breakdown resistance of all components between two electrodes and typically

prevents an electric breakdown.
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Placing first dielectric layer 124a, 124b between electrode 122 and
second dielectric layer 126 has the advantage that the peak field strengths e.g. at
edges of electrode 122 are within the first dielectric layer, thus increasing the ability
of second dielectric layer 126 to prevent a breakdown.

Hence, in an advantageous embodiment, at least some of the cavi-
ties 120 are arranged between different electrodes of the print head or between an
electrode of the print head and an ink retainer 66 of the print head.

Advantageously, the different electrodes 38, 40, 42, 122 are sepa-
rated from the cavity or cavities 120 by one or more solid dielectric layers 124a,
124b, 126.

In particular, the one or more solid dielectric layers 124a, 124b, 126
advantageously comprise a polymer layer 124a, 124 and/or an inorganic layer 126.
Advantageously, the polymer layer 124a, 124 is arranged between electrode 122 and
inorganic layer 126.

Operating the Print Head

In operation, i.e. while printing, ink is fed to the print heads by
means of the supply ducts 15. This ink is restricted to region 64 between the nozzles 4
and the ink retainers 66.

To eject ink drops, the voltage at the desired ejection electrode(s)
(in respect to the voltage of the ink) is increased temporarily. For example, a voltage
pulse of 400 V may be generated. While not printing, the voltage at the ejection elec-
trodes is maintained at a level where no ink is ejected. Advantageously, it is non-zero,
though, e.g. at 200 V.

As mentioned above, the electric field at ink retainer 66 is advanta-
geously kept low, e.g. at less than 50%, in particular at less than 10%, of the field
strength at the forward end 70 of the nozzle. Since high electric field strengths reduce
the surface tension of the ink, this procedure reduces the tendency of the ink to wet
the ink retainer and to cross it.

The suction ducts 16, if present, are used to retrieve ink from the
nozzles. Advantageously, the method for printing comprises the following steps:

- Using the supply ducts 15 in nozzle carrier 6 to individually feed
ink to the nozzles and

- Using suction ducts 16 in nozzle carrier 6 to individually suck ink
from the nozzles.

This allows to maintain the reservoir of fresh ink at the nozzles.
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In operation, the pressure px at the end of the suction duct 16 ata
given nozzle is advantageously maintained to keep the ink away from ink retainer 66,
such as at the level 64b of Fig. 2. Advantageously, px should not be too low to pre-
vent air from being sucked into suction duct 16. A suitable pressure can be calculated
from the radial width w of annular duct 62. For w =5 um and an ink with the surface
tension of water, the Young Laplace equation yields a pressure difference dp of 144
mbar. For a liquid with the surface tension of alkane, the pressure difference dp
would be 40 mbar. Hence, by keeping the pressure px at no more than dp below am-
bient pressure, surface 64b can be maintained and no air will be aspirated.

If, instead of an annular duct 62, several circular openings of a di-
ameter of e.g. 5 um are used, dp will be twice as large.

If the difference between the ambient pressure and px is less than
dp, the level of liquid will rise, e.g. to line 64a of Fig. 2. There, the curvature is much
lower than at line 64b, If we assume, in a simplified example, the curvature is ten
times lower, the corresponding pressure difference is 14 mbar (for water). Hence, by
e.g. maintaining pressure px at 50 mbar below atmosphere, ink can be prevented from
reaching a level as high as line 64a.

On the other hand, the pressure py at the end of supply duct 15 ata
given nozzle can be adjusted to maintain a desired ink flow through the nozzle. Also,
and as mentioned above, the ink flow through the exit ducts 56 and 60 can be ad-
justed by choosing suitable diameters in these ducts.

In yet another embodiment, the pressure difference (below ambient
pressure) in the end sections 16a of the suction ducts 16 can be chosen to be larger
than dp at the lower level 64b. Hence, air will be aspirated into the suction ducts 16.

If, in that case, the ink returning through the suction ducts 16 is to
be recycled, a separation device may be used to separate ink and air before the ink is

fed to recirculation pump 18.

Manufacturing

The present print head can be manufactured using techniques as
they are e.g. knows from semiconductor manufacturing and packaging, e.g. as de-
scribed in WO 2013/000558, WO 2016/120381, and WO 2016/169956.

Advantageously, at least some of the layers of the print head are
polymer layers, in particular the intermediate layers 114 of the multilayer structures
of the type of Figs. 18, 19 used therein.

Manufacturing such a multilayer structure comprises, advanta-

geously, the following steps:
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1. Providing bottom layer 110. This may e.g. be the top layer
formed by a previous manufacturing step.

2. Applying a material layer on top of bottom layer 110. This mate-
rial layer will form intermediate layer 114.

3. Applying top layer 112 above the material layer.

The material layers deposited in steps 2 and 3 may be applied using
various techniques, such as lamination, spin coating, sputtering, or vapor deposition.

Lamination is particularly advantageous, in particular for applying
the top layer 112. In lamination, the layer is applied as a sheet material and connected
to the underlying structure e.g. using heat and pressure. This allows to easily span the
cavities and/or to create overhanging structures.

The material layer of step 2 is advantageously a photoresist, such as
SU-8, which allows to structure it easily. In this case, step 2 comprises at least the fol-
lowing sub-steps:

2a; [lluminating the material layer with collimated light through a
mask, thereby defining illuminated and non-illuminated regions in the material layer.

2b: Selectively removing the illuminated or the non-illuminated re-
gions from the material layer, depending on if a positive or negative photoresist is
used.

Alternatively, top layer 112 may also be formed from a solid mate-
rial, e.g. a glass wafer, that is bonded to the intermediate layer 114, e.g. by adhesive
bonding, fusion bonding, eutectic bonding, etc.

Inorganic dielectric layer 126 (Fig. 20) can e.g. be manufactured by
depositing it onto the polymer dielectric layers 124a, 124b an atomic layer deposition

process.

Notes

In most of the embodiments shown so far, each nozzle is sur-
rounded by an ink retainer, which defines a restricted area where the ink can flow
from the nozzle.

In the examples, each nozzle is surrounded by its own ink retainer.
Alternatively, several nozzles may be surrounded by a common ink retainer, i.e. one
ink retainer may surround several nozzles.

Alternatively or in addition thereto, each support element of support
structure 8 may be surrounded by an ink retainer, which defines an ink-free area

around the support element, preventing the ink to reach the support element. This
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may be particularly advantageous if the support elements are forming individual, iso-
lated pillars.

As can be seen in the embodiments shown above, the guard elec-
trodes 42 are advantageously close to the axis of the nozzle. This is illustrated, by
way of example, in Fig. 12.

Here, central axis 100 of nozzle 4, as it extends along ejection direc-
tion X, is shown in a dashed line. x1 is the distance between guard electrode 42 and
nozzle axis 100. x2 is the distance between ink retainer 66 and nozzle axis 100. x3 is
the distance between closest support element 78 and nozzle axis 2, with the support
element 78 being the one adjacent to nozzle carrier 6.

The following relations are advantageous:

x1 <x2, in particular x1 < 0.8 - x2: By placing guard electrode 42
closer to nozzle axis 100 than ink retainer 66, a better shielding of ink retainer 66 is
achieved.

x1 < x3, in particular x1 < 0.8 - x3, in particular x1 < 0.5 - x3: Again,
by placing the closest support element 78 further away from axis 100 than guard elec-
trode 42, the support elements are shielded as well.

Tn addition or alternatively thereto, the difference x2 —x1 is advan-
tageously at least 50% of the vertical distance d’ between guard electrode 42 and ink
retainer 60.

In particular, x3 should be larger than x2 by at least 1 um, in partic-
ular by at least 5 pm.

Hence, the following relations are advantageous, either alone or in
any combination:

- The distance x1 between guard electrode 42 and nozzle axis 100 is
smaller than the distance x2 between ink retainer 66 and nozzle axis 100.

- The distance x1 between guard electrode 42 and nozzle axis 100 is
smaller than the distance x3 between axis 100 and the support element 78 adjacent to
nozzle carrier 6 that is closest to nozzle axis 100.

- The difference x2 — x1 (between the distance x1 between guard
electrode 42 and nozzle axis 100 and the distance x2 between ink retainer 66 and noz-
zle axis 100) is at least 50% of the vertical distance between guard electrode 42 and
ink retainer 66.

- The distance x3 (between axis 100 and the support element 78 ad-
jacent to nozzle carrier 6) is larger than the distance x2 between ink retainer 66 and

nozzle axis 100 by at least 1 um, in particular by at least 5 pm.
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- The difference x2 — x1 (between the distance x1 between guard
electrode 42 and nozzle axis 100 and the distance x2 between ink retainer 66 and noz-
zle axis 100) is advantageously at least 50% of the vertical distance between guard
electrode 42 and ink retainer 66.

As mentioned, the print head may also comprise gas ducts to feed
gas to the region between the print head and the target and/or to retrieve gas from said
region. These gas duct feeds may also comprise horizontal sections, such as intercon-
nect sections, e.g. in front layer 10 and/or backing layer 12 and/or interposer layer 32,
similar to the ink ducts shown in Figs. 13 and 15.

In the embodiments described so far, three electrodes at three differ-
ent vertical levels have been mentioned: the ejection electrodes, the guard electrodes,
and the shielding electrodes. It must be noted, though, that there may also be other
electrodes, such as:

- Electrodes may be provided in nozzle carrier 6, e.g. at the supply
ducts 15 and/or suction ducts 16, and/or at the nozzle and/or at the ink retainers for

~ defining the potential of the ink. Such electrodes allow e.g. to keep the ink at a similar

or the same potential as the guard electrodes 42. Advantageously, such electrodes are
of platinum and/or gold.

- Further electrodes (e.g. between ejection electrode 38 and shield-
ing electrode 40 of Fig. 2) may be provided if differently sized nozzles are present on
the print head. This is particularly useful for nozzles where the distance between the
gjection electrode and the nozzle is considerable smaller than the distance between
the shielding electrode and the ejection electrode.

While there are shown and described presently preferred embodi-
ments of the invention, it is to be distinctly understood that the invention is not lim-
ited thereto but may be otherwise variously embodied and practiced within the scope

of the following claims.
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Claims

1. An electrohydrodynamic print head comprising

a nozzle carrier (6),

a plurality of nozzles (4) arranged on said nozzle carrier (6),

a plurality of ejection electrodes (38) associated with said nozzles
(4) and located on a front side of said nozzles (4),

wherein said print head comprises at least one multilayer structure
(109) with a bottom layer (110), a top layer (112), and at least one intermediate layer
(114) between said bottom layer (110) and said top layer (112), wherein said interme-
diate layer(s) (114) form(s) walls (116) extending between the bottom layer (110) and
the top layer (112),

and wherein a plurality of cavities (118, 120) are located in the in-
termediate layer (114) between the bottom layer (110) and said top layer (112).

2. The print head of claim 1 wherein at least part of said cavities

(118), in particular a majority of said cavities (118), are closed cavities.

3. The print head of any of the preceding claims wherein at least
part of said cavities (118) form a repetitive, regular pattern.

4. The print head of any of the preceding claims wherein said walls
(116) form a honeycomb structure between the bottom layer (110) and the top layer
(112).

5. The print head of any of the preceding claims wherein said walls
(116) have a thickness (m) of less than 25% of a minimum diameter (M) of the cavi-
ties (118).

6. The print head of any of the preceding claims wherein a mini-
mum diameter (M) of the cavities (118) is larger than a thickness (t) of the intermedi-
ate layer (114).

7. The print head of any of the preceding claims wherein said walls
(116) extend perpendicularly to the bottom layer (110) and the top layer (112).
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8. The print head of any of the preceding claims wherein at least
some of said cavities (71, 717, 717, 120) communicate with and are adjacent to exit
passages (5) located at said nozzles (4).

9. The print head of any of the preceding claims wherein at least
some of said cavities (71) are arranged between different electrodes (38, 40, 42, 122)
of said print head,

and in particular wherein any straight line extending between two
neighboring electrodes (38, 40, 42, 122) extends through at least one of the cavities
(71,717, 717).

10. The print head of any of the preceding claims wherein at least
some of said cavities (71°, 717 are arranged between an electrode (38, 42, 122) of the

print head and an ink retainer (66) of the print head.

11. The print head of any of the claims 9 or 10 wherein said differ-
ent electrodes (38, 40, 42, 122) are separated from the cavity or cavities (118, 120) by
one or more solid dielectric layers (124a, 124b, 126).

12. The print head of any of the claims 10 or 11 wherein said elec-
trodes (38, 40, 42, 122) are mounted to the bottom layer (110) and/or the top layer
(112) of the multilayer structure (109).

13. The print head of claim 12 wherein the electrodes (38, 40, 42,
122) are embedded into the bottom layer (110) and/or the top layer (112) of the multi-
layer structure (109), with the bottom layer (110) and/or top layer (112) forming die-
lectric solid layers covering the electrodes (38, 40, 42, 122) from the bottom and top

sides.

14. The print head of any of the claims 11 to 13 wherein said one or
more solid dielectric layers (124a, 124b, 126) comprise a polymer layer (124a, 124b)
and/or an inorganic layer (126), and in particular wherein said polymer layer (124a,
124) is arranged between said electrode (122) and said inorganic layer (126).

15. The print head of any of the claims 10 to 14 further comprising
guard electrodes (42) arranged at a level behind the ejection electrodes (38), wherein
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at least some of the cavities (71°) are arranged between at least one of said ejection

electrodes (38) and at least one of said guard electrodes (42).

16. The print head of any of the claims 10 to 15 further comprising
at least one shielding electrode (40) arranged at a level in front of the ejection elec-
trodes (38), wherein at least some of the cavities (717) are arranged between at least

one of said ejection electrodes (38) and said shielding electrode (42).

17. The print head of any of the preceding claims wherein the noz-
zle carrier (6) comprises at least the intermediate layer (114) of the multilayer struc-
ture (109).

18. The print head of any of the preceding claims, wherein the noz-
zle carrier (6) comprises:

- a front layer (10), wherein said nozzles (4) are mounted to a front
side (36) of the front layer (10), and

- a backing layer (12) located at a back side of the front layer (10),

- electrical vias (14) connected to the ejection electrodes (38) and
extending through the front layer (10) and the backing layer (12), and

- ink feed ducts (15, 16) arranged in the front layer (10),

wherein the front layer (10) comprises at least the intermediate layer
(114),

and in particular wherein there are closed cavities (118) not com-
municating with the ink ducts (15, 16).

19. The print head of any of the preceding claims further compris-
ing a support structure (8) supporting said ejection electrodes (38) on said nozzle car-
rier (6), wherein said support structure (8) comprises a plurality of support elements
(76, 78) arranged between said nozzles (4),

and wherein said support structure (8) comprises at least the inter-

mediate layer (114) of the multilayer structure (109).

20. The print head of claim 19 further comprising a plurality of ink
retainers (66) arranged between said nozzles (4) and said support elements (76, 78),
wherein, along an ejection direction (X) of the print head, the front surfaces (68) of
the ink retainers (66) are located at a level behind the front ends (70) of the nozzles

4).
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21. The print head of any of the preceding claims wherein a thick-
ness (t) of said intermediate layer (114) is at least 1 um, in particular at least 10 pm.

22. The print head of any of the preceding claims wherein said in-
termediate layer (114) is a polymer layer.

23. The print head of any of the preceding claims comprising at
least one material layer of a material different from the intermediate layer (114), in

particular a semiconductor or glass layer.

24. A method for manufacturing the print head of any of the preced-
ing claims comprising the step of

applying a material layer on said bottom layer (110),

removing part of said material layer for forming said cavities (118),

applying the top layer (112) above the material layer.

25. The method of claim 24, wherein said material layer is a photo-
resist, in particular SU-8, and said method comprises the steps of

illuminating the material layer with collimated light through a mask,
thereby defining illuminated and non-illuminated regions in said material layer, and

selectively removing the illuminated or the non-illuminated regions

from the material layer.

26. The method of any of the claims 24 or 25 comprising the step of
applying the top layer (112) above the material layer using lamination.



