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(57) Abrége/Abstract:

An acoustic droplet emitter which a liquid level control plate has a lip In intimate contact with the free surface of a liquid Is
constructed. The liquid level control plate also has an effective aperture diameter at the exit edge of the plate which Is larger than
the effective aperture diameter at the lip. This reduces the pressure sensitivity of the free surface of the liguid and allows for the
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(57) Abréege(suite)/Abstract(continued):
free surface of the liquid to be effectively pinned at the bottom surface of liquid level control plate for wider variations In pressure
than using conventional methods.
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Abstract

An acoustic droplet emitter which a liquid level control plate has a lip in
intimate contact with the free surface of a liquid is constructed. The liquid level
control plate also has an effective aperture diameter at the exit edge of the
plate which is larger than the effective aperture diameter at the lip. This
reduces the pressure sensitivity of the free surface of the liquid and allows for
the free surface of the liquid to be effectively pinned at the bottom surface of

liquid level control plate for wider variations in pressure than using

conventional methods.
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LIQUID LEVEL CONTROL IN AN ACOUSTIC DROPLET EMITTER

Background

This invention relates generally to acoustic droplet emission and more
particularly concerns a capping structure which provides liquid level control

and meniscus placement for an acoustic droplet emitter.

Turning now to Figure 1 a device which generates liquid droplets using
focussed acoustic energy is shown. Such devices are known in the art for use
in printing applications. Detalled descriptions of acoustic droplet formation and
acoustic printing can be found in the following US Patent Applications:
4,308,507 titled “Liquid Drop Emitter” by Lovelady et al., issued December
29th 1981, 4,697,195 titled "Nozzleless Liquid Droplet Ejectors”, by Quate et.
al., issued September 29th, 1987; 5,041,849 titled "Multi-Discrete-Phase
Fresnel Acoustic Lenses And Their Application To Acoustic In Printing” to
Quate et al., issued August 20th, 1991; 5,121,141 titled “Acoustic Ink
Printhead With Integrated Liquid Level Control Layer” to Hadimioglu et al.,
issued June 9th 1992; 5,608,433 titled “Fluid Application Device And Method

Of Operation” by Quate, issued March 4", 1997

The most important feature of the device shown in Figure 1 is that it
does not use nozzles and is therefore unlikely to clog, especially when
compared to other methods of forming and ejecting small, controlled droplets.

The device can be manufactured using photolithographic techniques to
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provide groups of densely packed emitters each of which can eject carefully

controlied droplets. Furthermore, it is known that such devices can eject a
wide variety of materials, US Patent No. 5,591,490 titled” Acoustic Deposition
Of Material Layers” by Quate, issued January 7th, 1997, describes a method
for using an array of such acoustic droplet emitters to form a uniform layer of
resist, US Patent No. 5,565,113 entitled “Lithographically Defined Ejection
Units” by Hadimioglu et al., issued October 15, 1996, states that the principles
of AIP are suitable for ejection of materials other than marking fluids, such as
mylar catalysts, molten solder, hot melt waxes, color filter materials, resists,
chemical compounds, and biological compounds. US Patent No. 5,520,715
titled “Directional Electrostatic Accretion Process Employing Acoustic Droplet
Formation™ by Oeftering, issued May 28th, 1996, describes using focussed

acoustic energy to emit droplets of liquid metal.

With the above concepts firmly in mind, the operation of an exemplary
acoustic droplet emitter will now be described. There are many variations in
acoustic droplet emitters and the description of a particular droplet emitter is
not intended to limit the disclosure but to merely provide an example from
which the principles of acoustic droplet generation can be applied in the

context of this invention.

Figure 1 shows an acoustic droplet emitter 10 shortly after emitting of a
droplet 12 of a liquid 14 and before a mound 16 on a free surface 18 of the
liquid 14 has relaxed. The forming of the mound 16 and the subsequent

ejection of the droplet 12 is the result of pressure exerted by acoustic forces
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created by a ZnO transducer 20. To generate the acoustic pressure, RF
energy Is applied to the ZnO transducer 20 from an RF source via a bottom
electrode 24 and a top electrode 26. The acoustic energy from the transducer
20 passes through a base 28 into an acoustic lens 30. The acoustic lens 30
focuses its received acoustic energy into a small focal area which is at or very
near the free surface 18 of the liquid 14. It should be noted that while the
acoustic lens 30 Is depicted as a fresnel lens, that other lenses are also
possible. For example, concave acoustic beam forming devices such as that
shown in US Patent No. 4,751,529, titled "Microlenses For Acoustic Printing”,
by Elrod et al., issued June 14", 1988 have also been used. Provided the
energy of the acoustic beam is sufficient and properly focused relative to the
free surface 18 of the liquid 14, a mound 16 is formed and a droplet 12 is

subsequently emitted on a trajectory T.

The liquid is contained by a plate 34 which has a opening 32 in which
the free surface 18 of the liquid 14 is present and from which the droplet 12 is
emitted. The liquid 14 flows through a channel defined by sidewalls 36 and
the top surface 38 of base 28 and past the acoustic lens 30 without disturbing
the free surface 18. Although the sidewalls 36 are depicted as inwardly
sloping, resulting in a channel that is narrower at the opening 32 than at the
surface 38 of the base 28, this need not be so. Examples of other channel
configurations are shown in US Patent No. 5,121,141, issued June 9th 1992,
by Hadimioglu et al., and titled, "Acoustic Ink Printhead With Integrated Liquid
Level Control Layer” and US Patent No. 5,450,107, issued September 12th,

1995, by Rawson and titled “Surface Ripple Wave Suppression By Anti-
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Reflection In Apertured Free Ink Surface Level Controllers For Acoustic Ink
Printers. The width W of the opening 32 is many times larger than the droplet
12 which is emitted such that the width W of the opening has no effect on the
size of the droplet 12 thereby greatly reducing clogging of the opening,
especially as compared to other droplet ejection technologies. It is this feature
of the droplet emitter 10 which makes its use desirable for emitting droplets of
a wide variety of materials. Also important to the invention is the fact that
droplet size of acoustically generated and emitted droplets can be precisely
controlied. Drop diameters can be as small as 16 microns allowing for the

deposition of very small amounts of material.

However, the free surface 18 of the liquid 14 must be a precise focal
distance d from the acoustic lens 30 so that the acoustic energy focussed by
the acoustic lens 30 can be focussed at or very near to the free surface 18.
Variations in the distance d will cause the acoustic energy generated by the
transducer 20 to be misfocused by the acoustic lens 30 and often results in
misfired droplets 12. Many techniques have been used to control the

placement of the free surface 18 relative to acoustic lens 30.

Most commonly, surface tension, fluid pressure, and the edge of an
orifice opening are relied upon to place the free surface 18 at the appropriate
distance d. If the liquid 14 is supplied at the correct pressure then the surface
tension will hold the free surface 18 in place with a meniscus extending
between the sidewalls 36, as shown in Figure 1. If the pressure is increased

the liquid 14 will spill through the opening, if the pressure is decreased the
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free surface 18 of the liquid 14 will slip down the sidewalls 36 of the plate 34
instead of being adjacent to the top surface 40 of the plate 34 as shown in

Figure 1.

This method requires uniformity of the pressure of liquid 14 and is
dependent on variations in the thickness of the plate 34. In the case of an
acoustic droplet emitter which has a single emitter or a small number of
emitters, pressure uniformity can often be sufficiently maintained. However,
as the number of emitters disposed Iin a single channel grow larger,
maintaining uniformity can be problematic. Furthermore, the free surface may
not be maintained by the sidewalls of the channel but by the sidewalls of a
relatively short capping structure as shown in any of US Patent No. 5,121,141
titled “"Acoustic In Printhead With Integrated Liquid Level Control Layer” to
Hadimioglu et al., issued June 9th 1992, US Patent No. 5,450,107, titled
“‘Surface Ripple Wave Suppression By Anti-Reflection In Apertured Free Ink
Surface Level Controllers For Acoustic Ink Printers”, by Rawson, issued
September 12th, 1995, US Patent No. 5,028,937, titled “ Perforated
Membranes For Liquid Contronlin Acoustic Ink Printing”, by Khuri-Yakub et
al., issued July 2nd 1991, US Patent No. 5,121,141 titled “Acoustic In
Printhead With Integrated Liquid Level Control Layer” to Hadimioglu et al.,
issued June 9th 1992, or US Patent No. 5,216,451, titled “Surface Ripple
Wave Diffusion in Apertured Free Ink Surface Level Controllers For Acoustic
Ink Printers”, by Rawson et al., issued June 1st, 1993. In these cases, if the

pressure drops too low, the free surface will drop below the level of the

capping structure and the system will begin to take in air.
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Another method has been shown in US Patent No. 5,277,754, titled
“‘Process For Manufacturing Liquid Level Control Structure™ by Hadimioglu et
at., issued January 11th 1994, and US Patent No. 5,392,064 titled “Liquid
Level Control Structure” by Hadimioglu et al., issued February 215, 1995.
These patents describe an hourglass-shaped aperture containing knife edged
lips at the waist of the aperture. While this embodiment has the advantage of
being independent from variations in wafer thickness it is difficult to

manufacture and not as easily extensible to larger numbers of emitters.

Further work has been done in the area as shown in US Patent No.
5,277,754, titled "Process For Manufacturing Liquid Level Control Structure”
by Hadimioglu et al., issued January 11th, 1994, and US Patent No.
5,392,064 titled “Liquid Level Control Structure” by Hadimioglu et al., Issued
February 21st, 1995. Structures are shown which utilize acoustically thin
capping structures having pores to create accurately positioned fluid wells. As
above, these structures are complicated to manufacture and are dependent

on variations in thickness of both the substrate and the capping structures.

Accordingly, it is the primary aim of the invention to create a method for
precise placement of a liquid with a free surface that is easy to manufacture,
easily extensible to many emitters within a single channel, (enabling a high
rate of flow of the liquid) and has as few dependencies as possible on

thickness variations of various components.
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Further advantages of the invention will become apparent as the

following description proceeds.

summary of the Invention

Briefly stated and in accordance with the present invention, there is
provided an acoustic droplet emitter comprising a channel for containing a
liquid having spaced apart sidewalls and an opening on an opening plane.
Attached to the channel is a liquid level control plate, having a bottom surface
coplanar with the opening plane. The liquid level control plate also has a
thickness, a top surface, and an aperture with an entrance edge. The aperture
has an aperture width and an entrance edge with the entrance edge being so
constructed and arranged to hold a meniscus of a liquid contained in said

channel substantially at the opening in said channel.

According to an aspect of the present invention, there is provided An
acoustic droplet emitter comprising:

a) a channel for containing a liquid having sidewalls spaced apart a
distance and an opening on an opening plane,

D) a liquid level control plate having a bottom surface coplanar with
the opening plane, a thickness, a top surface, and an aperture with an
entrance edge and an exit, the aperture having an aperture width, the
aperture width at the exit being larger than the aperture width at the entrance
edge for holding a meniscus of a liquid contained in said channel substantially

at the opening in said channei,




Ve ledeiitod g™ Sacirim e A0 clatkatads b w R rse AT A s o JRACE "l g Jh4d 0 one * 2l S o Nr 12 40 | Sl sl Dbl s L=l e " 2 TARMRL ¢ = Sl o ty L L e M At e LA LR et 1t M ot doab D BNes MApIE ol s el owa T e e 1 r T R et el e T e e il T o AN Tttt b eei i T el vkl ot Skl ham ot e E e et e e e Bl T trmeneta e e B BEe e tttetne e i B iRt b ceme s

CA 02281361 2003-03-10

C) a lens for tocussing acoustic soundwaves at a focal plane and
operably disposed within the channel, the focal plane being substantially at
the meniscus of the liquid, and

d) a transducer for generating acoustic soundwaves in said
channel at least a portion of the sound waves generated by said transducer

being focussed by said iens.

Brief Description of the Drawings

Figure 1 shows a cross-section of a prior art acoustic droplet emitter.

Figure 2 shows a cross-section of an acoustic droplet emitter using a liquid
level control plate according to a first embodiment of the invention.

Figure 3 shows a cross-section of an acoustic droplet emitter using a liquid
level control plate according to a second embodiment of the invention.

Figure 4 shows a cross-section of an acoustic droplet emitter using a liquid

level control plate according to a third embodiment of the invention.

While the present invention will be described in connection with a
preferred embodiment and method of use, it will be understood that it is not
intended to limit the Iinvention to that embodiment or procedure. On the
contrary, it is intended to cover all alternatives, modifications and equivalents

as may be included within the spirit and scope of the invention as defined by

the appended claims
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Detailed Description of the Invention

Turning now to Figure 2, a cross-section i1s shown of an acoustic
droplet emitter 50 according to a first embodiment of the invention. Acoustic
droplet emitter 50 Is identical in most respects to acoustic droplet emitter 10
shown in Figure 1, and therefore the same reference numerals have been
used for like elements. Attention will now be focussed on describing the
differences between the two droplet emitters. As stated earlier, the sidewalls
36 of the channel need not be sloped and may be substantially vertical as
shown in Figure 2. Furthermore, the distance between the sidewalls 36 is the
channel width C,,. Additionally, a liquid level control plate 42 has been placed

on the top surface 40 of the plate 34.

The liquid level control plate 42 has a thickness t and an aperture 52
with an aperture width Ay. The aperture 52 has sloping sidewall 44 and an
entrance edge 46 in intimate contact with the liquid 14. The free surface 18 of
the liquid 14 is at rest and forms a meniscus which is “pinned” to the entrance
edge 46 of the liquid level control plate 42. The entrance edge 46 is formed by
outwardly sloping sidewall 44 which meets the bottom surface 54 of the liquid

level control plate at a sufficiently sharp angle. The angle is sufficiently sharp

If the internal angle «o; iIs 60 degrees or less, or the corresponding external

angle ae Is 120 degrees or more. As shown In Figure 2, the internal angle «; is
the acute angle measured from the bottom surface 54 to the outwardly sloping
sidewall 44. The external angle a. Is the obtuse angle measured from a line L,

which extends along the bottom surface 54 of the liquid level control plate and



CA 02281361 2002-07-17

through the aperture 52, to the outwardly sloping sidewall 44. The result is
that the aperture 52 is wider at the exit edge 48, where the sloping sidewall 44

meets the top surface 56 of the liquid level control plate, than at the entrance

edge 40.

Although structures where the aperture width A, is equal to the
channel width, C,, are certainly feasible, the acoustic droplet emitter will work
best when the channel width, A, Is much larger than the aperture width Ay. It
Is desirable for the channel width C,, to be at least a factor of ten larger than
the aperture width Ay, and preferably, a factor of 50 larger than the aperture
width Ay. The larger channel width C,, minimizes the pressure drop along the

channel to provide a more uniform pressure at all emitters along the channel.

The result of the entrance edge 46 and the outwardly sloping sidewall
44 is to decrease the tendency for the meniscus formed by the free surface 18
to move towards the exit edge 48 with small increases in pressure. By
reducing the pressure sensitivity of the mertiscus, the meniscus is effectively

pinned at the entrance edge 46 for a range of pressures.

Having the meniscus pinned for a range of pressures allows for greater
tolerance in the maintenance of a uniform pressure. Having the meniscus
pinned at the entrance edge 46 for a range of pressures is also useful when
constructing an array of acoustic droplet emitters in one channel as shown iIn
Figures 4-6 of US Patent No. 5,565,113 titled “Lithographically Defined

Ejection Units” by Hadimioglu et al., issued October 15", 1996. Even if the

10
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fluid 14 is supplied at a constant pressure, as the fluid 14 flows through the
channel, it will lose some pressure causing the free surface 18 to drift out of
focus with the acoustic lens 30 using conventional methods. As the free
surface drifts further out of focus droplet emission is affected, which in turn
affects the ability to precisely place any droplets emitted on a receiving

substrate (not shown).

Another important feature of the liquid level control plate 42 is that the
meniscus is pinned along the bottom surface 54 of the liquid level control
plate 42. The impact means that any variations in the thickness t of the liquid
level control plate 42 are immaterial to the distance d between the free
surface 18 and the acoustic lens 30. Having the location of the free surface
independent of thickness variations allows for reduced manufacturing
tolerances and lower cost to manufacture the liquid level control plate. This is
especially important when the sidewalls of the channel are far apart to enable
high liquid flow with a uniform pressure. This allows the liquid level control
plate to be made appropriately thick to give it structural stiffness which makes
it less sensitive to the liquid pressure and provides general robustness from

physical damage.

As stated earlier the sidewall 36 of the plate 34 is shown undercut or
pulled back from the entrance edge 46 of the liquid level control plate such
that the aperture width A, is less than the channel width C,,. However, this
need not be so and structures where the aperture width C,, is equal to the

channel width C,, are feasible, even if less desirable. It is shown merely for

11
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ease of description. It should also be pointed out that the angles of the
sidewall as described above are critical only at the entrance edge of the
liquid-level-control-plate and other entrance edge structures are feasible as
shown In Figures 3 and 4. While this condition will be true when constructing
two dimensional arrays of acoustic droplet emitters in a single channel, the
liquid level control plate 42 can also be used with a single row of emitters or a

single ejector where it need not be so.

Turning now to Figure 3, a cross-section is shown of an acoustic
droplet emitter 80 which is nearly identical to acoustic droplet emitter 50
shown in Figure 2, and therefore the same reference numerals have been
used for like elements. The only difference between the two acoustic droplet
emitters 50, 80 is that the entrance edge 46 of liquid level control plate 42 is
fabricated with a protruding lip structure which has a lip height ,, which may
be arbitrarily small. However, current practical considerations for
manufacturing, strength of the lip to prevent breakage, and maintenance
suggest that the lip height should be at least 10% of the thickness t of the

liquid level control plate 42.

Turning now to Figure 4, a cross-section is shown of an acoustic
droplet emitter 60 according to a second embodiment of the invention.
Acoustic droplet emitter 60 is identical in most respects to acoustic droplet
emitter 10 shown in Figure 1, and therefore the same reference numerals
have been used for like elements. Attention will now be focussed on

describing the differences between the two droplet emitters. The average

12
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distance between the sidewalls 36 is the effective channel width Cy.e. A liquid

level control plate 62 has been placed on the top surface 40 of the plate 34.

The liquid level control plate 42 has a thickness t and an aperture 52.
The aperture 52 has a sidewall 70 with an entrance edge 68, which has been
fabricated as a lip 67, in intimate contact with the liquid 14. The free surface
18 of the liquid 14 is at rest and forms a meniscus which is “pinned” to the
entrance edge 68 of the liquid level control plate 42. The lip 67 protrudes from
the sidewall 70 of sufficient size where it meets the bottom surface 54 of the
liquid level control plate 62. The dimensions are sufficient if the ledge has a
width |, of at least 10 percent of the aperture width A, and a height |, of at
most 3 percent of the focal distance d. If the aperture is round, then the
aperture width A, will equal the diameter of the aperture. However, if the
aperture is oval or polygonal the aperture width A, will equal the effective

diameter of the aperture.

Although structures where the aperture width A, I1s equal to the
effective channel width Cyex are certainly feasible, the acoustic droplet emitter
will work best when the effective channel width C, is much larger than the
aperture width A,,. It is desirable for the channel width Ces to be at least a
factor of ten larger than the aperture width Ay, and preferably, a factor of 50
larger than the aperture width A,. The larger effective channel width Ces

minimizes the pressure drop along the channel to provide a more uniform

pressure at all emitters along the channel.

13
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As shown in Figure 4, the ledge width |, is measured radially outward
from the lip 67 and the ledge height |, is measured from a line L, which
extends along the bottom surface 54 of the liquid level control plate and
through the aperture 52 upward. The result is that the aperture 52 is wider at

the exit edge 72 than at the entrance edge 68.

The result of the lip 67 is to decrease the tendency for the meniscus
formed by the free surface 18 to move towards the exit edge 72 with small
increases in pressure. By reducing the pressure sensitivity of the meniscus,
the meniscus is effectively pinned at the lip 67 for a range of pressures.
Having the meniscus pinned for a range of pressures allows for greater
tolerance in the maintenance of a uniform pressure. Having the meniscus
pinned at the lip 67 for a range of pressures is also useful when constructing
an array of acoustic droplet emitters in one channel as shown in Figures 4-6
of US Patent No. 5,565,113 titled “Lithographically Defined Ejection Units” by
Hadimioglu et at., issued October 15th, 1996. Even if the fluid 14 is supplied
at a constant pressure, as the fluid 14 flows through the channel, it wilt lose
some pressure causing the free surface 18 to drift out of focus with the
acoustic lens 30 using conventional methods. As the free surface drifts further
out of focus droplet emission is affected, which in turn affects the ability to

precisely place any droplets emitted on a receiving substrate (not shown).

Another important feature of the liquid level control plate 62 i1s that the
meniscus is pinned along the bottom surface 64 of the liquid level control

plate 62. The impact means that any variations in the thickness t of the liquid

14
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level control plate 62 are immaterial to the distance d between the free
surface 18 and the acoustic lens 30. Having the location of the free surface
independent of thickness variations allows for reduced manufacturing
tolerances and tower cost to manufacture the liquid level control plate. This is
especially important when the sidewalls of the channel are far apart to enable
high liquid flow with a uniform pressure. This allows the liquid level control
plate to be made appropriately thick to give it structural stiffness which makes
it less sensitive to the liquid pressure and provides general robustness from

physical damage.

It should also be pointed out that the sidewall 36 of the plate 34 is
shown rising steeply from the lip 67. This need not be so and so long as the
constraints on ledge height and width are met, a wide variety of curves may
be used. Furthermore, the sidewall 36 is shown undercut or pulled back from
the entrance edge 68 of the liquid level control plate 62, however, this also
need not be so. It is shown merely for ease of description. While this condition
will be true when constructing two dimensional arrays of acoustic droplet
emitters in a single channel, the liquid level control plate 62 can also be used

with a single row of emitters or a single ejector where it need not be so.

The liquid level control plates described above may be manufactured
with a wide variety of known in the art manufacturing techniques. For
instance, known etching techniques may be used to make the sloped edges
described in liquid level control plate 50 shown in Figure 2. The aperture

structure may also be produced using known laser ablation and

15
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micropunching techniques. A combination of these techniques may also be
used. For instance, a two step micropunch may be used to create the ledge
described in liquid level control plate 62 shown in Figure 4. Further the high-
level control plate may be formed of two laminated plates with the thick
portion having the larger less precise hole and the thin portion having the
smaller very precise hole coaxial to the previous. The lamination can be

achieved by a variety of techniques including plating and cladding.

16
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CLAIM

1. An acoustic droplet emitter comprising:

a) a channel for containing a liquid having sidewalls spaced apart a
distance and an opening on an opening plane,

D) a liquid level control plate having a bottom surface coplanar with
the opening plane, a thickness, a top surtace, and an aperture with an
entrance edge and an exit, the aperture having an aperture width, the
aperture width at the exit being larger than the aperture width at the entrance
edge for holding a meniscus of a liquid contained in said channel substantially
at the opening in said channel,

C) a lens for focussing acoustic soundwaves at a focal plane and
operably disposed within the channel, the focal plane being substantially at
the meniscus of the liquid, and

d) a transducer for generating acoustic soundwaves in said
channel at least a portion of the sound waves generated by said transducer

being focussed by said lens.

2. The acoustic droplet emitter of claim 1 wherein the distance is at

least a factor of 10 larger than the aperture width.

3. The acoustic droplet emitter of claim 2 wherein the distance Is at

least a factor of 50 |larger than the aperture width.

4. The acoustic droplet emitter of claim 1 wherein the entrance

| 7
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edge further comprises an outwardly sloped sidewall.
5. The acoustic droplet emitter of claim 4 wherein the entrance
edge has an acute internal angle formed by the bottom surface and the

outwardly sloped sidewail.

0. The acoustic droplet emitter of claim 5 wherein the acute

internal angle is 60 degrees.

/. The acoustic droplet emitter of claim 5 wherein the acute

internal angle is less than 60 degrees.

8. The acoustic droplet emitter of claim 4 wherein the entrance
edge further comprises a protruding lip having a lip height which is less than

the thickness of said liquid level control plate.

9. The acoustic droplet emitter of claim 8 wherein the lip height is

at least 10 percent of the thickness of said liquid level control plate.

10. The acoustic droplet emitter of claim 8 wherein the lip further

comprises a ledge having a ledge height and a ledge width.

11.  The acoustic droplet emitter of claim 10 wherein the ledge has a

ledge width of at least 10 percent of the aperture width and a ledge height of

less than 3 percent of a focal distance of said lens.

| %
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