MEMS loudspeaker having an actuator structure and a diaphragm

spaced apart therefrom

FIELD OF THE INVENTION

This invention relates to a MEMS loudspeaker with a carrier substrate and a
membrane that can be set into vibration for generating sound waves in the

audible wavelength spectrum.

BACKGROUND

The term "MEMS" stands for microelectromechanical systems. With MEMS
loudspeakers, sound generation takes place by means of a swivel-mounted
membrane. The membrane can be set into vibration for generating a sound
wave by means of actuators (in particular, piezoelectric actuators). As a rule,
such a micro-loudspeaker must generate a high displacement of air volume
in order to be able to reach a significant sound pressure level. Such a micro-
loudspeaker is known, for example, from DE 10 2012 220 819 Al.

Furthermore, a micro-loudspeaker, which comprises a piezoelectric actuator
and a membrane, which are arranged on a substrate, which features a cavity,
is also known from US 2011/0051985 A1l. The piezoelectric actuator com-
prises a piezoelectric layer, which is connected to the membrane over the
entire area through an interposed electrode layer. Thus, together with the
membrane, the piezoelectric layer forms a multi-layer unit. This restricts the
design freedom for the formation of the membrane by the actuators. The de-
sign freedom of the actuator is also restricted by the membrane. Thus, the
membrane must have a certain size, in order to ensure sufficiently good
acoustic performance. On the other hand, the actuators must be formed as
small as possible, in order to keep the cost of the MEMS loudspeaker low.

However, with the MEMS loudspeakers known from the state of the art, an



optimized configuration of one of these two components always adversely

affects the other component.

Thus, it is the task of this invention to provide a MEMS loudspeaker that can
be manufactured cost-effectively and features an improved acoustic perfor-

mance.

SUMMARY OF THE INVENTION

The task is achieved by a MEMS loudspeaker with the characteristics de-

scribed below.

A MEMS loudspeaker for generating sound waves in the audible wavelength
spectrum is proposed. The MEMS loudspeaker features a carrier substrate
that is preferably formed from silicon. The carrier substrate features a sub-
strate cavity with two substrate openings. The two substrate openings are
formed on two opposite sides, in particular front surfaces, of the carrier sub-
strate. Thus, the carrier substrate is preferably formed as a circumferentially
closed carrier frame. Furthermore, the MEMS loudspeaker comprises an ac-
tuator structure, in particular a piezoelectric actuator structure. The actuator
structure is preferably formed with multiple layers, whereas this comprises at
least one actuator layer (in particular, a piezoelectric actuator layer), an elec-
trode layer and/or a carrier layer. The actuator layer and/or the electrode lay-
er is preferably omitted in some areas. The actuator structure is arranged in
the area of one of the two substrate openings. In its edge area, the actuator
structure is connected to the carrier substrate, in particular at one of the front
surfaces of the carrier substrate. Preferably, the actuator structure, in particu-
lar its carrier layer, traverses the one substrate opening over the entire area.
In this case, the one substrate opening is preferably completely closed by
means of the actuator structure. In addition, the MEMS speaker includes a
membrane. The membrane is preferably formed from an elastomer, in partic-

ular silicone. The membrane is anchored in its edge area, in particular the



entire edge area. By means of the actuator structure, the membrane can be
set into vibration for generating sound waves, such that it is able to vibrate

with respect to its anchoring edge area.

In a cross-sectional view of the MEMS loudspeaker, the membrane is spaced
at a distance from the actuator structure. Thus, an intermediate cavity is
formed between these two. The membrane and the actuator structure are
thus spatially decoupled from each other. Furthermore, the MEMS loud-
speaker features a coupling element. The coupling element is arranged in the
intermediate cavity. Furthermore, the coupling element connects the actuator
structure to the membrane, in particular in some areas. Thus, the membrane
and the actuator structure are mechanically coupled with each other by
means of the coupling element. Upon the electrical excitation of the actuator
structure, together with the membrane and the actuator structure, the cou-
pling element consequently vibrates with respect to the carrier substrate. Ad-
vantageously, the membrane and the actuator structure can be optimized es-
sentially independently of each other, in particular geometrically with respect
to their respective size, without adversely affecting the properties of the other
component. Accordingly, for example, the actuator structure can be formed to
be smaller in comparison to the membrane, by which the material costs of
the MEMS loudspeaker can be reduced. At the same time, the membrane
can be formed as large as possible, in particular larger than the actuator
structure, by which the performance--that is, the acoustic performance--of the

MEMS loudspeaker can in turn be increased.

Despite this spatial distancing or spatial decoupling of the membrane from
the actuator structure, they are nevertheless coupled with each other by
means of the coupling element, in particular in at least one area, such that
the membrane can be controlled by means of the actuator structure. Advan-
tageously, at the same time, with a design geared to optimal performance,
the MEMS loudspeaker nevertheless can be formed with a high degree of

cost-effectiveness.



It is advantageous if the membrane (in particular, together with the actuator
structure and the coupling element) can be deflected out of neutral position
(in particular, a horizontal neutral position) when the actuator structure is ac-
tive. In this neutral position, the membrane and/or the actuator structure are
essentially horizontally oriented and/or unbent. Preferably, the membrane
can be deflected with an elongation of more than 200%. Based on the high
degree of elongation, advantageously, a very high sound pressure can be

generated.

In order to improve the acoustic performance of the MEMS loudspeaker and
in order to protect it from damage in the event of a shock, it is advantageous
if the actuator structure is formed (in particular, in a stiff form) in such a man-
ner that, when the actuator structure is inactive, the membrane, after its de-
flection, can be led back into the neutral position by means of the actuator
structure and/or is stable in the neutral position. Thus, the actuator structure
assumes the functions of a spider, as this is known from customary large
loudspeakers. Thus, in its inactive state, the actuator structure also acts--in
addition to its ability to activate the membrane--as a damper, in order to keep
the membrane largely in its neutral position in the case of impacts. Further-
more, after its deflection, the actuator structure returns the membrane back
into its neutral position, such that, upon a renewed activation, the perfor-

mance of the MEMS loudspeaker is not influenced.

In order to be able to generate the highest possible sound pressure, the
membrane must be able to expand or swing as far as possible. Based on
this, it is advantageous if the membrane has a thickness of less than 0.3 mm

and/or an elastic modulus of less than 100 MPa.

In order to avoid the tearing of the membrane, it is advantageous if the mem-
brane features at least one thickened reinforcing area. In addition or alterna-

tively, for the same reason, it is advantageous if the membrane at least com-



prises a reinforcing element, which is preferably arranged on its side turned
away from the coupling element. The reinforcing element is preferably
formed from a metal or a metal alloy--in particular, aluminum and/or alumi-
num nitride--silicon, plastic and/or a composite material--in particular, with
carbon fibers. The reinforcing element prevents the tearing of the highly flexi-

ble membrane.

In order to improve the flexibility and ability to deflect the membrane, it is ad-
vantageous if this features an area with projections (in particular, wave-
shaped projections). This area is preferably arranged adjacent to its fastening

area.

It is advantageous if the actuator structure and the membrane are aligned
parallel to each other in the neutral position. Furthermore, it is advantageous
if the maximum height of the coupling element corresponds to the spacing (in
particular, the shortest spacing) between the actuator structure and the
membrane in the neutral position. As a result, the membrane and the actua-
tor structure can be coupled with each other without their neutral position (in
particular, their horizontal and/or mutually parallel neutral position) being in-

fluenced by means of the coupling element.

It is also advantageous if the membrane is arranged in the area of the other
substrate opening (that is, in particular at the front surface of the carrier sub-
strate opposite to the actuator structure), traverses such substrate opening
and/or is connected to the carrier substrate in its edge area. The membrane
is preferably connected, in its edge area, to a surface turned away from the
actuator structure, in particular the front surface, of the carrier substrate. At
this, the membrane can be adhered to the carrier substrate. Advantageously,
the membrane is thus anchored directly on the carrier substrate. Thus, the
substrate carrier, the actuator structure, the membrane and the coupling el-
ement form a structural unit with a suspended membrane, which can be flex-

ibly connected, for example, in or to different circuit boards.



It is advantageous if the MEMS loudspeaker includes a circuit board, in par-
ticular a PCB (printed circuit board). The circuit board also preferably fea-
tures a first circuit board cavity, in which the carrier substrate, the actuator
structure and/or the membrane are arranged in such a manner that the actu-
ator structure and the membrane are able to vibrate with respect to the circuit
board. By means of an actuator structure and/or membrane embedded in this
way, the MEMS loudspeaker can be formed in a highly compact manner,
since the thickness of the circuit board can be used for arranging at least one
of the above-mentioned components and for forming a cavity.

In an advantageous additional form of the invention, the first circuit board
cavity features a first area, in particular a cavity area, which at least partially
forms the cavity of the MEMS loudspeaker. In addition or alternatively, the
first circuit board cavity features a second area, in particular a substrate re-
ceiving area, which is adjacent to the first area, in which the carrier substrate
is arranged. Preferably, the first circuit board cavity is wider in its second ar-
ea than in its first area. Thereby, the first circuit board cavity features a ped-
estal or a step formed between the first and second areas. Thus, advanta-
geously, the carrier substrate is held at least in one direction in the circuit
board in a positive-locking manner. Furthermore, the exact position of the
carrier substrate in the circuit board can thereby be established. In addition,
the carrier substrate can be glued to the circuit board, in particular in the step
area. In addition or alternatively, it is also conceivable for the circuit board to
be constructed in layers in such a manner that the first circuit board cavity
features an undercut, such that the carrier substrate is also held in a second
direction in a positive-locking manner. Thus, the carrier substrate is encom-
passed by the circuit board, in particular in its edge area, in a positive-locking

manner.

It is advantageous if the membrane is spaced at a distance from the carrier

substrate in a cross-sectional view of the MEMS loudspeaker. As a result, the



geometrical configuration of the membrane, in particular its surface spread, is
not limited to the geometric dimensions of the carrier substrate. Given the
fact that the membrane is decoupled from the carrier substrate, the carrier
substrate can advantageously be formed to be smaller than the membrane.
In this way, material, in particular silicon, of the carrier substrate can be
saved, by which the MEMS loudspeaker can be manufactured more favora-
bly. At the same time, the membrane can be formed to be very large, by
which the acoustic performance of the MEMS--loudspeaker can be in-

creased.

In this regard, it is also advantageous if the membrane is connected in its
edge area to the circuit board, in particular at a front surface of the circuit
board or at a side wall of the first circuit board cavity. If the membrane is fas-
tened (in particular, glued) to the front surface of the circuit board, the mem-
brane preferably extends, in particular over the entire area, by means of a
sound outlet opening of the first circuit board cavity. Alternatively, if the
membrane is fastened to a side wall of the first circuit board cavity--that is, in
the interior of the first circuit board cavity--it extends, in particular over the
entire area, at least over the entire width of the first circuit board cavity in its
corresponding area. In this case, the edge area of the membrane is prefera-
bly laminated in the circuit board, which is constructed in layers, and/or is
glued to it.

It is also advantageous if the first circuit board cavity features a third area, in
particular a membrane spacing area and/or a membrane fastening area,
which in particular is adjacent to the second area, by means of which the
membrane is spaced at a distance from the carrier substrate and/or in which
the membrane is anchored in the circuit board. As a result, the membrane
can be arranged in a manner spaced at a distance from the carrier substrate
in the circuit board. Preferably, the membrane is arranged, in particular, in
the area of the end of the third area turned away from the second area, such

that the distance between the membrane and the carrier substrate is as large



as possible. For the enlargement of the membrane area, it is also advanta-
geous if the first circuit board cavity is formed to be wider in its third area than
in its second area. As a result, for saving material, the carrier substrate can
be formed as small as possible, and, for increasing the acoustic performance
of the MEMS loudspeaker, the membrane can be formed as large as possi-
ble.

The third area may feature a constant width. Alternatively, however, its width
can also increase from its end adjacent to the second area, in the direction of
the sound outlet opening.

It is advantageous if the first circuit board cavity features a fourth area (which
is, in particular, adjacent to the third area), in particular a sound-conducting
channel area, the width of which preferably increases (in particular, in a coni-
cal manner) from the third area in the direction of the sound outlet opening.

This can increase the sound pressure of the MEMS loudspeaker.

Furthermore, it is advantageous if the membrane is spaced through the
fourth area from the outer surface of the circuit board and/or from the sound
outlet opening. Thus, the membrane is protected in the interior of the circuit

board.

In order to improve the acoustic performance of the MEMS loudspeaker and,
at the same time, to manufacture it as cost-effectively as possible, it is ad-

vantageous if, in a cross-sectional view of the MEMS loudspeaker, the mem-
brane is formed to be wider in comparison to the actuator structure and/or to

the carrier substrate.

It is also advantageous if the intermediate cavity is formed by the substrate
cavity and/or at least partially by the second and/or third area of the first cir-
cuit board cavity. Accordingly, it is advantageous if the carrier substrate, with

the actuator structure, is arranged in the circuit board in such a manner that



the actuator structure is arranged adjacent to the cavity. In this case, the in-
termediate cavity is formed both by the substrate cavity and by the second
and/or third area of the first circuit board cavity. Alternatively, however, the
carrier substrate, with the actuator structure, may also be arranged in the
mounting position, rotated by 180.degree., in the circuit board. In this case,
the outer surface of the actuator structure is pointed in the direction of the
third area of the first circuit board cavity, such that the intermediate cavity is
not additionally formed by the substrate cavity. Thus, the intermediate cavity
is formed exclusively by the second and/or third area of the first circuit board
cavity. With this mounting position, the size of the cavity can advantageously

be increased by the substrate cavity.

It is advantageous if the coupling element is formed in one piece, in particular
from silicon. As a result, the coupling element can be advantageously formed
very quickly and inexpensively from a substrate blank, together with the car-
rier substrate. At this, the substrate cavity is introduced (in particular, etched)
into the substrate blank, by which simultaneously, both the coupling element
along with the carrier substrate or the carrier frame, as the case may be, are

at least partially formed.

Alternatively, however, it is also advantageous if the coupling element is
formed in several parts. In this case, it is particularly advantageous if the
coupling element comprises at least a first part, in particular made of silicon,
which is connected to the actuator structure, and a second part connected to
the membrane. The two parts are firmly connected (in particular, glued) to
each other. The second part may be formed from the same material as the
first part. In this regard, it is particularly advantageous if the second part is
formed from silicon. Alternatively, however, the second part can also be
formed from a different material compared to the first part, in particular ce-
ramic, a metal, preferably aluminum, a metal alloy, in particular aluminum ni-
tride, a plastic and/or a composite material, in particular carbon fibers. Fur-

thermore, it is advantageous if the first part does not feature any undercuts. A
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function-dependent geometric configuration of the coupling element, for ex-
ample with an undercut--such that the coupling element features, at its end
turned towards the membrane, a contact surface with the membrane that is
as large as possible--can be assigned to the coupling element, in particular
by means of the second part. At this, it is advantageous if the second part is
formed to be wider than the first part, such that the coupling element features
an under cutter. Alternatively, however, the second part can also have an

undercut, whereas this is preferably formed with a T-shape.

Since the membrane is formed to be highly elastic, in order to avoid damages
to the membrane by the coupling element, it is advantageous if the coupling
element is coupled with the membrane with as large of space as possible. In
this connection, it is thus advantageous if the coupling element is connected
to the actuator structure in a first connecting area and to the membrane in a
second connecting area opposite to the first connecting area, whereas, pref-
erably, the second connecting area is formed in a manner larger, in particular
wider in a cross-sectional view of the MEMS loudspeaker, or equal to the first
connecting area. Thereby, the force introduced by the actuator for activating
the membrane can be transferred through the coupling element over a large

area of the membrane.

For the reasons mentioned above, it is also advantageous if, at its end turned
towards the membrane, in particular the second part, the coupling element is
formed in a manner wider than at its end turned towards the actuator struc-

ture, in particular than the first part. Preferably, the coupling element has a T-
shape. For forming this geometrical shape, the second part can, in particular,
be formed wider than the first part. For reasons of manufacturing technology,
it is also advantageous if the second part is formed with a T-shape and/or the

first part is essentially square and/or rectangular in the cross-section.

Furthermore, it is advantageous if the coupling element is fastened to a side

of the actuator structure turned towards the substrate cavity. At this, the con-
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nection between the coupling element and the actuator structure can already
be formed during the production process of the carrier substrate, whereas the
actuator structure is preferably applied to the substrate blank and the sub-
strate cavity is subsequently etched, by which the coupling element connect-
ed to the actuator structure arises. Alternatively, it is also advantageous if the
coupling element is fastened to a side of the actuator structure turned away
from the substrate cavity. In this case, the coupling element is not produced
simultaneously during the manufacturing process of the carrier substrate and
the actuator structure, but is subsequently applied and/or fastened on the
outer side of the actuator structure. Depending on the arrangement of the
coupling element relative to the actuator structure, the installation orientation
of the carrier substrate can be varied with the actuator structure. In principle,
however, it is provided that the coupling element always extends outwards
from the actuator structure in the direction of the sound outlet opening of the

circuit board.

It is advantageous if, in a cross-sectional view of the MEMS loudspeaker, the
coupling element is formed higher in comparison to the carrier substrate.
Thereby, with an alignment parallel to the actuator structure, the membrane
can be arranged in a manner spaced at a distance from the carrier substrate.
As a result, the design freedom upon the formation of the membrane is not
limited to the geometric dimensions of the carrier substrate. Thus, in compar-
ison to the actuator structure and/or to the carrier substrate, the membrane

can be formed in a manner wider or larger in cross-section.

In an advantageous additional form of the invention, the carrier substrate
and, at least partially, the coupling element, in particular the first part thereof,
are produced from the same material, in particular from silicon, and/or from
the same substrate blank. In addition or alternatively, it is also advantageous
if the carrier substrate is omitted and/or reduced in thickness on its side
turned away from the actuator structure, such that the coupling element fea-

tures a greater height. As explained above, a decoupling between the mem-
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brane and the carrier substrate can thereby be effected, such that the mem-
brane can be particularly formed to be larger in comparison to the carrier

substrate.

The MEMS loudspeaker can be formed to be highly compact if the circuit
board features a second circuit board cavity, in particular separate from the
first circuit, in which an ASIC for driving the actuator structure is arranged,
whereas the ASIC is thereby preferably completely integrated in the circuit

board.

For the formation of the first and/or second circuit board cavity and/or for the
positive-locking fastening of the carrier substrate and/or the membrane, it is
advantageous if the circuit board is formed from several layers which are
firmly connected (in particular, glued) to each other,

BRIEF DESCRIPTION OF THE DRAWINGS

Further advantages of the invention are described in the following embodi-

ments. The following is shown:

FIG. 1 a schematic cross-sectional view of a MEMS loudspeaker with a
membrane fastened to a carrier substrate, which is connected to an actuator

structure by means of a coupling element,

FIG. 2 a schematic cross-sectional view of the MEMS loudspeaker according
to the embodiment shown in FIG. 1, which is integrated into a circuit board,

FIG. 3 a schematic cross-sectional view of the MEMS loudspeaker according
to a second embodiment, whereas the membrane is anchored in the circuit
board in a manner spaced at a distance from the carrier substrate and is

connected to the actuator layer by means of the coupling element,
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FIG. 4 a schematic sectional view of the MEMS loudspeaker with a mem-
brane suspended in the circuit board, whereas the coupling element connect-

ing the membrane to an actuator structure is formed in two parts,

FIG. 5 a schematic sectional view of an additional embodiment of the MEMS
loudspeaker, whereas the part of the coupling element connected to the

membrane is formed with a T-shape,

FIG. 6 a schematic sectional view of the MEMS loudspeaker according to an
additional embodiment, whereas the unit of the carrier substrate and the ac-
tuator structure is installed in the circuit board rotated by 180.degree. in com-
parison to the preceding embodiment, and the coupling element is fastened

to the outer side of the actuator structure, and

FIG. 7 a schematic sectional view of an additional embodiment of the MEMS
loudspeaker, wherein the membrane is fastened to the outer side, in particu-

lar a front surface, of the circuit board.

DETAILED DESCRIPTION

FIG. 1 shows a cross-sectional view of a first embodiment of a MEMS loud-
speaker 1. The MEMS loudspeaker 1 features a carrier substrate 2, an ac-
tuator structure 3, a membrane 4 and a coupling element 5. According to the
present embodiment, the carrier substrate 2 and the coupling element 5 are
produced together from a substrate blank. The carrier substrate 2 features a
substrate cavity 6. The substrate cavity 6 is open on two opposite sides, such
that the carrier substrate 2 forms a support frame. Accordingly, the carrier
substrate 2 defines a first substrate opening 7 through the front surface of
one of the opposite sides of the carrier substrate 2 and a second substrate
opening 8 through the front surface on the other one of the two opposite
sides of the carrier substrate 2. The actuator structure 3 is arranged in the

area of the first substrate opening 7.
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The actuator structure 3 is preferably formed as a piezoelectric actuator
structure 3 and comprises at least one actuator layer 9 (in particular, a piezo-
electric actuator layer). Furthermore, the sandwich-like actuator structure 3
comprises a support layer 10 and at least one electrode layer, which is not
shown in more detail here. The actuator structure 3 traverses the first sub-
strate opening 7 of the substrate cavity 6 and is connected in its edge area to
the carrier substrate 2, whereas, according to the present embodiment, the
actuator structure 3 is preferably arranged on a front surface of the carrier
substrate 2.

According to the embodiment shown in FIG. 1, the membrane 4 is suspend-
ed on the carrier substrate 2 in a swinging manner. In its edge area, the
membrane 4 is fastened to a front surface of the carrier substrate 2 opposite
to the actuator structure 3. Preferably, the membrane 4 is glued to the carrier
substrate 2 in this area of the front surface. The membrane 4 is formed to be
highly flexible. It preferably has a thickness of less than 0.3 mm. Further-
more, it features an elastic modulus of less than 100 MPa. Adjacent to its fas-
tening area, the membrane 4 also features at least one projection 11. By
means of this projection 11, the elongation of the membrane 4 can be in-
creased. Given the fact that the membrane 4 is highly flexible, it can easily be
damaged in the event of an overload. Based on this, the membrane 4 ac-
cording to the embodiment shown in FIG. 1 comprises a reinforcing element
12. The reinforcing element 12 is fastened (in particular, glued) on the outer
side of the membrane 4, that is, on the side of the membrane 4 turned away
from the substrate cavity 6. The reinforcing element preferably is composed
of a metal, ceramic, silicon, plastic and/or of a composite material, in particu-
lar of carbon. The reinforcing element 12 may also preferably be composed
of aluminum or aluminum nitride. However, as an alternative or in addition to
the reinforcing element 12, the membrane may also feature reinforcing areas
(not shown here), in which the membrane 4 features a greater thickness, in

particular more than 0.3 mm.
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Based on the arrangement of the membrane 4 and the actuator structure 3
opposite to the carrier substrate 2, they are spaced at a distance from each
other through the carrier substrate 2 arranged in between them. Thus, ac-
cording to the cross-sectional view of the MEMS loudspeaker 1 shown in
FIG. 1, an intermediate cavity 13 is formed between the membrane 4 and the
actuator structure 3. According to the embodiment shown in FIG. 1, this in-
termediate cavity 13 is completely formed by the substrate cavity 6. The cou-
pling element 5 is arranged in this intermediate cavity 13. In a first connecting
area 14, the coupling element 5 is connected to the actuator structure 3, in
particular on its inner side. Furthermore, the coupling element 5 features a
second connecting area 15, in which the coupling element 5 is connected to
the membrane 4. Based on the arrangement of the actuator structure 3 and
the membrane 4 on the front surface of the carrier substrate 2, the coupling
element 5 is fastened to the membrane 4 on the side of the membrane 4
turned towards the carrier substrate 2, in particular on the inner side, of the
membrane 4. The coupling element 5 is preferably glued to the membrane 4
in the second connecting area 15. Thus, the membrane 4 is coupled with the
actuator structure 3 through the coupling element 5 in such a manner that,
upon an electrical excitation of the actuator layer 9, the membrane is able to
vibrate, together with the coupling element 5 and the actuator structure 3,

with respect to the carrier substrate 2.

In the figures, the MEMS loudspeaker 1 is shown in its inactive state. In this
state, the membrane 4, the coupling element 5 and/or the actuator structure
3 are located in a neutral position, from which they can be deflected upon ex-
citation by the actuator structure 3. The membrane 4 preferably can be de-
flected with an elongation of more than 200%. The actuator structure 3 and
the membrane 4 are oriented parallel to each other in the neutral position.
Accordingly, the maximum height of the coupling element 5 corresponds to

the shortest distance between the actuator structure 3 and the membrane 4.
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According to the embodiment shown in FIG. 1, the coupling element 5 is

formed with the same height as the carrier substrate 2.

The actuator structure 3 acts as a spider of a large loudspeaker, as is gener-
ally known. Accordingly, the actuator structure 3 is formed in such a manner
that it holds the membrane 4 in its neutral position with a predetermined
force, such that the membrane 4 is protected from damage by impacts acting
externally. Furthermore, the acoustic quality of the MEMS loudspeaker 1 is
improved through a corresponding holding of the membrane 4 in its neutral
position. Thus, the actuator structure 3 is also formed in such a manner that,
after its deflection, when the actuator structure is inactive (in particular, not
supplied with current), the membrane 4 is led back into the neutral position

by means of this.

FIG. 2 shows a MEMS loudspeaker 1, which includes a circuit board 16, into
which the unit known from FIG. 1 is embedded. For this purpose, the circuit
board 16 features a first circuit board cavity 17. The first circuit board cavity
17 includes a multiple number of hollow regions, each with its own defined
boundaries. According to the embodiment shown in FIG. 2, the first circuit
board cavity 17 comprises a first hollow region 18, which forms a cavity 19 of
the MEMS loudspeaker 1. Furthermore, the first circuit board cavity 17 com-
prises a second hollow region 20. In this second hollow region 20, the carrier
substrate 2 is held in the circuit board 16 in a positive-locking manner. For
this purpose, the second hollow region 20 features a greater width in compar-
ison to the first hollow region 18, such that a step is formed between these
two hollow region. The carrier substrate 2, with its front surface turned to-
wards the cavity 19, abuts this step, such that the substrate carrier 2 is held
in the circuit board 16 in a positive-locking manner. The second hollow region

20 is arranged immediately adjacent to the first hollow region 18.

Moreover, the first circuit board cavity 17 comprises a sound-conducting

channel 21, which, according to the embodiment shown in FIG. 2, is formed
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by an additional hollow region 23 of the first circuit board cavity 17. The
sound-conducting channel 21 or the hollow region 23, as the case may be, is
arranged directly adjacent to the carrier substrate 2 or to the second hollow

region 20 of the first circuit board cavity 17, as the case may be.

The circuit board 16 features a sound outlet opening 24. According to the
embodiment shown in FIG. 2, the sound outlet opening 24 is formed at the
end of the sound-conducting channel 21 turned away from the membrane 4.
In the present case, the sound-conducting channel 21 is shaped in a conical

manner in the sectional schematic view shown in FIG. 2.

The circuit board 16 also features a second circuit board cavity 25. This is
spaced at a distance from the first circuit board cavity 17 and/or is formed
under it. At least one electronic component, in particular an ASIC 26, is ar-
ranged in the second circuit board cavity 25. Furthermore, at least one pas-
sive electronic component 27 can also be arranged in the second circuit
board cavity 25. In order to form the first and/or second circuit board cavity
17, 25, the circuit board 16 is constructed in layers, whereas at least some of
these layers feature recesses for the formation of the respective circuit board
cavity 17, 25.

In the following figures, additional embodiments of the MEMS loudspeaker
are shown, whereas, essentially, only the differences with respect to the em-
bodiments described above are discussed. Thus, with the following descrip-
tion, the additional embodiments for the same characteristics use the same
reference signs. To the extent that these are not explained once again in de-
tail, their design and mode of action correspond to the characteristics de-
scribed above. The differences described below can be combined with the

characteristics of the respective preceding and subsequent embodiments.

In contrast to the embodiment shown in FIGS. 1 and 2, in the embodiment

shown in FIG. 3, the membrane 4 is spatially decoupled from the carrier sub-
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strate 2. Accordingly, a gap exists between the membrane 4 the front surface
of the carrier substrate 2 at the second substrate opening 8 as shown sche-
matically in the cross-sectional view shown in FIG. 3. In contrast to the previ-
ous embodiments, the membrane 4 is not fastened to the carrier substrate 2,
rather, it is fastened to the circuit board 16. Thus, the membrane 4 is ar-
ranged in the interior of the first circuit board cavity 17, and, in its edge area,
is fastened to a side wall 28 of the first circuit board cavity 17. According to
FIG. 3, the MEMS loudspeaker 1 features a third hollow region 22 for spacing
the membrane 4 from the carrier substrate 2. The third hollow region 22 (or-
der of the membrane 4 spaced at a distance from the carrier substrate 2) is
arranged adjacent to the second hollow region 20 (for the positive-locking re-
ceiving of the carrier substrate 2). The third hollow region 22 is formed to be
wider in comparison to the second hollow region 20. As a result, the mem-
brane 4 features a greater width in comparison to the carrier substrate 2

and/or the actuator structure 3.

The membrane 4 extends into the circuit board 16 over the entire width of the
first circuit board cavity 17. Thus, it is fastened in this in a swinging manner.
According to FIG. 3, the membrane 4 is arranged on the end of the third hol-

low region 22 turned away from the carrier substrate 2.

In the direction of the sound outlet opening 24, the fourth hollow region 23
adjoins the third hollow region 22 in order to form the sound-conducting
channel 21. In the presently shown cross-sectional view of the MEMS loud-
speaker 1, the membrane 4 is formed to be wider than the carrier substrate 2
and the actuator structure 3. Due to the spacing of the membrane 4 from the
carrier substrate 2, in the present embodiment, unlike the previous embodi-
ments, the intermediate cavity 13 is now not solely formed by the substrate
cavity 6, but is also formed by the third hollow region 22 of the first circuit
board cavity 17.
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According to FIG. 3, the coupling element 5 features a greater height in com-
parison to the carrier substrate 2. The coupling element 5 extends from the
inner side of the actuator structure 3, starting in the direction of the mem-
brane 4, through the second and third hollow regions 20, 22 of the first circuit
board cavity 17. The carrier substrate 2 and the coupling element 5, as in the
case of the previous embodiments, are produced from the same material, in
particular from silicon, whereas the substrate cavity 6 has been introduced
into a substrate blank. However, in contrast to the previous embodiments, the
height of the substrate blank has been reduced in the area of the carrier sub-
strate 2, in particular in the circumference of the third hollow region 22, such
that the coupling element 5 features a greater height in comparison to the

carrier substrate 2.

FIG. 4 shows an additional embodiment of the MEMS loudspeaker 1, where-
as, in the present case, as a substantial difference in comparison to the pre-
vious embodiments, the coupling element 5 is not formed in one piece, but

rather in several parts. Accordingly, the coupling element 5 comprises a first
part 29 and a second part 30. The two parts 29, 30 are firmly connected to

each other. The first part 29 is fastened on the inner side, that is, on the side
of the actuator structure 3 turned towards the substrate cavity 6. The second
part 30 is connected to the membrane 4 on a side of the membrane 4 turned

towards the actuator structure 3.

The two parts 29, 30 can consist of different materials or of the same materi-
al. Preferably, the first part 29 is composed of the same material as the carri-
er substrate 2. The second part 30 preferably is composed of a material
compared to the other, in particular ceramic, metal, plastic and/or a compo-
site material. Furthermore, however, the second part can also be composed

of aluminum, aluminum nitride and/or silicon.

In the present case, the coupling element 5 is rectangular in the cross-

section. Accordingly, the first and second parts 29, 30 have the same width
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relative to each other. Alternatively, the coupling element 5 can be formed
with a T-shape according to the embodiment shown in FIG. 5 or FIG. 7. As a
result, the first connecting area 14 of the coupling element 5 with the actuator
structure 3 is more narrow in comparison to the second connecting area 15
with the membrane 4. Thus, the coupling element 5 features a larger con-
necting surface with the membrane 4 than with the actuator structure 3. Ac-
cording to FIGS. 5 and 7, the first part 29 of the coupling element 5 can be
formed to be rectangular. In contrast to this, the second part 30 of the cou-
pling element 5 either is formed in a T-shape according to FIG. 5 or, accord-
ing to FIG. 7, features a greater width in comparison to the first part 29.

According to the embodiment shown in FIG. 6, the unit consisting of the car-
rier substrate 2 and the actuator structure 3 can also be integrated into the
circuit board 16, as distinguished from the previous embodiments, rotated by
180.degree.. In this case, the coupling element 5 is fastened on an outer
side, that is, on a side of the actuator structure 3 turned away from the sub-
strate cavity 6. Thus, the intermediate cavity 13 is formed exclusively by the
third hollow region 22 of the first circuit board cavity 17. Furthermore, in the
present case, the coupling element 5 is formed in one piece. Thus, according
to the present embodiment, the actuator structure 3 additionally comprises a
stiffening element 31. This is stiffening element 31 formed on the side of the

actuator structure 3 turned away from the coupling element 5.

FIG. 7 shows an embodiment of the MEMS loudspeaker 1, with which the
membrane 4 is not fastened in the interior of the circuit board 16, but is fas-
tened at an outer side, in particular at a front surface 32 of the circuit board
16. Accordingly, the membrane 4 traverses the sound outlet opening 24 of
the circuit board 16. Furthermore, FIG. 7 shows an additional alternative em-
bodiment of the coupling element 5, whereas the coupling element 5 features
a second connecting area 15 that is larger in comparison to the first connect-
ing area 14. The coupling element 5 has a T-shape, whereas the second part

30 features a greater width in comparison to the first part 29,
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This invention is not limited to the illustrated and described embodiments.
Variations within the scope of the claims, just as the combination of charac-
teristics, are possible, even if they are illustrated and described in different

embodiments.



LIST OF REFERENCE SIGNS

1 MEMS loudspeaker

2 Carrier substrate

3 Actuator structure

4 Membrane

5 Coupling element

6 Substrate cavity

7 First substrate opening

8 Second substrate opening
9 Actuator layer

10 Support layer

11 Projection

12 Reinforcing element

13 Intermediate cavity

14 First connecting area

15 Second connecting area
16 Circuit board

17 First circuit board cavity
18 First hollow region

19 Cavity

20 Second hollow region

21 Sound-conducting channel
22 Third hollow region

23 Fourth hollow region

24 Sound outlet opening

25 Second circuit board cavity
26 ASIC

27 Passive electronic component

28 Side wall
29 First part
30 Second part

22



31 Stiffening element

32 Front surface
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The invention claimed is:

1. MEMS loudspeaker for generating sound waves in the audible wave-
length spectrum, comprising:
a carrier substrate defining a substrate cavity with two substrate open-
ings, which are formed on two opposite sides of the carrier substrate;
a membrane having an edge area;
an actuator structure arranged in an area of one of the two substrate
openings and connected to the carrier substrate in an edge area of the
carrier substrate and spaced apart from the membrane to form an in-
termediate cavity between the membrane and the actuator structure,
which is configured to generate vibrations in the membrane for gener-
ating sound waves, wherein the membrane traverses the one of the
substrate openings and is connected to the carrier substrate in an
edge area of the carrier substrate at a surface of the carrier substrate
turned away from the actuator structure;
a coupling element arranged in the intermediate cavity and connecting
the actuator structure to the membrane wherein the coupling element,
the membrane and the actuator structure are free to vibrate with re-
spect to the carrier substrate; and
a circuit board, which defines a first circuit board cavity, in which the
carrier substrate, the actuator structure and the membrane are ar-
ranged in such a manner that the actuator structure and the mem-
brane are able to vibrate;
wherein the first circuit board cavity defines a first hollow region, which
at least partially includes the substrate cavity of the carrier substrate,
wherein the first circuit board cavity defines a second hollow region,
which is adjacent to the first hollow region, whereas the second hollow
region is formed to be wider than the first hollow region, such that the
carrier substrate is held in a positive-locking manner.
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2. MEMS loudspeaker for generating sound waves in the audible wave-
length spectrum, comprising:
a carrier substrate defining a substrate cavity with two substrate open-
ings, which are formed on two opposite sides of the carrier substrate;
a membrane having an edge area,
an actuator structure arranged in an area of one of the two substrate
openings and connected to the carrier substrate in an edge area of the
carrier substrate and spaced apart from the membrane to form an in-
termediate cavity between the membrane and the actuator structure,
which is configured to generate vibrations in the membrane for gener-
ating sound waves, wherein, when the actuator structure is active, the
membrane can be deflected from a neutral position with an elongation
of more than 200%, and wherein the actuator structure is formed in
such a manner that, when the actuator structure is inactive, the mem-
brane, after its deflection, can be led back into the neutral position by
means of the actuator structure;
a coupling element arranged in the intermediate cavity and connecting
the actuator structure to the membrane wherein the coupling element,
the membrane and the actuator structure are free to vibrate with re-
spect to the carrier substrate; and
a circuit board, which defines a first circuit board cavity, in which the
carrier substrate, the actuator structure and the membrane are ar-
ranged in such a manner that the actuator structure and the mem-
brane are able to vibrate;
wherein the first circuit board cavity defines a first hollow region, which
at least partially includes the substrate cavity of the carrier substrate,
wherein the first circuit board cavity defines a second hollow region,
which is adjacent to the first hollow region, whereas the second hollow
region is formed to be wider than the first hollow region, such that the

carrier substrate is held in a positive-locking manner.
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3. MEMS loudspeaker according to claim 1, wherein, when the actuator
structure is active, the membrane can be deflected from a neutral po-
sition with an elongation of more than 200%, and wherein the actuator
structure is formed in such a manner that, when the actuator structure
Is inactive, the actuator structure maintains the membrane stable in

the neutral position.

4. MEMS loudspeaker according to claim 1, wherein the membrane has
a thickness of less than 0.3 mm and an elastic modulus of less than
100 MPa.

5. MEMS loudspeaker according to claim 1, wherein the membrane in-

cludes a thickened reinforcing area.

6. MEMS loudspeaker according to claim 1, wherein the membrane in-
cludes a reinforcing element, which is arranged on its side turned

away from the coupling element.

7. MEMS loudspeaker according to claim 1, wherein the actuator struc-
ture and the membrane are aligned parallel to each other in the neu-
tral position, and the maximum height of the coupling element corre-
sponds to the shortest spacing between the actuator structure and the

membrane in the neutral position.

8. MEMS loudspeaker according to claim 1, wherein the first circuit board
cavity features a third hollow region, which is adjacent to the second
hollow region, in which the membrane is arranged in its end turned
away from its second hollow region, whereas, the first circuit board
cavity is formed to be wider in its third hollow region than in its second

hollow region.
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MEMS loudspeaker according to claim 1, wherein, in a cross-sectional
view of the MEMS loudspeaker, the membrane is formed to be wider

than the actuator structure and wider than the carrier substrate.

MEMS loudspeaker according to claim 1, wherein the intermediate
cavity is formed by the substrate cavity and at least partially by the
second hollow region and the third hollow region of the first circuit

board cavity.

MEMS loudspeaker according to claim 1, wherein the coupling ele-

ment is formed in one piece from silicon.

MEMS loudspeaker according to claim 1, wherein the coupling ele-
ment is formed in multiple pieces, whereas the coupling element in-
cludes at least one first part connected to the actuator structure and a
second part connected to the membrane, the second part being com-
posed of at least one material selected from one of the materials listed
in the group consisting of: silicon, ceramic, aluminum, aluminum ni-

tride, plastic and a composite material.

MEMS loudspeaker according to claim 1, wherein the coupling ele-
ment is connected to the actuator structure in a first connecting area
and to the membrane in a second connecting area opposite to the first
connecting area, and the second connecting area is formed in a man-
ner larger, in the sense of wider in a cross-sectional view of the MEMS

loudspeaker.

MEMS loudspeaker according to claim 1, wherein, at its end turned
towards the membrane, the coupling element is formed in a manner
wider than at its end turned towards the actuator structure, whereas

the coupling element has a T-shape.
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15.MEMS loudspeaker according to claim 1, wherein the coupling ele-
ment is fastened to a side of the actuator structure turned towards the
substrate cavity and the coupling element is formed to be higher com-

pared to the carrier substrate.

16. MEMS loudspeaker according to claim 1, wherein the carrier substrate
and the coupling element are produced from the same substrate blank
of silicon, and the height of the carrier substrate is less than the height

of the coupling element.

17.MEMS loudspeaker for generating sound waves in the audible wave-
length spectrum, comprising:
a carrier substrate defining a substrate cavity with a first substrate
opening formed on a first side of the carrier substrate and a second
substrate opening formed on a second side of the carrier substrate
opposite the first side of the carrier substrate;
a membrane having an edge area,
an actuator structure arranged in an area of one of the two substrate
openings and connected to the carrier substrate in an edge area of the
carrier substrate and spaced apart from the membrane to form an in-
termediate cavity between the membrane and the actuator structure,
which is configured to generate vibrations in the membrane for gener-
ating sound waves;
a coupling element arranged in the intermediate cavity and connecting
the actuator structure to the membrane wherein the coupling element,
the membrane and the actuator structure are free to vibrate with re-
spect to the carrier substrate; and
a circuit board, which defines a first circuit board cavity, in which the
carrier substrate, the actuator structure and the membrane are ar-
ranged in such a manner that the actuator structure and the mem-
brane are able to vibrate;

wherein the first circuit board cavity defines a first hollow region, which
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at least partially includes the substrate cavity of the carrier substrate,
wherein the first circuit board cavity defines a second hollow region,
which is adjacent to the first hollow region, whereas the second hollow
region is formed to be wider than the first hollow region, such that the
carrier substrate is held in a positive-locking manner; and

wherein the membrane is spaced at a distance from the carrier sub-
strate and is connected in its edge area to the circuit board, whereas
the membrane extends at least over the entire width of the first circuit

board cavity.
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