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(54) ULTRASOUND TRANSDUCING DEVICE

(57) An ultrasound transducing device comprising a
carrier device (1) which has a body (10), said body (10)
comprising at least one cavity (2) which is limited by a
floor element (13) of the body (10) and comprises an
opening (22), wherein a first metal layer (31) is arranged
on the floor element (13) and the opening (22) is covered
by a flexiblemembrane element (3) being configured and

provided to oscillate in order to transmit and/or receive
ultrasound waves (W), said membrane element (3) com-
prising a second metal layer (32). The membrane ele-
ment (3) comprises a third metal layer (33), and a piezo-
electric foil (30)which is sandwichedbetween the second
and the third metal layer (32, 33).
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Description

[0001] The instant invention concerns an ultrasound transducing device, an ultrasound transducing system, a method
for manufacturing an ultrasound transducing device.
[0002] Anultrasound transducingdeviceof this kindgenerally comprisesa carrier device (orwiring carrier device)which
hasabodycomprisingat least onecavity limitedbyafloorelementandcomprisinganopening,whereinafirstmetal layer is
arranged on the floor element and the opening is covered by a flexiblemembrane element being configured and provided
to oscillate in order to transmit and/or receive ultrasound waves. The membrane element may comprise a second metal
layer which is capacitively connectable to the first metal layer.
[0003] Such an ultrasound transducing device may be used to map its environment through acoustic signals. By
actuating the membrane element of the device to oscillate using an electric field between the first metal layer and the
membrane element, an acoustic wave can be transmitted into an adjacent medium such as tissue or water. An object in a
propagation direction of thewavemay reflect thewaveback to thedevice so that the reflectedwave can, inversely, actuate
themembrane element to oscillate. The induced oscillation of themembrane elementmay bemeasured in order to obtain
information about the object, for example, its distance to the device.
[0004] Mapping theenvironment usinganultrasound transducingdeviceasdescribedhereinmay, for example, beused
in a medical device, such as a medical implant, in particular a pacemaker device. An application in a medical device may
require coupling of the ultrasound transducing device with tissue and/or water or more generally with an aqueous
environment. The device should, therefore, function reliably in aqueous environments without maintenance for several
decades.
[0005] It is an object of the instant invention to provide an ultrasound transducing device, an ultrasound transducing
system and amethod formanufacturing an ultrasound transducing device for high-resolution, lowmaintenance and long-
term ultrasound imaging for medical and industrial applications in an aqueous environment.
[0006] This object is achieved by means of an ultrasound transducing device comprising the features of claim 1.
[0007] In a first aspect, an ultrasound transducing device comprises a carrier device which has a body comprising at
least one cavity which is limited by a floor element of the body and comprises an opening, wherein a first metal layer is
arranged on the floor element, and the opening is covered by a flexible membrane element. The flexible membrane
element is configured and provided to oscillate in order to transmit and/or receive ultrasound waves. The membrane
element also comprises a second metal layer, wherein particularly the first metal layer and second metal may form a
capacitive arrangement or a capacitor. Particularly, the first metal layer and the second metal layer may be arranged
substantially parallel to one another.
[0008] According to the invention, it is particularly envisioned that themembraneelement further comprisesa thirdmetal
layer, a piezoelectric foil which is sandwiched between the second and third metal layer. Particularly, the second metal
layer and third metal layer may form a capacitive arrangement or capacitor.
[0009] Particularly, the cavitymay comprise two side faces and a base, the base being limited by the floor element of the
body of the carrier element. More particular, the cavity may be filled by an ambient air, e.g., substantially oxygen and
nitrogen, wherein particularly the ambient air may form a dielectric of the capacitive arrangement or capacitor formed by
the first metal layer and the second metal layer.
[0010] Theat least onecavitymaybemechanically formed in thebodyby, e.g.,mechanical deepmilling, laserablationor
plasma etching. A shape of the at least one cavitymay be, for example, cylindrical and the opening accordingly circular. In
order tomatch the opening, themembrane element may be disc-shaped (with an effective diameter that is identical to the
diameter of the cavity). Thecarrier devicemay comprise aplurality of cavities that arearranged in the carrier device to form
an array. The body of the carrier device may be a dielectric element or may at least comprise a dielectric element.
Optionally, thecarrier devicemaybeflexible. For example, thebodyof the carrier devicemaybemadeof a flexible polymer
such as polyimide or other thin and flexible polymers.
[0011] The floor element of the at least one cavity may have a first surface facing the inside of the cavity and a second
surface facingaway from thecavity. Inprinciple, theat least onecavitymaybedefinedbyawall forminganenclosurewhich
protrudes from thefloor element. In this sense, thefloorelement limits adepthof theat least onecavity and thewall limits its
diameter. The opening may be arranged opposite from the floor element along a protrusion direction of the wall. The first
metal layer may be provided at the second surface of the floor element. The floor element and the first metal layer may be
considered to form a base of the at least one cavity.
[0012] The cavity may be understood to act as a sound-soft closure, which means that the ultrasound wave will be
reflectedon the interfacebetween themembraneelement and the cavity andpropagate inadirectionaway from thecavity.
The flexible membrane element may be fixed to the carrier device so that it can freely oscillate within the opening. Such a
fixture of the flexible membrane element may, for example, be achieved by an adhesive foil or another way of deploying
adhesive material sufficient to attach the membrane to the carrier device. For example, the membrane element may be
glued to the carrier device. The membrane element may be arranged at the at least one cavity so that the second metal
layer faces into the cavity. In this way, the firstmetal layer and the secondmetal layer are spaced apart through the at least

2

EP 4 559 588 A1

5

10

15

20

25

30

35

40

45

50

55



one cavity and, optionally, the floor element.
[0013] As described above, the first and second metal layer may form a capacitive arrangement or capacitor, being
particularly coupled by an electric field,, wherein an electric voltage applied to the first metal layer and the second metal
layer may cause an electric force that acts to decrease the distance between the first and the second metal layer.
[0014] Bycontinuously drivinganelectric field between the first and the secondmetal layer, themembraneelementmay
be excited to oscillate around an equilibrium position, thereby emitting ultrasound waves.
[0015] Particularly, the second and thirdmetal layer may form a capacitive arrangement or capacitor in a similar way as
the first and the secondmetal layer. An electric voltage field applied to themmay, however, act to deform the piezoelectric
foil sandwiched between them so that themembrane element is deflected from its equilibrium position and, e.g., forced to
arch into the at least one cavity (longitudinal oscillation). Generally, the applied electric voltagemay also cause an electric
force that acts to decrease the distance between the second and third metal layer, but the electric voltage required to
achieve a deflection through such an electric force will be much higher than the electric voltage necessary to achieve a
deflection of the membrane element through a deformation of the piezoelectric foil.
[0016] An electric energy storable by the first and the second metal layer may mainly depend on a deflection of the
membrane element and an electric energy storable by the second and third metal layer may mainly depend on a
deformationof thepiezoelectric foil.Ultrasoundwavesmaybe transmitted througheither thepair of thefirst and thesecond
metal layer (first capacitor) or the pair of the second and thirdmetal layer (second capacitor) at the same time as receiving
ultrasound waves through the respective other pair.
[0017] In one embodiment, a control device is configured and provided to apply and/or determine a first electric voltage
between the first and second metal layer and a second electric voltage between the second and third metal layer.
[0018] Through applying the first electric voltage, themembrane elementmay be deflected from its equilibrium position
by the electric force. Through applying the second electric voltage the piezoelectric foil may be deformed so that the
membrane element is deflected from its equilibrium position. If an ultrasound wave is received through the membrane
element, determining the first and/or the second voltagemay be used to determine the properties of the ultrasoundwave.
Because the two electric voltages may be used interchangeably to transmit/receive ultrasound waves, the ultrasound
transducing device may be used in a flexible way. Examples are given below.
[0019] Thecontrol devicemaybe further configuredandprovided to vary the first electric voltageduringa time interval in
which the second electric voltage is held static. By holding the second electric voltage static, the properties of the
membrane element may be statically adjusted (instead of dynamically changed which is also possible). For example, the
second electric voltage may cause a significant deflection of the membrane element from its equilibrium position by, e.g.,
several micrometers. On account of this deflection, a lower first voltage may be used to drive an oscillation of the
membrane element.
[0020] Alternatively, the control device may be further configured and provided to (dynamically) vary the first and the
second electric voltage at the same time. The first and the second electric voltage may both be functions of time. For
example, the second electric voltage may be used to generate a modulation of the intensity of the ultrasound wave
generated by the first electric voltage.
[0021] Generally, the resonant frequency of the oscillation of the membrane element depends on the applied second
electric voltage. The ultrasound transducing device may be operated in different modes by statically selecting or
dynamically varying the resonant frequency. These modes may include frequency modulation of transmitted ultrasound
waves.
[0022] The control devicemay be further configured and provided to apply the first and the second electric voltage with
their phases shifted with respect to each other. The phasesmay, for example, be shifted by 90° with respect to each other
so that a resonance exaggeration of an amplitude of the oscillation of the membrane element may be achieved.
[0023] The control device is further configured and provided - in a preferredmode of operation - to apply the first electric
voltage in order to drive an oscillation of themembrane element and to concurrently determine the second electric voltage
to measure received ultrasound waves. That is, transmission and receipt of ultrasound waves may be carried out
separately at the same timesince theultrasound transducing device provides the functions of both a capacitive ultrasound
transducer and a piezoelectric ultrasound transducer.
[0024] Theprovisionofacontrol device includingoneor several featuresof theembodimentsdescribedaboveallows for
high-resolution ultrasound imaging for medical and industrial applications in an aqueous environment.
[0025] In oneembodiment, thepiezoelectric foil comprisesapolymer and/or thebody comprisesapolymermaterial or is
formed from a polymermaterial, wherein the polymermaterials, a thermosettingmaterial, particularly an epoxy resin, or a
thermoplastic polymermaterial, particularly a polyimide or liquid crystal polymer. In another embodiment the piezoelectric
foil comprises a composite material combining a piezo ceramic with a polymer such as a polyimide. Such a composite
material may comprise a 1‑3 composite or a PZTcomposite. It may be formed by polymer foil filled with PZT powder. A
dielectric element, optionally formedby thepolymer,maybecomprised in thebodyof the carrier device or the bodymaybe
formed by the dielectric element as pointed out above.
[0026] Using polymers with or in the piezoelectric foil and the carrier device, particularly the body thereof, has the
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advantage that the ultrasound transducing device may be designed as a flexible, biostable and biocompatible device so
that long term use in a human body is possible with low maintenance. Methods of printed circuit board technology may
used in themanufacturing process of the device. As a result, manufacturing costsmay be significantly reduced compared
to micromechanical methods. Another advantage of using polymers for the membrane element is that the coupling of the
ultrasound transducing device with tissue and/or water is improved in comparison to using anorganic materials such as
AlN.
[0027] In a second aspect, an ultrasound transducing system is provided comprising a plurality of ultrasound transdu-
cingdevicesaccording to thefirst aspect.Theplurality ofultrasound transducingdevicesmaybearranged to formanarray.
The arraymay be operated synchronously in order to obtain a high-resolutionmap of the environment of the array through
acoustic signals.
[0028] In one embodiment of the ultrasound transducing system, a control device is configured and provided to apply
and/or determine a first electric voltage between a first and second metal layer and a second electric voltage between a
second and third metal layer of each of the plurality of ultrasound transducing devices. The array may be operated in a
mode comprising synchronous control of the array. In particular, the array may be operated to allow beam shaping of the
transmitted ultrasound wave.
[0029] In a third aspect, a method for manufacturing an ultrasound transducing device comprises the following steps:
providing a carrier device with a body comprising at least one cavity, which is limited by a floor element of the body and
comprises an opening, metallizing a surface of the floor element with a first metal layer, providing a flexible piezoelectric
foil, metallizing two surfaces of the piezoelectric foil with a second and thirdmetal layer to form amembrane element, and
arranging themembrane element on the carrier device so that the opening is covered, and particularly the first and second
metal layer may form a capacitive arrangement or a capacitor rd. Particularly, the membrane element is arranged on the
carrier device such that the first metal layer and the secondmetal layer are arranged substantially parallel to one another
particularly in order to form a capacitive arrangement or capacitor.
[0030] In one embodiment, providing the carrier device comprises mechanically forming the at least one cavity in the
body of the carrier device, e.g., by mechanical deep milling, laser ablation or plasma or chemical etching.
[0031] The advantages and advantageous embodiments described above for the first aspect equally apply also to the
second and third aspect, such that it shall be referred to the above in this respect.
[0032] In a fourthaspect, anultrasound transducingdevice isprovidecomprisingacarrier device,whichhasabody, said
bodycomprisingat least onecavity being limitedbyafloorelementof thebodyandanopening,whereinafirstmetal layer is
arranged on the floor element, and the opening is covered by a flexiblemembrane element being configured and provided
tooscillate inorder to transmit and/or receiveultrasoundwaves, saidmembraneelement comprisingasecondmetal layer,
wherein particularly the first metal layer and the secondmetal layer may form a capacitive arrangement or capacitor. The
body comprises or is formed from a polymer material, in particular a thermoset polymer material, particularly an epoxy
resin, or a thermoplastic material, particularly a polyimide or liquid crystal polymer.
[0033] In principle, the ultrasound transducing device according to the fourth aspect may have the advantages and
advantageous features described with respect to the first to third aspects. It may, in particular, form a portion of an
ultrasound transducing system according the second aspect.
[0034] In an example embodiment, the membrane element comprises a third metal layer, which may for a capacitive
arrangement , and a piezoelectric foil which is sandwiched between the second and the third metal layer. However, the
membrane element may only comprise the second metal layer, i.e., be formed as a metal foil.
[0035] The idea of the invention shall subsequently be described in more detail with reference to the embodiments
shown in the figures. Herein:

Fig. 1A to 1C show schematic cross-sections of an ultrasound transducing device operated to transmit ultrasound
waves;

Fig. 2A to 2C show schematic cross-sections of another ultrasound transducing device operated to transmit ultra-
sound waves;

Fig. 3 shows a schematic cross-section of an ultrasound transducing device having a membrane element in
a deflected position;

Fig. 4A to 4C show schematic cross-sections of an ultrasound transducing device operated to transmit ultrasound
waves;

Fig. 5 shows a schematic cross-section of an ultrasound transducing device having a membrane element in
a deflected position;
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Fig. 6 shows a schematic drawing of a control device operatively connected to a first, second and third
metal layer;

Fig. 7A and 7B show schematic cross-sections of an ultrasound transducing device operated to receive ultrasound
waves;

Fig. 8A to 8C show schematic cross-sections of an ultrasound transducing device operated to transmit ultra-
sound waves;

Fig. 9 shows a schematic cross-section in an exploded-view of an ultrasound transducing device com-
prising two cavities;

Fig. 10A to 10E show drawings of several manufacturing steps of a manufacturing method of a piezoelectric foil;
and

Fig. 11A to 11E show drawings of several manufacturing steps of an ultrasound transducing device.

[0036] Fig. 1A to 1C show schematic cross-sections of an ultrasound transducing device operated to transmit
ultrasound waves. The ultrasound transducing device comprises a carrier device 1 which has a cavity 2. The cavity 2
comprisesabase21andanopening22,wherein thebase21 is limitedbyafloorelement13of thebody10 that formsafloor
of the cavity 2.Ametal layer31 isarrangedonanouter surface132 (with respect to thecavity 2) of thefloor element13.The
opening 22 is covered by a flexiblemembrane element 3 being configured and provided to oscillate. A suitablemembrane
element 3 may be a diaphragm. Fig. 1C shows transmission of an ultrasound wave W through an oscillation of the
membrane element 3. Themembrane element 3 consists of ametal foil and is capacitively connectable to themetal layer
31. Such a device is known as a CapacitiveMicro-machined Ultrasound Transducer (CMUT). The first metal layer 31 and
the membrane element 3 define a capacitor over the cavity 2. A portion of a dielectric element or body 10 of the carrier
device 1, namely floor element 13, is arranged in between the metal layer 31 and the membrane element 3 so that its
dielectric constant contributes to determine the capacitanceof the capacitor. Thecavity 2mayalso contribute to determine
the capacitance. It may be filled with gas, e.g. ambient air, or may be evacuated.
[0037] If an electric voltage is applied between the metal layer 31 and the membrane element 3, the membrane 3 is
deflected fromanequilibriumposition shown inFig. 1A intoadeflectedposition into the cavity 2 shown inFig. 1B.When the
electric voltage is switched off (i.e., the capacitor is abruptly discharged), themembrane element 3 snaps back towards its
equilibriumposition andgenerates anultrasoundwaveW that propagates into a direction away from the cavity 2 and into a
medium such as tissue or water adjacent to the membrane element 3.
[0038] CMUTknown in the prior art typically utilize silicon or sapphire as amaterial for the carrier device 1 or the body 10
of the carrier device 1, respectively. According to one aspect of the invention, it is particularly envisioned that the carrier
device 1 or the body 10 of the carrier device is formed from a polymer material, preferably a thermoset polymer material,
such as, for examples, an epoxy resin or a polyimide.
[0039] Fig. 2A to 2C show schematic cross-sections of another ultrasound transducing device operated to transmit
ultrasoundwaves. The ultrasound transducing device also comprises a carrier device 1whichhas one cavity 2 limited bya
floor element 13 (without a first metal layer 31 in this embodiment) and comprising an opening 22. The opening 22 is
covered by a flexible membrane element 3 being configured and provided to oscillate. The membrane element 3
comprises a metal layer 32 on an upper surface and a metal layer 33 on a bottom surface being opposite of the upper
surface, which together form a capacitive arrangement or capacitor. A piezoelectric foil 30 is sandwiched between the
metal layers 32, 33. Such a device is known as a Piezoelectric Micro-machined Ultrasound Transducer (PMUT) and it is
known to use inorganic piezoelectric materials such as AlN, PZT, etc. for the piezoelectric foil 30.
[0040] The dielectric element 10 of the carrier device 1 of a CMUT and PMUT is usually made of silicon or sapphire
wherein the dielectric element 10 is manufactured using micromechanics processes on silicon or sapphire wafers with
diameters of 4" to 6" inches.
[0041] If an electric voltage is applied between the bothmetal layers 32, 33, an internal field electric field E is generated
between themetal layers 32, 33, and the piezoelectric foil 30 is deflected fromanequilibriumposition shown in Fig. 2A into
a deflected position into the cavity 2 shown in Fig. 2B by an inverse piezoelectric effect. When the electric voltage is
switched off (i.e., the piezoelectric foil is allowed to relax), the membrane element 3 snaps back towards its equilibrium
position and generates an ultrasound wave W that propagates into a direction away from the cavity 2 and into a medium
such as tissue or water adjacent to the membrane element 3 as shown in Fig. 2C.
[0042] The inverse piezoelectric effect causes a change in thickness ΔD5 of the piezoelectric foil 30 which causes the
deflection of the membrane element 3. The deflection is calculated as follows.
[0043] By applying the electric voltage, an electric field Ej (which corresponds to the electric field E shown in Fig. 2B) is
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generated which in turn generates mechanical stress εi in the piezoelectric foil 30 according to the following formula:

[0044] The electric field Ei and the mechanical stress εi are vectors and the piezoelectric coefficient dij a tensor. The
coefficientdij comprises the elementd33which,whena voltageU is applied across the piezoelectric foil 30 of thicknessD5,
produces the mechanical stress ε3 in the transverse direction according to the following formula:

[0045] Since the piezoelectric foil 30 is free to move, the mechanical stress causes a relative change in thickness ΔD5
according to

[0046] Anexternal pressure on the piezoelectric foil 30may be constant and isostatic for a relevant period of time. Thus,
the volume of the foil 30 may remain constant so that the change in thickness is followed by a corresponding change in
extension of the foil 30 in a cross-section of the piezoelectric foil 30 normal to the surfaces 131, 132havingmetal layers 32,
33arrangedon them.Thereby, the piezoelectric foil 30may take onaconvex shape. The convex shapemaybe limited to a
region area of a surface 131, 132 of the piezoelectric foil 30 where the metal layers 32, 33 are arranged. Through
application of the electric voltageU as a function of time, the piezoelectric foil 30may be excited to oscillate with respect to
its thickness and/or with respect to its extension in the cross-section as explained next.
[0047] Along a cross-section of the piezoelectric foil 30 through the deflected portion, a change of length ΔDa due to the
deflection may be described using a diameter Da as follows:

[0048] The thicker the piezoelectric foil 30 is, the less is the change in length. The change in lengthΔDa is shown inFig. 3
asanextension to theoriginal lengthDa.Thecross-section formsacircular segmentwitha radius randanopeningangleα.
The radius r comprises a first portion of length Xm which represents a distance between the piezoelectric foil 30 in its
equilibrium position and its deflected position on a virtual line between an extremal point of the deflected piezoelectric foil
30 and a center of a circle of which the circular segment forms a portion of. A second portion of radius r is r ‑ Xm which
represents the distance from the center to the piezoelectric foil at its equilibrium position along the virtual line between
center and extremal point. The parameters r, a and Xm may be expressed in terms of Da and ΔDa as follows:

[0049] Thepiezoelectric foil 30may oscillate in a longitudinalmode, i.e., into and out of the cavity between a convex and
aconcaveshape.Theoscillation frequencyof then-thmode results fromaboundary conditionDrandandasoundvelocityc
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in the material of the piezoelectric foil 30 as follows:

[0050] In the present case, a longitudinal oscillation of the piezoelectric foil 30 in a first mode is given by the boundary
condition by:

[0051] In the cross-section of the piezoelectric foil 30 shown in Fig. 3, this oscillation is shown to force the piezoelectric
foil 30 on an arch around its equilibrium position (in and) out of the cavity. In a perspective view, such an arch in the cross-
sectionmaybeviewedasanoscillationbulgeof thepiezoelectric foil 30 formed inacentreof theopening22.Thedeflection
distance from the equilibrium position may be characterized by Xm in the centre of the bulge as explained above.
[0052] The tablebelow lists examplesof dimensions for thedescribedparameters for piezoelectric foil 30madeofPVDF
(which isapolymer foil) andPZTComposite, respectively.Anaccordingmembraneelement 3maybemanufacturedusing
printed circuit boards manufacturing methods:

PVDF PZT Composite

Thickness D5 of the piezoelectric foil 3 10 µm 10 µm 50 µm 10 µm 50 µm

Resonant frequency (thickness oscillation of the piezoelectric
foil 30, first harmonic, 2/2 = D5)

110
MHz

110
MHz

22
MHz

150
MHz 30 MHz

Diameter of the cavity 2 50 µm 250
µm

250
µm 50 µm 250 µm

Resonant frequency (longitudinal oscillation of the piezoelec-
tric foil 3, λ /2 = Da)

22
MHz

4.4
MHz

4.4
MHz 30 MHz 6 MHz

ΔD5 at U = 100 V 2.5 nm 2.5 nm 2.5 nm 20 nm 20 nm

ΔDa at U = 100 V (assumption: d31 ≈ d33 in isotropic materials)
12.5
nm

62.5
nm

12.5
nm 100 nm 100 nm

r 0.5
mm

2.3
mm

0.5
mm 0.2 mm 1.8 mm

a 20° 20° 20° 50° 25°

Xm 0.7 µm 5 µm 0.7µm 3.7 µm 10 µm

[0053] A thickness D5 of the piezoelectric foil 30 may, for example, be within 5 to 60 µm. A diameter of the cavity 2
corresponds to a diameter of the opening 22 covered by themembrane element 3 andmay, for example, be between 30 to
250 µm.
[0054] Suitable materials for use in the ultrasound transducing device will now be further characterized with respect to
their physical properties of which the electromagnetic coupling factor is of particular interest.
[0055] For the coupling of the ultrasound wave into a medium adjacent to the membrane element 3, a ratio of sound
characteristic impedances is Z. The sound characteristic impedances can also be understood as a (sound) wave
resistance (corresponding to an analogy betweenmechanical and electrical waves). The sound characteristic resistance
in a material is the ratio between particle velocity v and sound pressure p. In the analogy to electrical engineering, the
particle velocity corresponds to the electric current and the sound pressure to the voltage. Particle velocity and sound
pressure can also be determined for a medium from the material constants density ρ and sound velocity c:

[0056] An energy density Wsound of a plane sound wave in a medium of density ρ is proportional to the square of the
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particle velocity v and the sound pressure p:

[0057] For thecouplingofanultrasoundwaveWfrom themembraneelement3 intoanadjacentmedium,a reflectionata
boundary layer is given by the ratio of the sound pressures pMedium and pmembrane. The reflection factor R is:

[0058] For the relation between the reflected sound energy and the sound energy generated in the membrane the
square roots of the reflection factor applies:

[0059] For the transmitted energyWmedium into themediumacross the interface the transmission factorwill apply,which
is the complement of the reflection factor with 1:

[0060] A conversion of energy from the applied electric voltage (i.e., electric energy Welectric) into sound energy in the
ultrasound transducingdeviceWfoil canbedescribedviaanelectromagnetic coupling factor kijofwhich the component k33
is of relevance for the present case if the oscillating portion of the piezoelectric foil is of a disc shape. This componentmay
be related to the ratio of the energy as follows:

[0061] This results in the following equation for the energy of a soundwaveWmedium coupled out of the piezoelectric foil
30 into an adjacent medium:

[0062] The composite material has the best sound transducer properties. This is due to the high electromechanical
coupling factor and, at the same time, low wave impedance, which leads to lower reflection at the interface between the
piezoelectric foil 30 and the adjacent (aqueous) medium.
[0063] A piezo-composite is made from a combination of a ceramic piezoelectric material such as PZT (lead zirconate
titanite) with a polymer. The polymer may be an epoxy resin or a thermoplastic. The resulting material has a high
piezoelectric coefficient and simultaneously an advantageous electromechanical coupling factor. Due to lower stiffness of
such amaterial, the sound velocity is lower and the coupling to an aqueousmedium is significantly better. Severalmaterial
properties of piezoelectric materials are compiled in the table below (Source: https://www.ndt.net/article/dgzfp04/papers/
p11/p11.htm).

ferroelectric PVDF foil PZT composite PZT ceramic

density ρ [kg/m3] 1780 2000‑5000 4000‑8000

dielectric constant
12 50‑200 150‑3500
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(continued)

ferroelectric PVDF foil PZT composite PZT ceramic

electromagnetic coupling factor k33 0.11‑0.15 0.65 0.35‑0.55

quasielectric piezocoefficient d33 [pC/N] 20‑25 50‑200 70‑600

sound velocity c [m/s] 2200 3000 4000‑6000

acoustic impedance ZA [MRayl] (air ZL = 0.0004 MRayl) 3.900 6.500 25‑27

FOM = 104 k334 / ZA2 0.2 40 0.4

dielectric loss tan δe 0.010‑1 0.001‑1 0.010‑0.1

mechanical loss tan δm 0.40

[0064] The PZT composite has a desirably high acoustic impedance and may therefore be preferably used for
ultrasound transducing device with high sensitivity. In particular, the very high FOM makes it an attractive choice for
use in the membrane element.
[0065] Typically, elements of the ultrasound transducing device may have the following properties. An ultrasound
transducing device with such properties may be manufactured using printed circuit boards technology.

Element (property) Lower limit Typical A Typical B Upper limit

piezoelectric foil 30 (thickness D5) 1 µm 10 µm 50 µm 0.5 mm

Cavity (diameter Da) 10 µm 50 µm 250 µm 0.5 mm

Cavity (depth Dc ) 10 µm 10 µm 25 µm 2 mm

Cavity (capacitance C) 7 femtoF 70 femtoF

[0066] A depth Dc of the cavity 2 may be a distance between the first and second metallic layer 31, 32 when the
membraneelement is in its equilibriumposition (without anelectric voltageapplied). AcapacitanceCof thecavity 2maybe
a capacitance of the capacitor formed by the first and second metallic layer 31, 32 over the cavity 2.
[0067] Fig. 4A to 4C show schematic cross-sections of an ultrasound transducing device operated to transmit
ultrasoundwaves. Theultrasound transducing device comprises a carrier device 1with a body 10. Thebody 10 comprises
one cavity 2 with a base 21 and an opening 22 and a floor element 13 limiting the base 21. The floor element comprises a
first metal layer 31 and the opening 22 is covered by a flexible membrane element 3 being configured and provided to
oscillate inorder to transmit and/or receiveultrasoundwavesW.Themembraneelement3comprisesasecondmetal layer
32 whichmay form a capacitive arrangement or capacitor with the first metal layer 31, wherein the first metal layer 31 and
the second metal layer may be coupled by a first electrical field E1. Furthermore, the membrane element 3 comprises a
third metal layer 33 and a piezoelectric foil 30 which is sandwiched between the second and the third metal layer 32, 33.
Thesecondmetal layer32and the thirdmetal layer33may formacapacitivearrangementor capacitor andbecoupledbya
second electrical field E2. For the avoidance of misunderstanding, the electrical field E1 and E2 are depicted by individual
electrical field lines featuring only one arrowhead, respectively.
[0068] As described above y the combination of the first and secondmetal layer 31, 32, a first capacitor may be formed
over the cavity, and by the combination of the second and third metal layer 32, 33 a second capacitor may be formed over
the piezoelectric foil 30. If an electric voltageU, V is applied to the first and second capacitor simultaneously, an oscillation
of the membrane element 3, in particular, its convexity and its oscillation modes, may be controlled in order to transmit
and/or receive ultrasound wavesW. An advantage of such a setup combining capacitive control and piezoelectric control
over the membrane element 3 is that the ultrasound transducing device may be operated more intricately.
[0069] Assuming that the first and secondmetal layers 31, 32 eachhave an areaA, a capacitanceC of the first capacitor
may be expressed as

[0070] An electric field E1 shown in Fig. 4B in the first capacitor exerts the following electric force F on the membrane
element 3 when an electric voltage V is applied wherein V may vary in time as V(t).
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[0071] Such a force may excite the membrane element 3 to oscillate wherein the piezoelectric foil 30 does not
necessarily have to drive the oscillation - in principle an electric voltage U between the second and third metal layer
32, 33 may be zero. Fig. 4B, however, shows an example with an electric voltage U applied so that an electric field E2 is
present in the second capacitor in addition to the electric field E1 present in the first capacitor.
[0072] In the following, the electric forceFand the resulting soundpressure is calculated for anembodimentwherein the
electric voltage V and additionally an electric voltage U are applied.
[0073] A preferredmode of oscillation corresponds to a longitudinal oscillation of themembrane element 3 with a bulge
forming at the center of the cavity 2 (which may have a cylindrical form). When this mode is excited by applying electric
voltageV, themembrane element 3 is elastically deflected by transverse contraction according to Poisson’s ratio. A rather
large electric voltage V is required to deflect themembrane element 3 to a degree required for transmission of ultrasound
waves. If a membrane element 3 with a thickness below 5 µm is used, a smaller electric voltage V will be sufficient.
[0074] In addition or - in principle also alternatively - to using a thin membrane element 3, an electric voltage U may be
applied to the membrane element 3. When an electric voltage U is applied, the membrane element 3 may be excited to
oscillate in the first mode resulting in the deflection Xm shown in Fig. 5. The deflection Xm depends on a magnitude of the
inverse piezoelectric effect and a geometric ratio of the diameter Da to the thickness D5 of the piezoelectric foil 30,
expressed as follows:

wherein

[0075] When themembrane element 3 is deflected from its equilibrium position, the distanceDc between the first metal
layer 31and the secondmetal layer 32 isdecreased toadistanceX. X is obtainedasa functionof the voltageU(t) applied to
the piezoelectric foil 30 by the following (non-linear) formula:

[0076] Inserting this into the above-calculated formula for the electric force F, the resulting sound pressure pE can be
calculated to:

[0077] By applying U(t), a sound pressure pE generated by themembrane element 3may, for example, be amplified or,
generally, be adjusted through the above calculated electric force F.
[0078] Fig. 6 showsanembodiment of a control device 7 being configured andprovided to apply and/or determine a first
electric voltageVbetween the first and secondmetal layer 31, 32 and a second electric voltageUbetween the secondand
thirdmetal layer 32, 33. Thecontrol device7may, for example, control theelectric voltagesU,V inorder toachievea sound
pressure pE according to the above formula. The control device 7may aswell be operated to determine an electric voltage
U, V resulting from a deflection of the membrane element 3.
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[0079] Asignificant deflectionXmof themembrane element 3 from its equilibriumpositionmayalready beachievedwith
astaticappliedvoltageUdue to the inversepiezoelectriceffect.Adeflection in the rangeofa fewmicronsmay, for example,
result from a 10 µm thick PVDF film as piezoelectric foil 30 over a cylindrically cavity 2 with a diameter of 250 µm.With a
cavity depth of, e.g., 20 µm, a high variance of electrostatic forces with a strong gradient towards the center arises due to
thequadratic dependenceof electric forceon thedistanceX (F~1/X(U(t))2). The stronggradient towards the center allows
for driving a longitudinal oscillation of the membrane element 3 even with a small electric voltage V so that the ultrasound
transducing device may be operated more efficiently.
[0080] Thecontrol device7may, thus, beconfiguredandprovided to vary thefirst electric voltageVduringa time interval
in which the second electric voltage U is held static. Alternatively, the control device 7 may be configured and provided to
vary the first and the second electric voltage V, U at the same time. This variation can be used to achieve an intensity
modulation of the ultrasound waveW generated by the first electric voltage V via the second electric voltage U applied to
the membrane element 3.
[0081] It is noted that the resonant frequency of the piezoelectric foil 30 with respect to its longitudinal oscillation
depends on the second electric voltageU applied to the piezoelectric foil 30. Thismeans that differentmodes of operation
can be used to generate the oscillation depending on the selected resonant frequency. Such modes may comprise
frequency modulation and beam shaping.
[0082] If the two electric voltages U and V have a phase shift of 90° to each other, a resonance exaggeration of the
oscillation amplitudes may be achieved.
[0083] Fig. 7A and Fig. 7B show schematic cross-sections of an ultrasound transducing device operated to receive
ultrasound waves. The ultrasound wave W is measured through the piezoelectric effect caused by a deflection of the
membrane element 3 induced by the ultrasound wave W. Fig. 7A shows the arrival of an ultrasound wave W at an
ultrasound transducing device. In Fig. 7B the ultrasound wave W is absorbed by the membrane element 3 and has
deflected the membrane element 3 from its equilibrium position so that the piezoelectric foil 30 is deformed and second
electric voltageU ismeasurable.Bydriving themembraneelement3 throughafirst electric voltageVapplied to thefirst and
second metal layer 31, 32 and measuring through the second and third metal layer 32, 33, ultrasound generation and
measurement of reflected ultrasound waves W can be easily separated. The control device 7 may, thus, be further
configuredandprovided toapply thefirst electric voltageV inorder todriveanoscillationof themembraneelement3and to
concurrently determine the second electric voltage U to measure received ultrasound waves W.
[0084] Fig. 8A to 8C show schematic cross-sections of an ultrasound transducing device operated to transmit
ultrasound waves W. Fig. 8A shows the device with its membrane element 3 in its equilibrium position. In Fig. 8B a
second electric voltage U is applied to the second and the third metal layer 32, 33 so that the membrane element 3 is
deflected from the equilibrium position to a deflected position due to the inverse piezoelectric effect acting on the
piezoelectric foil 30. When the second electric voltage U is switched off, the membrane element 3 relaxes towards its
equilibrium position. In the illustration of Fig. 8C the membrane element 3 is snapped back from its deflected position
beyond the equilibriumposition forming an outward facing arch over the cavity 2 and thereby emits an ultrasoundwaveW.
However, it is also possible to drive themembraneelement 3 througha second voltageUapplied to the secondmetal layer
32 and the third metal layer, and to measure the deflection of the membrane element 3 by measuring the first voltage
between the first metal layer 31 and the second metal layer 32.
[0085] Fig. 9 shows a schematic cross-section in an exploded view of an ultrasound transducing device comprising two
cavities 2. The two cavities 2 are formed in a body 10 such as a dielectric element of a carrier device 1, for example by
means ofmechanical deepmilling, laser ablation or plasmaetching. Particularly, the carrier device 1 is formedby a printed
circuit board having substrate formed from the dielectric element, more particular by a multilayered printed circuit board.
Thecavities2shareawall element12of thebody10,which isarrangedbetween the twocavities2.Amembraneelement3
is arranged to cover the two cavities 2. Onemembrane element 3may cover several cavities 2. Themembrane element 3
hasapiezoelectric foil 30andasecondand thirdmetal layer32, 33.Themembraneelement3 is fixed to thecarrierdevice1
by an adhesive element 4. The adhesive element 4 comprises two openings 40 which are arranged to match the two
cavities 2. The adhesive element 4 may be a pre-milled adhesive foil. Alternatively, a liquid adhesive may be used as an
adhesive element 4 which is applied by screen printing or dispensing to either the piezoelectric foil 30 or the device carrier
2. In addition tomechanical adhesion, the adhesive element 4 should also have sufficient electrical conductivity so that an
electrical connection between the piezoelectric foil 30 and carrier device 1may beestablished via the adhesive element 4.
[0086] The carrier device 1, particularly the printed circuit board, comprises aplated via 34arranged in via 11of the body
10 to electrically connect the first and the second metal layer 31, 32. Generally, the second metal layer 32 may extend
beyond a cavity so that it can be easily contacted.
[0087] The carrier device 1 may further comprise an optional electronic assembly group 5. The electronic assembly
group 5may comprise an electronic device 50 such as microelectronic components, semiconductor devices, capacitors,
and resistors. The electronic assembly groupmay bemounted on a back of the body 10 of the carrier device 1, particularly
the printed circuit board, facing away from the cavities 2. Preferably, the electronic assembly group 50 is mounted before
arranging the membrane element 3 on the carrier device 1. The electronic device 50 comprises contact pads 51 that are
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connected electrically through a soldering connection 52 with the first metal layers 31. A potting compound or underfill 53
may enclose the contact pads 51, the soldering connection 52 and the first metal layers 31 for insulation.
[0088] For a method for manufacturing an ultrasound transducing device the carrier device 1 and the membrane
element 3 are provided separately at first and then combined at a later stage.

List of reference numerals

[0089]

1 Carrier device
10 Body/dielectric element
11 Through-hole
12 Wall
13 Floor element
131, 132 Surface
2 Cavity
21 Base
22 Opening
3, 3’ Membrane element
30, 30’ Foil
31, 32, 33, 31’, 32’ Metal layer
34 Through-hole plating
4 Adhesive element
40 Opening
5 Electronic assembly group
50 Electronic device
51 Contact pad
52 Soldering connection
53 Isolating layer
7 Control device
α Opening angle
Da Length
ΔDa Length change
Dc Distance between first and second metal layer (equilibrium position)
ΔD5 Thickness change of the second metal layer
E, Ei, E2 Electric field
r Radius
U Electric voltage between the second and third metal layer
V Electric voltage between the first and the second metal layer
W Ultrasound wave
X Distance between first and second metal layer (deflected position)
Xm Distance of deflection

Claims

1. An ultrasound transducing device comprising a carrier device (1) with a body (10), the body (10) comprising at least
one cavity (2) with an opening (22) and a floor element (13) limiting the cavity (2), wherein the floor element (13)
comprises a first metal layer (31), and the opening (22) is covered by a flexible membrane element (3) being
configuredandprovided tooscillate inorder to transmit and/or receiveultrasoundwaves (W), saidmembraneelement
(3) comprises a second metal layer (32),
characterized in that themembraneelement (3) comprisesa thirdmetal layer (33), andapiezoelectric foil (30)which
is sandwiched between the second and the third metal layer (32, 33).

2. The ultrasound transducing device according to claim 1, characterized by a control device (7) being configured and
provided to apply and/or determine a first electric voltage (V) between the first and second metal layer (31, 32) and a
second electric voltage (U) between the second and third metal layer (32, 33).

3. The ultrasound transducing device according to claim 2, characterized in that the control device (7) is further
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configured and provided to vary the first electric voltage (V) during a time interval in which the second electric voltage
(U) is held static or to vary the first and the second electric voltage (V, U) at the same time.

4. The ultrasound transducing device according to claim 3, characterized in that the control device (7) is further
configuredandprovided toapply thefirst and thesecondelectric voltage (V,U)with their phasesshiftedwith respect to
each other.

5. The ultrasound transducing device according to claim 2, characterized in that the control device (7) is further
configured and provided to apply the first electric voltage (V) in order to drive an oscillation of themembrane element
(3) and to concurrently determine the second electric voltage (U) to measure received ultrasound waves (W).

6. The ultrasound transducing device according to one of the preceding claims, characterized in that the body (10) of
the carrier element (1) comprises or is formed from a polarized polymer material, particularly a thermoset or a
thermoplastic polymer material, preferably an epoxy resin or a polyimide.

7. The ultrasound transducing device according to one of the preceding claims, characterized in that the piezoelectric
foil (30) comprises a composite material combining a piezo ceramic with a polymer.

8. An ultrasound transducing system comprising a plurality of ultrasound transducing devices according to claim 1 to 7.

9. The ultrasound transducing system according to claim 8, characterized by a control device (7) being configured and
provided to apply and/or determine a first electric voltage (V) between a first and second metal layer (31, 32) and a
second electric voltage (U) between a second and third metal layer (32, 33) of each of the plurality of ultrasound
transducing devices,wherein the first and/or secondelectric voltage (V,U) areoptionally applied synchronously to the
plurality of ultrasound transducing devices.

10. A method for manufacturing an ultrasound transducing device comprising the following steps:

Providing a carrier device (1) with a body (10) comprising at least one cavity (2) which is limited by a floor element
(13) of the body (10) and comprises an opening (22),
Metallizing a surface (132) of the floor element (13) with a first metal layer (31),
Providing a flexible piezoelectric foil (30),
Metallizing twosurfaces (301, 302) of the piezoelectric foil (30)with a secondand thirdmetal layer (32, 33) to form
a membrane element (3), and
Arranging themembrane element (3) on the carrier device (1) so that the opening (22) is covered, andparticularly
so that the first and second metal layer (31, 32) form a capacitive arrangement.

11. The method according to claim 10, characterized in that providing the carrier device (1) comprises mechanically
forming the at least one cavity (2) in the body (10) of the carrier device (1).

12. An ultrasound transducing device comprising a carrier device (1) which has a body (10), said body (10) comprising at
least one cavity (2) which is limited by a floor element (13) of the body (10) and comprises an opening (22), wherein a
first metal layer (31) is arranged on the floor element (13) and the opening (22) is covered by a flexible membrane
element (3) being configured and provided to oscillate in order to transmit and/or receive ultrasound waves (W), said
membrane element (3) being capacitively connectable to the first metal layer (32),
characterized in that the body (10) comprises or is formed fromapolymermaterial, in particular a thermoset polymer
material.

13. The ultrasound transducing system according to claim 12, characterized in that said membrane element (3)
comprises a second metal layer (32) which is capacitively connectable to the first metal layer (31), a third metal
layer (33), which is capacitively connectable to the second metal layer (32), and a piezoelectric foil (30) which is
sandwiched between the second and the third metal layer (32, 33).
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