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DUAL MEMBRANE PIEZOELECTRIC MICROELECTROMECHANICAL SYSTEM 

MICROPHONE 

BACKGROUND 

Technical Field 

Embodiments disclosed herein relate to piezoelectric microelectromechanical system 5 

microphones and to devices including same. 

 

Description of Related Technology 

 A microelectromechanical system (MEMS) microphone is a micro-machined 

electromechanical device to convert sound pressure (e.g., voice) into an electrical signal (e.g., 10 

voltage).  MEMS microphones are widely used in mobile devices such as cellular telephones, 

headsets, smart speakers, and other voice-interface devices/systems.  Capacitive MEMS 

microphones and piezoelectric MEMS microphones (PMMs) are both available in the 

market.  PMMs requires no bias voltage for operation, therefore, they provide lower power 

consumption than capacitive MEMS microphones.  The single membrane structure of PMMs 15 

enable them to generally provide more reliable performance than capacitive MEMS 

microphones in harsh environments.  Existing PMMs are typically based on either diaphragm 

MEMS structures or cantilever MEMS structures. 

 

SUMMARY 20 

In accordance with one aspect, there is provided a piezoelectric 

microelectromechanical system microphone.  The piezoelectric microelectromechanical 

system microphone comprises a piezoelectric element configured to deform and generate an 

electrical potential responsive to impingement of sound waves on the piezoelectric 

microelectromechanical system microphone, a sensing electrode disposed on the 25 

piezoelectric element and configured to sense the electrical potential, and a passive 

membrane mechanically coupled to the surface of the piezoelectric element to increase 

sensitivity of the piezoelectric microelectromechanical system microphone. 

In some embodiments, the passive membrane is mechanically coupled to the surface 

of the piezoelectric element by a column having a cross-sectional area that is less than a 30 
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surface area of the piezoelectric element and less than a surface area of the passive 

membrane. 

In some embodiments, the column has a length less than a distance by which a center 

of the piezoelectric element is displaced when exposed to a maximum sound pressure for 

which the piezoelectric microelectromechanical system microphone is rated. 5 

In some embodiments, the piezoelectric element is mechanically secured to a 

supporting substrate including an acoustic port and the passive membrane is mechanically 

secured to the supporting substrate between the piezoelectric element and the acoustic port. 

In some embodiments, the piezoelectric microelectromechanical system microphone 

further comprises one or more vent apertures defined in a support mechanically securing the 10 

passive membrane to the supporting substrate. 

In some embodiments, the membrane is mechanically secured to the supporting 

substrate with a micromechanical spring. 

In some embodiments, the passive membrane is mechanically secured to the 

supporting substrate with a material having a greater compliance than a material of which the 15 

passive membrane is formed. 

In some embodiments, the passive membrane has a surface area that is less than a 

surface area of the piezoelectric element. 

In some embodiments, the passive membrane has a surface area that is about the same 

as a surface area of the piezoelectric element. 20 

In some embodiments, the passive membrane has a surface area that is greater than a 

surface area of the piezoelectric element. 

In some embodiments, the passive membrane is mechanically secured to the 

supporting substrate in an enlarged diameter region of the supporting substrate. 

In some embodiments, the piezoelectric element has a diaphragm structure clamped 25 

to a supporting substrate about its perimeter. 

In some embodiments, the passive membrane is mechanically coupled to the surface 

of the piezoelectric element by a column extending from a center of a surface of the passive 

membrane to a center of the surface of the piezoelectric element.  
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In some embodiments, the sensing electrode includes both inner electrode regions 

proximate a center region of the piezoelectric element and outer electrodes proximate the 

perimeter of the piezoelectric element. 

In some embodiments, the sensing electrode includes inner electrode regions 

proximate a center region of the piezoelectric element but lacks outer electrodes proximate 5 

the perimeter of the piezoelectric element. 

In some embodiments, the piezoelectric element includes an upper film of 

piezoelectric material and a lower film of piezoelectric material, an upper sensing electrode 

disposed on an upper surface of the upper film, a lower sensing electrode disposed on a lower 

surface of the lower film, and a middle sensing electrode disposed between the upper film 10 

and lower film. 

In some embodiments, the piezoelectric element has a cantilever structure including a 

plurality of cantilevers, each of the plurality of cantilevers having a base clamped to a 

supporting substrate, and a tip that is free to be displaced vertically responsive to 

impingement of sound waves on the piezoelectric microelectromechanical system 15 

microphone. 

In some embodiments, the passive membrane is mechanically coupled to the 

piezoelectric element by columns extending from a surface of the passive membrane to 

respective regions proximate the tips of each of the plurality of cantilevers.  

In some embodiments, the columns have a combined cross-sectional area that is less 20 

than a surface area of the piezoelectric element and less than a surface area of the passive 

membrane. 

In some embodiments, the piezoelectric element includes an upper film of 

piezoelectric material and a lower film of piezoelectric material, an upper sensing electrode 

disposed on an upper surface of the upper film, a lower sensing electrode disposed on a lower 25 

surface of the lower film, and a middle sensing electrode disposed between the upper film 

and lower film. 

In some embodiments, the piezoelectric microelectromechanical system microphone 

further comprises one or more vent apertures defined in the passive membrane. 

 In some embodiments, the piezoelectric microelectromechanical system microphone 30 

is included in an electronic device. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

 Embodiments of this disclosure will now be described, by way of non-limiting 

example, with reference to the accompanying drawings. 

 FIG. 1A is a plan view of a diaphragm type piezoelectric MEMS microphone; 5 

 FIG. 1B is a cross sectional view of a diaphragm type piezoelectric MEMS 

microphone;  

FIG. 2A is a plan view of a cantilever type piezoelectric MEMS microphone; 

 FIG. 2B is a cross sectional view of a cantilever type piezoelectric MEMS 

microphone; 10 

 FIG. 3 illustrates an example of a packaged piezoelectric MEMS microphone; 

 FIG. 4A illustrates another example of a packaged piezoelectric MEMS microphone; 

 FIG. 4B illustrates another example of a packaged piezoelectric MEMS microphone; 

 FIG. 5A illustrates different options for support structures for mounting a passive 

membrane in a housing of a packaged piezoelectric MEMS microphone; 15 

 FIG. 5B illustrates additional options for support structures for mounting a passive 

membrane in a housing of a packaged piezoelectric MEMS microphone; 

 FIG. 5C illustrates possible locations for vent holes in a piezoelectric MEMS 

microphone structure; 

 FIG. 6A illustrates a pressure distribution across a piezoelectric membrane of an 20 

example of a diaphragm type piezoelectric MEMS microphone due to sound applied to the 

diaphragm type piezoelectric MEMS microphone; 

 FIG. 6B illustrates a pressure distribution across a piezoelectric membrane of an 

example of a diaphragm type piezoelectric MEMS microphone including a passive 

membrane due to sound applied to the diaphragm type piezoelectric MEMS microphone; 25 

 FIG. 7A is a chart of the results of a simulation of displacement of a piezoelectric 

membrane of an example of a diaphragm type piezoelectric MEMS microphone due to 

applied sound pressure; 

 FIG. 7B is a chart of the results of a simulation of displacement of a piezoelectric 

membrane of an example of a diaphragm type piezoelectric MEMS microphone including a 30 

passive membrane due to applied sound pressure; 
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FIG. 8A is a chart of the results of a simulation of stress distribution across a 

piezoelectric membrane of an example of a diaphragm type piezoelectric MEMS microphone 

due to applied sound pressure; 

 FIG. 8B is a chart of the results of a simulation of stress distribution across a 

piezoelectric membrane of an example of a diaphragm type piezoelectric MEMS microphone 5 

including a passive membrane due to applied sound pressure; 

 FIG. 9 is a cross section of an example of a cantilever type piezoelectric MEMS 

microphone including a passive membrane; and 

FIG. 10 is a block diagram of one example of a wireless device including a 

piezoelectric MEMS microphone including a passive membrane. 10 

 

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS 

The following description of certain embodiments presents various descriptions of 

specific embodiments.  However, the innovations described herein can be embodied in a 

multitude of different ways, for example, as defined and covered by the claims.  In this 15 

description, reference is made to the drawings where like reference numerals can indicate 

identical or functionally similar elements.  It will be understood that elements illustrated in 

the figures are not necessarily drawn to scale.  Moreover, it will be understood that certain 

embodiments can include more elements than illustrated in a drawing and/or a subset of the 

elements illustrated in a drawing.  Further, some embodiments can incorporate any suitable 20 

combination of features from two or more drawings. 

Microelectromechanical system (MEMS) microphones are typically produced using 

techniques similar to those for fabricating semiconductor devices on semiconductor wafers.  

One form of piezoelectric MEMS microphone (PMM) is a diaphragm structure PMM.  As 

illustrated in FIG. 1A, a diaphragm structure PMM typically includes a piezoelectric element 25 

in the form of a membrane or film, often circular in shape, formed of a piezoelectric material 

such as aluminum nitride (AlN).  The piezoelectric membrane is suspended over a cavity in a 

support substrate formed of, for example, silicon.  Electrodes, typically including inner and 

outer electrodes, are disposed on the piezoelectric film to capture changes in voltage across 

the piezoelectric film as it is deformed responsive to exposure to sound waves.  As illustrated 30 

in FIG. 1B, the piezoelectric film may include two layers of piezoelectric material, with inner 
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and outer electrodes disposed on top of the upper film layer, between the upper and lower 

film layer, and on the bottom of the lower film layer.  The different electrodes may be 

electrically connected in series to produce an output voltage responsive to deformation of the 

piezoelectric material film stack due to impact of sound waves.  

Another form of MEMS microphone is a cantilever type PMM.  A cantilever type 5 

PMM may include a piezoelectric element including one or more cantilevers formed of a 

piezoelectric material, for example, AlN, and electrodes disposed on the piezoelectric 

cantilevers to pick up voltages produced responsive to deformation of the cantilevers due to 

the impact of sound waves.  As illustrated in FIG. 2A, the cantilever type PMM may include 

a circular shaped piezoelectric film divided into multiple pie-piece shaped cantilevers by 10 

trenches or cuts through the piezoelectric film.  The electrodes may be disposed on the base 

sections of each of the cantilevers.  As illustrated in FIG. 2B, the piezoelectric film may 

include two layers of piezoelectric material, with electrodes disposed on top of the upper film 

layer, between the upper and lower film layer, and on the bottom of the lower film layer.  

The different electrodes may be electrically connected in series to produce an output voltage 15 

responsive to deformation of the piezoelectric material film stack due to impact of sound 

waves. 

A PMM may be packaged in a casing including the piezoelectric film mounted on a 

support substrate, often including an aperture or input port to allow sound to reach the 

piezoelectric film layer, along with electronics, for example, an application specific 20 

integrated circuit (ASIC) for reading and amplifying voltages from the electrodes of the 

PMM and outputting a signal representative of sound detected by the PMM.  One example is 

illustrated in FIG. 3.   

It has been discovered that the sensitivity of a PMM may be increased by adding a 

passive (non-electrically active) membrane or plate between the acoustic input port of a 25 

PMM support structure and the piezoelectric membrane that is configured to enhance the 

force applied to a defined area of the piezoelectric membrane responsive to exposure to a 

given sound pressure.  One example of this for a diaphragm structure PMM is illustrated in 

FIG. 4A.  The structure of the packaged PMM in FIG. 4A differs from that of FIG. 3 in that 

the structure illustrated in FIG. 4A includes a passive membrane 105 coupled to an internal 30 

wall of the support structure 110 by high compliance supports 115, for example, 
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micromechanical springs or corrugated strips of material, or a compliant material, for 

example, resin, silicone, or glue.  The supports 115 may constrain the passive membrane 105 

laterally, extending outward from the passive membrane in a direction defined by an upper or 

lower surface of the passive membrane 105 to portions of the housing 110 as illustrated in 

FIG. 5A, or may form anchors for the passive membrane, extending in a direction generally 5 

perpendicular to the direction defined by the upper or lower surface of the passive membrane 

105 to portions of the housing 110 as illustrated in FIG. 5B.  In some embodiments, as 

illustrated in FIG. 5C, one or more vent apertures V may be present in either the passive 

membrane 105 or the supports 115.  These vent apertures may help reduce or eliminate a 

pressure differential between the environment external to the PMM and a region between the 10 

passive membrane 105 and the piezoelectric membrane 120 that might otherwise decrease 

performance of the PMM. 

The passive membrane 105 has a greater stiffness or lesser compliance than the 

supports 115, and in some instances exhibits no detectable deformation when exposed to a 

maximum sound pressure for which the PMM is rated.  The passive membrane 105 may be 15 

formed of a plate of a metal, for example, aluminum or an aluminum/tin alloy, a 

semiconductor, for example, silicon, or a dielectric, for example, silicon dioxide or silicon 

nitride.  The passive membrane 105 may in some instances be formed of the same material as 

a material of the support structure 110, which may reduce manufacturing complexity.  The 

passive membrane 105 is mechanically coupled to the piezoelectric membrane 120 by a 20 

column 125.  A gap 130, in some embodiments filled with air, is present between the passive 

membrane 105 and the piezoelectric membrane 120.  Depending on the material from which 

the passive membrane 105 is formed and the predicted bending of the passive membrane, the 

gap 130 may be very narrow, for example, about 1 µm or greater. The column 125 has a 

lesser cross-sectional area than the surface area of the surface of the passive membrane 105 25 

that it extends from and a lesser cross-sectional area than the surface area of the surface of 

the piezoelectric membrane 120 that it extends to.  The column 125 may extend from the 

center of the surface of the passive membrane 105 facing the piezoelectric membrane 120 to 

the center of the surface of the piezoelectric membrane 120 facing the passive membrane 

105.  Although illustrated as mechanically coupled to the inner electrode on the upper surface 30 

of the piezoelectric membrane 120, it is to be understood that the PMM may include a 
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passivation layer on the upper surface piezoelectric membrane and electrodes as illustrated in 

FIG. 1B and the column 125 may be mechanically coupled to the passivation layer on top of 

the upper electrode rather to the upper electrode itself.   

The passive membrane 105 desirably has a low mass to help avoid loss of sensitivity 

of the PMM at high frequencies, so the passive membrane 105 is desirably formed as thin as 5 

is practical while having sufficient stiffness and rigidity to avoid significant deflection when 

exposed to high pressure sound waves, for example, to exhibit deflection that is below 

detection limits or that avoids contact between the passive membrane 105 and other 

components of the packaged system when exposed to the highest sound pressure the device is 

rated for.  A mass loading effect associated with the mass of the passive membrane may 10 

affect the resonance frequency of the PMM, wherein increased mass of the passive 

membrane may result in a reduced resonance frequency for the PMM.  A reduced resonance 

frequency of the PMM may result in a reduced acoustic range for the PMM because the 

acoustic range may be limited on the high side by the resonant frequency of the PMM.  

Additionally, the sensitivity of a PMM may be reduced due to the addition of a stiff passive 15 

membrane – the total compliance of the mechanical system with the passive membrane in 

addition to the piezoelectric material membrane may be reduced and the sensitivity of the 

PMM decreased. To solve this problem, embodiments disclosed herein may utilize a highly 

compliant passive membrane support structure, which may render any adverse effects due to 

the presence of the stiff passive membrane negligible. 20 

In the example of FIG. 4A the passive membrane 105 has a lesser radius and cross-

sectional area than the piezoelectric membrane 120 due to the presence of the supports 115.  

In other examples, the passive membrane 105 may be formed with a radius and cross-

sectional area the same as or greater than that of the piezoelectric membrane 120 by, for 

example, enlarging the diameter of the front cavity 110A of the support structure 110 where 25 

the passive membrane 105 is joined to the support structure 110 by the supports 115.  One 

example of this is illustrated in FIG. 4B where the passive membrane is coupled to the 

support substrate 110 by supports 115 within enlarged diameter portions or cavities defined 

in the internal wall of the support substrate.   

A distance between the passive membrane 105 and the piezoelectric membrane 120 30 

and/or surfaces of the support structure 110 facing surfaces of the passive membrane 105 
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may be greater than an expected displacement of the center of the surface of the piezoelectric 

membrane 120 when exposed to the greatest sound pressures the device is rated for.  The 

center of the surface of the piezoelectric membrane 120 may be displaced by a distance on 

the order of nanometers when exposed to the greatest sound pressures the device is rated for, 

so a distance between the passive membrane 105 and the piezoelectric membrane 120 and/or 5 

surfaces of the support structure 110 facing surfaces of the passive membrane 105 may be at 

least a micron to provide a good safety margin against collision between the passive 

membrane 105 and piezoelectric membrane 120 and/or surfaces of the support structure 110.  

Accordingly, the column 125 may have a length of about a micron or more to maintain this 

distance between the passive membrane 105 and the piezoelectric membrane 120 and/or 10 

surfaces of the support structure 110 facing surfaces of the passive membrane 105. 

A comparison between the pressures and forces exerted on the piezoelectric 

membrane of the structure illustrated in FIG. 3 compared to those exerted on the membrane 

of the structure illustrated in FIG. 4A is illustrated in FIGS. 6A and 6B.  As shown in FIG. 

6A, for the piezoelectric membrane of the structure illustrated in FIG. 3 without any passive 15 

membrane, sound waves impinging on the piezoelectric membrane 120 exert a uniform 

pressure P0 across the entire surface of the membrane.  This pressure causes a uniform force 

F0 = P0/A0 to be exerted across the entire membrane surface, where A0 is the surface area of 

the piezoelectric membrane πR0
2.  In contrast, for the membrane of the structure illustrated in 

FIG. 4A, the uniform sound pressure P0 is applied to the outer surface of the passive 20 

membrane 105 (the surface facing the acoustic port in a package for the PMM) and is 

transferred by the column 125 to the piezoelectric membrane 120.  The pressure P1 applied 

by the column 125 to the outer surface of the piezoelectric membrane 120 is multiplied by 

the ratio of the surface area (A0 for an example in which the passive membrane 105 has the 

same surface area as the piezoelectric membrane 120) of the passive membrane 105 to the 25 

cross-sectional area of the column 125 (A1).  The cross-sectional area A1 of the column 125 

may be significantly smaller than the surface area A0 of the passive membrane 105 so the 

pressure P1 applied by the column 125 to the outer surface of the piezoelectric membrane 120 

is significantly greater than the uniform pressure P0 applied to the surface of the piezoelectric 

membrane of the structure illustrated in FIG. 3 for a given applied sound pressure.  For 30 
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example, if the piezoelectric membrane 120 has a diameter of about 1 mm, the column 125 

may have a diameter of between about 10 µm and about 100 µm. 

The effect of the increased pressure applied to the center of the surface of the 

piezoelectric membrane of the structure of FIG. 4A including the passive membrane on 

displacement of the piezoelectric membrane compared to the displacement of the 5 

piezoelectric membrane of the structure of FIG. 3 lacking the passive membrane is illustrated 

in FIGS. 7A and 7B.  FIG. 7A illustrates the results of simulation of displacement of the 

piezoelectric membrane of the structure of FIG. 3 without the passive membrane responsive 

to application of a sound pressure of 1 Pa.  FIG. 7B illustrates the results of simulation of 

displacement of the piezoelectric membrane of the structure of FIG. 4A with the passive 10 

membrane and column responsive to application of a sound pressure of 1 Pa.  The simulation 

was performed with a simulated column diameter of 1 µm.  In the charts of FIGS. 7A and 

7B, the Y axis represents piezoelectric membrane displacement in nm and the X axis “Arc 

length” parameter represents distance from the along the surface of the membrane from the 

center of the surface of the membrane in meters, the zero arc length point being at the center 15 

of the membrane.  The displacement of the piezoelectric membrane of the structure of FIG. 3 

reached a maximum of 50 nm at the center of the piezoelectric membrane, corresponding to a 

sensitivity of -38 dB, while the displacement of the piezoelectric membrane of the structure 

of FIG. 4A reached a maximum of 190 nm at the center of the piezoelectric membrane, 

corresponding to a sensitivity of -26 dB, a 12 dB improvement over the sensitivity of the 20 

piezoelectric membrane of the structure of FIG. 3.  It is to be understood that the achieved 

improvement in sensitivity depends on sensor structure, electrode optimization, and 

piezoelectric martial.  The potential sensitivity improvement in other embodiments may be 

higher than 20 dB for the same simulated sensor size and over 20 dB if a larger passive 

membrane than simulated was utilized. 25 

The effect of the increased pressure applied to the center of the surface of the 

piezoelectric membrane of the structure of FIG. 4A including the passive membrane on stress 

distribution across the piezoelectric membrane compared to the stress distribution across the 

piezoelectric membrane of the structure of FIG. 3 lacking the passive membrane is illustrated 

in FIGS. 8A and 8B.  FIG. 8A illustrates the results of simulation of stress distribution across 30 

the piezoelectric membrane of the structure of FIG. 3 without the passive membrane 
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responsive to application of a sound pressure of 1 Pa.  FIG. 8B illustrates the results of 

simulation of stress distribution across the piezoelectric membrane of the structure of FIG. 

4A with the passive membrane and column responsive to application of a sound pressure of 1 

Pa, with a simulated column diameter of 1 µm.  In the charts of FIGS. 8A and 8B, the Y axis 

represents the stress tensor at different positions across the piezoelectric membrane in MPa 5 

and the X axis “Arc length” parameter represents distance from the along the surface of the 

membrane from the center of the surface of the membrane in meters.  The “solid.s Top” 

curve represents stress across the upper surface of the upper piezoelectric film.  The “solid.s 

Mid1” curve represents stress across a midline of the upper piezoelectric film.  The “solid.s 

Mid2” curve represents stress across a midline of the lower piezoelectric film.  The “solid.s 10 

Bot” curve represents stress across the lower surface of the lower piezoelectric film.  

Discontinuities in the curves in the charts of FIGS. 8A and 8B correspond to locations of 

edges of the electrodes disposed on the membranes of the corresponding PMM structures.  

The discontinuities in the curves of FIG. 8B differ from the location of the discontinuities in 

the curves of FIG. 8A because optimization of electrode location was simulated for the 15 

structure of FIG. 4A, from which the simulated results illustrated in FIG. 8B are illustrated.  

Comparing the charts of FIGS. 8A and 8B, it can be seen that a significantly greater 

stress of 3.5 MPa was exhibited in the top and bottom surfaces at the center of the 

piezoelectric film of the structure of FIG. 4A including the passive membrane than the 

maximum stress of 0.15 MPA exhibited at the top and bottom surfaces of the center of the 20 

piezoelectric film of the structure of FIG. 3.  A greater stress corresponds to a greater amount 

of charge distribution and voltage generated in the piezoelectric membrane as a result of 

deformation of the membrane and a greater sensitivity.  The charts of FIGS. 8A and 8B thus 

confirm that the sensitivity of the structure of FIG. 4A including the passive membrane is 

significantly greater than the sensitivity of the structure of FIG. 3 lacking the passive 25 

membrane.  

The charts of FIGS. 8A and 8B also show a significantly greater stress being 

generated in areas proximate the center of the piezoelectric membrane than in areas closer to 

the perimeter of the piezoelectric membrane.  Regions of higher stress in the piezoelectric 

membrane produce higher charge than regions with lower stress.  The results of the 30 

simulations illustrated I FIGS. 8A and 8B thus indicate that the outer electrodes may 
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contribute significantly less to the total output signal (voltage) of the PMM structures than 

the inner electrodes.  Accordingly, in some embodiments, the outer electrodes may be 

omitted from the PMM structure.  Removal of the outer electrodes may decrease overall 

capacitance and of the electrode structures and decrease the mass loading of the piezoelectric 

membrane which may provide for improved performance of the PMM devices, for example, 5 

by increasing the resonance frequency and sensitivity, especially at higher frequencies.   

The structures and methods described above for increasing the sensitivity of a 

diaphragm type PMM may also be applied to increase the sensitivity of a cantilever type 

PMM.  FIG. 9 illustrates a cross-section of a cantilever type PMM including a passive 

membrane 205 coupled to the cantilevers 220 of the cantilever type PMM by columns 225.  10 

The passive membrane 205 may be attached to the free ends or proximate the free ends of 

each of the cantilevers, or a subset of the cantilevers, of the cantilever type PMM by at least 

one column 225 per cantilever.  The columns 225 may have a combined cross-sectional area 

that is less than a combined surface area of the cantilevers 220 and less than a surface area of 

the passive membrane 205. 15 

Although illustrated as mechanically coupled to the inner electrodes of cantilevers of 

the cantilever PMM, it is to be understood that the cantilever PMM may include a passivation 

layer on the upper surface piezoelectric membrane cantilevers and electrodes as illustrated in 

FIG. 2B and the columns 225 may be mechanically coupled to the passivation layer on top of 

the electrodes rather to the electrodes themselves.   20 

The discussion above of the materials, dimensions, and other parameters of the 

passive membrane 105, column 125, and piezoelectric membrane 120, and housing of the 

diaphragm type PMM above may apply equally to examples of a cantilever type PMM 

including a passive membrane 205. 

In addition to increasing the sensitivity of a PMM as disclosed herein, a passive 25 

membrane may also increase the reliability of a PMM.  The passive membrane may be 

placed between the piezoelectric membrane and an acoustic port of a package of the PMM.  

The passive membrane may block potentially damaging substances, for example, moisture, 

dust, or other particulate matter from entering the acoustic port and reaching the piezoelectric 

membrane where these substances might otherwise degrade the piezoelectric material of the 30 
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membrane or the material of the electrodes, short out the electrodes, or add weight to the 

piezoelectric membrane that might degrade its frequency response. 

Examples of MEMS microphones as disclosed herein can be implemented in a variety 

of packaged modules and devices.  FIG. 10 is a schematic block diagrams of an illustrative 

device 500 according to certain embodiments. 5 

The wireless device 500 can be a cellular phone, smart phone, tablet, modem, 

communication network or any other portable or non-portable device configured for voice or 

data communication.  The wireless device 500 can receive and transmit signals from the 

antenna 510.  The wireless device includes an embodiment of a front-end module 400.  The 

front-end module 400 includes an antenna duplexer 410 an antenna switch 440, which can be 10 

configured to switch between different frequency bands or modes, such as transmit and 

receive modes, for example.  An antenna 510 is connected to the antenna switch 440.  In the 

example illustrated in FIG. 10, the antenna switch 440 is positioned between the duplexer 

410 and the antenna 510; however, in other examples the duplexer 410 can be positioned 

between the antenna switch 440 and the antenna 510.  In other examples the antenna switch 15 

440 and the duplexer 410 can be integrated into a single component.    

The front-end module 400 further includes a transmitter circuit 432 connected to the 

duplexer 410 and a receiver circuit 434 connected to the duplexer 410.  The transmitter 

circuit 432 may generate signals for transmission via the antenna 510, and the receiver circuit 

434 can receive and process signals received via the antenna 510.  In some embodiments, the 20 

receiver and transmitter circuits are implemented as separate components, as shown in FIG. 

10, however, in other embodiments these components may be integrated into a common 

transceiver circuit or module.  As will be appreciated by those skilled in the art, the front-end 

module 400 may include other components that are not illustrated in FIG. 10 including, but 

not limited to, switches, electromagnetic couplers, amplifiers, processors, and the like.  25 

The front-end module 400 includes a transceiver 430 that is configured to generate 

signals for transmission or to process received signals.  The transceiver 430 can include the 

transmitter circuit 432, which can be connected to an input node of the duplexer 410, and the 

receiver circuit 434, which can be connected to an output node of the duplexer 410.  

Signals generated for transmission by the transmitter circuit 432 are received by a 30 

power amplifier (PA) module 450, which amplifies the generated signals from the transceiver 
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430.  The power amplifier module 450 can include one or more power amplifiers.  The power 

amplifier module 450 can be used to amplify a wide variety of RF or other frequency-band 

transmission signals.  For example, the power amplifier module 450 can receive an enable 

signal that can be used to pulse the output of the power amplifier to aid in transmitting a 

wireless local area network (WLAN) signal or any other suitable pulsed signal.  The power 5 

amplifier module 450 can be configured to amplify any of a variety of types of signal, 

including, for example, a Global System for Mobile (GSM) signal, a code division multiple 

access (CDMA) signal, a W-CDMA signal, a Long-Term Evolution (LTE) signal, or an 

EDGE signal.  In certain embodiments, the power amplifier module 450 and associated 

components including switches and the like can be fabricated on gallium arsenide (GaAs) 10 

substrates using, for example, high-electron mobility transistors (pHEMT) or insulated-gate 

bipolar transistors (BiFET), or on a silicon substrate using complementary metal-oxide 

semiconductor (CMOS) field effect transistors.  

Still referring to FIG. 10, the front-end module 400 may further include a low noise 

amplifier module 460, which amplifies received signals from the antenna 510 and provides 15 

the amplified signals to the receiver circuit 434 of the transceiver 430.    

The wireless device 500 of FIG. 10 further includes a power management sub-system 

520 that is connected to the transceiver 430 and manages the power for the operation of the 

wireless device 500.  The power management system 520 can also control the operation of a 

baseband sub-system 530 and various other components of the wireless device 500.  The 20 

power management system 520 can include, or can be connected to, a battery (not shown) 

that supplies power for the various components of the wireless device 500.  The power 

management system 520 can further include one or more processors or controllers that can 

control the transmission of signals, for example.  In one embodiment, the baseband sub-

system 530 is connected to a user interface 540 to facilitate various input and output of voice 25 

and/or data provided to and received from the user.  The user interface 540 may include a 

microphone M, which may be an embodiment of a PMM as disclosed herein.  The baseband 

sub-system 530 can also be connected to memory 550 that is configured to store data and/or 

instructions to facilitate the operation of the wireless device, and/or to provide storage of 

information for the user.   Any of the embodiments described above can be implemented in 30 

association with mobile devices such as cellular handsets.   
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The principles and advantages of the embodiments can be used for any systems or 

apparatus, such as any uplink wireless communication device, that could benefit from any of 

the embodiments described herein.  The teachings herein are applicable to a variety of 

systems.  Although this disclosure includes some example embodiments, the teachings 

described herein can be applied to a variety of structures.  Any of the principles and 5 

advantages discussed herein can be implemented in association with RF circuits configured 

to process signals in a range from about 30 kHz to 10 GHz, such as in the X or Ku 5G 

frequency bands.  

Aspects of this disclosure can be implemented in various electronic devices.  

Examples of the electronic devices can include, but are not limited to, consumer electronic 10 

products, parts of the consumer electronic products such as packaged radio frequency 

modules, uplink wireless communication devices, wireless communication infrastructure, 

electronic test equipment, etc.  Examples of the electronic devices can include, but are not 

limited to, a mobile phone such as a smart phone, a wearable computing device such as a 

smart watch or an ear piece, a telephone, a television, a computer monitor, a computer, a 15 

modem, a hand-held computer, a laptop computer, a tablet computer, a microwave, a 

refrigerator, a vehicular electronics system such as an automotive electronics system, a stereo 

system, a digital music player, a radio, a camera such as a digital camera, a portable memory 

chip, a washer, a dryer, a washer/dryer, a copier, a facsimile machine, a scanner, a multi-

functional peripheral device, a wrist watch, a clock, etc.  Further, the electronic devices can 20 

include unfinished products. 

Unless the context clearly requires otherwise, throughout the description and the 

claims, the words “comprise,” “comprising,” “include,” “including” and the like are to be 

construed in an inclusive sense, as opposed to an exclusive or exhaustive sense; that is to say, 

in the sense of “including, but not limited to.”  The word “coupled”, as generally used herein, 25 

refers to two or more elements that may be either directly connected, or connected by way of 

one or more intermediate elements.  Likewise, the word “connected”, as generally used 

herein, refers to two or more elements that may be either directly connected, or connected by 

way of one or more intermediate elements.  Additionally, the words “herein,” “above,” 

“below,” and words of similar import, when used in this application, shall refer to this 30 

application as a whole and not to any particular portions of this application.  Where the 
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context permits, words in the above Detailed Description using the singular or plural number 

may also include the plural or singular number respectively.  The word “or” in reference to a 

list of two or more items, that word covers all of the following interpretations of the word: 

any of the items in the list, all of the items in the list, and any combination of the items in the 

list. 5 

Moreover, conditional language used herein, such as, among others, “can,” “could,” 

“might,” “may,” “e.g.,” “for example,” “such as” and the like, unless specifically stated 

otherwise, or otherwise understood within the context as used, is generally intended to 

convey that certain embodiments include, while other embodiments do not include, certain 

features, elements and/or states.  Thus, such conditional language is not generally intended to 10 

imply that features, elements and/or states are in any way required for one or more 

embodiments or that one or more embodiments necessarily include logic for deciding, with 

or without author input or prompting, whether these features, elements and/or states are 

included or are to be performed in any particular embodiment. 

While certain embodiments have been described, these embodiments have been 15 

presented by way of example only and are not intended to limit the scope of the disclosure.  

Indeed, the novel apparatus, methods, and systems described herein may be embodied in a 

variety of other forms; furthermore, various omissions, substitutions and changes in the form 

of the methods and systems described herein may be made without departing from the spirit 

of the disclosure.  For example, while blocks are presented in a given arrangement, 20 

alternative embodiments may perform similar functionalities with different components 

and/or circuit topologies, and some blocks may be deleted, moved, added, subdivided, 

combined, and/or modified.  Each of these blocks may be implemented in a variety of 

different ways.  Any suitable combination of the elements and acts of the various 

embodiments described above can be combined to provide further embodiments.  The 25 

accompanying claims and their equivalents are intended to cover such forms or modifications 

as would fall within the scope and spirit of the disclosure. 

What is claimed is: 
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CLAIMS 

 

1. A piezoelectric microelectromechanical system microphone comprising: 

 a piezoelectric element configured to deform and generate an electrical potential 

responsive to impingement of sound waves on the piezoelectric microelectromechanical 5 

system microphone; 

 a sensing electrode disposed on the piezoelectric element and configured to sense the 

electrical potential; and  

a passive membrane mechanically coupled to the surface of the piezoelectric element. 

 10 

2. The piezoelectric microelectromechanical system microphone of claim 1 wherein the 

passive membrane is mechanically coupled to the surface of the piezoelectric element by a 

column having a cross-sectional area that is less than a surface area of the piezoelectric 

element and less than a surface area of the passive membrane. 

 15 

3. The piezoelectric microelectromechanical system microphone of claim 1 wherein the 

column has a length less than a distance by which a center of the piezoelectric element is 

displaced when exposed to a maximum sound pressure for which the piezoelectric 

microelectromechanical system microphone is rated. 

 20 

4. The piezoelectric microelectromechanical system microphone of claim 1 wherein the 

piezoelectric element is mechanically secured to a supporting substrate including an acoustic 

port and the passive membrane is mechanically secured to the supporting substrate between 

the piezoelectric element and the acoustic port. 

 25 

5. The piezoelectric microelectromechanical system microphone of claim 4 further 

comprising one or more vent apertures defined in a support mechanically securing the 

passive membrane to the supporting substrate. 
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6. The piezoelectric microelectromechanical system microphone of claim 4 wherein the 

membrane is mechanically secured to the supporting substrate with a micromechanical 

spring. 

 

7. The piezoelectric microelectromechanical system microphone of claim 4 wherein the 5 

passive membrane is mechanically secured to the supporting substrate with a material having 

a greater compliance than a material of which the passive membrane is formed. 

 

8. The piezoelectric microelectromechanical system microphone of claim 1 wherein the 

passive membrane has a surface area that is less than a surface area of the piezoelectric 10 

element. 

 

9.  The piezoelectric microelectromechanical system microphone of claim 1 wherein the 

passive membrane has a surface area that is about the same as a surface area of the 

piezoelectric element. 15 

 

10. The piezoelectric microelectromechanical system microphone of claim 1 wherein the 

passive membrane has a surface area that is greater than a surface area of the piezoelectric 

element. 

 20 

11. The piezoelectric microelectromechanical system microphone of claim 10 wherein 

the passive membrane is mechanically secured to the supporting substrate in an enlarged 

diameter region of the supporting substrate. 

 

12. The piezoelectric microelectromechanical system microphone of claim 1 wherein the 25 

piezoelectric element has a diaphragm structure clamped to a supporting substrate about its 

perimeter. 

 

13. The piezoelectric microelectromechanical system microphone of claim 12 wherein 

the passive membrane is mechanically coupled to the surface of the piezoelectric element by 30 
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a column extending from a center of a surface of the passive membrane to a center of the 

surface of the piezoelectric element.  

 

14. The piezoelectric microelectromechanical system microphone of claim 12 wherein 

the sensing electrode includes both inner electrode regions proximate a center region of the 5 

piezoelectric element and outer electrodes proximate the perimeter of the piezoelectric 

element. 

 

15. The piezoelectric microelectromechanical system microphone of claim 12 wherein 

the sensing electrode includes inner electrode regions proximate a center region of the 10 

piezoelectric element but lacks outer electrodes proximate the perimeter of the piezoelectric 

element. 

 

16. The piezoelectric microelectromechanical system microphone of claim 12 wherein 

the piezoelectric element includes an upper film of piezoelectric material and a lower film of 15 

piezoelectric material, an upper sensing electrode disposed on an upper surface of the upper 

film, a lower sensing electrode disposed on a lower surface of the lower film, and a middle 

sensing electrode disposed between the upper film and lower film. 

 

17.  The piezoelectric microelectromechanical system microphone of claim 1 wherein the 20 

piezoelectric element has a cantilever structure including a plurality of cantilevers, each of 

the plurality of cantilevers having a base clamped to a supporting substrate, and a tip that is 

free to be displaced vertically responsive to impingement of sound waves on the piezoelectric 

microelectromechanical system microphone. 

 25 

18. The piezoelectric microelectromechanical system microphone of claim 17 wherein 

the passive membrane is mechanically coupled to the piezoelectric element by columns 

extending from a surface of the passive membrane to respective regions proximate the tips of 

each of the plurality of cantilevers.  

 30 
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19. The piezoelectric microelectromechanical system microphone of claim 18 wherein 

the columns have a combined cross-sectional area that is less than a surface area of the 

piezoelectric element and less than a surface area of the passive membrane. 

 

20. The piezoelectric microelectromechanical system microphone of claim 17 wherein 5 

the piezoelectric element includes an upper film of piezoelectric material and a lower film of 

piezoelectric material, an upper sensing electrode disposed on an upper surface of the upper 

film, a lower sensing electrode disposed on a lower surface of the lower film, and a middle 

sensing electrode disposed between the upper film and lower film. 

 10 

21. The piezoelectric microelectromechanical system microphone of claim 1 further 

comprising one or more vent apertures defined in the passive membrane. 

 

22. The piezoelectric microelectromechanical system microphone of claim 1 included in 

an electronic device. 15 


