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(57) Abstract: Microphones including a housing defining a cavity, a plurality
of conductors positioned within the cavity, at least one dielectric bar positioned
within the cavity, and a transducer diaphragm. The conductors are structured to
move in response to pressure changes while the housing remains fixed. A first
conductor generates first electrical signals responsive to the pressure changes
resulting from changes in an atmospheric pressure. A second conductor gener-
ates second electrical signals responsive to the pressure changes resulting from
acoustic activity. The dielectric bar is fixed with respect to the cavity and remains
fixed under the pressure changes. The dielectric bar is adjacent to at least one of
the conductors. In response to an applied pressure that is an atmospheric pressure
and/or an acoustic pressure, the transducer diaphragm exerts a force on the hous-
ing and displaces at least a portion of conductors with respect to the dielectric bar.
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DIELECTRIC COMB FOR MEMS DEVICE
CROSS-REFERENCE TO RELATED PATENT APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
62/646,003 filed March 21, 2018, the disclosure of which is incorporated herein by reference

in its entirety.

BACKGROUND

[0002] Microphones are deployed in various types of devices such as personal computers,
cellular phones, mobile devices, headsets, headphones, and hearing aid devices. However, as
the devices get smaller, they require smaller microphones. Smaller microphones often
experience greater signal loss due to friction and often have lower signal-to-noise ratios than

larger microphones.
SUMMARY

[0003] One implementation relates to a microphone including a dielectric comb and a control
circuit. The dielectric comb includes a housing defining a cavity, a plurality of conductors
positioned within the cavity, and at least one dielectric bar positioned within the cavity. The
plurality of conductors are structured to move in response to pressure changes while the
housing remains fixed. The pressure changes include pressure changes resulting from
acoustic activity and pressure changes resulting from changes in an atmospheric pressure.
The plurality of conductors includes at least one first conductor and at least one second
conductor. The at least one first conductor is configured to generate first electrical signals
responsive to the pressure changes resulting from changes in the atmospheric pressure. The
at least one second conductor is configured to generate second electrical signals responsive to
the pressure changes resulting from the acoustic activity. The at least one dielectric bar
positioned within the cavity and secured in a fixed position with respect to the cavity such
that the at least one dielectric bar remains fixed under the pressure changes. Each of the at
least one dielectric bars is adjacent to at least the at least one first conductor or at least one
second conductor of the plurality of conductors. The control circuit includes an atmospheric
pressure processing circuit and an acoustic activity processing circuit. The atmospheric
pressure processing circuit is electrically coupled to the at least one first conductor and
configured to receive the first electrical signals and generate an atmospheric pressure signal

indicative of the pressure changes resulting from the changes in atmospheric pressure. The



WO 2019/183283 PCT/US2019/023260

acoustic activity processing circuit is electrically coupled to the at least one second conductor
and configured to receive the second electrical signals and generate an acoustic signal

indicative of the pressure changes resulting from the acoustic activity.

[0004] In some implementations, the microphone further includes at least one isolator
coupled to the housing and movable with respect to the housing in response to pressure

changes. The plurality of conductors are coupled to the at least one isolator.

[0005] In some implementations, the control circuit further includes a charge pump
electrically connected to at least a portion of the plurality of conductors to provide a biasing
charge to at least the portion of the plurality of conductors. The atmospheric pressure
processing circuit is configured to process the first electrical signals to generate a charge
pump bias signal in response to the pressure changes resulting from the changes in the

atmospheric pressure.

[0006] In some implementations, the charge pump bias signal is configured to generate an
electric force between the plurality of conductors to move the plurality of conductors in a
direction opposite a direction of movement caused by the changes in the atmospheric

pressure.

[0007] In some implementations, the electric force is configured to return the plurality of
conductors to a rest position at which the plurality of conductors would be positioned in the

absence of the pressure changes resulting from the changes in atmospheric pressure.

[0008] In some implementations, the microphone further includes a diaphragm that extends
into the cavity and exerts a force on the dielectric comb. The pressure changes cause
movement of the diaphragm. The changes in the movement of the diaphragm cause

movement of the plurality of conductors relative to the plurality of dielectric bars.

[0009] In some implementations, the diaphragm includes a first bellow plate, a second bellow
plate secured to the first bellow plate by a first compliant structure, and a third bellow plate
secured to the second bellow plate by a second compliant structure. The first bellow plate

and the second bellow plate are annular and the third bellow plate is circular.
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[0010] In some implementations, the diaphragm includes a first layer formed of a first
material having a first modulus of elasticity and a second layer formed of a second material

having a second modulus of elasticity smaller than the first modulus of elasticity.
[0011] In some implementations, the cavity is a vacuum.

[0012] Another implementation relates to a microelectromechanical system (MEMS)
transducer including a bellow diaphragm. The bellow diaphragm includes a first bellow
plate, one or more second bellow plates, a third bellow plate, and a plurality of compliant
structures. The first bellow plate is annular. The one or more second bellow plates are
annular. The third bellow plate is circular. The plurality of compliant structures connect the
first bellow plate, the one or more second bellow plates, and the third bellow plate. At a rest
position, the first bellow plate, the one or more second bellow plates, and the third bellow
plate are substantially parallel. In response to an applied pressure, the applied pressure being
at least one of an atmospheric pressure and an acoustic pressure, the MEMS transducer
extends to an extended position in which the first bellow plate and the one or more second

bellow plates are slanted with respect to the third bellow plate.

[0013] In some implementations, the first position occurs in the absence of an external

applied force.

[0014] In some implementations, the first bellow plate, the second bellow plate, and the third

bellow plate are structured to move in response to changes in the applied pressure.

[0015] In some implementations, the plurality of compliant structures are configured to
maintain compliance levels between 1 nm/Pa and 10 nm/Pa as the MEMS transducer

undergoes cyclic loading.

[0016] In some implementations, the first bellow plate, the one or more second bellow plates,
and the third bellow plate each have a thickness of substantially 0.5 pm through substantially
2 um.

[0017] In some implementations, a spacing between adjacent ones of the first bellow plate,
the one or more second bellow plates, and the third bellow plate is substantially 0.5 um

through 5 pm.
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[0018] In some implementations, the one or more second bellow plates includes three second

bellow plates.

[0019] In some implementations, the one or more second bellow plates includes five second

bellow plates.

[0020] In some implementations, the one or more second bellow plates includes seven

second bellow plates.

[0021] Another implementation relates to a microelectromechanical system (MEMS)
transducer configured for use with a microphone system including a housing defining a
cavity and a pressure sensor positioned within the cavity. The MEMS transducer includes a
first layer and a second layer. The first layer includes a contact wall structured to exert a
force on the pressure sensor. The first layer is formed of a first material having a first
modulus of elasticity. The second layer is formed on the first layer. The second layer is
formed of a second material having a second modulus of elasticity lower than the first
modulus of elasticity. At least a portion of the first layer and the second layer are secured to
the housing for deflection with respect to the housing. The second layer is structured to
receive concentrated stress exerted by the housing on the MEMS transducer during deflection

and transmit the concentrated stress to the first layer as a distributed stress.

[0022] In some implementations, the first layer has a thickness of 100 nm — 1 um to maintain

a vacuum in the cavity.

[0023] In some implementations, the first modulus of elasticity is between 50 GPa and 200

GPa.

[0024] In some implementations, the second modulus of elasticity is between 1 GPa and 10

GPa.

[0025] Another implementation relates to a control circuit for a microelectromechanical
system (MEMS) microphone. The control circuit includes an atmospheric pressure
processing circuit and an acoustic activity processing circuit. The atmospheric pressure
processing circuit is configured to receive a first signal from a first plurality of conductors of
a movable sensing structure of the MEMS microphone that are generated in response to

movement of the movable sensing structure and to process the first signal to generate a signal
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indicative of a change in an atmospheric pressure. The acoustic activity processing circuit is
configured to receive a second signal from a second plurality of conductors of the movable
sensing structure. The acoustic activity processing circuit is configured to process the second

signal to generate a signal indicative of acoustic activity.

[0026] In some implementations, the control circuit further includes a charge pump
connected to the movable sensing structure. The atmospheric pressure processing circuit 18
configured to control the charge pump to provide a bias signal to one or more of at least the
first plurality of conductors of the movable sensing structure based on the signal indicative of

the change in the atmospheric pressure.

[0027] In some implementations, the bias charge is sized to bias the movable sensing

structure to compensate for the change in the atmospheric pressure.

[0028] In some implementations, the second signal has a high frequency portion and a low
frequency portion. The acoustic activity processing circuit includes a filter configured to

remove the low frequency portion of the second signal.

[0029] In some implementations, the second signal has an amplitude. The acoustic activity
processing circuit includes a feedback circuit configured to determine the amplitude of the
second signal. In response to the amplitude exceeding a predetermined threshold, the
acoustic activity processing circuit is configured to generate a feedback signal to reduce the

amplitude of the second signal to prevent overload of the acoustic activity processing circuit.

[0030] In some implementations, the second plurality of conductors is different from the first

plurality of conductors.

[0031] Another implementation relates to a microphone including a housing defining a
cavity, a plurality of conductors positioned within the cavity, at least one dielectric bar
positioned within the cavity, and a transducer diaphragm. The plurality of conductors are
structured to move in response to pressure changes while the housing remains fixed. The
pressure changes include pressure changes resulting from acoustic activity and pressure
changes resulting from changes in an atmospheric pressure. The plurality of conductors
include at least one first conductor and at least one second conductor. The at least one first
conductor is configured to generate first electrical signals responsive to the pressure changes

resulting from changes in the atmospheric pressure. The at least one second conductor is
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configured to generate second electrical signals responsive to the pressure changes resulting
from the acoustic activity. The at least one dielectric bar is positioned within the cavity and
secured in a fixed position with respect to the cavity such that the at least one dielectric bar
remains fixed under the pressure changes. Each of the at least one dielectric bars is adjacent
to at least one of the conductors of the plurality of conductor. The transducer diaphragm
includes a first bellow plate, one or more second bellow plates, a third bellow plate, and a
plurality of compliant structures. The first bellow plate is annular. The one or more second
bellow plates are annular. The third bellow plate is circular. The plurality of compliant
structures connect the first bellow plate, the one or more second bellow plates, and the third
bellow plate. At a rest position, the first bellow plate, the one or more second bellow plates,
and the third bellow plate are substantially parallel. In response to an applied pressure, the
applied pressure being at least one of an atmospheric pressure and an acoustic pressure, the
MEMS transducer extends to an extended position in which the first bellow plate and the one
or more second bellow plates are slanted with respect to the third bellow plate and the MEMS
transducer exerts a force on the dielectric comb. The force displaces at least a portion of the

plurality of conductors with respect to at least a portion of the dielectric bars.

[0032] Another embodiment relates to a microphone including a housing defining a cavity, a
plurality of conductors positioned within the cavity, at least one dielectric bar positioned
within the cavity, and a transducer. The plurality of conductors are structured to move in
response to pressure changes while the housing remains fixed. The pressure changes include
pressure changes resulting from acoustic activity and pressure changes resulting from
changes in an atmospheric pressure. The plurality of conductors includes at least one first
conductor and at least one second conductor. The at least one first conductor is configured to
generate first electrical signals responsive to the pressure changes resulting from changes in
the atmospheric pressure. The at least one second conductor is configured to generate second
electrical signals responsive to the pressure changes resulting from the acoustic activity. The
at least one dielectric bar is positioned within the cavity and secured in a fixed position with
respect to the cavity such that the at least one dielectric bar remains fixed under the pressure
changes. Each of the at least one dielectric bars is adjacent to at least one of the conductors
of the plurality of conductors. The transducer includes a first layer and a second layer. The
first layer includes a contact wall structured to exert a force on the pressure sensor. The first
layer is formed of a first material having a first modulus of elasticity. The second layer is

formed on the first layer. The second layer formed of a second material having a second
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modulus of elasticity lower than the first modulus of elasticity. At least a portion of the first
layer and the second layer are secured to the housing for deflection with respect to the
housing. The second layer is structured to receive a concentrated reaction force exerted by
the housing on the MEMS transducer during deflection and transmit the concentrated stress
to the first layer as a distributed stress. The first layer exerts a force on the dielectric comb.
The force displaces at least a portion of the plurality of conductors with respect to at least a

portion of the dielectric combs.

[0033] Another implementation relates to a method for manufacturing a
microelectromechanical (MEMS) transducer. The method includes depositing a thermal
oxide layer over a first surface of a substrate having opposed first and second surfaces. The
method further includes depositing one or more doped oxide layers and one or more undoped
oxide layers. The one or more doped oxide layers and the one or more undoped oxide layers
are alternately spaced. One of the one or more doped oxide layers is adjacent the thermal
oxide layer. The method further includes etching away a portion of the one or more doped
oxide layers to expose the surfaces of the one or more undoped oxide layers. The method
further includes depositing a diaphragm layer over the surfaces of the thermal oxide layer, the
one or more doped oxide layers, and the one or more undoped oxide layers. The method
further includes etching away a portion of the second surface of the substrate to expose the
thermal oxide layer. The method further includes etching away the one or more doped oxide
layers, the one or more undoped oxide layers, and a portion of the thermal oxide layer from
the diaphragm layer. The diaphragm layer defines a diaphragm transducer secured to the first

surface of the substrate by the thermal oxide layer and movable relative to the substrate.

[0034] In some implementations, the diaphragm layer is a polysilicon material or a silicon

nitride material.
[0035] In some implementations, the diaphragm layer has a thickness of 0.5 um to 2 um.

[0036] In some implementations, the diaphragm layer is deposited using low pressure

chemical vapor deposition.

[0037] In some implementations, the doped sacrificial oxide is phosphosilicate glass and the

undoped sacrificial oxide is silicate glass.



WO 2019/183283 PCT/US2019/023260
BRIEF DESCRIPTION OF THE FIGURES

[0038] Figure 1 is a schematic representation of a microphone system according to

implementations of the present disclosure.

[0039] Figure 2 is a flowchart illustrating the operation of the microphone system of Figure 1

according to implementations of the present disclosure.

[0040] Figure 3 is a cross-sectional view of a microphone system including a dielectric comb

and a bellow diaphragm according to implementations of the present disclosure.

[0041] Figure 4 is a schematic view of an example dielectric comb of the microphone system

of Figure 3 according to some implementations of the present disclosure.

[0042] Figure S is a schematic representation of an interface between the dielectric comb and

an integrated circuit according to some implementations of the present disclosure.

[0043] Figure 6 is a representation of a top view of another example dielectric comb for the

microphone system of Figure 3 according to implementations of the present disclosure.

[0044] Figure 7 is a representation of a cross-sectional view of the dielectric comb taken

along lines 7—7 of Figure 6.

[0045] Figure 8 is a partial view of the cross-sectional view of the dielectric comb of Figure

7.

[0046] Figure 9A illustrates the dielectric comb of Figure 3 in a vacuum. Figure 9B
illustrates the dielectric comb of Figure 3 subjected to a force due to an atmospheric pressure.
Figure 9C illustrates the dielectric comb of Figure 3 exerting an electrostatic force to offset a

portion of the force due to the atmospheric pressure.

[0047] Figure 10 is a representation of cross-sectional view of a dielectric comb of a

microphone according to another implementation of the present disclosure.
[0048] Figure 11 is a cross-sectional view of the bellow diaphragm of Figure 3 in a vacuum.

[0049] Figure 12 is a cross-sectional view of the bellow diaphragm of Figure 3 subjected to a

distributed force exerted by an atmospheric pressure and/or an acoustic pressure.
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[0050] Figure 13 is a cross-sectional view of a microphone system including a dielectric

comb and a diaphragm according to another implementation of the present disclosure.

[0051] Figure 14 is an inverted side view of the diaphragm of Figure 13 according to

implementations of the present disclosure.

[0052] Figure 15 is a diagram illustrating the stress and deflection of a portion of the
diaphragm of Figure 13 subjected to a distributed according to implementations of the present

disclosure.
[0053] Figure 16 is a detail view of the diaphragm of Figure 15.

[0054] Figure 17 is a representation of a control loop of the microphone system of Figure 3
and/or Figure 13 including a dielectric comb according to implementations of the present

disclosure.

[0055] Figure 18 is a representation of the sensing loop of the control loop of Figure 17

according to some implementations of the present disclosure.

[0056] Figure 19 is a representation of an analog control system of the microphone of Figure
3 and/or Figure 13 including a dielectric comb according to implementations of the present

disclosure.

[0057] Figure 20 is a representation of a control system including both digital and analog
components of the microphone of Figure 3 and/or Figure 13 including a dielectric comb

according to implementations of the present disclosure.

[0058] Figure 21 is a flowchart illustrating an operating process of the microphone system of

Figure 3 and/or Figure 13 according to implementations of the present disclosure.

[0059] Figure 22 is a flowchart illustrating a feedback response process of the microphone

system of Figure 3 and/or Figure 13 according to implementations of the present disclosure.

[0060] Figure 23 is a plot of the displacement of a dielectric comb as a result of an acoustic
force versus the capacitance of the dielectric comb according to some implementations of the

present disclosure.
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[0061] Figure 24 is a plot of the derivative of the displacement of a dielectric comb as a
result of an acoustic force versus the derivative of the capacitance of the dielectric comb

according to some implementations of the present disclosure.

[0062] Figure 25 is a plot of the displacement of a dielectric comb as a result of an acoustic
force versus the capacitance of the dielectric comb according to some implementations of the

present disclosure.

[0063] Figure 26 is a plot of the derivative of the displacement of a dielectric comb as a
result of an acoustic force versus the derivative of the capacitance of the dielectric comb

according to some implementations of the present disclosure.

[0064] Figure 27 is a cross-sectional view of a bellow diaphragm subjected to a distributed
force exerted by an atmospheric pressure according to some implements of the present

disclosure.

[0065] Figure 28 is a cross-sectional view of a bellow diaphragm subjected to a distributed
force exerted by an atmospheric pressure according to some implements of the present

disclosure.

[0066] Figure 29 is a cross-sectional view of a bellow diaphragm subjected to a distributed
force exerted by an atmospheric pressure according to some implements of the present

disclosure.

[0067] Figure 30 is a flowchart illustrating the method of manufacturing a bellow diaphragm

according to some implementations of the present disclosure.

[0068] Figure 31 illustrates a step of the method of Figure 30 according to some

implementations of the present disclosure.

[0069] Figure 32 illustrates another step of the method Figure 30 according to some

implementations of the disclosure.

[0070] Figure 33 illustrates another step of the method Figure 30 according to some

implementations of the disclosure.

[0071] Figure 34 illustrates another step of the method Figure 30 according to some

implementations of the disclosure.

10
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[0072] Figure 35 illustrates another step of the method Figure 30 according to some

implementations of the disclosure.

[0073] In the following detailed description, reference is made to the accompanying
drawings, which form a part hereof. In the drawings, similar symbols typically identify
similar components, unless context dictates otherwise. The illustrative implementations
described in the detailed description, drawings, and claims are not meant to be limiting.
Other implementations may be utilized, and other drawings may be made, without departing
from the sprit or scope of the subject matter presented here. It will be readily understood that
aspects of the present disclosure, as generally described herein, and illustrated in the figures
can be arranged, substituted, combined, and designed in a wide variety of different

configurations, all of which are explicitly contemplated and make part of this disclosure.

DETAILED DESCRIPTION

[0074] Performance losses in microelectromechanical systems (MEMS) microphones occur
due to viscous losses from a back plate of a MEMS device. The adverse impact of viscous
losses on microphone performance increases as microphone size decreases. The viscous
losses of the back plate can be significantly reduced by encapsulating the MEMS device
under low pressure or ideally vacuum conditions. However, encapsulation under low
pressure or vacuum conditions makes the MEMS device more prone to responding to
atmospheric pressure changes, which can generate noise in the acoustic signals and/or data
sensed by the MEMS device. Atmospheric pressure at sea level is 100 kPa, which is about 3
orders of magnitude beyond the dynamic range of acoustic pressure (200 Pa). The present
disclosure is related to counteracting measured fluctuations in the atmospheric pressure by

generating a counteracting electrostatic force.

[0075] The present disclosure provides a dielectric comb for use with a MEMS transducer.
The dielectric comb includes conductors that are positioned adjacent dielectric insulators. A
portion of the conductors are adapted to sense acoustic activity and a portion of the
conductors are adapted to sense atmospheric pressure. The atmospheric pressure signal
sensed by certain portions of the conductor is used to generate a bias voltage using a charge
pump to counteract the atmospheric pressure and reduce noise caused by fluctuations in the
atmospheric pressure. The bias voltage causes an electrostatic force between adjacent

conductors that counteracts the force caused by fluctuations in the atmospheric pressure.

11
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[0076] The present disclosure also provides a bellow diaphragm for use with a MEMS
transducer. The bellow diaphragm includes a plurality of plates that are connected by
compliant structures that can elongate without becoming stiff. The bellow diaphragm is
secured above the dielectric comb. The bellow diaphragm extends and retracts in response to
the atmospheric pressure and in response to acoustic activity. The bellow diaphragm is
configured so that forces exerted by acoustic activity cause the bellow diaphragm to extend

far enough to exert a force on the dielectric comb.

[0077] The present disclosure also provides a layered diaphragm including a first layer and a
second layer. The first layer is made from a relatively rigid material, such as a metal, and is
relatively thin. The second layer is made from a relatively elastic material and is thicker than
the first layer. The layered diaphragm is secured above the dielectric comb and extends and
retracts in response to the atmospheric pressure and in response to acoustic activity. The first
layer is sufficiently rigid to hold a vacuum in a cavity surrounding at least a portion of the
dielectric comb. The second layer is structured to receive concentrated stresses generated by
deflection of the layered diaphragm relative to the MEMS transducer and apply these stresses
to the first layer as a distributed force. The first layer and the second layer are configured so
that the layered diaphragm can undergo multiple cycles of extension and retraction without

becoming stiff.

[0078] As shown in Figure 1, one implementation relates to a microphone device 10
including a contact device 14, a sensing device 18, and a processing circuit 22. The contact
device 14 is designed to make physical contact with the sensing device 18. The contact
device 14 is designed to exert a force on the sensing device 18 under atmospheric pressure
conditions. The atmospheric pressure varies based on altitude and changes in weather
conditions. Accordingly, as used herein, the term “atmospheric pressure” refers to pressures
ranging between 20 kPa (e.g. at the peak of Mount Everest) and 100 kPa (e.g., at sea level).
The force exerted by the contact device 14 on the sensing device 18 changes in response to
changes in pressure. The contact device 14 may be any type of device structured such that at
least a portion of the contact device 14 moves in response to pressure changes and changes
the force exerted on the sensing device 18. In some implementations, the contact device 14 is
structured to deflect in response to a change in pressure, such that a portion of the contact
device 14 contacts the sensing device 18 while another portion of the contact device 14

remains fixed. The changes in pressure may be a change in an ambient atmospheric pressure

12
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and/or a change in pressure caused by an acoustic pressure (e.g. a sound). The sensing device
18 is structured to move when contacted by the contact device 14 (e.g., in response to the

force exerted by the contact device 14).

[0079] The sensing device 18 includes an atmospheric sensing portion 26 and an acoustic
sensing portion 30. The atmospheric sensing portion 26 is structured to generate an
electronic signal representative of deflection of the sensing device 18 occurring in response to
a change in the atmospheric pressure. The acoustic sensing portion 30 is structured to
generate an electronic signal representative of deflection occurring in response to a change in
pressure due to a change in an acoustic pressure (e.g. due to an acoustic stimulus and/or an
acoustic activity such as a sound). In some implementations, the sensing device 18 is
positioned in a vacuum so that the sensing device 18 is isolated from movements not caused

by the contact device 14.

[0080] The processing circuit 22 includes an atmospheric processing portion 34 and an
acoustic processing portion 38. The processing circuit 22 is structured to receive the signal
generated by the sensing device 18. In some implementations, the atmospheric sensing
portion 26 of the sensing device 18 may be structured to send signals to the atmospheric
processing portion 34, and the acoustic sensing portion 30 of the sensing device 18 may be
structured to send signals to the acoustic processing portion 38. In such an implementation,
the atmospheric sensing portion 26 may be coupled to the atmospheric processing portion 34
and the acoustic sensing portion 30 may be coupled to the acoustic processing portion 38.
More specifically, the atmospheric sensing portion 26 may be hardwired to the atmospheric
processing portion 34 using leads and traces to form an electrical connection between the
atmospheric sensing portion 26 and the atmospheric processing portion 34. Similarly, the
acoustic sensing portion 30 may be hardwired to the acoustic processing portion 38 using
leads and traces to form an electrical connection between the acoustic sensing portion 30 and
the acoustic processing portion 38. The processing circuit 22 processes the signal(s) to
generate data and/or signals indicative of acoustic activity (i.e., acoustic signals and/or data)
and data and/or signals indicative of the atmospheric pressure (i.e., atmospheric pressure
signals and/or data). In some implementations, the atmospheric processing portion 34 may
change a bias of the sensing device 18 based on the signal received from the sensing device
18. After the acoustic processing portion 38 has generated the acoustic signals and/or data,

the acoustic signals and/or data may be stored in a memory (e.g., of the processing circuit

13
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and/or a memory device in wired or wireless communication with the acoustic processing
portion 38). The acoustic signals and/or data may also be sent via a wireless or wired
connection to a receiving device, such as a speaker. In some implementations, the acoustic
signals and/or data may be corrected to compensate for non-linearity of the sensing device,
variations that occurred during manufacturing, and/or temperature. In such implementations,

compensation coefficients for use in the compensation may be stored in the memory.

[0081] Figure 2 depicts a flow chart illustrating the operation of the microphone device 10
according to an implementation of the present disclosure. The contact device 14 deflects in
response to detecting a change in pressure (58). The deflection of the contact device 14
causes physical movement of the sensing device 18 (62). The atmospheric sensing portion 26
and/or the acoustic sensing portion 30 generate one or more electrical signals based on the
physical movement of the sensing device 18 (66). The processing circuit 22 receives the
electrical signal(s) from the sensing device 18 (70). In some implementations, the
atmospheric sensing portion 26 and the acoustic sensing portion 30 each generate separate
electrical signals indicative of the force exerted on the device (e.g., due to both the
atmospheric pressure and the acoustic pressure). For example, the atmospheric sensing
portion 26 is configured or structured to transmit electrical signals to the atmospheric
processing portion 34 using the leads and traces that form the electrical connection between
the atmospheric sensing portion 26 and the atmospheric processing portion 34. The
atmospheric processing portion 34 is structured to remove the component of the electrical
signal that is generated based on the acoustic pressure. Similarly, the acoustic sensing
portion 30 is configured or structured to transmit signals to the acoustic processing portion 38
using the leads and traces that form the electrical connection between the acoustic sensing
portion 30 and the acoustic processing portion 38. The acoustic processing portion 38 is
structured to remove the component of the electrical signal that is generated based on the

atmospheric pressure.

[0082] The processing circuit 22 generates processed signals and/or data representative of
changes in the atmospheric pressure and changes in acoustic pressure as sensed by the
sensing device 18 (74). In some implementations, the atmospheric processing portion 34
may change a bias of the sensing device 18 based on the signal received from the sensing
device 18. After the acoustic processing portion 38 has generated the acoustic signals and/or

data, the acoustic signals and/or data may be stored in a memory (e.g., of the processing
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circuit and/or a memory device in wired or wireless communication with the acoustic
processing portion 38). The acoustic signals and/or data may also be sent via a wireless or

wired connection to a receiving device, such as a speaker (78).

[0083] Figure 3 shows a cross-sectional view of a microphone device 82 according to an
implementation of the present disclosure. While the microphone device 82 illustrated in
Figure 3 and subsequent figures of the present disclosure represents illustrative
implementations of the features of the present disclosure, it should be understood that, in
some implementations, other structural features may be utilized to implement the features

described above with reference to Figures 1-2 and described in further detail below.

[0084] The microphone device 82 includes a substrate or housing 86, a bellow diaphragm 94,
a dielectric comb 98, a charge pump system 102, and an integrated circuit (IC) 106.
Together, these components form a MEMS transducer configured to sense acoustic activity
and changes in atmospheric pressure. The dielectric comb 98 includes an acoustic sensing
portion 110 and a feedback or atmospheric pressure sensing portion 114. The IC 106
includes an acoustic processing portion or acoustic signal detection loop 304 and an
atmospheric processing portion or an atmospheric pressure compensation loop 308 (Figure
17). Asis discussed in greater detail below, the acoustic sensing portion 110 is coupled to
the acoustic signal detection loop 304 and the atmospheric pressure sensing portion 114 is
coupled to the atmospheric pressure compensation loop 308. Figure 3 illustrates the IC 106
formed on the substrate 86 of the microphone device. In other implementations, the IC 106
may be formed on one or more substrates separate from the substrate 86. In such
implementations, the IC 106 can be connected to the microphone device 82 using a

combination of wires, traces, and/or leads.

[0085] The acoustic sensing portion 110 and the atmospheric pressure sensing portion 114
are shown schematically as blocks in Figure 3. As is indicated by the relative size of the
acoustic sensing portion 110 and the atmospheric pressure sensing portion 114, in the
illustrated implementation the acoustic sensing portion 110 forms substantially 90% of the
dielectric comb 98 and the atmospheric pressure sensing portion 114 forms substantially 10%
of the dielectric comb 98. In other implementations, the acoustic sensing portion 110 and the
atmospheric pressure sensing portion 114 can form different proportions of the dielectric
comb 98. For example, in some implementations, the acoustic sensing portion 110 forms

substantially 80% of the dielectric comb 98 and the atmospheric pressure sensing portion 114
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forms substantially 20% of the dielectric comb 98. Accordingly, in some embodiments, the
acoustic sensing portion 110 has higher a resolution (e.g. a larger proportion of the comb)
than the atmospheric pressure sensing portion 114, which allows the acoustic sensing portion
110 to receive a stronger electrical signal that allows the acoustic sensing portion 110 to be
sensitive to smaller changes in pressure. However, any ratio of acoustic sensing portions to
atmospheric sensing portions may be utilized in other implementations. In some
implementations, as illustrated in Figure 3, the acoustic sensing portion 110 and the
atmospheric pressure sensing portion 114 may be segregated into distinct portions of the
dielectric comb 98, while in other implementations, components of the acoustic sensing
portion 110 and the atmospheric pressure sensing portion 114 may be distributed throughout
the dielectric comb 98 (i.e., intermingled with one another), as is shown in Figure 4 and

described in greater detail below.

[0086] The substrate 86 includes a front surface (first surface) 118 and an opposing back
surface (second surface) 122. The dielectric comb 98, the charge pump system 102, and the
IC 106 are positioned on the front surface 118 of the substrate 86. A first cavity 126 is
formed in the front surface 118 of the substrate 86. The dielectric comb 98 is positioned in
an upper portion of the first cavity 126 and extends across the first cavity 126 to enclose the

first cavity 126.

[0087] The bellow diaphragm 94 is structured to convert a pressure change into a physical
motion that can be sensed by the dielectric comb 98. For example, in the implementation
illustrated in Figure 3, the bellow diaphragm 94 is held in physical contact with the dielectric
comb 98 by the atmospheric pressure and exerts a force on the dielectric comb 98. Changes
in pressure (e.g., changes in the atmospheric pressure and/or changes in acoustic pressure)
cause the bellow diaphragm 94 to deflect (e.g. upwards or downwards) and increase or
decrease the force exerted on the dielectric comb 98. The bellow diaphragm 94 includes an
outer bellow plate 90. The outer bellow plate 90 includes a front surface (first surface) 130
and an opposing back surface (second surface) 134. The outer bellow plate 90 includes a
through hole 138 that extends between the front surface 130 and the back surface 134 of the
outer bellow plate 90. Viewed in a direction that is normal to the front surface 130 of the
outer bellow plate 90, the outer bellow plate 90 has a substantially annular shape. Asis
shown in Figure 3, a plurality of bellow plates are secured to the bellow structure 90 so that

an upper portion of one of the plurality of bellow plates surrounds the through hole 138, as is
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described in more detail below. When the bellow diaphragm 94 is under atmospheric
pressure, a lower portion of the bellow diaphragm 94 contacts the dielectric comb 98. When
the bellow diaphragm 94 is not under the influence of the atmospheric pressure (e.g., if the
microphone device 82 were placed in a vacuum chamber to remove the influence of the
atmospheric pressure), the lower portion of the bellow diaphragm 94 is spaced from the
dielectric comb 98, as shown in Figure 3. In the illustrated implementation, the lower portion
of the bellow diaphragm 94 is spaced approximately 10 — 20 um from the dielectric comb 98

when the bellow diaphragm 94 is not under the influence of the atmospheric pressure.

[0088] The back surface 134 of the outer bellow plate 90 is secured to a portion of the front
surface 118 of the substrate 86 using a bonding material 142. The outer bellow plate 90, the
front surface 118 of the substrate 86, and an upper surface of the dielectric comb 98 define a
second cavity 146 therebetween. In some implementations, the back surface 134 of the outer
bellow plate 90 is secured to the front surface 118 of the substrate 86 in a vacuum so that the
first cavity 126 and the second cavity 146 are vacuums. As used herein, the term “vacuum”
is defined as pressures less than or equal to 10 Pa. In such an implementation, the bonding
material 142 fuses the front surface 118 of the substrate 86 to the back surface 134 of the
outer bellow plate 90. The bonding material 142 forms a solid layer extending over the front
surface 118 of the surface. In the illustrated implementation, the bonding material 142 is
removed proximate the dielectric comb 98 and the charge pump system 102. As shown in
Figure 3, the second cavity 146 is formed between the back surface 134 of the outer bellow
plate 90, the bonding material 142, and the dielectric comb 98. The bellow diaphragm 94 can
extend and retract within the second cavity 146. In implementations in which the first cavity
126 and the second cavity 146 are vacuums, the lack of air (due to the presence of the
vacuum) reduces noise by reducing the friction of the bellow diaphragm 94 as the bellow
diaphragm 94 extends and retracts within the second cavity 146. Similarly, the vacuum
conditions in the first cavity 126 and the second cavity 146 reduce the friction of the
dielectric comb 98 as the dielectric comb 98 deflects upwardly and downwardly in the first
cavity 126 and the second cavity 146 in response to extension and retraction of the bellow

diaphragm 94.

[0089] Figure 4 illustrates a schematic representation of the dielectric comb 98 according to
an implementation of the present disclosure. Figure 5 is a schematic illustration of the

connections between a plurality of conductors 154A, 154B, 154C, 154D with the IC 106.
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The dielectric comb 98 is positioned within the first cavity 126 of the substrate 86. The
dielectric comb 98 includes a plurality of dielectric bars 150, the plurality of conductors
154A — 154D, a first isolator 158, and a second isolator 162. The dielectric bars 150 are
fixedly secured to sidewalls forming the first cavity 126. The conductors 154A — 154D are
secured between the first isolator 158 and the second isolator 162. The first isolator 158 and
the second isolator 162 are secured to the substrate 86 and are movable with respect to the
first cavity 126. Accordingly, as deflection of the bellow diaphragm 94 causes movement of
the dielectric comb 98, the conductors 154A — 154D are displaced relative to the dielectric

bars 150 as is discussed in greater detail below.

[0090] As described above, the dielectric comb 98 includes the atmospheric pressure sensing
portion 114 and the acoustic sensing portion 110. In the implementation of Figure 4, the
components of the atmospheric pressure sensing portion 114 and the acoustic sensing portion
110 are distributed throughout the dielectric comb 98. The conductors 154A and 154B form
the acoustic sensing portion 110 and are coupled to the acoustic pressure compensation loop
304. The conductors 154C and 154D form the atmospheric pressure sensing portion 114 and
are coupled to the atmospheric pressure compensation loop 308. The implementation of
Figure 4 shows an equal number of the conductors 154A and 154B for sensing acoustic
forces and conductors 154C and 154D for sensing atmospheric forces. In other
implementations, different proportions of conductors for sensing acoustic forces and
conductors for sensing atmospheric forces may be used. For example, in some
implementations, 90% of the conductors are for sensing acoustic forces and 10% of the
conductors are for sensing atmospheric forces. For example, in some implementations, the
acoustic sensing portion 110 forms substantially 80% of the dielectric comb 98 and the

atmospheric pressure sensing portion 114 forms substantially 20% of the dielectric comb 98.

[0091] For example, in the implementation of Figure 4, the conductors 154A and 154B form
the acoustic sensing portion 110 and are coupled to the acoustic signal detection loop 304.
More specifically, as is shown schematically in Figure 5, an end of each of the conductors
154A is connected in parallel to the acoustic signal detection loop 304 by a pad 156A using a
combination of leads and traces to form an electrically conductive path between each of the
conductors 154A and the acoustic signal detection loop 304. Similarly, an end of each of the
conductors 154B is connected in parallel to the acoustic signal detection loop 304 by the pad

156B using a combination of leads and traces to form an electrically conductive path between
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each of the conductors 154B and the acoustic signal detection loop 304. An end of each of
the conductors 154C is connected in parallel to the atmospheric pressure compensation loop
308 by the pad 156C using a combination of leads and traces to form an electrically
conductive path between each of the conductors 154C and the atmospheric pressure
compensation loop 308. Similarly, an end of each of the conductors 154D is connected in
parallel by the pad 156D to the atmospheric pressure compensation loop 308 using a
combination of leads and traces to form an electrically conductive path between each of the

conductors 154D and the atmospheric pressure compensation loop 308.

[0092] The dielectric comb 98 is structured so that each of the conductors 154A — 154D is
positioned adjacent at least one of the dielectric bars 150. The dielectric bars 150 are spaced
with respect to the conductors 154A — 154D to restrict movement of the conductors 154A —
154D in the vertical direction as dielectric comb 98 moves. As shown in Figure 4, at least a
portion of adjacent conductors 154A — 154D and dielectric bars 150 overlap. A bias current
is applied to each of the conductors 154A — 154D and a bias voltage is applied across
adjacent conductors 154A — 154D. The dielectric bars 150 are made of an electrically
insulating dielectric material and prevent the attractive forces between adjacent conductors
154A — 154D from causing the conductors 154A — 154D to collapse into each other. An
amount of overlap between the dielectric bars 150 and the conductors 154A — 154D varies as
forces are applied to the dielectric comb 98 by the bellow diaphragm 94. As is described in
greater detail below, varying the amount of overlap between the dielectric bars 150 and the
conductors 154A — 154D causes the bias voltage applied cross adjacent conductors 154A —

154D to change, generating an electrical signal.

[0093] The isolators 158, 162 are formed of a resilient material that allows the isolators 158,
162 (and thus the dielectric comb 98) to deflect downward in response to an increased force
exerted on the dielectric comb 98 by the bellow diaphragm 94 (e.g. downward deflection of
the bellow diaphragm 94) in response to the bellow diaphragm 94 experiencing an increase in
pressure. The isolators 158, 162 deflect upward in response to a reduction in the force
exerted on the isolators 158,162 by the bellow diaphragm 94 (e.g. upward deflection of the
bellow diaphragm 94). The isolators 158, 162 are grounded to electrically isolate the

dielectric comb 98.

[0094] Figure 6 is a simplified top view of the dielectric comb 98 according to an

implementation of the present disclosure. Further, while a partial comb structure is illustrated
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in Figure 6, it should be understood that the dielectric comb 98 may include a larger comb
structure (e.g., more conductors and dielectric bars) than are illustrated in Figure 6. The
conductors shown in Figure 6 can form either the atmospheric pressure sensing portion 114

or the acoustic sensing portion 110 of the dielectric comb 98.

[0095] The dielectric comb 98 is shown positioned within the first cavity 126 formed in the
substrate 86. The first cavity 126 is defined by a first sidewall 166, a second sidewall 170,
and a bottom wall 174 (Figure 7). In the illustrated implementation, the first cavity 126 is a
vacuum. A first dielectric bar 178, a second dielectric bar 182, a first conductor 186, a
second conductor 190, and a third conductor 194 are positioned within the first cavity 126.
The first dielectric bar 178 and the second dielectric bar 182 are fixedly secured within the
first cavity 126 (e.g. to the sidewalls 166, 170). The first dielectric bar 178 and the second
dielectric bar 182 are made of an electrically insulating material. The first dielectric bar 178
is spaced from the first sidewall 166 so that the first conductor 186 can be positioned between
the first dielectric bar 178 and the first sidewall 166. The first dielectric bar 178 is spaced
from the second dielectric bar 182 so that the second conductor 190 can be positioned
between the first dielectric bar 178 and the second dielectric bar 182. The second dielectric
bar 182 is spaced from the second sidewall 170 so that the third conductor 194 can be
positioned between the second dielectric bar 182 and the second sidewall 170. A biasing
current is applied to the conductors 186, 190, 194. In other implementations, the dielectric
comb 98 can have more conductors or fewer conductors than shown in Figures 6 — 7, as long
as the dielectric bars are positioned between adjacent conductors and a bias voltage is applied
across adjacent conductors. As is described in more detail below, the conductors 186, 190,
194, are movable with respect to the dielectric bars 178, 182 and the sidewalls 166, 170.
Positioning the dielectric bars 178, 182 between adjacent conductors 186, 190, 194 restricts
the conductors 186, 190, 194 to movement in a generally vertical direction. In some
implementations the dielectric bars 178, 182 and adjacent conductors 186, 190, 194 are
trapezoidal in shape with sidewalls up to 3° from vertical. The positioning of the dielectric
bars 178, 182 between adjacent conductors 186, 190, 194 allows for the generation of large
vertical electrostatic forces between dielectric bars 178, 182 and adjacent conductors 186,
190, 194 without the risk of electrostatic instability and collapse between adjacent conductors

186, 190, 194.
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[0096] Figure 7 is a cross-sectional view of the dielectric comb 98 according to an
implementation of the present disclosure. The dielectric comb 98 further includes a first
isolator 198 and a second isolator 202. The first isolator 198 and the second isolator 202 are
made of a resilient material and deflect in response to forces exerted on the dielectric comb
98 by the bellow diaphragm 94. The isolators 198, 202 can be made of silicon nitride,
undoped polycrystalline silicon, siliconoxynitride, carbon (as diamond), aluminum oxide,
hafnium oxide, and zirconium dioxide. The first isolator 198 extends across an opening of
the first cavity 126. The first isolator 198 includes a first insulating layer 206 and a first
conducting layer 210. An inner (e.g. proximate the conductors 186, 190, 194) surface 214 of
the first insulating layer 206 includes protrusions 218 that extend into the first cavity 126 and
are secured to a first end of each of the conductors 186, 190, 194. The first conducting layer
210 extends across an outer surface 222 of the first insulating layer 206. In some
implementations, the first conducting layer 210 can be grounded. In other implementations,
the first conducting layer 210 can be connected to an electrical potential. The second isolator
202 is positioned within the first cavity 126. The second isolator 202 includes a second
insulating layer 226 and a second conducting layer 230. An inner surface 234 of the second
insulating layer 226 extends between a second end of each of the conductors 186, 190, 194.
In the implementation illustrated in Figure 7, the inner surface 234 of the second insulating
layer 226 is substantially planar. In other implementations, the inner surface 234 of the
second insulating layer 226 may include protrusions similar to the protrusions 218. The
second conducting layer 230 extends across an outer surface of the second insulating layer
226. In some implementations, the second conducting layer 230 can be grounded. In other
implementations, the second conducting layer 230 can be connected to an electrical potential.
The protrusions 218, 222 may be used to form a desired spacing/orientation of the conductors

186, 190, 194 within the dielectric comb 98.

[0097] Figure 8 is a partial view of the cross-section of the dielectric comb shown in Figure
7. As shown in Figure 8, the conductors 186, 190, 194 can have a conductor length L. that
can range between 4 microns (um) and 6 pm. The conductors 186, 190, 194 can have a
conductor width Wc that can range between 0.8 pm and 1.2 pm. In some implementations,
the conductors 186, 190, 194 are made from polycrystalline silicon that has been doped. In
some implementations, the dopants can be boron, phosphorous, and arsenic. In some
embodiments, doping concentrations can range between approximately 10'® atoms/cm’ of

dopant and approximately 10?° atoms/cm’ of dopant. In other implementations, other dopants
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and/or other doping concentrations can be used. The dielectric bars 178, 182 can have a
dielectric bar length Ls that can range between 150 pm and 500 pm. The dielectric bars 178,
182 can have a dielectric bar width W that can range between 1 um and 5 um. A spacing S
between adjacent conductors 186, 190, 194 and dielectric bars 178, 182 can range between
160 nm and 500 nm. In some implementations, the first dielectric bar 178 and the second
dielectric bar 182 are made from silicon nitride or polycrystalline silicon that has not been

doped.

[0098] With continued reference to Figure 8, the first insulating layer 206 can have a first
insulating layer length Li1 that can range between 1.6 um and 2.4 um. The second insulating
layer 226 can have a second insulating layer length Li> that can range between 1.6 pm and
2.4 um. In the illustrated implementation, the first insulating layer length L1 is generally the
same as the second insulating layer length Lr2. In other implementations, the first insulating
length L1 can be different than the second insulating length L2, In some implementations,
the isolators 198, 202 are made from silicon nitride, polycrystalline silicon, or other
polymers. In the illustrated implementation, the inner surface 214 of the first insulating layer
206 can be positioned a distance D from the inner surface 234 of the second insulating layer
226. The distance D can range between 8 um and 12 um. In the illustrated implementation,
the distance D is generally twice the conductor length Lc. It should be noted that the example
values provided herein are for purposes of illustration only, and any values can be utilized for

various dimensions without departing from the scope of the present disclosure.

[0099] Figures 9A — 9C illustrate deflection of the first isolator 198 and the second isolator
202 of the dielectric comb 98 in response to an external applied force (e.g. an applied force
exerted by the bellow structure 90 and the bellow diaphragm 94 due to a change in the
atmospheric pressure and/or the acoustic pressure) according to an implementation of the
present disclosure. Figure 9A illustrates the dielectric comb 98 when the dielectric comb 98
is not subjected to external applied forces (e.g. the dielectric comb 98 is at a rest position in a
vacuum). When the dielectric comb 98 is not subjected to external applied forces, the
midpoints of the conductors 186, 190, 194 and the dielectric bars 178, 182 are generally
aligned with the axis A, so that a large overlap area exists between the conductors 186, 190,

194 and the adjacent dielectric bars 178, 182.

[0100] Figure 9B illustrates deflection of the dielectric comb 98 in response to a force

applied by the atmospheric pressure. Since the dielectric bars 178, 182 are fixed to the first
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cavity 126, the dielectric bars 178, 182 do not deflect as a result of the force exerted by the
atmospheric pressure. Accordingly, the midpoints of the dielectric bars 178, 182 remain
aligned with the axis A. The force applied by the atmospheric pressure causes the first
isolator 198 and the second isolator 202 to deflect downward. The downward deflection of
the 1solators 198, 202 causes the conductors 186, 190, 194, to deflect downward so that the
midpoints of the conductors 186, 190, 194 are no longer aligned along the axis A, reducing
an overlap area between the conductors 186, 190, 194 and the adjacent dielectric bars 178,

182.

[0101] As shown in Figure 9C, when the conductors 186, 190, 194 are displaced relative to
the dielectric bars 178, 182, the conductors 186, 190, 194 extend past the dielectric bars 178,
182, exposing adjacent conductors 186, 190, 194 to each other. A capacitance is generated
between the adjacent conductors 186, 190, 194. The atmospheric pressure sensing capacitor
360 senses a capacitance across the adjacent conductors 186, 190, 194 and sends a signal to
the atmospheric pressure compensation loop 308 indicative of the capacitance. In response,
and as discussed in greater detail below, the atmospheric pressure compensation loop 308
commands the charge pump system 102 system to increase or decrease a biasing charge sent
to the conductors 186, 190, 194. The biasing charge generates an electrostatic force, Fk,
pulling the conductors 186, 190, 194 back in the direction of the dielectric bars 178, 182.
Thus, the electrostatic force Fe opposes a portion of the force applied by the atmospheric
pressure and biases the movable portions of the dielectric comb 98 back towards the rest

position, counteracting the deflection caused by fluctuations in the atmospheric pressure.

[0102] Figure 10 is a cross-sectional view of a dielectric comb 98’ according to another
implementation of the present disclosure. The dielectric comb 98’ is generally similar to the
dielectric comb 98 described in Figures 6 — 9. Like parts in the implementation of Figure 10
will be indicated using the prime symbol “* . In the implementation shown in Figure 10, the
first insulating layer 206’ includes a first protrusion 254 extending between the inner surface
214’ and the first conductor 186’ and a second protrusion 258 extending between the inner
surface 214’ and the third conductor 194°. The second insulating layer 226’ is defined by
protrusions 262 extending between the second ends of each of the conductors 186°, 190°,
194°. In the illustrated implementation, the second insulating layer 226’ does not extend
across a portion of the second conducting layer 230 that is between the conductors 186,

190°, 194°. The implementation of Figure 10 has less insulating material than the
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implementation of Figures 6 —9. The reduction in the amount of insulating material can
reduce a parasitic capacitance of the dielectric comb 98’. Parasitic capacitance can lead to

noise in the signals sent by the dielectric comb 98, 98°.

[0103] Figures 11 and 12 are cross-sectional detail views of the bellow diaphragm 94 of the
microphone device 82 of Figure 3 according to an implementation of the present disclosure.
The bellow diaphragm 94 is structured to deflect (e.g. upward or downward) in response to
an external applied force, thereby exerting an increased force on the dielectric comb 98 or a
decreased force on the dielectric comb 98. Figure 11 illustrates the bellow diaphragm 94
with the bellow diaphragm 94 not subjected to an external applied force (e.g. the bellow
diaphragm 94 is in a vacuum without any externally applied pressure incident on the bellow
diaphragm 94). Figure 12 illustrates the bellow diaphragm 94 in an extended position. The
bellow diaphragm 94 is in the extended position when the bellow diaphragm 94 is displaced
due to an external applied force, such as a force due to an atmospheric pressure and /or an
acoustic pressure. The position of the bellow diaphragm 94 may change based on changes in
the atmospheric pressure and/or due to pressure changes caused by acoustic activity. The
bellow diaphragm 94 is secured to the front surface 118 of the substrate 86 to form a barrier
between the atmospheric pressure of the environment of the microphone device 82 and the

vacuum of the first cavity 126 and the second cavity 146 (Figure 3).

[0104] The bellow diaphragm 94 includes a first bellow plate 266, a second bellow plate 270,
a third bellow plate 274, and a fourth bellow plate 278. When viewed from a direction
generally normal to the bellow diaphragm 94, the bellow plates 266, 270, 274 have a
generally annular structure. When viewed from a direction generally normal to the bellow
structure, the fourth bellow plate 278 has a generally circular structure. A perimeter of the
first bellow plate 266 is connected to the outer bellow plate 90 proximate the through hole
138. The first bellow plate 266 has a diameter smaller than a diameter of the outer bellow
plate 90 and includes a through hole 282 proximate a center of the first bellow plate 266. The
second bellow plate 270 is dimensioned similarly to the first bellow plate 266 and includes a
through hole 286 proximate a center of the second bellow plate 270. The third bellow plate
274 1s dimensioned similarly to the first bellow plate 266 and includes a through hole 290
proximate a center of the third bellow plate 274. The fourth bellow plate 278 is dimensioned
similarly to the first bellow plate 266, but the fourth bellow plate 278 does not include a
through hole. The bellow plates 266, 270, 274, 278 are aligned along a central axis B of the
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through hole 138. Bellow structure 90 and the bellow plates 266, 270, 274, 278 are mutually
parallel when the bellow diaphragm 94 is not subjected to an applied force, as is shown in
Figure 11. In the illustrated implementation, the bellow plate 278 is spaced approximately 10
— 20 um from the dielectric comb 98 when the bellow diaphragm 94 is not subjected to an
applied force. The bellow structure 90 and the bellow plates 266, 270, 274, 278 are
connected using compliant structures 294. The compliant structures 294 facilitate relative
deflection between adjacent ones of the outer bellow plate 90 and the bellow plates 266, 270,
274, 278. In some implementations, the complaint structures 294 are separate from the outer
bellow plate 90 and the bellow plates 266, 270, 274, 278. In other implementations, the
complaint structures 294 are integrally formed with the outer bellow plate 90 and the bellow
plates 266, 270, 274, 278. The compliant structures 294 between adjacent ones of the outer
bellow plate 90 and the bellow plates 266, 270, 274, 278 are alternately positioned proximate
an outer perimeter of the outer bellow plate 90 and the bellow plates 266, 270, 274, 278 and
positioned proximate the through holes 138, 282, 286, 290. For example, as shown in
Figures 11 and 12, the compliant structures 294 connecting the outer bellow plate 90 to the
first bellow plate 266 and the compliant structures 294 connecting the second bellow plate
270 to the third bellow plate 274 are positioned proximate the through holes 138, 282 and
286, 290 respectively. The compliant structures 294 connecting the first bellow plate 266 to
the second bellow plate 270 and the third bellow plate 274 to the fourth bellow plate 278 are
positioned proximate the outer perimeter of the first bellow plate 266, the second bellow plate
270, the third bellow plate 274, and the fourth bellow plate 278. The compliant structures
294 are substantially annular and connect adjacent ones of the outer bellow plate 90 and the
bellow plates 266, 270, 274, 278 using a gas-tight seal to maintain the vacuum inside the
second cavity 146 and the first cavity 126.

[0105] The compliant structures 294 are made of a material that does not get stiff as the
bellow diaphragm 94 undergoes cycles of deflection and contraction (e.g., undergoes cyclic
loading) in response to and/or large applied forces caused by large applied pressures, such as
the atmospheric pressure. The compliant structures 294 can have a compliance that is larger
than a distance between the fourth bellow plate 278 and the dielectric comb 98. The
compliance provides a measure of the flexibility of the compliant structures 294 under load
(e.g., the atmospheric and/or acoustic pressure). The compliance is a ratio of the strain (e.g.,
elongation under load) and the stress (e.g., a ratio of an applied force to a cross-sectional area

of the compliant structures 294) and provides a measure of how much a material can elongate

25



WO 2019/183283 PCT/US2019/023260

under load without becoming rigid. When the compliance of the compliant structures 294 is
larger than the distance between the fourth bellow plate 278 and the dielectric comb, the
compliant structures 294 can undergo repeated cycles of extension and retraction (e.g., cyclic
loading) without becoming stiff. In the illustrated implementation, the compliant structures
294 are made of a material that can take a load under substantially atmospheric pressure and
maintain a compliance of approximately 1 nm/Pa — approximately 10 nm/Pa. In the illustrated
implementation, the compliant structures 294 are made of a poly-silicon material. More
specifically, the compliant structures 294 may be made of silicon nitrides or silicon oxides.
In the illustrated implementation, the compliant structures 294, the outer bellow plate 90, and
the bellow plates 266, 270, 274, 278 are made of the same material. In other
implementations, the compliant structures 294, the outer bellow plate 90, and the bellow
plates 266, 270, 274, 278 can be made of different materials. In the illustrated
implementation, the bellow diaphragm 94 includes four bellow plates. In other

implementations of the bellow diaphragm 94, more or fewer of the bellow plates can be used.

[0106] Figure 12 shows the bellow diaphragm 94 subjected to a distributed applied force,
such as a force caused by the atmospheric pressure and/or the acoustic pressure. The applied
pressure causes the bellow diaphragm 94 to deflect into the extended position. Since the
compliant structures 294 are alternately positioned proximate the through holes 138, 282,
286, 290, or proximate the outer perimeters of the outer bellow plate 90 and the bellow plates
266, 270, 274, the outer bellow plate 90 and the bellow plates 266, 270, 274 slant and/or
elastically deform when deflected by the applied force. As shown in Figure 12, the outer
bellow plate 90 and the second bellow plate 270 are slanted in a first direction, and the first
bellow plate 266 and the third bellow plate 274 are slanted in a second direction that is
generally opposite the first direction. The terms “slant” and “slanted” are used to mean a
non-zero angle or non-parallel angle between two components. The term “elastically
deform” is used to mean a change in a shape of a component due to an applied force.
Accordingly, the deflected bellow diaphragm 94 has a generally zig-zagged cross-sectional
configuration when the bellow diaphragm 94 is in the extended position. As shown in Figure
12, the fourth bellow plate 278 is not slanted or elastically deformed from the deflection
caused by the applied force.

[0107] With further reference to Figure 3, a cross-sectional area of the fourth bellow plate

278 1s smaller than a cross-sectional area of the dielectric comb 98. Since the cross-sectional
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area of the dielectric comb 98 is larger than the cross-sectional area of the fourth bellow plate
278, the distributed force on the dielectric comb 98 due to the atmospheric pressure is
reduced. This reduction in the atmospheric force on the dielectric comb 98 reduces the
voltage that is applied to the conductors 186, 194 of the atmospheric pressure sensing portion
114 to counteract fluctuations in the atmospheric pressure, as is described in more detail

below.

[0108] Figure 13 illustrates a cross sectional view of the microphone device 82 including a
diaphragm 298 according to an alternate implementation. The diaphragm 298 is a layered
diaphragm that includes a first layer 300 and a second layer 302. The first layer 300 includes
an annular flange 310, a sidewall 314, and a contact wall 318. The diaphragm 298 is secured
to a portion of the front surface 118 of the substrate 86 using the bonding material 142. The
diaphragm 298, the front surface 118 of the substrate 86, and an upper surface of the
dielectric comb 98 define a second cavity 146 therebetween. In implementations in which
the annular flange 310 is secured to the substrate 86 under vacuum conditions, the bonding
material 142 fuses the front surface 118 of the substrate 86 to the annular flange 310 of the
diaphragm 298. A portion of the bonding material 142 extends over a portion of the second
layer 302. As shown in Figure 3, the second cavity 146 is formed between the contact wall

318 of the bellow structure 298, the bonding material 142, and the dielectric comb 98.

[0109] The diaphragm 298 is held in physical contact with the dielectric comb 98 by the
atmospheric pressure and exerts a force on the dielectric comb 98. When the diaphragm 298
is not under the influence of the atmospheric pressure, the lower portion of the diaphragm
298 is spaced from the dielectric comb 98, as shown in Figure 13. Changes in pressure (e.g.,
changes in the atmospheric pressure and/or changes in acoustic pressure) cause the
diaphragm 298 to deflect (e.g. upwards or downwards) and increase or decrease the force
exerted on the dielectric comb 98. When the diaphragm 298 is under atmospheric pressure,
at least a portion of the contact wall 318 contacts the dielectric comb 98. In some
implementations, the diaphragm 298 can deflect by up to 2 um proximate a center 322 of the
diaphragm 298 (see center 322 of Figures 14 — 15) in response to changing atmospheric
and/or acoustic pressures. Accordingly, the contact wall 318 can be spaced up to
approximately 2 um from the dielectric comb 98. In other implementations, the diaphragm
298 can deflect by other distances. In such implementations, the contact wall 318 can be

spaced up to the deflection distance from the diaphragm 298. The first layer 300 and the
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second layer 302 can withstand a maximum stress of 200 MPa. In some implementations, the
compliance of each of the first layer 300 and the second layer 302 is less than 5 nm/Pa. In
the illustrated implementation, the compliance of each of the first layer 300 and the second

layer 302 is approximately 2.7 nm/Pa.

[0110] The first layer 300 is formed of a relatively rigid material. The first layer 300 has a
thickness that is large enough to hold a vacuum in the second cavity 146 by preventing
atmospheric air from diffusing across the first layer 300 and into the second cavity 146. In
the illustrated implementation, the first layer 300 can be a metal such as aluminum, gold, or
titanium. In some implementations, the first layer 300 can have an elastic modulus of 100
GPa. In other implementations, the first layer 300 can have an elastic modulus ranging
between 20 GPa and 200 GPa. As illustrated in Figure 13, the contact wall 318 has thickness
Te. In the illustrated implementation, the thickness Tc is approximately 0.2 um. In other
implementations, the thickness Tc can range between approximately 100 nm and

approximately 1 um.

[0111] The second layer 302 is formed of a relatively elastic material. In the illustrated
implementation, the second layer 302 can be a polymer such as polyimide or parlyene. In
some implementations, the second layer 302 has an elastic modulus of 2.5 GPa. In other
implementations, the second layer 302 can have an elastic modulus that is more than 2.5 GPa.
In other implementations, the second layer 302 can have an elastic modulus that is less than
2.5 GPa. More particularly, in some implementations, the second layer can have an elastic
modulus ranging between 1 GPa and 10 GPa. As shown in Figure 13, the second layer 302
has a thickness Ts.. In the illustrated implementation, the thickness TsL is approximately 2

um.

[0112] Figure 14 illustrates a cross-sectional view of the diaphragm 298 in an inverted
orientation with respect to Figure 13. Viewed in a direction that is normal to the front surface
of the bellow structure 298, the diaphragm 298 has a substantially circular shape. Asis
shown in Figure 13, the diaphragm 298 is secured to the substrate 86 about a circumference
of the diaphragm 298 by the embedding the annular flange 310 and a circumference of the
second layer 302 in the bonding material 142. The circumference of the diaphragm 298 is
illustrated in cross section as a first end 326 and a second end 330. The diaphragm 298 has a

generally flat configuration in at least a direction generally parallel to the applied
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pressures/forces generated by the applied pressures. Such a configuration reduces noise by

reducing an amount of corners and/or curves interacting with the applied forces/pressures.

[0113] The diaphragm 298 is structured such that the atmospheric pressure is first exerted on
the relatively compliant second layer 302 and then is exerted on the relatively rigid first layer
300 by the second layer 302. Accordingly, as is shown best in Figures 15 — 16, the
concentrated forces (e.g., forces exerted on an area of the second layer 302 smaller than a
total area of the second layer 302) exerted by the bonding material 142 on the diaphragm 298
generate concentrated stresses (e.g., stresses generated in an area of the second layer 302
smaller than a total area of the second layer 302) in the relatively elastic second layer 302 as
the diaphragm 298 deflects with respect to the bonding material 142. Accordingly, the
diaphragm 298 is structured to reduce stiffness of the diaphragm 298 by exposing the
relatively elastic second layer 302 to the concentrated forces, while exposing the relatively
rigid first layer 300 to distributed stresses (e.g., stresses exerted on approximately a total area
of the first layer 300), while including a portion (e.g. the first layer 300) that is sufficiently

thick to maintain a vacuum in the second cavity 146.

[0114] Figure 15 illustrates the stresses and deflection in half of the diaphragm 298 resulting
from the atmospheric pressure. Figure 15 illustrates the diaphragm 298 in an inverted
orientation with respect to Figure 13. The non-depicted half of the diaphragm 298
experiences similar stresses and deflection. Figure 15 illustrates the undeflected diaphragm
298 using wireframe and the deflected bellow structure 298’ using shading. As indicated in
Figure 15, the diaphragm 298 experiences the most deflection proximate the center 322 of the
diaphragm 298 and the least deflection proximate the end 326 of the diaphragm 298. The
bellow structure 298 experiences the least stress proximate the center 322 of the bellow
structure 298 and concentrated high stress proximate the end 326 due to reaction forces

resulting from deflection of the diaphragm 298 with respect to the bonding material 142.

[0115] Figure 16 illustrates a detail view of a portion of the diaphragm 298 secured to the
bonding material 142 illustrating the stresses and deflection of the first layer 300 and the
second layer 302 proximate the end 326 of the diaphragm 298 due to stresses resulting from
deflection of the diaphragm 298 with respect to the bonding material 142. Figure 16
illustrates the diaphragm 298 in an inverted orientation with respect to Figure 13. The first
layer 300 experiences relatively low stress (e.g. between approximately 0 and 0.5 GPa)

proximate the end 326 and relatively high distributed stress along a portion of the contact
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wall 318 spaced from the first end 326. In contrast, the second layer 302 experiences
relatively high stress (e.g. between approximately 0.7 — 1.5 GPa) proximate the bonding
material secured to the end 326. The relatively high stress exerted on the second layer 302 is
a concentrated stress proximate the bonding material 142. Accordingly, the diaphragm 298 is
structured to reduce stiffness by exposing the relatively elastic second layer 302 to the
concentrated stresses, while exposing the relatively rigid first layer 300 to distributed stresses
so that the diaphragm 298 does not get stiff as the diaphragm 298 deflects and contracts under
cyclic loading and/or large applied forces caused by large applied pressures, such as the

atmospheric pressure.

[0116] Figure 17 illustrates the processing circuit or integrated circuit (IC) 106 of the
microphone device 82 according to an implementation of the present disclosure. The IC 106
includes the acoustic processing portion or the acoustic signal detection loop 304 and the
atmospheric processing portion or the atmospheric pressure compensation loop 308. The
acoustic signal detection loop 304 includes an acoustic sensing capacitor 312, an amplifier
316, an IDAC 320, a sigma delta converter (SDM) 324, a loop filter 328, and a system of
back-to-back diodes 332. The acoustic sensing capacitor 312 is positioned in the dielectric
comb 98 and engaged with the acoustic sensing portion 110 and for sensing a capacitance of
the acoustic sensing portion 110. In the illustrated implementation, the acoustic sensing

capacitor 312 has a capacitance of approximately 10 picoFarads (pF).

[0117] The amplifier 316 is structured to receive a signal indicative of the capacitance
measured across the acoustic sensing capacitor 312. The signal indicative of the capacitance
measured across the acoustic sensing capacitor 312 is proportional to the pressure changes
(i.e., the changes due to both atmospheric and acoustic pressure). The amplifier 316 is
structured to amplify the signal so that the signal is large with respect to noise that can be
introduced by the SDM 324 to reduce an effect of any noise introduced by the SDM 324 on
the signal. The amplified signal travels to the SDM 324, which converts the analog signal
sensed across the acoustic sensing capacitor 312 into a digital signal. A portion of the digital

signal then exits the acoustic signal detection loop 304.

[0118] The loop filter 328 and the IDAC 320 are structured to process the incoming acoustic
signal based on the acoustic signal leaving the SDM 324. A portion of the signal leaving the
SDM 324 enters the loop filter 328. In some implementations, the loop filter 328 can be a

high pass filer or an amplifier that is structured to remove a low frequency portion of the

30



WO 2019/183283 PCT/US2019/023260

signal before the signal reaches the amplifier 316, which can remove the portion of the signal
that is indicative of changes in the atmospheric pressure and/or can prevent overloading of
the amplifier by low frequency sounds such as wind noise. The IDAC 320 can be structured
to determine an amplitude of the signal and output a current based on the amplitude of the
signal. The current output by the IDAC 320 can be sized to cancel and/or reduce a size of
high amplitude signals before the signal enters the amplifier 316. This prevents the amplifier
316 from being overloaded and prevents the acoustic signal detection loop 304 from

outputting a high amplitude signal that can damage human hearing.

[0119] The portion of the digital signal that exits the acoustic signal detection loop 304 may
be stored in a memory (e.g., of the acoustic signal detection loop 304 and/or a memory device
in wired or wireless communication with the acoustic signal detection loop 304). The
acoustic signals and/or data may also be sent via a wireless or wired connection to a receiving
device, such as a speaker. In some implementations, the portion of the digital signal that
exits the acoustic signal detection loop 304 needs to be corrected to compensate for non-
linearity of the sensing device, variations that occurred during manufacturing, and/or
temperature. In such implementations, compensation coefficients for use in the
compensation may be stored in a memory of a computing device of the microphone device

82.

[0120] With continued reference to Figure 17, the atmospheric pressure compensation loop
308 includes an atmospheric pressure sensing loop 336, a control loop 340, a charge pump
system 102, a back-to-back diode system 348, and a decoupling capacitor 352. The
atmospheric pressure sensing loop 336 is structured to output a signal indicative of a change
in the atmospheric pressure by modifying a carrier signal generated by a signal generator (not
shown) based on the changes in the atmospheric pressure. The control loop 340 is structured
to receive the signal indicative of the change in the atmospheric pressure and generate a
charge pump control signal based on the change in the atmospheric pressure sensed by the
atmospheric pressure sensing loop 336. The charge pump system 102 is structured to provide
a biasing charge to the conductors 154A — 154D or the conductors 186, 190, 194 to
compensate for the change in the atmospheric pressure. The back-to-back diode system 348
and the decoupling capacitor 352 form a low pass filter with a very low roll-off frequency for

removing noise generated by the charge pump system 102.
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[0121] Figure 18 illustrates the atmospheric pressure sensing loop 336. The atmospheric
pressure sensing loop 336 includes a reference capacitor 356, an atmospheric pressure
sensing capacitor 360, a parasitic capacitor 364, a filter 368, and a carrier signal generator
(not shown). The carrier signal generator is structured to generate an alternating signal (e.g.
waveform signal) including a frequency and an amplitude. The carrier signal has a high
frequency relative to the changes in the atmospheric pressure sensed by the atmospheric
pressure sensing capacitor 360. In the illustrated implementation, the carrier signal generator
is structured to generate a square shaped carrier signal. In other implementations, the carrier
signal can have other shapes, such as, for example, a sinusoidal shape. The reference
capacitor 356 includes a first lead engaged with a positive terminal of the carrier signal
generator and a second lead connected to an output of the charge pump system 102. The
capacitance Ci of the reference capacitor 356 is indicative of the charge sent to bias the
conductors 154A — 154D or the conductors 186, 190, 194 by the charge pump system 102. In
the illustrated implementation, the capacitance of Ci is approximately 10 pF. The
atmospheric pressure sensing capacitor 360 includes a first lead engaged with a negative
terminal of the carrier signal generator and a second lead connected to the pads 156A — 156D
of the conductors 154A — 154D or the conductors 186, 190, 194 of the atmospheric pressure
sensing portion 114, The capacitance C of the atmospheric pressure sensing capacitor 360 is
indicative of the atmospheric pressure exerted on the dielectric comb 98 and can be used as a
measure of the absolute atmospheric pressure. In the illustrated implementation, the
capacitance Cz is approximately 10 pF. The reference capacitor 356 and the atmospheric
pressure sensing capacitor 360 are connected in parallel at a node 372. The amplitude of the
carrier signal leaving the node 372 is modified based on a difference between the
capacitances sensed by the atmospheric pressure sensing capacitor 360 and the reference

capacitor 356 multiplied by the input voltage, as shown by the equation

q=(C=C)*Vin (1),

where q is the modified carrier signal, Cz is the capacitance across the atmospheric pressure
sensing capacitor 360, C1 is the capacitance across the reference capacitor 356, and Vin is the
carrier signal. The modified carrier signal is then filtered by the filter 368. In the illustrated
construction, the filter 368 is an active low pass filter. The filter 368 can be structured to
filter out the relatively high frequency portion of the signal indicative of the changes in the

acoustic pressure. The filter 368 can generate an output signal according to the equation
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Cc,—C
Vour = < ch 1) Vin (2)7

where Vout 1s the output signal, Cz is the capacitance across the atmospheric pressure sensing
capacitor 360, Ci is the capacitance across the reference capacitor 356, Cris the capacitance
of the capacitor of the active low pass filter 368, and Vin is the carrier signal. In the
illustrated implementation, the capacitance of the capacitor Cr is approximately 1 pF. In the
illustrated implementation, a resistance of a resistor R of the active low pass filter is greater
than or equal to approximately 8 MQ. In other implementations, the resistance of the resistor
R can be between approximately 10 MQ and approximately 20 MQ. Accordingly, a portion
of the output signal includes information indicative of the difference between the capacitance
across the reference capacitor 356 and the atmospheric pressure sensing capacitor 360 and a
portion of the output signal includes the carrier signal. In the illustrated construction, the
amplitude of the output voltage is proportional to a difference between the capacitance of the
reference capacitor 356 and the atmospheric pressure sensing capacitor 360. Accordingly,
when the charge pump system 102 is producing too much current to compensate for the
atmospheric pressure, the control signal can be a positive signal. When the charge pump is
producing too little current to compensate for the atmospheric pressure, the charge output
voltage can be a negative voltage. The output voltage is zero when the charge pump is
outputting a voltage that compensates for the force exerted by the atmospheric pressure (e.g.
the capacitance of the reference capacitor 356 and the atmospheric pressure sensing capacitor
360 are substantially equal and opposite). The output carrier signal is sent to the control loop
340 to generate a charge pump control signal based on the amplitude of the output signal.
The parasitic capacitor 364 is positioned between the node 372 and the active low pass filter
368 and absorbs capacitances that may occur in the atmospheric pressure sensing loop 336
that are not related to the capacitance of the reference capacitor 356 and/or the atmospheric
pressure sensing capacitor 360, which reduces noise in the atmospheric pressure sensing loop
336. In other embodiments, the reference capacitor 356 can be engaged with the negative
terminal of the carrier signal generator and the atmospheric pressure sensing capacitor 360
can be engaged with the positive terminal of the carrier signal generator. In such an
implementation, the control signals sent to the charge pump system 102 are the opposite of

the controls signals described above.

[0122] As shown in Figure 19, in the illustrated implementation, the control loop 340 is a

demodulator circuit including a diode 376, a resistor 380, and a capacitor 384. The control
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loop 340 is structured to generate a charge pump control signal based on the output signal
generated by the atmospheric pressure sensing loop 336. More specifically, in the illustrated
implementation, the control loop 340 is structured to remove the carrier signal (e.g., the high
frequency portion) from the output signal. The output signal travels from the atmospheric
pressure sensing loop 336 to the diode 376. The diode 376 allows one of the positive or the
negative portions of the output signal to pass. The output signal then passes to the capacitor
384, which filters out the relatively high frequency carrier signal to generate the charge pump
control signal. The charge pump control signal commands the charge pump system 102 to
increase or decrease a charge sent to bias the conductors 154A — 154D or the conductors 186,
190, 194. Although the control loop 340 of the illustrated implementation is an analog
circuit, in other implementations, the control loop 340 can be a digital circuit or include both

digital and analog components.

[0123] In some implementations, the dielectric comb may have an operating position (e.g.
position of the conductors 154A — 154D or the conductors186, 190, 194 relative to the
dielectric bars 178, 172) defined by a target capacitance measured across the atmospheric
pressure sensing capacitor 360 and/or the acoustic sensing capacitor 312. In such
implementations, the control loop 340 may be structured to generate a charge pump control
signal to generate a target capacitance across the atmospheric pressure sensing capacitor 360
and/or the acoustic sensing capacitor 312. Accordingly, in such implementations, charge
pump control signal can be sized so that the capacitance across the atmospheric sensing
capacitor 360 and/or the acoustic sensing capacitor 312 is approximately the target
capacitance when the microphone device 82 is used at atmospheric pressures ranging
between approximately 20 kPa (e.g., at the top of Mount Everest) and approximately 100 kPa
(e.g., at sea level). In some implementations, a loop filter 388 is positioned between the
control loop 340 and the charge pump system 102. The loop filter 388 is structured to set the
time constant for the loop and ensure the stability of the loop. The output of the loop filter is

the control signal to set the reference voltage to the charge pump.

[0124] Figure 19 illustrates an exemplary schematic representation of an analog control
system 392 for the microphone device 82 according to some implementations. The analog
control system 392 includes the dielectric comb 98, the atmospheric pressure sensing loop
336, the loop filter 388, and the charge pump system 102. In the illustrated implementation,

the charge pump system 102 is a two-stage charge pump system and includes a voltage
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source 396 (such as a battery), a first stage 398, and a second stage 402. The voltage source
396 is controlled based on the control signal generated by the control loop 340 and/or the
loop filter 388. The first stage 398 delivers a charge based on the control signal sent by the
control loop 340. The second stage 402 is arranged in series with the first stage 398 and is
structured to amplify the charge sent by the first stage 398. In the illustrated implementation,
the voltage source generates a voltage of approximately 1V. The first stage 398 is a 6 stage
charge pump and generates approximately 6V. The second stage 402 is a 40 stage charge
pump and generates approximately 200V. In other implementations, the voltage source 396,
the first stage 398 and the second stage 402 may generate different voltages. In other
implementations, the first stage 398 and/or the second stage 402 may include more or fewer

stages.

[0125] In response to the capacitance sensed by the atmospheric pressure sensing capacitor
360, the atmospheric pressure compensation loop 308 may change the bias voltage sent to the
conductors 186, 190, 194 until the capacitance sensed by the atmospheric pressure sensing
capacitor 360 reaches a predetermined value or until the difference between the capacitance
sensed by the atmospheric pressure sensing capacitor 360 and the capacitance sensed by the
reference capacitor 356 reaches a predetermined value. In some implementations, the
predetermined value is approximately zero. In the illustrated implementation, the bias
voltage applied to the conductors 186, 194 can range between 100 V and 200 V. In some
implementations, the designs disclosed herein may provide for sensing of changes in ambient
pressure of up to approximately 100 pascals per second (Pa/sec). Changes in ambient
pressure of approximately 100 Pa/sec occur on very fast elevators, such as the elevator of the
Shanghai tower, and are faster than pressure changes that occur on commercial airplanes.
The charge pump system 102 is designed to alter the voltage applied to the conductors 186,
194 by approximately 100 mV per second.

[0126] Since the microphone device 82 is used at atmospheric pressure, the electrostatic
force Fe must only be adjusted to compensate for changes in the atmospheric pressure to
reduce noise in the acoustic pressure sensed by the acoustic sensing portion 110. The
changes in the atmospheric pressure range are slower than changes in an acoustic pressure
range. For example, atmospheric pressure changes occur at frequencies of approximately 10
Hz and pressure changes in the acoustic pressure range are between approximately 20 Hz —

20 kHz. In some implementations, the atmospheric pressure sensing capacitor 360 is sized so
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that the atmospheric pressure sensing capacitor 360 does not respond in the acoustic
frequency range, but does respond in the range of changes in the atmospheric pressure.
Accordingly, the charge pump system 102 should change the charge of the conductors 186,
190, 194 of the atmospheric pressure sensing portion 114 in response to the changes in the
atmospheric pressure sensed by the charge pump system 102, but should not follow the

pressure changes in the acoustic frequency range sensed by the acoustic sensing portion 110.

[0127] Figure 20 illustrates an exemplary schematic representation of a digital control system
400 for the microphone device 82 according to some implementations. The digital control
system 400 is similar to the analog control system 392, but is structured to convert at least
part of the signals to the digital domain. For example, as illustrated in Figure 19, the digital
control system includes an analog-to-digital (A/D) converter 404 for converting the acoustic
signal and/or the charge pump control signal generated by the control loop 340 into a digital
signal. Furthermore, the implementation of Figure 19 contemplates the use of a digital loop
filter 408 to generate a control signal for the charge pump system 102 and a digital charge
pump interface 412 for controlling the charge pump system 102 based on the digital signal.

[0128] Figure 21 illustrates an exemplary operating process of the microphone device 82.
The bellow structure described in this exemplary operating process can be either the bellow
diaphragm 94 (Figures 3, 11 — 12) or the diaphragm 298 (Figures 13 — 16). After
manufacturing, the diaphragm extends into the second cavity 146 proximate the dielectric
comb 98. When exposed to atmospheric pressure conditions, the force due to the
atmospheric pressure causes the diaphragm to extend so that the fourth bellow plate 278 or
the contact wall 318 contacts the dielectric comb 98 (416). Fluctuations in the atmospheric
pressure and/or acoustic pressure can cause the diaphragm to move toward or away from the
dielectric comb 98 (420). As the diaphragm moves within the second cavity 146, the
dipahragm exerts a distributed force on the dielectric comb 98 as is shown in Figure 12 (424).
For example, when the diaphragm moves downward, the diaphragm exerts an increased force
on the dielectric comb 98. When the diaphragm moves upward, the diaphragm exerts a
reduced pressure on the dielectric comb 98. The change in the distributed force exerted on
the dielectric comb 98 causes the conductors 186, 190, 194 of the dielectric comb 98 to
deflect with respect to the dielectric bars 178, 182, causing a change in the capacitance of the
dielectric comb 98 (428). Deflection due to fluctuations in the atmospheric pressure can

cause an electrostatic force sensed by the atmospheric pressure sensing portion 114 of the
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dielectric comb (432). More specifically, the change in capacitance across the conductors
154A, 154B of the acoustic sensing portion 110 is sensed by the acoustic sensing capacitor
312, which is hardwired to the atmospheric pressure compensation loop 308. In some
implementations, the electrostatic force changes at a frequency of approximately 10 Hz.
Acoustic pressures occurring proximate the microphone device 82 exert an acoustic force on
the bellow structure, causing the bellow structure to move within the second cavity 146,
causing an electrostatic force sensed by the acoustic sensing portion 110 (436). More
specifically, the change in capacitance across the conductors 154A, 154B of the acoustic
sensing portion 110 is sensed by the acoustic sensing capacitor 312, which is hardwired to the
acoustic signal detection loop 304. In some implementations, the electrostatic force changes
at a frequency ranging between approximately 20 Hz and 20 kHz. When atmospheric
pressure changes and acoustic pressure changes occur simultaneously, a change in
capacitance indicative of the total change in pressure is sent to the atmospheric pressure
compensation loop 308 by the atmospheric pressure sensing portion 114 and is sent to the
acoustic sensing portion 110 by the acoustic sensing portion 110. The total signal sent to the
acoustic signal detection loop 304 of the IC 106 is processed to remove the portion of the
total signal that is indicative of the change in atmospheric pressure and to generate an audio
output signal (440). The total signal sent to the atmospheric pressure compensation loop 308
is processed to remove the portion of the total signal that is indicative of the change in
acoustic pressure. The atmospheric pressure compensation loop 308 then generates a control
signal for modifying the biasing current sent by the charge pump to the biasing capacitors in

response to the change in the atmospheric pressure (444).

[0129] Figure 22 illustrates a feedback response of the atmospheric pressure compensation
loop 308 according to some implementations. The atmospheric pressure sensing loop 336
receives a signal indicative of a change in the atmospheric pressure (448). The atmospheric
pressure sensing loop 336 further receives a signal indicative of a charge provided to bias the
conductors 154A — 154D or the conductors 186, 190, 194 by the charge pump system 102
(452). The atmospheric pressure sensing loop 336 then determines a difference between the
signal indicative of the change in the atmospheric pressure and the signal indicative of the
charge provided to bias the conductors 154A — 154D or the conductors 186, 190, 194 (456).
The atmospheric pressure sensing loop 336 modifies a carrier signal based at least partially
on the difference to generate an output signal (460). The control loop 340 then extracts the

portion of the output signal that includes information indicative of the difference (464). The
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control loop 340 then generates a charge pump control signal based on the difference to
compensate for the detected change in atmospheric pressure (468). The control signal is
indicative of a biasing current to be applied to the conductors 154A — 154D or the conductors
186, 190, 194 for counteracting the effect of the change in atmospheric pressure on the
dielectric comb 98. For example, in response to determining that the atmospheric pressure
has decreased, the atmospheric pressure compensation loop 308 may determine that the
biasing current sent to the conductors 186, 194 should be reduced. In response to
determining that the atmospheric pressure has increased, the atmospheric pressure
compensation loop 308 may determine that the biasing current sent to the conductors 186,
194 should be increased. In some embodiments, the control signal may be further processed
by the loop filter 388. The control signal then travels to the charge pump system 102 and
commands the charge pump system 102 to change the bias current applied to the conductors
154A — 154D or 186, 190, 194 (472). In some implementations, the atmospheric pressure
compensation loop 308 monitors the difference between the signal indicative of the
atmospheric pressure (e.g., the capacitance sensed by the atmospheric pressure sensing
capacitor 360) and the signal indicative of the charge provided to bias the conductors (e.g.,
the capacitance sensed by the reference capacitor 356) (476). When the difference is low, the
bias provided by the charge pump is adequately compensating for the atmospheric pressure.
Accordingly, the control signal is not significantly modified (e.g., the C1 — Cz terms in
equations (1) and (2) is low or zero). A large difference indicates that the bias charge
provided by the charge pump is too high or too low to compensate for the atmospheric
pressure. In response to the difference being high, the control circuit increases or decreases
the control signal so that the bias charge is modified in response to the change in atmospheric
pressure. The modification of the bias charge stops when the difference reaches and/or falls
below the predetermined threshold, which indicates that the bias current applied to the
conductors 154A — 154D or the conductors 186, 190, 194 is adequately compensating for the
atmospheric pressure (480). In response to receiving further information indicative of a
change in the atmospheric pressure (e.g. due to changes in the atmospheric pressure and/or
over/under correction for the first change in the atmospheric pressure), the atmospheric

pressure sensing portion 114 may repeat processes 366 — 476.

[0130] By way of example, in some implementations the microphone device 82 may be
exposed to operating conditions in which the atmospheric pressure is changing rapidly while

the microphone device 82 is simultaneously receiving an acoustic signal. In an extreme
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example, the microphone device 82 may be in use on an elevator ascending from ground
level to the top of the Shanghai Tower. For example, a person may be speaking into the
microphone device 82 while riding the elevator of the Shanghai Tower. The elevator of the
Shanghai Tower can travel from the bottom floor to the 95th floor in approximately 45
seconds, carrying passengers at a speed of nearly 46 miles per hour. Accordingly, as the
elevator climbs, the diaphragm 90, 298 deflects upward and downward in response to the
changes in atmospheric pressure and the changes in acoustic pressure, exerting forces on the
dielectric comb 98. at slow frequencies of up to approximately 10 Hz in response to the
changes in atmospheric pressure and simultaneously at faster acoustic frequencies of
approximately 20 Hz to 200 KHz. Accordingly, the atmospheric pressure sensing loop 336
senses the slower changes in frequency and undergoes the method of Figure 22

simultaneously with the acoustic signal detection loop 304 processing the acoustic signal.

[0131] Figure 23 illustrates a plot of the capacitance of the dielectric comb 98 vs. a deflection
distance according to an implementation of the present disclosure. A wall angle (e.g., an
angle of the conductors 186, 190, 194 relative to the vertical) is 0 degrees for the plot shown
in Figure 23. The electrostatic force Fk is linearly dependent on the overlap area between the

conductors 186, 190, 194 and the adjacent dielectric bars 178, 182.

[0132] Figure 24 illustrates a derivative of the plot of Figure 23. As shown in Figure 24, the
rate of change of the capacitance is generally linear for deflections of the dielectric comb 98
ranging between approximately 1.5 pm and approximately 2.0 um. Accordingly, it is
possible to simultaneously slowly vary the bias of the conductors 186, 194 of the atmospheric
pressure sensing portion 114 to compensate for the force due to the atmospheric pressure
while concurrently sensing acoustic forces caused by acoustic pressure with the acoustic

sensing portion 110.

[0133] Figure 25 illustrates a plot of the capacitance of the dielectric comb 98 v.s. a
deflection distance according to an implementation of the present disclosure. A wall angle is

1 degree for the plot shown in Figure 25.

[0134] Figure 26 illustrates a derivative of the plot of Figure 26. As shown in Figure 25, the
rate of change of the capacitance is generally increasing for deflections between
approximately 0.25 pm and approximately 1.25 pm. The electrostatic force is generally

proportional to the deflection for deflections between approximately 0.25 um and
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approximately 1.25 um, so negative mechanical feedback is sent to the atmospheric pressure
compensation loop 308 of the IC 106. The rate of change of the capacitance is decreasing for
deflections between approximately 1.25 um and 2 um. The electrostatic force is generally
proportional to the reciprocal of deflection for deflections between approximately 0.25 pm
and approximately 1.25 um, so positive mechanical feedback is sent to the atmospheric

pressure compensation loop 308 of the IC 106.

[0135] Figures 27 — 29 show embodiments of bellow diaphragms that can be used with the
microphone device 82 that includes the dielectric comb 98. The bellow diaphragms
illustrated in Figures 27 — 29 can be integrated with the microphone device 82 substantially
similar to what is shown and described with respect to the bellow diaphragm 94. The bellow
diaphragm illustrated in Figures 27 — 29 can function substantially similar to what is shown

and described with respect to the bellow diaphragm 94.

[0136] Figures 27 — 29 are cross-sectional detail views of implementations of a bellow
diaphragm 504. The bellow diaphragm 504 is structured to deflect (e.g., upward or
downward) in response to an external applied force, thereby exerting an increased force on a
dielectric comb, such as the dielectric comb 98 shown and described herein. As shown in
Figure 3 and described relative to the bellow diaphragm 94, the bellow diaphragm 504 is
secured to the front surface of the substrate to form a barrier between the atmospheric
pressure of the environment of the microphone device 82 and the vacuum of the first cavity

126 and the second cavity 146.

[0137] Figure 27 illustrates a cross-sectional view of half of the bellow diaphragm 504 in the
extended position in which the bellow diaphragm 504 is displaced due to an external applied
force, such as a force due to an atmospheric pressure and/or an acoustic pressure. The bellow
diaphragm 504 is both slanted and elastically deformed due to the external applied force.
Exemplary dimensions for the bellow diaphragm 504 are shown on Figure 27 and described
below. Although Figure 27 is in the extended position, the dimensions described below are
for the bellow diaphragm 504 in an undeflected position (e.g., when bellow diaphragm 504 is
not subjected to an external applied force). The portion of the bellow diaphragm 504 that is
not illustrated in Figure 27 is substantially symmetric to the illustrated portion of the bellow

diaphragm 504 about the axis 512.
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[0138] The bellow diaphragm 504 includes a first bellow plate 516, a plurality of second
bellow plates 520, and a third bellow plate 524. In the implementation of Figure 27, the
plurality of second bellow plates includes three second bellow plates 520. The first bellow
plate 516, the second bellow plates 520, and the third bellow plate 524 together form a five-
layer MEMS transducer. When viewed from a direction generally normal to the bellow
diaphragm 504, the first bellow plate 516 and the second bellow plates 520 have a generally
annular structure. When viewed from a direction generally normal to the bellow diaphragm
504, the third bellow plate 524 has a generally circular structure. The first bellow plate 516
has a radius r1 that can be 200 pm through 500 um. In some implementations, the radius r1 is
substantially 200 um. The first bellow plate 516 has a thickness t1 that can be 0.1 pm
through 2 pm. In the illustrated implementation, the thickness ti is substantially 0.5 um. The
first bellow plate 516 includes a through hole 532 proximate a center of the first bellow plate
516. A perimeter of the one of the second bellow plates 520 is connected to the first bellow
plate 516 proximate the through hole 532. Each of the second bellow plates 520 has a radius
r2 and a thickness t2 and includes a through hole 536 proximate a center of the second bellow
plate 520. The radius r2 is substantially smaller than the radius r1 of the first bellow plate 516.
The radius r2 can be 50 um through 450 um. In the illustrated implementation, the radius r2
is substantially 200 pm. Although the radii r2illustrated in Figure 27 are the same for all of
the second bellow plates 520, in other implementations, the radii r2 can be different. The
through hole 536 has a radius that can be 30 um through 440 um. In the implementation
illustrated in Figure 27, the through hole 536 has a radius of substantially 150 um. The third
bellow plate 524 has a radius r3 and a thickness t3. The radius r3 can be 50 um through 450
um. In the illustrated implementation, the radius r3 is substantially 198 um. Although the
radius r3 illustrated in Figure 27 is different than the radius r2, in other implementations, the
radius r3 can be the same as the radius r2. Each of the thicknesses t1, t2, and t3 can be 0.1 um
through 2 pum. In the illustrated implementation, each of the thicknesses t1, t2, and t3 is

substantially 0.5 pm.

[0139] The bellow plates 516 — 524 are aligned along the axis 512. The bellow plates 516 —
524 connected by substantially annular compliant structures 540. The compliant structures
540 facilitate relative deflection between adjacent bellow plates 516 — 524. The compliant
structures 540 between adjacent bellow plates 516 — 524 are alternately positioned proximate
an outer perimeter of the bellow plates 516 — 524 and proximate the through holes 532, 536.

For example, the compliant structures 540 connecting the first bellow plate 516 to a second
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bellow plate 520a and connecting a second bellow plate 520b to a second bellow plate 520c
are positioned proximate the through holes 532, 536. The compliant structure 540 connecting
the second bellow plate 520a to the second bellow plate 520b are positioned proximate the
outer perimeters of the second bellow plate 520a and the second bellow plate 520b. The
compliant structure 540 connecting the second bellow plate 520c to the third bellow plate 524
are positioned proximate the outer perimeters of the second bellow plate 520a and the third
bellow plate 524. The positioning of the compliant structures 540 causes the bellow
diaphragm 504 to have the substantially zig-zagged cross-sectional configuration illustrated
in Figure 27. In the illustrated implementation, the compliant structures 540 are integrally
formed with the bellow plates 516 — 524. The compliant structures 540 are structured to
maintain a spacing s or air gap between adjacent bellow plates 516 — 524. The spacing s can
be between 0.5 um and 5 um. In the illustrated implementation, the spacing s is substantially

3 um.

[0140] The bellow plates 516 — 524 and the compliant structures 540 are made of a material
that does not get stiff as the bellow diaphragm 504 undergoes cyclic loading in response to
and/or while subjected to large applied forces caused by large applied pressures, such as the
atmospheric pressure. A compliance of the bellow diaphragm 504 can be larger than a
distance between the third bellow plate 524 and the dielectric comb. In the illustrated
implementation, the bellow diaphragm 504 is made of a material that can take a load under
substantially atmospheric pressure and maintain a compliance of substantially 1 nm/Pa
thorough substantially 10 nm/Pa. In the illustrated implementation, the bellow plates 516 —
524 and the compliant structures 540 are made of a polysilicon material or a silicon nitride
material. Exemplary polysilicon materials include silicon nitrides or silicon oxides. A
fundamental resonance of the bellow diaphragm 504 illustrated in Figure 27 is higher than 20
kHz for 3 decibel (dB) sounds.

[0141] Figure 28 illustrates a cross-sectional view of half of a bellow diaphragm 544 in the
extended position according to another implementation of the present disclosure. The bellow
diaphragm 544 includes a first bellow plate 548, a plurality of second bellow plates 552, a
third bellow plate 556, and a plurality of compliant structures 560. The first bellow plate
548, the third bellow plate 556, and the compliant structures 560 are substantially similar to
the first bellow plate 516, the third bellow plate 524, and the compliant structures 540

described above with respect to Figure 27 and are not described in detail.
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[0142] As illustrated in Figure 28, the plurality of second bellow plates 552 includes five
second bellow plates 552. The first bellow plate 548, the second bellow plates 552, and the
third bellow plate 556 form a seven-layer MEMS transducer. When viewed from a direction
substantially normal to the bellow diaphragm 544, the second bellow plates 556 have a
generally annular structure. Each of the second bellow plates 556 has a radius r2 and a
thickness t2 and includes a through hole 564 proximate a center of the second bellow plate
556. The radii r2 can be 50 pm through 450 um. In the illustrated implementation, radius 2
is substantially 200 pm. In some embodiments, the each of radii r2 are the same. In other
implementations, the radii r2 can be different. The bellow plates 548 — 556 are aligned along
an axis 568. The bellow plates 548 — 556 are connected by the plurality of substantially
annular compliant structures 560. The compliant structures 560 between adjacent bellow
plates 548 — 556 are alternately positioned proximate an outer perimeter of the bellow plates
548 — 552 and proximate the through holes of the bellow plates 548 — 552. The positioning
of the compliant structures 560 causes the bellow diaphragm 544 to have the substantially
zig-zagged cross-sectional configuration illustrated in Figure 28. In the illustrated
implementation, the compliant structures 560 are integrally formed with the bellow plates
548 — 556. The compliant structures 560 are structured to maintain a spacing s or air gap
between adjacent bellow plates. The spacing s can be between 0.5 um and 5 um. In the

illustrated implementation, the spacing s is substantially 3 pm.

[0143] A fundamental resonance of the bellow diaphragm 544 is higher than 20 kHz for 3
decibel (dB) sounds. The seven-layer bellow diaphragm 544 is longer than the five-layer
bellow diaphragm 504 illustrated in Figure 27. Accordingly, a sensitivity of the seven-layer
bellow diaphragm 544 is higher than a sensitivity of the five-layer bellow diaphragm 504
because the seven-layer bellow diaphragm 544 can deflect more in a direction of the axis 568
than the five-layer bellow diaphragm 504 can deflect in the direction of the axis 512. The
fundamental resonance of the seven-layer bellow diaphragm 544 is lower than the resonant

frequency of the five-layer bellow diaphragm 504.

[0144] Figure 29 illustrates a cross-sectional view of half of a bellow diaphragm 572 in the
extended position according to another implementation of the present disclosure. The bellow
diaphragm 572 includes a first bellow plate 576, a plurality of second bellow plates 580, a
third bellow plate 584, and a plurality of compliant structures 588. The first bellow plate
576, the third bellow plate 584, and the compliant structures 588 are substantially similar to
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the first bellow plate 516, the third bellow plate 524, and the compliant structures 540

described above with respect to Figure 27 and are not described in detail.

[0145] As illustrated in Figure 29, the plurality of second bellow plates 552 includes seven
second bellow plates 580. The first bellow plate 576, the second bellow plates 580, and the
third bellow plate 584 form a nine-layer MEMS transducer. When viewed from a direction
substantially normal to the bellow diaphragm 572, the second bellow plates 580 have a
generally annular structure. Each of the second bellow plates 580 has a radius r2 and a
thickness t2 and includes a through hole 592 proximate a center of the second bellow plate
580. The radii r2 can be 50 pm through 450 um. In the illustrated implementation, radius 2
is substantially 200 pm. In some embodiments, the each of radii r2 are the same. In other
implementations, the radii r2 can be different. The bellow plates 576 — 584 are aligned along
an axis 596. The bellow plates 576 — 584 are connected by the plurality of substantially
annular compliant structures 588. The compliant structures 588 between adjacent bellow
plates 576 — 584 are alternately positioned proximate an outer perimeter of the bellow plates
576 — 580 and proximate the through holes of the bellow plates 576 — 580. The positioning
of the compliant structures 588 causes the bellow diaphragm 572 to have the substantially
zig-zagged cross-sectional configuration illustrated in Figure 29. In the illustrated
implementation, the compliant structures 588 are integrally formed with the bellow plates
576 — 584. The compliant structures 588 are structured to maintain a spacing s or air gap
between adjacent bellow plates. The spacing s can be between 0.5 um and 5 um. In the

illustrated implementation, the spacing s is substantially 3 pm.

[0146] A fundamental resonance of the bellow diaphragm 572 illustrated in Figure 29 is
higher than 20 kHz for 3 decibel (dB) sounds. The nine-layer bellow diaphragm 572
illustrated in Figure 29 is longer than the five-layer bellow diaphragm 504 illustrated in
Figure 27 and the seven-layer bellow diaphragm 544 illustrated in Figure 28. Accordingly, a
sensitivity of the nine-layer bellow diaphragm 572 is higher than the sensitivity of the five-
layer bellow diaphragm 504 and the seven-layer bellow diaphragm 544 because the nine-
layer bellow diaphragm 572 can deflect more in a direction of the axis 596 than the five-layer
bellow diaphragm 504 can deflect in the direction of the axis 512 and the seven-layer bellow
diaphragm 544 can deflect in the direction of the axis 596. The fundamental resonance of the

bellow diaphragm 572 of Figure 29 is lower than the fundamental resonance of the five-layer
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bellow diaphragm 504 and the fundamental resonance of the seven-layer bellow diaphragm

544.

[0147] Figure 30 is a flowchart that illustrates a manufacturing process for making any of the
bellow diaphragms 504, 544, 572. Figures 31 — 35 illustrate steps of the manufacturing
process of Figure 30. In some implementations, the bellow diaphragm 94 can be

manufactured in a similar manner.

[0148] Figure 31 illustrates a first step 704 of the manufacturing process. During step 704, a
stack of sacrificial oxide layers is deposited on a MEMS substrate 600 by chemical vapor
deposition (CVD). As illustrated in Figure 31, a thermal oxide layer 604 is deposited over a
first surface of the MEMS substrate 600 having opposed first and second surfaces. In the
illustrated embodiment, the thermal oxide layer 604 is silicon dioxide. In other
implementations, other types of thermal oxide may be used. Alternating one or more doped
oxide layers 608 and undoped oxide layers 612 are deposited over a portion of the thermal
oxide layer 604. In the illustrated implementation, three doped oxide layers 608 and three
undoped oxide layers 612 are deposited. In other implementations, more or fewer doped
oxide layers 608 and undoped oxide layers 612 can be deposited. In the illustrated
implementation, the doped oxide is phospho-silicate glass (PSG). The PSG can include 5 —
20 wt% of phosphorus. In the illustrated embodiment, the PSG includes substantially 10 wt%
phosphorous. In the illustrated embodiment, the undoped oxide is undoped silicate glass. In
other implementations, different undoped oxides can be used. The thermal oxide layer 604,
the doped oxide layer 608, and the undoped oxide layer 612 are referred to herein as
sacrificial oxide layers because they can be removed by etching, and are mostly temporary

layers that are removed before completion of the manufacturing process.

[0149] At step 708, a sacrificial etch is completed by treating the sacrificial oxide layers 604,
608, 612 with hydrogen fluoride (HF) for a predefined time period to dissolve a portion of the
sacrificial oxide layers 604, 608, 612. Figure 32 illustrates the sacrificial oxide layers 604,
608, 612 after the sacrificial etch. During the sacrificial etch, the HF reacts most quickly
with the doped oxide layer 608. As illustrated in Figure 32, most of the doped oxide layer
608 has been removed by the HF, leaving a thin stem portion of doped oxide 608 proximate a
center of the sacrificial oxide layers 604, 608, 612. In some embodiments, a radius of the

stem is substantially the same as the radii of the through-holes in the bellow plates described
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above with respect to Figures 27 — 29. The sacrificial etch rounded the edges of the undoped
oxide layers 612 and did not react with the thermal oxide layer 604.

[0150] At step 712, and as illustrated in Figure 33, a diaphragm layer 616 of polysilicon or
nitride is deposited over the sacrificial oxide layers 604, 608, 612. The diaphragm layer 616
is deposited using low pressure chemical vapor deposition (LPCVD) so that the polysilicon
or silicon nitride material can coat all of the outer surfaces of the undoped oxide layer 612
and the doped oxide layer 608. The diaphragm layer 616 becomes the bellow diaphragm at
the end of the manufacturing process and the sacrificial oxide layers 604, 608, 612 act as a
scaffold layer for the diaphragm layer 616 so that the diaphragm 616 is formed in the shape
defined by the sacrificial oxide layers 604, 608, 612 as the diaphragm layer 616 is deposited.
Therefore, the thickness of the diaphragm layer 616 is the thickness of the bellow diaphragm.
The diaphragm layer 616 can have a thickness t that is 0.1 um through 2 pm. In the

illustrated implementation, the thickness t is substantially 0.5 um.

[0151] At step 716, and as illustrated in Figure 34, a portion of the MEMS substrate 600 is
cut away to form a cavity 620 that extends to the thermal oxide layer 604. The portion of the
MEMS substrate 600 can be removed using deep reactive-ion etching (DRIE).

[0152] At step 720, a second sacrificial etch is conducted to remove the sacrificial oxide
layers 604, 608, 612. The second sacrificial etch may use higher concentration of HF and/or
expose the sacrificial oxide layers 604, 608, 612 to the HF for a longer period of time and a
higher volumetric content of HF than the sacrificial etch completed in step 608. As
illustrated in Figure 35, after completion of step 720, all of the doped oxide 608 layer and the
undoped oxide layer 612 have been removed. A majority of the thermal oxide layer 604 has
also been removed. The layer 616 is suspended over the cavity 620 after the sacrificial etch,
and a perimeter of the layer 616 is secured to the MEMS substrate 600 by the remaining
portion of the thermal oxide layer 604. Spacers 624 are secured to a portion of the diaphragm
layer 616 that overlies the MEMS substrate 600 as illustrated in Figure 35. When deployed
in a microphone device such as the microphone device 82 illustrated in Figure 3, the spacers
624 are sized to provide enough room for bellow diaphragm to deflect when the bellow
diaphragm is deployed in the microphone device 82. The free ends of the spacers 624 are
secured to the MEMS substrate 86 of the microphone device similar to what is shown in

Figure 3.
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[0153] The herein described subject matter sometimes illustrates different components
contained within, or connected with, different other components. It is to be understood that
such depicted architectures are illustrative, and that in fact many other architectures can be
implemented which achieve the same functionality. In a conceptual sense, any arrangement
of components to achieve the same functionality is effectively “associated” such that the
desired functionality is achieved. Hence, any two components herein combined to achieve a
particular functionality can be seen as “associated with” each other such that the desired
functionality is achieved, irrespective of architectures or intermedial components. Likewise,
any two components so associated can be viewed as being “operably connected,” or
“operably coupled,” to each other to achieve the desired functionality, and any two
components capable of being so associated can also be viewed as being “operably couplable,”
to each other to achieve the desired functionality. Specific examples of operably couplable
include but are not limited to physically mateable and/or physically interacting components
and/or wirelessly interactable and/or wirelessly interacting components and/or logically

interacting and/or logically interactable components.

[0154] With respect to the use of plural and/or singular terms herein, those having skill in the
art can translate from the plural to the singular and/or from the singular to the plural as is
appropriate to the context and/or application. The various singular/plural permutations may

be expressly set forth herein for sake of clarity.

[0155] It will be understood by those within the art that, in general, terms used herein, and
especially in the appended claims (e.g., bodies of the appended claims) are generally intended
as “open” terms (e.g., the term “including” should be interpreted as “including by not limited
to,” the term “having” should be interpreted as “having at least,” the term “includes” should

be interpreted as “includes but is not limited to,” etc.).

[0156] It will be further understood by those within the art that if a specific number of an
introduced claim recitation is intended, such an intent will be explicitly recited in the claim,
and in the absence of such recitation no such intent is present. For example, as an aid to
understanding, the following appended claims may contain usage of the introductory phrases
“at least one” and “one or more” to introduce claim recitations. However, the use of such
phrases should not be construed to imply that the introduction of a claim recitation by the
indefinite articles “a” or “an” limits any particular claim containing such introduced claim

recitation to inventions containing only one recitation, even when the same claim includes the
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[yl

introductory phrases “one or more” or “at least one” and indefinite articles such as “a” or
“an” (e.g. “a” and/or “an” should typically be interpreted to mean “at least one” or “one or
more”); the same holds true for the use of definite articles used to introduce claim recitations.
In addition, even if a specific number of an introduced claim recitation is explicitly recited,
those skilled in the art will recognize that such recitation should typically be interpreted to
mean at least the recited number (e.g., the bare recitation of “two functions,” without other

modifiers, typically means at least two recitations, or two or more recitations).

[0157] Furthermore, in those instances where a convention analogous to “at least one of A,
B, and C, etc.” is used, in general such a construction is intended in the sense one having skill
in the art would understand the convention (e.g., “a system having at least one of A, B, and
C” would include but not be limited to systems that have A alone, B alone, C alone, A and B
together, A and C together, B and C together, and/or A, B, and C together, etc.). In those
instances where a convention analogous to “at least one of A, B, or C, etc.” is used, in general
such a construction is intended in the sense one having skill in the art would understand the
convention (e.g. “a system having at least one of A, B, or C: would include but not be limited
to systems that have A alone, B alone, C alone, A and B together, A and C together, B and C
together, and/or A, B, and C together, etc.). It will be further understood by those within the
art that virtually any disjunctive word and/or phrase presenting two or more alternative terms,
whether in the description, claims, or drawings, should be understood to contemplate the
possibilities of including one of the terms, either of the terms, or both terms. For example,

the phrase “A or B” will be understood to include the possibilities of “A” or “B” or “A and

2% 29 CC

B.” Further, unless otherwise noted, the use of the words “approximate,” “about,” “around,”

“substantially,” etc., means plus or minus ten percent.

[0158] The foregoing description of illustrative elements has been presented for purposes of
illustration and of description. It is not intended to be exhaustive or limiting with respect to
the precise form disclosed, and modifications and variations are possible in light of the above
teachings or may be acquired from practice of the disclosed implementations. It is intended
that the scope of the invention be defined by the claims appended hereto and their

equivalents.
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WHAT IS CLAIMED IS:

1. A microphone comprising:
a dielectric comb comprising:
a housing defining a cavity;

a plurality of conductors positioned within the cavity, the plurality of
conductors structured to move in response to pressure changes while the
housing remains fixed, the pressure changes including pressure changes
resulting from acoustic activity and pressure changes resulting from changes
in an atmospheric pressure, the plurality of conductors including:

at least one first conductor configured to generate first
electrical signals responsive to the pressure changes resulting from
changes in the atmospheric pressure; and

at least one second conductor configured to generate second
electrical signals responsive to the pressure changes resulting from the
acoustic activity; and

at least one dielectric bar positioned within the cavity and secured in a
fixed position with respect to the cavity such that the at least one dielectric bar
remain fixed under the pressure changes, wherein each of the at least one
dielectric bars is adjacent to at least the at least one first conductor or at least
one second conductor of the plurality of conductors; and

a control circuit comprising:

an atmospheric pressure processing circuit electrically coupled
to the at least one first conductor and configured to receive the first
electrical signals and generate an atmospheric pressure signal
indicative of the pressure changes resulting from the changes in
atmospheric pressure; and

an acoustic activity processing circuit electrically coupled to
the at least one second conductor and configured to receive the second
electrical signals and generate an acoustic signal indicative of the

pressure changes resulting from the acoustic activity.
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2. The microphone of claim 1, further comprising at least one isolator coupled to the
housing and movable with respect to the housing in response to pressure changes, and

wherein the plurality of conductors are coupled to the at least one isolator.

3. The microphone of claim 1, wherein the control circuit further comprises a charge
pump electrically connected to at least a portion of the plurality of conductors to provide a
biasing charge to at least the portion of the plurality of conductors, and wherein the
atmospheric pressure processing circuit is configured to process the first electrical signals to
generate a charge pump bias signal in response to the pressure changes resulting from the

changes in the atmospheric pressure.

4. The microphone of claim 3, wherein the charge pump bias signal is configured to
generate an electric force between the plurality of conductors to move the plurality of
conductors in a direction opposite a direction of movement caused by the changes in the

atmospheric pressure.

5. The microphone of claim 4, wherein the electric force is configured to return the
plurality of conductors to a rest position at which the plurality of conductors would be
positioned in the absence of the pressure changes resulting from the changes in atmospheric

pressure.

6. The microphone of claim 1, further comprising a diaphragm that extends into the
cavity and exerts a force on the dielectric comb, and wherein the pressure changes cause
movement of the diaphragm, the changes in the movement of the diaphragm causing

movement of the plurality of conductors relative to the plurality of dielectric bars.

7. The microphone of claim 6, wherein the diaphragm comprises a first bellow plate, a
second bellow plate secured to the first bellow plate by a first compliant structure, and a third
bellow plate secured to the second bellow plate by a second compliant structure, wherein the
first bellow plate and the second bellow plate are annular and the third bellow plate is

circular.

8. The microphone of claim 6, wherein the diaphragm comprises a first layer formed of
a first material having a first modulus of elasticity and a second layer formed of a second

material having a second modulus of elasticity smaller than the first modulus of elasticity.
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0. The microphone of claim 1, wherein the cavity is a vacuum.

10. A microelectromechanical system (MEMS) transducer comprising:
a bellow diaphragm comprising:
a first bellow plate, wherein the first bellow plate is annular;
one or more second bellow plates, wherein the one or more second bellow
plates are annular,
a third plate bellow plate, wherein the third bellow plate is circular;
and a plurality of compliant structures connecting the first bellow plate, the
one or more second bellow plates, and the third bellow plate; and
wherein, at a rest position, the first bellow plate, the one or more second bellow
plates, and the third bellow plate are substantially parallel, and wherein, in response to an
applied pressure, the applied pressure being at least one of an atmospheric pressure and an
acoustic pressure, the MEMS transducer extends to an extended position in which the first
bellow plate and the one or more second bellow plates are slanted with respect to the third

bellow plate.

11. The MEMS transducer of claim 10, wherein the first position occurs in the absence of

an external applied force.

12. The MEMS transducer of claim 10, wherein the first bellow plate, the second bellow
plate, and the third bellow plate are structured to move in response to changes in the applied

pressure.

13. The MEMS transducer of claim 10, wherein the plurality of compliant structures are
configured to maintain compliance levels between 1 nm/Pa and 10 nm/Pa as the MEMS

transducer undergoes cyclic loading.
14. The MEMS transducer of claim 10, wherein the first bellow plate, the one or more

second bellow plates, and the third bellow plate each have a thickness of substantially 0.5 pm

through substantially 2 pm.
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15. The MEMS transducer of claim 10, wherein a spacing between adjacent ones of the
first bellow plate, the one or more second bellow plates, and the third bellow plate is

substantially 0.5 pm through 5 pm.

16. The MEMS transducer of claim 10, wherein the one or more second bellow plates

includes three second bellow plates.

17. The MEMS transducer of claim 10, wherein the one or more second bellow plates

includes five second bellow plates.

18. The MEMS transducer of claim 10, wherein the one or more second bellow plates

includes seven second bellow plates.

19. A microelectromechanical system (MEMS) transducer configured for use with a
microphone system including a housing defining a cavity and a pressure sensor positioned
within the cavity, the MEMS transducer comprising:

a first layer including a contact wall structured to exert a force on the pressure sensor,
the first layer formed of a first material having a first modulus of elasticity;

a second layer formed on the first layer, the second layer formed of a second material
having a second modulus of elasticity lower than the first modulus of elasticity; and

wherein at least a portion of the first layer and the second layer are secured to the
housing for deflection with respect to the housing, the second layer structured to receive

concentrated stress exerted by the housing on the MEMS transducer during deflection and

transmit the concentrated stress to the first layer as a distributed stress.

20. The MEMS transducer of claim 19, wherein the first layer has a thickness of 100 nm

— 1 um to maintain a vacuum in the cavity.

21. The MEMS transducer of claim 19, wherein the first modulus of elasticity is between
50 GPa and 200 GPa.
22. The MEMS transducer of claim 19, wherein the second modulus of elasticity is

between 1 GPa and 10 GPa.
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23. A control circuit for a microelectromechanical system (MEMS) microphone, the
control circuit comprising:

an atmospheric pressure processing circuit configured to receive a first signal from a
first plurality of conductors of a movable sensing structure of the MEMS microphone
generated in response to movement of the movable sensing structure and to process the first
signal to generate a signal indicative of a change in an atmospheric pressure; and

an acoustic activity processing circuit configured to receive a second signal from a
second plurality of conductors of the movable sensing structure, the acoustic activity
processing circuit configured to process the second signal to generate a signal indicative of

acoustic activity.

24, The control circuit of claim 23, further comprising a charge pump connected to the
movable sensing structure, wherein the atmospheric pressure processing circuit is configured
to control the charge pump to provide a bias signal to one or more of at least the first plurality
of conductors of the movable sensing structure based on the signal indicative of the change in

the atmospheric pressure.

25. The control circuit of claim 24, wherein the bias charge is sized to bias the movable

sensing structure to compensate for the change in the atmospheric pressure.

26.  The control circuit of claim 23, wherein the second signal has a high frequency
portion and a low frequency portion, and wherein the acoustic activity processing circuit

includes a filter configured to remove the low frequency portion of the second signal.

27. The control circuit of claim 23, wherein the second signal has an amplitude, and
wherein the acoustic activity processing circuit includes a feedback circuit configured to
determine the amplitude of the second signal and, in response to the amplitude exceeding a
predetermined threshold, generate a feedback signal to reduce the amplitude of the second

signal to prevent overload of the acoustic activity processing circuit.

28. The control circuit of claim 23, wherein the second plurality of conductors is different

from the first plurality of conductors.

29. A microphone comprising:

a housing defining a cavity;
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a plurality of conductors positioned within the cavity, the plurality of conductors
structured to move in response to pressure changes while the housing remains fixed, the
pressure changes including pressure changes resulting from acoustic activity and pressure
changes resulting from changes in an atmospheric pressure, the plurality of conductors
including:

at least one first conductor configured to generate first electrical signals
responsive to the pressure changes resulting from changes in the atmospheric
pressure; and

at least one second conductor configured to generate second electrical signals
responsive to the pressure changes resulting from the acoustic activity; and

at least one dielectric bar positioned within the cavity and secured in a fixed
position with respect to the cavity such that the at least one dielectric bar remains
fixed under the pressure changes, wherein each of the at least one dielectric bars is
adjacent to at least one of the conductors of the plurality of conductors; and

a transducer diaphragm comprising:

a first bellow plate, wherein the first bellow plate is annular;

one or more second bellow plates, wherein the one or more second bellow
plates are annular,

a third bellow plate, wherein the third bellow plate is circular;

and a plurality of compliant structures connecting the first bellow plate, the
one or more second bellow plates, and the third bellow plate; and

wherein, at a rest position, the first bellow plate, the one or more second bellow

plates, and the third bellow plate are substantially parallel, and wherein, in response to

an applied pressure, the applied pressure being at least one of an atmospheric pressure
and an acoustic pressure, the MEMS transducer extends to an extended position in
which the first bellow plate and the one or more second bellow plates are slanted with
respect to the third bellow plate and the MEMS transducer exerts a force on the
dielectric comb, the force displacing at least a portion of the plurality of conductors

with respect to at least a portion of the dielectric bars.

30. A microphone comprising:
a housing defining a cavity;
a plurality of conductors positioned within the cavity, the plurality of conductors

structured to move in response to pressure changes while the housing remains fixed, the

54



WO 2019/183283 PCT/US2019/023260

pressure changes including pressure changes resulting from acoustic activity and pressure
changes resulting from changes in an atmospheric pressure, the plurality of conductors
including:

at least one first conductor configured to generate first electrical signals
responsive to the pressure changes resulting from changes in the atmospheric
pressure; and

at least one second conductor configured to generate second electrical signals
responsive to the pressure changes resulting from the acoustic activity; and

at least one dielectric bar positioned within the cavity and secured in a fixed
position with respect to the cavity such that the at least one dielectric bar remains
fixed under the pressure changes, wherein each of the at least one dielectric bars is
adjacent to at least one of the conductors of the plurality of conductors; and
a transducer comprising:

a first layer including a contact wall structured to exert a force on the pressure
sensor, the first layer formed of a first material having a first modulus of elasticity;

a second layer formed on the first layer, the second layer formed of a second
material having a second modulus of elasticity lower than the first modulus of
elasticity; and

wherein at least a portion of the first layer and the second layer are secured to
the housing for deflection with respect to the housing, the second layer structured to
receive a concentrated reaction force exerted by the housing on the MEMS transducer
during deflection and transmit the concentrated stress to the first layer as a distributed
stress, the first layer exerting a force on the dielectric comb, the force displacing at
least a portion of the plurality of conductors with respect to at least a portion of the

dielectric combs.

31 A method for manufacturing a microelectromechanical (MEMS) transducer, the
method comprising:

depositing a thermal oxide layer over a first surface of a substrate having opposed first
and second surfaces;

depositing one or more doped oxide layers and one or more undoped oxide layers,
wherein the one or more doped oxide layers and the one or more undoped oxide layers are
alternately spaced, and wherein one of the one or more doped oxide layers is adjacent the

thermal oxide layer;
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etching away a portion of the one or more doped oxide layers to expose the surfaces
of the one or more undoped oxide layers;

depositing a diaphragm layer over the surfaces of the thermal oxide layer, the one or
more doped oxide layers, and the one or more undoped oxide layers;

etching away a portion of the second surface of the substrate to expose the thermal
oxide layer; and

etching away the one or more doped oxide layers, the one or more undoped oxide
layers, and a portion of the thermal oxide layer from the diaphragm layer, wherein the
diaphragm layer defines a diaphragm transducer secured to the first surface of the substrate

by the thermal oxide layer and movable relative to the substrate.

32. The method of claim 31, wherein the diaphragm layer is a polysilicon material or a

silicon nitride material.

33. The method of claim 31, wherein the diaphragm layer has a thickness of 0.5 um to 2

um.

34. The method of claim 31, wherein the diaphragm layer is deposited using low pressure

chemical vapor deposition.

35. The method of claim 31, wherein the doped sacrificial oxide is phosphosilicate glass

and the undoped sacrificial oxide is silicate glass.
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