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Preface

In the 21st century, microelectromechanical systems (MEMSs) and acoustics have become
inseparable disciplines. Microsystem technology, which emerged nearly four decades ago, paved
the way for the development of miniature acoustic transducers for the audio-frequency range. The
drive to create smaller, more efficient, and cost-effective acoustic sensors and actuators for consumer
devices (such as cell phones and hearing aids) and industrial applications (such as acoustic source
localization or imaging using compact sensor arrays) has been the main force behind this evolution.

Following years of innovation and overcoming technical challenges, MEMS microphones have
become one of the most successful commercial products in the history of microsystem technology.
Commercialized since 2004, capacitive MEMS microphones are now indispensable components of
cell phones. In recent years, MEMS speakers have garnered significant interest from both research
and industry. The demand for miniaturized speakers has increased in applications such as headsets,
smartphones, hearing aids, voice assistants, and the Internet of Things (IoT). However, current MEMS
speakers face challenges, including limited sound pressure output, sound quality, and linearity in
frequency response. Recent advancements are primarily focused on piezoelectric MEMS speakers,
which are considered a promising solution due to their ability to achieve large actuation forces with
relatively low driving voltages.

This Special Issue is dedicated to showcasing works on micromachined acoustic transducers
for the audio-frequency range and providing a state-of-the-art overview of this dynamic field as it
pertains to audio applications.

The articles in this Special Issue cover a range of topics within the domain of MEMS acoustic
devices, including microphones, speakers, and hearing aids. They address key research questions
related to the design, modeling, evaluation, and applications of these devices. The diverse
origins of the contributing authors—from industry, academia, and research institutions—bring a
multidisciplinary perspective that ensures a comprehensive and balanced exploration of the field.
This diversity also guarantees the practical relevance and scientific rigor of the presented works,

offering valuable insights for researchers and engineers alike.

Libor Rufer
Guest Editor
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G R W N e

1. Introduction

Microelectromechanical systems (MEMS) refer to miniaturized mechanical and electro-
mechanical elements that are fabricated through microelectronic processes. The devel-
opment of MEMS technology dates back to the 1960s, along with the development of
silicon-based integrated circuits and advancements in micromachining techniques. Early
MEMS research primarily focused on sensors and actuators, where microfabrication meth-
ods such as photolithography, etching, and deposition enabled the creation of highly precise
structures at microscopic dimensions.

In the 1980s and 1990s, MEMS technology gained traction as advances in semicon-
ductor fabrication processes made it possible to manufacture complex structures at a very
small scale. These developments enabled MEMS devices to operate with high accuracy
and low power consumption, sparking innovations across a range of industries, including
automotive, biomedical, telecommunications, and consumer electronics.

One of the most significant and impactful applications of MEMS technology is in
the field of acoustics. MEMS-based acoustic devices, such as microphones, speakers, and
sensors, have revolutionized the way sound is captured, processed, and reproduced. MEMS
microphones, for example, leverage the small size, low power requirements, and high
sensitivity of MEMS technology to create miniature microphones that are widely used
in smartphones, hearing aids, and other portable devices. These microphones provide
high performance and durability in compact packages, making them ideal for consumer
electronics that demand miniaturization without degrading the main parameters. The
integration of MEMS technology in acoustic applications has also led to innovations in
noise-cancelling headphones, smart speakers, and acoustic sensing systems for industrial
and medical purposes.

The future of MEMS in acoustics looks promising, with ongoing research pushing the
boundaries of device performance, miniaturization, and integration. As this technology
continues to evolve, we can expect further innovations in audio processing, smart devices,
and immersive acoustic experiences, transforming industries ranging from entertainment
to healthcare. The integration of MEMS with the internet of things (IoT) will accelerate this
transformation, enabling smarter, interconnected devices that can seamlessly communicate
and adapt to their environments. MEMS-based acoustic sensors in IoT applications, for
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example, will enhance real-time audio analysis, environmental monitoring, and personal
health tracking, leading to more efficient, responsive, and intelligent systems.

This Special Issue featured a total of ten contributions, comprising nine original
research articles and one review paper. Each contribution integrates one of the main topics
in the field, which are detailed in the following paragraphs.

2. MEMS Microphones
2.1. Overview of Recent Developments

MEMS microphones are widely used in various applications, including IoT devices
such as smartphones, speakers, tablets, laptops, smartwatches, and true wireless earphones,
as well as other consumer appliances in automobiles, industrial goods, and machinery. Due
to their miniaturized size, low cost, high-quality acoustic performance, exceptional inte-
gration compatibility with application-specific integrated circuits (ASICs), and improved
reliability against environmental factors, there has been a continuous demand to further
improve the signal-to-noise ratio (SNR) performance and other key parameters related to
MEMS microphones, including sensitivity, noise, total harmonic distortion (THD), and
dynamic range.

The authors of [1] presented a new differential MEMS capacitive microphone trans-
ducer design based on a sealed-dual membrane (SDM); they significantly reduced the
fluidic noise component caused by air inside the MEMS transducer by eliminating the
air between the two membranes. An SNR of 72 dBA was reported, with a sensitivity
of —38 dBFS and an acoustic overload point (AOP) of 130 dB; this was achieved with
latest generation digital ASIC and a reduced power consumption. This SNR performance
marked a significant improvement on the current state-of-the-art MEMS microphones on
the market, which have an SNR in the range of 65 to 70 dBA [2—4]. In 2021, a single corru-
gated membrane design with a single-backplate architecture and capacitive transduction
mechanism was proposed, delivering a 73 dBA SNR with an analog ASIC, closely matching
the performance of the SDM MEMS with a localized vacuum [5]. Again, the focus was
on minimizing the MEMS acoustic damping losses to achieve a high SNR performance.
The MEMS sensitivity achieved was —34 dBV /Pa. Steady progress has also been made
in the piezoelectric transduction mechanism, which offers the advantages of low power
consumption and makes the sensor less susceptible to particle contamination. In 2023, a
novel design based on a fully clamped corrugated aluminum nitride (AIN) membrane was
presented, offering very effective intrinsic stress relaxation and enabling differential signal
generation by exploiting a pseudo-bimorph effect [6]. A sensitivity of —47.1 dBV /Pa and
an SNR of 62.6 dBA were reported. However, the authors left room for further design
improvements to achieve higher mechanical compliance, while maintaining a system res-
onance above 20 kHz, and enhance the overall performance. To address the impending
fundamental physical, design, and material limitations for MEMS microphones, several
works have demonstrated the use of graphene as a diaphragm. In 2024, a novel approach
to integrating multi-layer graphene into condenser MEMS microphones, without the need
for transfer or polymer support, was presented [7]. This approach addressed the previous
limitations associated with fabricating wafer-scale graphene microphones without polymer
supports, potentially opening new possibilities for future microphone technology. The
sensitivity achieved was 24.3-321 mV /Pa, which is more than twice that of the reported
state-of-the-art MEMS microphones. Further exploration is needed to enhance other critical
MEMS microphone performance metrics. On the microphone modeling front, a behavioral
model to capture the nonlinear phenomena in MEMS microphones was developed using a
circuit simulator tool and hardware description languages (Verilog-A) [8]. The proposed
model improved the accuracy of predicting sensitivity, SNR, and THD performance. A
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constrained MEMS microphone architecture was used to validate the findings with mea-
surements. Shubham et al. [9] also demonstrated a similar behavioral model for capturing
nonlinearities using circuit modeling tools to represent blocks with couplings between
the acoustic, mechanical, and electrical domains. Although the approach and intent were
similar, the modeling method presented was generalized to cover devices for which there
were no closed-form solutions regarding the diaphragm shape or variable capacitance of
the microphone. This became increasingly important when considering the boundary con-
ditions of the diaphragm and its deformed shape under applied bias or acoustic pressure.
These models excel in precisely predicting pull-in, sensitivity, SNR, and THD performances
over wide acoustic pressure ranges.

2.2. Future Research Areas to Address Knowledge Gaps in the Field

There has been a continuous push to expand the boundaries of physics in order to
further improve the SNR performance, enhance the sensitivity, and reduce the overall noise
of MEMS microphones. This will require focusing on minimizing other components, such
as noise related to the thermal boundary layer. The noise floor in the MEMS microphone
design is limited by the thermal noise generated by the heat exchange with the isothermal
boundary condition at the walls in the back cavity. This typically results in increased noise
as the microphone package size decreases. A diffusion-dominated design regime has been
explored that can yield high SNR with very small back volumes. In such a design, the
challenge becomes producing enough output signal, which often requires the use of very-
high-bias voltages in the sensor [10,11]. The need for good MEMS microphone performance
has opened the door for the further exploration of other transduction mechanisms, such
as optical technology. Although the proof-of-concept dates back to 2003, it was not until
2016 that a Norwegian company, SensiBel, demonstrated a breakthrough with an 80 dBA
microphone SNR and 146 dB AOP using this technology [12]. However, the typical chal-
lenges related to power consumption, size, and the high cost of optical components remain
unresolved. To overcome the design challenges and improve the performance of MEMS
microphones, this Special Issue also included novel design features. Shubham et al. [13]
proposed a semi-constrained diaphragm design with flexible springs, supported by center
and peripheral protrusions originating from the back plate. This helped to significantly
increase the effective area of the diaphragm by 85% under bias, thereby improving the
linearity, sensitivity, and SNR performance of the microphone.

All the modeling explorations assume a rigid (clamped at all boundaries) perforated
backplate. However, in this Special Issue, Simonova and Honzik address this gap by
including the movement effect of the perforated moving electrode to accurately capture
the damping effects related to thermal and viscous boundary layers; they compare the
analytical results with finite element modeling [14]. In another study [15], the authors
considered the backplate as a vibrating structure and extended the lumped model to
introduce coupling between the mechanical and electrical domains, showcasing the impact
on the microphone sensitivity and device pull-in. In this Special Issue, Rufer et al. address
concerns related to the poor AOP performance of MEMS microphones under high sound
pressure levels and in harsh environmental conditions [16]. A novel approach to improving
the AOP performance is through piezoelectric coupling. With a modeling and optimization
approach for microphone sensitivity and AOP tuning in the audio band, the piezoelectric
MEMS microphone can be used in applications that require high sound pressure level
detection, such as aircraft design, rocket-launching vehicles, gunshot detection, and urban
security systems. The issue also demonstrates a new approach to enabling sensitivity
control by placing one electrode at the diaphragm center and one annular electrode closer
to the clamped edge of the diaphragm. The first electrode serves as a sensor to provide the
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output signal, whereas the second acts as an actuator that mechanically pre-stresses the
diaphragm and alters the microphone sensitivity.

3. MEMS Speakers

In the past few years, MEMS speakers, another type of micromachined acoustic
transducer, have drawn significant interest from researchers and businesses. With the
flourishing development of consumer electronics and artificial intelligence (Al), there are
increasing demands for miniaturized speakers in headsets, smartphones, hearing aids, voice
assistants, and internet of things devices. Benefitting from micromachining technologies,
MEMS speakers offer numerous advantages; they have a small carbon footprint, a light
weight, low power consumption, low-cost batch fabrication compatibility, and an improved
compatibility with application-specific integrated circuits.

However, as a consequence of their small device size, most of the existing MEMS
speakers face the challenge of limited sound pressure output [17]. Sound quality and
linearity in frequency response, which are typically evaluated according to the total har-
monic distortion (THD), are also important considerations in the development of MEMS
speakers [18]. Significant progress has been made in addressing challenges related to
materials, device structure designs, electrode configuration, and driving methods [19,20].
Lumped element modeling and acoustic simulation are also important methods that have
been explored to effectively optimize MEMS speaker design and performance [21].

According to transduction mechanisms, MEMS speakers are classified as electrody-
namic, electrostatic, piezoelectric, and thermoacoustic. Breakthroughs have been made in
all types of MEMS speakers, including in terms of the various materials and fabrication
approaches, special device designs, and improved sound pressure levels (SPLs) over wide
bandwidths [22,23]. Due to their ability to achieve large actuation forces with relatively
small driving voltages, piezoelectric MEMS speakers show the most promising results and
have become a research hotspot. In terms of recent developments, there are more and more
studies dedicated to piezoelectric MEMS speakers.

In this Special Issue, we include three such studies. In particular, Wang et al. pre-
sented a comprehensive review of MEMS speakers, including their recent development,
remaining challenges, and future outlook [24]. Liechti et al. proposed a method to evaluate
the THD generated by a cantilever-based MEMS speaker inside an acoustic coupler [25].
Teuschel et al. investigated the potential of using epitaxial grown PZT with an imprint for
stable bipolar operation, demonstrating a strong piezoelectric response for MEMS actuator
applications such as speakers [26].

In the future, more research is expected on how to improve the SPL of MEMS speakers.
Obtaining large driving forces with low power consumption will continue to be a key
developmental challenge. A balance between small diaphragm sizes and relatively large
SPL outputs can be achieved by exploring new materials, novel structure designs, and
special electrode configurations. With a more comprehensive understanding of the model-
ing, special structures and acoustic enclosures will also be explored in order to optimize
the overall frequency response of MEMS speakers, including further reduced THD and
high SPL over wide bandwidths. In addition to the optimized device performance, easier
fabrication techniques with low costs, high yields, and good compatibility with other
materials and processes will continue to be studied before MEMS speakers can become
mainstream and large-scale commercial products.
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4. MEMS in Hearing Aids and Implantable Devices

MEMS microphones first saw mass market acceptance with their introduction into cell
phones in 2003 and have been dominant in hearing health products since 2019. They offer
improved electroacoustic performance, reliability and repeatability at a lower cost than
electret microphones. Devices currently offer noise levels below 25 dBA, handling sound
levels over 135 dB in a package less than 3.5 mm long [27]. Knowles Electronics pioneered
the creation of MEMS microphones for the hearing health and commercial markets and
continues to be a key supplier. Sonion is now also a significant supplier to the hearing health
market. InvenSense is a key supplier of MEMS silicon to many makers of MEMS-based
microphones. The latter face continued pressure to provide ever greater dynamic range at
both the softest and loudest extremes while further reducing size. Future research goals
include further reducing nonlinearity, greater resistance to contamination from exposure
to dust and liquids, and selectively reducing sensitivity to ultrasound signals emitted by
proximity sensors. Research in the ASICs for these products is seeking to reduce noise and
distortion, reduce power consumption, and enable a growing list of programmable options
such as gain, filtering, and power consumption.

Commercial applications of MEMS microphones are virtually all air-conduction. There
has been research into using implanted sensors as microphones, with particular interest
in their use with cochlear implants. However, their SNR and directivity are inherently
much poorer than in air-conduction devices, preventing their widespread adoption for
many hearing health applications. There is also potential for using implanted MEMS audio
devices to monitor voice production and other audio signals within the body. One major
hurdle to using MEMS implanted devices is protecting the delicate sensor from contact
with bodily tissues and fluids while avoiding attenuating the signals the sensor should be
receiving. In this Special Issue, Prochazka et al. describe a method for such protection that
offers a reduced attenuation of the desired signal [28].

MEMS audio-frequency vibration-sensing devices attached to the outside of the body,
particularly near the jaw and ears, are seeing increasing adoption. These are often referred
to as bone-conduction sensors and the sensors are placed on the skin over areas of bone
or cartilage that offer strong signals. Audio band vibration sensors can also be used to
convert any vibrating surface in a room or on a car into a microphone [29,30]. Human body
applications include speaker identification and speech capture augmentation in high wind
conditions, for which high SNR and low power consumption are critical.

While body-contact MEMS sensors are in development, they do not yet make very
effective actuators. The most significant issue is the very large impedance mismatch
between the MEMS actuator and body tissues. The actuator must also be protected from
the forces applied by the tissues. The transducers currently used in bone-conduction
speakers use a moving mass that is many orders of magnitude larger than could fit into a
MEMS device. It will be interesting to see if there are niche applications where a MEMS
actuator could be useful. One possibility would be applying force directly to the tiny bones
of the middle ear or to the eardrum.

MEMS speakers are beginning to be used in earphones, but have not yet seen accep-
tance in hearing health devices. MEMS devices struggle to produce the desired 120 dB
sound levels in the ear canal. They also need high-voltage electronics to power them and
hence significantly more battery power than traditional balanced-armature (BA) devices.
This prevents them from meeting hearing aid designers’ battery life requirements. For
comparison, the Knowles balanced armature driver package size is 5.3 x 3.1 x 2.7 mm,
a size that is widely used in hearing instruments. This device can produce a sound level
of 130 dB at its 3 kHz resonance and produces 112 dB at 1 mW of drive power (rising
to 122 dB/mW at 3 kHz) [31]. The size of the BA device also includes the air enclosure
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behind the transducer. In hearing health applications, the sound radiating from the rear of
the transducer must be contained in a sound-proof enclosure, so that it cannot leak to the
microphone and cause feedback. MEMS speakers often require a high-compliance acoustic
load behind the radiator, which can be larger than the BA housing.

5. Measurement Methods for MEMS Devices

Although most MEMS acoustic devices currently in use operate on the same principles
and using the same methods as their traditional millimeter-scale counterparts, applying
the same evaluation methods as those used for traditional devices is not straightforward.
This paragraph highlights the extraction of MEMS parameters presented in this Special
Issue, and provides examples of two additional methods specifically tailored for MEMS
microphone characterization.

5.1. Extraction of MEMS Transducer Mechanical Properties

Extracting the mechanical properties of complex three-dimensional MEMS transduc-
ers through acoustic transmission measurements offers a novel approach that bypasses
the limitations of traditional characterization methods. Becker et al. focus on folded di-
aphragms with buried in-plane vibrating structures, which expand the active area while
maintaining a compact form factor [32]. Conventional techniques such as bulge tests and
atomic force microscopy often require destructive preparation or rely on optical accessibil-
ity, which is infeasible for structures hidden within high-aspect-ratio trenches [33-36]. The
presented methodology employs a passive acoustic transmission setup where diaphragms
are actuated by an acoustic signal and analyzed using lumped-element modeling (LEM).
This non-invasive method effectively captures dynamic mechanical behaviors such as
compliance, even for complex geometries, without altering boundary conditions.

The experimental framework utilizes two acoustically isolated chambers separated by
the diaphragm under test. Sound pressures on both sides of the diaphragm are measured
to extract mechanical properties by fitting experimental data to LEM simulations [37,38].
The results demonstrate high accuracy, with the measured compliances differing by less
than 4% from numerical simulations for diaphragms exceeding 1 mm in length.

By eliminating extensive sample preparation and ensuring boundary conditions mimic
practical applications, this method advances the characterization of MEMS transducers
with complex three-dimensional geometries. It provides valuable insights into the me-
chanical properties critical for optimizing the design and performance of MEMS devices in
acoustic applications.

5.2. High-Frequency Calibration of MEMS Microphones

Due to their compact dimensions, MEMS microphones can achieve frequency re-
sponses extending into several hundreds of kilohertz. Characterizing the frequency re-
sponse of such microphones and pressure sensors presents a significant challenge. To
address this, a calibration method has been developed utilizing a spherical weak shock
acoustic pulse generated by a spark source. The pressure waves, in the form of asymmetric
N-waves with a duration of approximately 40 us and a front shock rise time of around
0.1 us, were characterized using an optical interferometer. By accounting for the nonlinear
propagation of weak shockwaves, it became possible to estimate the incident pressure
wave and derive the frequency response of MEMS microphones across a range of 10 kHz
to 1 MHz [39,40]. This approach is independent of the transduction principle or sensor
mounting configuration.
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5.3. Measurement of MEMS Microphone Nonlinearities

Measuring the nonlinearities of MEMS microphones has become an important research
area, particularly due to the widespread use of these microphones in consumer electronics
and measurement applications. MEMS microphones are popular for their small size, low
cost, high sensitivity, low inherent noise, and low power consumption. However, nonlin-
ear distortions, such as harmonic and intermodulation distortions, can impact precision,
making their investigation crucial. These distortions from multiple factors, including elec-
trostatic transduction, the mechanical properties of the diaphragm, air gap damping, and
amplifier behavior [41,42]. In particular, the electrostatic transduction mechanism is often
identified as the primary source of distortion in condenser microphones, producing both
harmonic and intermodulation distortion [43—45]. According to [46], the second harmonic
contributes approximately 90% of the total harmonic distortion.

In a typical experimental setup used to study MEMS microphone nonlinearities, a
reference low-distortion microphone and a loudspeaker can be employed to generate
a sinusoidal acoustic pressure signal with minimized higher harmonics. Achieving a
perfectly linear acoustic signal source is a challenging task, as most sources inherently
introduce some degree of distortion. Therefore, harmonic correction [47] is advantageous in
effectively reducing these distortions. The distortion of the nonlinear source (loudspeaker)
is reduced to the noise level using this adaptive correction method, assuming that the
nonlinearities of the reference microphone are negligible. This setup allows for a direct
measurement of the harmonic distortion of MEMS microphones under testing at different
frequencies and sound pressure levels. For example, the authors of [48] describe such
measurements conducted at frequencies of 20 Hz, 200 Hz, and 2 kHz, and sound pressure
levels ranging from 90 to 128 dB. A simple nonlinear model based on the electrostatic
transduction principle was used to compare the measured results for single-backplate
condenser MEMS microphones. The results indicate that the second harmonic behaves
predictably and is well described by the model. However, the third harmonic distortion
product shows deviations, suggesting the influence of nonlinearities not included in the
simple analytical description.

To conclude, measuring the nonlinearities of MEMS microphones is feasible, especially
with the use of advanced harmonic correction techniques that minimize source distortion.
The electrostatic transduction mechanism is identified as the primary source of distortion,
mainly affecting the second harmonic. However, challenges remain, particularly in mod-
eling and accounting for higher-order nonlinear effects and other sources of distortion,
such as diaphragm deflection and dynamic changes in air gap thickness [49]. Future work
should focus on two main areas: refining models to include these additional nonlinearities
for better prediction accuracy, and achieving effective reduction in nonlinear distortion,
particularly by minimizing the level of the second harmonic in single-backplate condenser
MEMS microphones.

Piezoelectric MEMS microphones can exhibit nonlinearities due to material properties
and fabrication imperfections. The former occur when piezoelectric materials like alu-
minum nitride (AIN) respond nonlinearly under high electric fields or mechanical stresses,
leading to harmonic distortion in the output signal [50]. Geometric nonlinearities arise
from fabrication-induced imperfections, such as initial curvature or residual stresses in
the diaphragm; these result in hardening or softening behaviors that affect device perfor-
mance [51]. Understanding and mitigating these nonlinearities is crucial for the accurate
and reliable operation of piezoelectric MEMS microphones, particularly in applications
requiring high fidelity and precision.
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6. Applications of MEMS Acoustic Devices

MEMS devices’ small size, low power consumption, ability to integrate with sophisti-
cated electronics, and cost-effective mass production enable their widespread application
across industrial, military, and consumer sectors. This paragraph presents two papers
featured in this Special Issue, along with additional papers, illustrating some of their
potential applications.

6.1. Acoustic Source Localization and Ranging

Acoustic source localization, ranging, and imaging are essential techniques for deter-
mining the position and characteristics of sound sources in various environments. Acoustic
source localization involves pinpointing the location of a sound source by analyzing the
time-of-arrival (TOA) or phase shifts of sound waves reaching multiple microphones or
sensors. Since the distance is the product of the signal speed and the time of flight of the
signal traveling from the source, the ranging accuracy depends on the signal speed and the
precision of TOA measurements. Compared to other signal types, such as light or radio,
acoustic signals are often better suited for achieving high accuracy due to their relatively
slow speed. However, ensuring precise TOA measurements remains a significant challenge
in system implementation [52].

Acoustic source localization is widely used in underwater sonar systems and appli-
cations such as speech tracking and wildlife monitoring [53]. Another important area
of research is gunshot acoustic localization, which is employed in military and civilian
security systems. In this context, microphone array data are used to identify the event time,
the direction of arrival (DOA), and to calculate the shooter’s position [54].

Acoustic ranging is a technique for estimating the distance between two objects. It
plays a critical role in applications such as motion tracking, gesture and activity recognition,
and indoor localization. Although numerous ranging algorithms have been developed,
their performance often degrades significantly under conditions of strong noise, interfer-
ence, and hardware limitations. Various ranging applications using MEMS microphones
have been explored, spanning simple methods with three sensors for sound source local-
ization [55], gesture recognition [56,57], and indoor positioning systems for public use in
smart city-related applications [58].

6.2. MEMS Microphone Arrays for Acoustic Imaging

Acoustic imaging takes acoustic source localization and ranging a step further, creating
a spatial map or visual representation of sound waves as they interact with objects. This
technique is widely used in medical imaging and non-destructive testing. Acoustic imaging
is crucial in fields like marine biology, seismic exploration, autonomous vehicle navigation,
and aeroacoustics, providing vital information about the environment through sound.
Due to their small size, MEMS microphones are inherently well suited for integration into
compact arrays, enabling high spatial resolution and controlled directional sensitivity in
detecting acoustic fields [59]. In particular, aeroacoustic testing is an application where
MEMS microphone arrays are both attractive and promising [60,61].

In this context, in this Special Issue, Ahlefeldt et al. report the results of an experi-
mental study demonstrating that MEMS microphones assembled into an array allowed
for detecting a plane fuselage’s surface pressure fluctuations during flight [62]. While the
state-of-the-art sensors for measuring such fluctuating pressure distributions are small
piezoresistive pressure transducers, MEMS devices offer smaller dimensions and reduced
costs. The article describes testing MEMS microphones for in-flow measurements. Com-
mercially available MEMS microphones have a limited AOP of up to a maximum of
135 dB, which is too low for in-flow operation. To overcome this limitation, a covering
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Kapton foil of 25 um in thickness was applied on the microphones to attenuate the pressure
by approximately 38 dB. The cover layer also introduces a change in the frequency response,
which was taken into account. The results of both wind-tunnel and flight tests indicate that
the Kapton covering damped the pressure fluctuations as expected, while still preserving
the critical phase information required for wavenumber analysis.

6.3. Electrical Tuning of MEMS Acoustic Transducer Resonant Frequency

MEMS acoustic transducers can function as sound receivers (microphones) or emitters
(speakers) within the audio-frequency range. Additionally, they can operate in the ultra-
sonic frequency range as micromachined ultrasonic transducers (MUTs), which are further
categorized into piezoelectric (PMUTs) and capacitive (CMUTs) types.

The acoustic response and performances of the transducers depend, among other
parameters, on the mechanical conditions in the microstructure; these conditions can affect
its elastic properties, such as the degree of static stress in vibrating diaphragms and plates.
Static stress can be influenced or determined by DC bias voltages purposely applied to
suitable electrodes, particularly with piezoelectric MEMS transducers. This opens the
possibility for the electrical adjustment/tuning of transducer properties relevant to acoustic
response, such as resonant frequencies and corresponding quality factors. This approach
has been investigated in the ultrasonic frequency range in PMUTs [63].

In such a scenario, in this Special Issue, Nastro et al. report the results of an experiment
exploring and validating a technique to obtain an electrically tunable matching between the
series and parallel resonant frequencies of a piezoelectric MEMS acoustic transducer [64].
This can increase the effectiveness of acoustic emission/detection in voltage-mode driving
and sensing.

The adopted piezoelectric MEMS transducer is based on an aluminum nitride (AIN)
active layer on top of a square diaphragm. By applying an adjustable DC bias voltage
between pairs of properly connected electrodes, a planar static compressive or tensile
stress in the diaphragm is electrically induced, depending on the voltage sign, thereby
shifting its resonant frequency. The piezoelectric MEMS transducer operates at its first
flexural resonance of about 5 kHz. The results of the experimental tests run in both receiver
and transmitter modes showed that the resonance can be electrically tuned in the bias
voltage range between —8 V and +8 V with estimated tuning sensitivities of about 9 Hz/V
and 8 Hz/V in transmitter and receiver modes, respectively. The reported device can be
employed in pulsed-echo mode as a proximity/presence or gesture detector. The proposed
technique can be transferred to down-scaled structures to obtain tunable PMUTs.

A similar concept for controlling microphone sensitivity is presented in another paper
in this Special Issue, that by Rufer et al. [16]. The proposed approach utilizes a MEMS
piezoelectric microphone design featuring two electrodes: a circular electrode positioned
at the diaphragm’s center and an annular electrode located near its clamped edge. One
electrode operates as a sensor, generating the microphone’s output signal, while the other
serves as an actuator. By applying a DC bias voltage to the actuator, the diaphragm can be
mechanically pre-stressed, thereby altering the microphone’s sensitivity. This sensitivity
control approach holds significant potential for applications involving high acoustic loads,
where reduced microphone sensitivity can be electronically achieved when the acoustic
level exceeds a predefined threshold.
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Abstract: Audio applications such as mobile phones, hearing aids, true wireless stereo earphones,
and Internet of Things devices demand small size, high performance, and reduced cost. Microelec-
tromechanical system (MEMS) capacitive microphones fulfill these requirements with improved
reliability and specifications related to sensitivity, signal-to-noise ratio (SNR), distortion, and dynamic
range when compared to their electret condenser microphone counterparts. We present the design
and modeling of a semiconstrained polysilicon diaphragm with flexible springs that are simply
supported under bias voltage with a center and eight peripheral protrusions extending from the
backplate. The flexible springs attached to the diaphragm reduce the residual film stress effect more
effectively compared to constrained diaphragms. The center and peripheral protrusions from the
backplate further increase the effective area, linearity, and sensitivity of the diaphragm when the
diaphragm engages with these protrusions under an applied bias voltage. Finite element modeling
approaches have been implemented to estimate deflection, compliance, and resonance. We report
an 85% increase in the effective area of the diaphragm in this configuration with respect to a con-
strained diaphragm and a 48% increase with respect to a simply supported diaphragm without the
center protrusion. Under the applied bias, the effective area further increases by an additional 15%
as compared to the unbiased diaphragm effective area. A lumped element model has been also
developed to predict the mechanical and electrical behavior of the microphone. With an applied bias,
the microphone has a sensitivity of —38 dB (ref. 1 V/Pa at 1 kHz) and an SNR of 67 dBA measured in
a3.25 mm x 1.9 mm x 0.9 mm package including an analog ASIC.

Keywords: MEMS; capacitive microphone; finite element modeling; reduced order modeling; effec-
tive area; peripheral protrusion; center protrusion; serpentine spring

1. Introduction

After the commercialization of the first microelectromechanical system (MEMS) micro-
phone by Knowles in 2002 [1], the microphone market has witnessed a giant leap toward
high-performance audio applications meant for consumer electronics, automotive, hearing
aids, military, and aerospace markets. The capacitive MEMS microphone industry has
attracted significant interest because these designs facilitate small size, reduced cost, low
power consumption, high sensitivity, low noise, flat frequency response, and good stability
with respect to temperature and humidity [2,3]. The silicon micromachining technology
enables high-volume production of MEMS microphone devices with an outstanding level
of miniaturization that can be achieved within an area less than 1 mm? [4]. Alternate
transduction mechanismes, i.e., piezoelectric [5], piezoresistive [6,7], and optical [8,9], have
also been demonstrated to convert the sound pressure waves into the electrical signal.
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In order to design a MEMS microphone and predict its behavior, simplified network
modeling is typically used due to the complex nature of the coupled acoustical, mechanical,
and electrical components. Extensive network modeling approaches have been discussed
over the past years and have been published [10,11]. To improve the sensitivity, a di-
aphragm having slits at the edges was proposed by Yoo et al. [12]. Circular diaphragms
with and without slits at the edges of the diaphragm have been investigated, in which
the diaphragm with slits shows a higher displacement. A deflected membrane causes a
change in the effective area of the diaphragm, and the capacitance is decreased, causing
lower sensitivity. In order to overcome this problem, the authors in [13] suggested two cou-
pled membranes in which the first membrane closer to the port experiences the sound
pressure and the other membrane attached at the center of the first membrane acts as a
moving electrode.

Thin-film diaphragms usually are affected by residual stresses of the film, which can
cause issues related to high diaphragm deflection and, even in some cases, buckling of
the diaphragm after the release process. The mechanical compliance of the membranes is
further limited by the residual stresses in the released layer, potentially altering sensitivity.
Different techniques have been used in the past to reduce the residual stresses in the thin
films, such as corrugations in the diaphragmes, slits on the diaphragm, spring-supported
structures, and controlling the deposition parameters in the fabrication process. With
the increase in the number of corrugations in the diaphragm, the mechanical sensitivity
can be increased [14]. However, this trend is not always observed to be true, as the
mechanical sensitivity tends to reduce after a certain number of corrugations as it begins
to stiffen up the diaphragm further to acoustic level pressure loads. A strong function of
corrugation width with number of corrugations is discussed in [15]. In [16], finite element
analysis was used to optimize the number of corrugations and corrugation depth. The
diaphragm with different types of springs was analyzed analytically, and FEA simulations
were performed to check and compare their sensitivities. In [17], a frog-arm-supported
diaphragm is presented, which shows higher sensitivities as compared to that with a
simple clamped diaphragm. Sui et al. [18] analyze how a spring-supported diaphragm
can achieve improved sensitivity with a reduction in diaphragm radius as compared to
the simple clamped design [18]. Instead of using a flexible diaphragm, a microphone
consisting of a rigid diaphragm supported by flexible springs is proposed [19], which
helped reduce the diaphragm deformation caused by thin-film residual stress. This design
was further improved in terms of sensitivity, signal-to-noise ratio (SNR), and bandwidth
by using a flexible V-shaped spring, silicon nitride electrical isolation, and the ring-type
oxide/Polysilicon mesa, respectively [20].

Other research studies (on dual backplate designs) have also shown advantages in
sensitivity and SNR compared to a single-backplate microphone [21-24]. SNR, a key
indicator of performance, is the most important parameter of MEMS microphones and
is defined as the difference between a microphone’s sensitivity and its noise floor and
is expressed in decibels (dB, A-weighted). Current MEMS microphones with analog
application-specific integrated circuits (ASIC) can be found in the range of about 60 dB
to 73 dB SNR [25] by balancing high sensitivity and low self-noise of the microphone.
Improving the SNR can also be achieved by designing a fully differential architecture
double-diaphragm [26] or double-backplate microphone with performance benefits [27].

In this paper, we will focus on improving the SNR by increasing the effective area
of the diaphragm with peripheral and center protrusions on the backplate acting like a
simply supported boundary condition for the diaphragm. The polysilicon diaphragm is
suspended using serpentine springs to minimize the residual film stress of the diaphragm.
In addition, analytical, finite element, and lumped element models are established to
predict the electroacoustic behavior of the proposed microphone whose performance is in
good agreement with the measurements.
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2. Microphone Structure and Design

A generic Knowles capacitive MEMS microphone is represented in Figure 1la. The
cross-section of the structure consists of a polysilicon diaphragm suspended on springs
that are constrained at the perimeter region, as shown in Figure 1b. When a bias voltage is
applied, the diaphragm is electrostatically attracted to the backplate but simply supported
with a center and eight peripheral protrusions (or posts) that extend from the backplate. A
variable capacitor is formed by the relatively rigid backplate and the movable diaphragm.
In response to acoustic pressure changes, the capacitance of the diaphragm changes, and
this change is sensed and converted into a proportional electrical voltage through the ASIC.

(@)

Bondwire Metal Can

MEMS
Cross-
Center post ASIC '[ sectional view

Printed circuit board

Back Perforated backplate Center post

volume B * ‘ [T | Peripheral post
_.m i "f“\\ Bondwire

. Front .
Si Substrate volume Spring ASIC

: 2 Acoustic Printed circuit board
(b) Peripheral post port

Figure 1. (a) A schematic cross-sectional view of a generic Knowles MEMS microphone package.
(b) A top-down optical image of the MEMS die collected using a microscope. The movable diaphragm

Vent hole

is suspended with eight compliant springs along the perimeter. The center and eight peripheral posts
on the backplate prevent the movable diaphragm from electrostatic collapse onto the backplate.

An optical microscope image of the MEMS die is shown in Figure 1b. It clearly
shows the eight serpentine spring structures of the diaphragm which are aligned with the
peripheral posts. The serpentine springs are anchored with the perimeter anchor structure
of the backplate. A small vent hole is located near the center post to allow ventilation of the
pressure between the front and back volume of the microphone. This is used to control the
low-frequency roll-off (LFRO) by forming an acoustical high pass filter for sound. The bias
voltage is applied to the diaphragm bond pad, and the change in capacitance as output
signal is measured across the backplate bond pad.

Details of the MEMS structure are visible in Figure 2a—d. Figure 2a shows the top-
down view of the MEMS die. Figure 2b is a close-up view of the serpentine spring that
comprises spring arms with different lengths. The long arm connected to anchor fingers, as
shown in Figure 2b, provides enough mechanical compliance to achieve the desired high
sensitivity, whereas the short arm connected to the diaphragm provides torsional rigidity
to the diaphragm and more uniform lift-off under bias voltage. Figure 2b also shows the
antistiction dimple structure present underneath the diaphragm.
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Substrate

Dimple

Figure 2. SEM images of critical features of the proposed design. (a) Top view of the MEMS
microphone die, (b) serpentine spring design, (c) perforated backplate with antistiction bumps, and
(d) backplate anchor design to substrate.

Figure 2c presents perforation holes formed in the backplate. Figure 2d shows the
backplate anchor design to the substrate.

3. Microfabrication

The schematic in Figure 3 shows a simplified MEMS fabrication process for the MEMS
device. The first sacrificial layer deposition is followed by polysilicon diaphragm deposition
and etch (Figure 3a). The next sacrificial layer deposition will form a gap between the
diaphragm and backplate electrode and also define the shape of the peripheral and center
posts (Figure 3b). After that, the polysilicon is deposited and patterned to form an electrode
for a backplate formed by the subsequent SisN4 deposition (Figure 3c). The backplate is
patterned to form acoustic holes, and gold is deposited to form metal contact pads. The
back cavity hole is formed by a silicon deep-reactive ion etch process. Then, the sacrificial
oxide is removed (Figure 3d).

Sacrificial layer deposition for gap

formation
: Sacrificial
Diaphragm oxide
I I

(a) (b}

Figure 3. Cont.
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Si;N, deposition for Back Metal contact pad Over pressure stop

plate

Perforated Back plate

Em == 't -I\- -

Peripheral post

Diaphragm
Center post phrag

Diaphragm
anchor

Back cavity hole
——>

(c) (d)

Il Folysilicon Silicon oxide SizN, Gold

Figure 3. Proposed design fabrication sequence: (a) 1st sacrificial layer deposition and polysilicon
deposition for diaphragm with dimples. (b) Sensing gap formation with sacrificial layer deposition
and patterning. (c) Si3zNy deposition for formation of backplate with polysilicon electrode with a
center and peripheral protrusions. (d) Backplate patterning, formation of the back cavity, and gold
metal pads with sacrificial layer release.

4. Reduced Order Modeling

A proposed reduced order model for the MEMS microphone is shown in Figure 4. The
diaphragm mechanical model is coupled with acoustic and electrical domains on its left-
and right-hand side, respectively. This coupling is represented using transformers, which
account for flow and effort variables in each domain, as shown in Table 1. The flow of air
or sound pressure represented in the acoustic domain creates mechanical movement of the
diaphragm, which further drives the electric circuit by changing the capacitance between
the motor and electrode.

Acoustical Domain Mechnical Domain Electrical Domain
ettt i [roTmmsmssssssssssososeoooes
i R’ port L/ ot L" ol i t Rdm Ld/u dia | | |
i — W—— I { Wy f : T 0 i
i » Port 1 s  lae! Diaohragm i oL | Output |
;e Te 3 |38 o T T »
| (94dB ! v 3 : Cus | G |
- sPy i an :
: - L — °
S —— = AT O PR ¢ SO —— A— i

: ! : AW ’FW‘—H v:

i E: RW' i i i

| g i 3%; Backplate i

| Lh,m i E |

:‘ G, Co Gy | -
% 76 R, SE R, 2R, i Back Caviy

Figure 4. A reduced order model for a single-motor MEMS microphone.
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Table 1. Description of domains in an acoustomechanical lumped model.

Domain Flow Variable Effort Variable Impedance  Units of Impedance
Acoustical volume velocity, U  pressure, P Zy, = g % or %
Mechanical velocity, v force, F Zm =1L %

Electrical current, i voltage, V Ze = 7‘7 @)

In terms of the elements such as mass, spring, and damper, the lumped equivalent
mechanical, electrical, and acoustical models are represented in Table 2.

Table 2. Lumped elements in a microphone model.

Mechanical Electrical Equivalent . .
Element Equivalent Model Model Acoustical Equivalent Model
Mass M,;. (kg) Inductance L (H) M, =Mn/A; . f {2 (kg/ m?)
Spring C (m/N) Capacitance, C (F) Ca = CnAy_eff (m®/N)
Damper By, (N.s/m) Resistance, R () R, = Bm/Ad_eff2 (N-s/m®)

The description of each element for the proposed reduced order model is presented in
Table 3.

Table 3. Description of the lumped elements used in Figure 4.

Category Parameter Description Unit
Ryort Acoustic port resistance N-s/m?
Acoustical Lport Acoustic port inductance N-s2/mb
(Port and back cavity) Lyl Front volume inductance N-s?/m5

Cr Front volume compliance m®/N
Acoustical (Vent) Roent Vent flow resistance N-s/m5
Acoustical Rypn Backplate hole resistance N-s/m?®
(Backplate) Lypn Backplate hole inductance N-s?/m®

Cp Back volume compliance m®/N

Acoustical

(Back cavity volume) Cic1r Cre2, Crez - TBL * compliance term #1, #2, and #3 m°/N

Ric1, Rieo, Ryes TBL damping term #1, #2, and #3 N-s/m°

Riia Diaphragm mechanical damper N-s/m

Mechanical . -

(Diaphragm) Lgia Diaphragm mechanical mass kg
Ciia Diaphragm mechanical compliance N
Ryp Backplate mechanical damper N-s/m

Mechanical .

(Backplate) Ly, Backplate mechanical mass kg
Cop Backplate mechanical compliance N

Motor Capacitance
Electrical CMEMS (including MEMS pF
(MEMS and ASIC) parasitic capacitances)

Cin ASIC input Capacitance pF
* TBL is abbreviated for thermal boundary layer.

The acoustical lumped parameters are related to mechanical lumped parameters using
the Equation (1):

Zo = Zm/ Ag_eff” 1)

where Z,, is the mechanical impedance, Z, is the acoustical impedance, and A, ¢y is the
effective diaphragm area.
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4.1. Diaphragm Effective Area (Acoustic-to-Mechanical Transformer Ratio)

The transformer that turns the ratio for conversion between the acoustical and me-
chanical domains is the diaphragm area. An effective area is typically used instead of a
geometric one to better represent a distributed system as the network of lumped elements,
as shown in Figure 5. The effective area is defined so that the air volume displaced by the
lumped element system is equal to the air volume displaced by the distributed system.

1% ,vt'(‘yr ()) Al(,/f
Lumped element J ‘
) representation My Ve
— —
" ! Cepr

Distributed system
Figure 5. Lumped element representation of a distributed system.

Mathematically it can be stated as,

A effYe = /o y(r)27rdr 2)

where the left side of the Equation (2) is the volume displaced by the lumped piston model,
and the right side of the Equation (2) is the volume displaced by the distributed system,
where y, is the maximum deflection of the diaphragm, a is the diaphragm radius, and y(r)
is the diaphragm deflection as a function of radius.

The Equation (2) can be rearranged to define a lumped area coefficient so that

Ad eff = PAd 3)

where A is the geometric area of the diaphragm.
The effective area coefficient is defined as

IB _ Ad,eff _ foay(T)ZTCTdT
Ag AgYe

The effective area coefficient, 5, can be obtained by integrating analytical equations
for diaphragm displacement or by numerical integration of actual displacement data for
the diaphragm.

To determine B, one must know y(r), the deflected shape of the diaphragm. In this
section, we use analytical equations for clamped and simply supported plates to obtain
for each case and then compare the results to ones obtained using FEA.

The expression for obtaining the small deflection shape of a simply supported bound-
ary condition is given by [28]:

y(r) = q(a;;z) ((ii)az —r2> (5)

where g is the uniform pressure difference across the diaphragm, D is the flexural rigidity
for the diaphragm as determined by material properties and diaphragm dimensions, and v
is the Poisson’s ratio.

However, the constrained diaphragm or clamped boundary condition with no residual
stress is given by [28]:

4)

¥ = g (2= 2)’ ©)

Substituting Equations (5) and (6) above into the Equation (4) for 8 and solving the
integral yields:

19



Micromachines 2022, 13, 22

B = 0.46 for a simply supported plate and g = % ~ 0.33 for a constrained diaphragm.
Both calculations are for a generic polysilicon diaphragm with assumed elastic properties.

An FEA approach has been used to verify these analytical results and the effective
area coefficient, B, for peripheral posts and center post boundary conditions for free plate
diaphragm without springs and a semiconstrained diaphragm with springs. Results of the
FEA simulations are shown in Figure 6 and summarized in Table 4.

The FEA is set up with a 45-degree symmetric boundary condition, and a small signal
load of 1Pa pressure is applied to make the diaphragm deflect. The effective area coefficient,
B, is calculated based on Equation (4), defined above.

The diaphragm area, Ay, is calculated to be 5.671 x10~7 m?. For a perfect piston-
shaped diaphragm deflection, f is ~1. The higher § is, the closer deflection of the diaphragm
is to the piston-shaped motion. The diaphragm with the peripheral and center post
configuration has an 85% increase in the effective area as compared to the constrained
diaphragm. The center post configuration combined with the peripheral posts has a 48%
higher effective area compared to the peripheral post configuration without any center
post. Under an applied bias voltage, the effective area additionally increases by 15% as
compared to unbiased case for the proposed configuration since the diaphragm is more
stiffened under bias voltage. This increase is also observed in the case of free plate with
peripheral and center post.

o o

Volume: Displacement field, Z component (m) Ps(3)=1 Pa Volume: Displacement field, Z component (m)
A 1.33x 107

A 252x10”
x10" ]

x107"
25

prescribed point displacement
fixed z=0 for peripheral post

constraint

fixed
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symmetry
Sl symmetry

fixed \
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P11 smetry

1Pa load to bottom
surface

z
o x

Y,

(@)

R

1Pa load to bottom
z surface

symmetry

(b)

¥ -8.51x107"°

Figure 6. Defined boundary conditions and z—displacement field for: (a) constrained diaphragm

and (b) spring—supported diaphragm with peripheral and center post under bias.

Table 4. FEA simulated values of effective area coefficient for different diaphragm boundary conditions.

Volume Maximum Simulated

Diaphragm Boundary Condition Displacement, Displacement, Effective Area

Joy(r)2mrdr (m3) Yy, (m) Coefficient,
Constrained 251 x 10715 133 x10°% 033
Simply supported 145 x 10714 5.57 x 1078 0.46
Free plate with Peripheral Post 1.01 x 10714 429 x 1078 0.41
Free plate with Peripheral and Center Post 1.33 x 1071 3.86 x 1077 0.61
Semiconstrained with Peripheral Post 9.22 x 10715 3.95x 1078 0.41
Semiconstrained with Peripheral Post and Center Post 1.3 x 1071 3.74 x 1077 0.61
Semiconstrained with Peripheral Post and Center Post under bias 1x 10715 252 x 1077 0.7

4.2. Electrostatic Coupling Coefficient (Mechanical-to-Electrical Transformer Ratio)

The electrostatic coupling coefficient, ¢, can be calculated directly from the equations
governing ideal transformers and the definitions of the effort and flow variables. Assuming
the diaphragm is blocked so that it cannot move, the electrostatic force can be expressed as
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where expression on the right-hand side is the force between the plates of a parallel plate
capacitor. Note that V2 consists of both a DC component (the bias voltage) and an AC
component (the signal). Because we are interested in a linear, small-signal model, the V72,
(DC) and V2 (nonlinear) terms can be dropped, and the expression becomes

F— oV = eA(VE o+ Vi + 2Viigs Vac) . EAVhias Vac ®)
2¢3 8
Solving for the coupling coefficient yields
_ €AVpias — Co )
8&  Cem

where C, is the MEMS capacitance at the bias voltage, and Ce;;, = ng':us is the reactance of
the transducer [29], where g, is the gap after bias.

4.3. Effective Mass of the Diaphragm

The effective mass of the diaphragm accounts for the nonuniform deflection profile of
the diaphragm (not all of the mass is moving by the same amount). Referring to Figure 7,
the effective mass used in the lumped model is defined such that kinetic energy is equal for
the lumped and distributed representations. The effective mass can be expressed as

2ot (7
My eff = 72)/ Y2 (ryrdr (10)
Ye 0
A<f.f/'
Lumped element ’ )
2 . representation My Ye
y(r) ~
S
— CC/.‘f
TI dm )

~
T

Distributed system
Figure 7. Lumped element representation of a system with distributed mass.

An effective mass coefficient, a, can be defined such that m; .rf = amy, which results in

_ Maeff  2mpt /’” 2
x = T 7mdyc2 ; y(r)rdr (11)

The values of « for free plate and clamped diaphragms are calculated for each case as

shown below. Analytical expressions for y(r) are given in Equations (5) and (6) for simply sup-
ported and clamped boundary conditions, respectively. Substituting each into the Equation (13)

for the effective mass coefficient and solving yields, & = m‘;;;ff = %}th Oﬂ y2(r)rdr = 0.296

My eff _ 2mpt ra_ 2
mg  om dyc2 0 y
Another technique that can be used to extract the effective mass is by measuring the

resonance frequency in vacuum, which accounts for the unloaded diaphragm resonance.

The effective mass equation is given by

for a simply supported plate, and & = (r)rdr = 0.2 for a clamped plate.

1  Adegr
g,vac Cd,mech w%,vaccd,cp

Maeff = (12)
where w, yqc is the measured resonance frequency in vacuum and Cy .y, is the mechanical
compliance of the diaphragm in units of m/N. The mechanical compliance of the diaphragm
can be also expressed in terms of effective area, A;.rf, of the diaphragm and acoustic
compliance, Cy cpr in units of m/Pa. This technique is used for direct measurements for the
semiconstrained MEMS with peripheral posts and center post boundary conditions.
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4.4. Diaphragm Compliance

The diaphragm compliance is measured under an applied bias voltage. There is often
a negative mechanical compliance included in the lumped models for electrostatic trans-
ducers that accounts for a phenomenon commonly referred to as electrostatic softening,
whereby the mechanical compliance is effectively increased by the tendency of the electro-
static force to counteract the diaphragm restoring force when the diaphragm is displaced
toward the counter electrode [29]. However, the negative compliance is not included in the
model presented here, since the MEMS is biased when the compliance is measured. The
softening term is already accounted for during the measurement, and no separate term is
needed in the model. The compliance values obtained are only valid for the bias at which
they are measured. If the bias is changed, the compliance needs to be remeasured.

The compliance of the diaphragm was measured here directly using a Laser Doppler
Vibrometer (LDV). The device under test (DUT) is mounted on a pressure cavity, as shown
in Figure 8. A small speaker provides an actuation pressure, while the LDV monitors
the maximum diaphragm displacement. A reference microphone is used to calibrate the
actuation signal to 1Pa. The resulting measurement gives the diaphragm compliance
in units of m/Pa, corresponding to specific acoustic impedance. To convert to units of
mechanical impedance, multiply by the diaphragm effective area, as shown in Table 5.

Figure 8. Experimental setup for the diaphragm compliance measurement using a scanning LDV.

Table 5. Summary of techniques for measuring diaphragm compliance.

Expression Unit Description
Cisa = ‘;ma; m/Pa Specific Acoustic Impedance
5 .
= —Omax m/N Mechanical Impedance
Cd prefAdeff / p

An interesting observation was reported with the diaphragm acoustic compliance
under bias voltage with the simply supported conditions using peripheral posts and center
post design. The acoustic compliance decreased with increasing bias voltage in this config-
uration as opposed to increasing acoustic compliance with increasing bias voltage from
electrostatic spring softening for constrained diaphragms. This particular phenomenon in
the simply supported design is usually termed as the electrostatic spring stiffening effect.
The apparent stiffening of the diaphragm is driven by the nonlinear static displacement
of the diaphragm due to the electrostatic force. The FEA model is used to capture this
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behavior for the described model. The diaphragm acoustic compliance is plotted against
the bias voltage in Figure 9.
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Figure 9. Measurement and simulation of the diaphragm acoustic compliance vs. bias voltage for the
semiconstrained with peripheral post and center post boundary condition. The polynomial fitting
curve is for the simulation.

5. Diaphragm FEA Model

FEA models have been developed to predict the mechanical response of the MEMS
microphone diaphragm considering serpentine spring architecture with peripheral posts
and a center post. To capture the fringe field effect due to the perforation holes on the
backplate, a separate model was established that can be fed into the electromechanical
model to simulate the coupled effect.

All FEA models are obtained through COMSOL Multiphysics® software and a ther-
moviscous acoustic model was developed to calculate the acoustic damping of the MEMS.

5.1. Unit Cell Capacitance Model

We begin by calculating the correction factor of the electrostatic force and capacitance
for the perforated backplate by taking advantage of the uniform hexagonal distribution
across the electrode surface, as shown in Figure 10. For the unit cell model setup, we define
the air gap and the perfectly matched layer (PML) on the top, as shown in Figure 11a. The
permittivity of vacuum for air, Si3sNy, and polysilicon materials is defined in the material
properties section of the module. The electric potential of 1 V is applied to the electrode,
and the ground is set to 0 V, as shown in Figure 11b. A fringing field effect can be captured
using the 1/6th unit cell FEA. The fringe field distribution near the acoustic hole is as
shown in Figure 11c.

The acoustic hole perforation ratio is approximately 54% of the defined electrode
area. The electrostatic force and capacitance functions are shown in Figure 12a,b and are
represented by fitting polynomials as a function of gap. These functions are used in the
mechanical FEA model in the form of correction factors to calculate the motor capacitance
and collapse voltage. For a gap of 5 um, the force correction factor is determined to be 0.7,
meaning 30% reduction in force with respect to the solid plate. Similarly, the capacitance
correction factor is estimated to be 0.84, meaning 16% reduction in capacitance with respect
to the solid plate.
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Figure 10. Hexagonal symmetry of the perforated backplate.
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Figure 11. (a) Defined boundary condition for the 1/6th unit cell model with SizNy4 backplate and
underlying polysilicon electrode. (b) Electric potential distribution with ground and terminal voltage.
() Electric field distribution with fringing field effect.
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Figure 12. (a) Electrostatic force as a function of the gap between the electrodes for solid and
perforated plates. (b) Capacitance as a function of the gap for solid and perforated plates.

5.2. Electromechanical Model

Symmetry of the diaphragm with a 45-degree segment is utilized to capture deflection,
capacitance, and resonance modes under bias voltage. This model is obtained using
COMSOL Multiphysics® software with MEMS module. The electrostatic force F is fed into
the model as per the coupling Equation (13), defined as

2
F= Lz (13)
2(go — w)
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where A is the surface area of the diaphragm, gy is the initial gap between the diaphragm
and backplate electrode, and w is the diaphragm deflection under bias voltage, V. Fur-
thermore, the above electrostatic force equation is multiplied by an analytical correction
function to account for the effect of perforations. The material properties and dimensions
of the polysilicon diaphragm are tabulated in Table 6, below.

Table 6. Dimensions of the MEMS microphone diaphragm.

Property Value
Diaphragm diameter 850 (pm)
Diaphragm thickness 14 (pm)

Spring long arm length 80 (um)

Spring short arm length 45 (pum)

Spring width 8 (um)

Gap between springs 4 (um)
Spring count 8

The mesh and deflection shape of the diaphragm under bias voltage are shown in
Figure 13a—d. Since there is a presence of a rigid center post on the backplate, the deflection
shape of the diaphragm looks like that of a ‘donut’ under the bias voltage. The diaphragm
capacitance is also plotted as a function of bias voltage until the diaphragm collapse
happens with the backplate at 50 V. The presence of the small kink in Figure 13e at 25 V bias
indicates engagement of the diaphragm with the peripheral posts. Figure 13f shows the
deflected cross-section shape of the diaphragm under different bias voltages. At diaphragm
radius r = 0 um, the diaphragm is deflected to 0.6 um at the center and is further restricted
to move at center due to the presence of a rigid center post.
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Figure 13. (a) Developed fine mesh for the full FEA model. (b) Developed mesh for the spring.
(c) A 45-degree symmetry deflection model of the diaphragm under bias. (d) Full diaphragm
deflection model showing a donut deflected shape under bias. (e) Capacitance as a function of bias
voltage with collapse 50 V, parasitic capacitance not included. (f) Diaphragm deflection along the
radius cross-section at different bias voltages.

5.3. Resonance Modes

The resonance modes of the diaphragm under bias are extracted using the prestressed
eigenfrequency study in COMSOL Multiphysics®. The first four vibration modes are as
shown in Figure 14a—d. The first vibration mode is an ideal z-displacement vibration mode
of the diaphragm. The first vibration mode (54.5 kHz) and the second mode (61.2 kHz) are
high enough to not create any interference with the normal operating frequency range of
microphone in the 20-20 kHz. The third and fourth vibration modes are even higher than
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100 kHz. Note that the resonance obtained here is under vacuum condition, and no air
damping has been used in the model. The structural diaphragm resonance under ambient
pressure loading is discussed in Section 7.1, with the first resonance mode measured in air
to be 39 kHz.

fi= 54.5 kHz f,=61.2 kHz

(a) (b)
f=132.4 kHz fs&= 204.5 kHz

©) (d)

Figure 14. The first four vibration modes of the FEA model of the microphone diaphragm:
(a) f1 =545kHz, (b) f» = 61.2 kHz, (¢) f3 = 132.4 kHz, and (d) f4 = 204.5 kHz. The red and
blue surface profiles indicate regions of maximum and minimum deflections, respectively.

The deflection of the diaphragm under bias voltage is plotted against the applied
sound pressure, as shown in Figure 15. For the small signal applied acoustic pressure,
the diaphragm acoustic compliance can be calculated using the linear slope of the curve
to be 2.5 nm/Pa. The acoustic compliance is the deflection averaged over the surface
of the diaphragm under the applied sound pressure. The mechanical compliance of the
diaphragm is calculated to be 7.154 x 1073 m/N.

250 T
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Figure 15. Simulation result of diaphragm deflection under the bias voltage as a function of
sound pressure.

6. Noise Sources in MEMS Microphone

The four major acoustic sources of noise in MEMS microphones are acoustic port
damping and vent resistance, which includes slit flow (around the perimeter of the di-
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aphragm since it is not fully constrained) in parallel with flow through the pierce (hole
punched on the diaphragm near the center post). The four major noise impedances are
highlighted in red in the Figure 16. 2,4, Z%¢,, 2, and Z"j, are the port, front volume,
diaphragm, and back volume impedances, respectively. The analytical or FEA approach to
obtain these parameters will be discussed in this section.

ASIC

PCB

Figure 16. Simplified electroacoustic lumped model representing noise sources.

6.1. Analytical Calculation of Port and Cavity Acoustic Parameters

For the noise model, the dimensions and properties shown in Table 7 were used.

Table 7. Microphone lumped parameter values.

Category Parameter Description Value Unit
Vp Back cavity volume 1.676 x 10~° m3
Package Iy Acoustic port length 250 x 107° m
ap Acoustic port radius 175 x 10~° m
V¢ Front cavity volume 0.88 x 1079 m3
4 Diaphragm radius 425 x 1076 m
tq Diaphragm thickness 1.4 x 107 m
TAH Acoustic hole radius 8.25 x 10 m
So Average gap after bias over electrode region 4x10°° m
Viias Bias Voltage 37 \Y
Cinems,tot MEMS total capacitance 0.9 pF
Cp MEMS parasitic capacitance [30] 0.12 pF
MEMS Wi Diaphragm resoniﬂ;emilr; gg?;asitfrization package, 39 KHz
Ci Diaphragm compliance 2.5 nm/Pa
fe Low-frequency corner 35 Hz
R, Backplate damping 1.74 x 108 Pa-s/m?
mg , f Effective acoustic diaphragm mass 1.13 x 10710 kg
o Effective mass coefficient for simply supported plate 0.296 dimensionless
Ad_eff Effective diaphragm moving area 352 x 1077 m?
B Effective area coefficient 0.7 dimensionless
@ Electrostatic coupling coefficient (Transduction factor) 1.201 x 10° V/N
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The acoustical-domain lumped parameters for the acoustic port and cavities can be
calculated using well-known analytical expressions, as shown in Table 8.

Table 8. Calculation of port and cavity parameters.

Symbol Description Expression Unit
0o(lp+1.7a N.s2
1y Port mass my = ( Pm% ) >
Ry Port resistance R, = %’g %
Front cavity %
C . - 5
f compliance Cy 0oc? m”/N
Back cavit
Gy . Y Cp = Vbz m°® /N
compliance PoC

Where [, is the length of the acoustic port (m), ap is the radius of the acoustic port (m), Vy is the volume of the

front cavity (m3), and V;, is the volume of the back cavity (m?). The physical constants represented here are density
of air, pg; viscosity of air, n; and speed of sound in air, c.

For calculating the port impedance, Beranek’s analytical equations are used [31].
The radiation port impedance is given by Equation (14):

_ PoC 2 (2kay) _2H (2kap)
Zrad = maZ [(1 2ka, J 2ka, (14

where Hj(z) ~ 2 — Jo(z) + (1;6 - 5) SNz 4 (12— %)1_‘5#, and J;(x) is the first-order
Bessel function. For an approximation for the Sturve function of the first kind, Hy (x) is
used as given by [32]. The plots for port damping and port mass as a function of frequency,
obtained using the lumped parameter model, are shown in Figure 17a,b.

Port Mass
10 T T

Total Damping Total Mass
| |= — Port Damping 4 = = Port Mass
Radiation Damping Radiation Mass

Port Damping

Port Damping [Pa*slmal
ab
Port Mass [kglm4]
=

102 10° 10 10° 102 10% 10* 10°
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Figure 17. (a) Total damping obtained using port damping and radiation damping as function of
frequency, and (b) total mass obtained using port mass and radiation mass as a function of frequency.

6.2. Calculation of Enclosure Impedance

The thermal boundary layer thickness, J;, as a function of frequency is given by

2K
o = 15
=\ ame, (15)

Equation (16) assumes the wall to be an isothermal boundary and ignores the influence
of adjacent walls. The thermally corrected impedance for a thin parallelepiped enclosure
with a height 2a is given by Equation (16) [33]:

1
Z= (16)
. nh
jwCqa {1 + (v - 1)(ta ﬁgﬁa)ﬂ
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where C, is the adiabatic compliance of the air volume, = 1/ 1wp ko S , Po is the density, k is

the thermal conductivity, 7 is the ratio of specific heats for gas inside the enclosure, and C,
is the specific heat at constant pressure of the gas inside the enclosure. For a more detailed
discussion on this topic, see [33].

6.3. Vent Resistance

The LFRO of the microphone is set, effectively, by an RC high-pass filter formed
between the total vent resistance, Ry, , and the back volume compliance, Cy, ;,;. Because
the LFRO can be easily measured and the back volume compliance is generally well-known,
the vent resistance can be calculated using Equation (17):

1

_ 17
271 frFROCh tot 17)

Ry tor =

6.4. Backplate Damping

Analytical solutions for the acoustic damping in perforated MEMS with a piston-
like motion of the diaphragm and also a clamped circular diaphragm [34] have been
developed. However, for the presented microphone, due to the complicated shape of
the diaphragm under bias, developing a closed form analytical formula for the damping
would be challenging. The damping of flexible structures can be accurately estimated with
thermoviscous FEM simulations [35].

The Thermoviscous Acoustic (TA) module of the COMSOL Multiphysics® software is
used for three-dimensional FEM frequency domain simulations of the backplate acoustic
damping. Due to the symmetric pattern of the posts, a 22.5 deg section of the plate is
modeled, and the symmetry condition is applied to the edges. Appropriate no-slip and
isothermal wall boundary conditions are applied to all pertinent included model surfaces.
The deflected shape of the diaphragm under bias voltage from the diaphragm model in
Section 5.2 is used for the static shape of the diaphragm in the damping model. The velocity
of the diaphragm, as a function of the radius and angular coordinate of the diaphragm, is
extracted from the diaphragm model. In the damping model, the diaphragm surface is
driven with this velocity function.

A column of air and a PML are included at the top of the backplate to guarantee no
reflection from the top.

The cross-section of the velocity field from the FEM model is shown in Figure 18. The
acoustic damping (resistance) is calculated from Equation (18):

by = P diss

P 1 2
21Ul

where Py, is the total dissipated power calculated from volume integral of the total power

dissipation density, and U is the diaphragm volume velocity. The simulated value for the
damping was Rbp =1.74 x 108 (Pa-s/m3).

(18)

Figure 18. Cross-section of the velocity field in the FEM domain at 1 kHz. Red is associated with high
velocity, and blue is associated with low velocity.
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7. Microphone Performance
7.1. Microphone Sensitivity

The sensitivity under bias voltage is defined by Equation (19):

AC-Vg )
Cu +Cp+ C,)-AP

where C,, is the diaphragm capacitance, C,, is the parasitic capacitance, C; is the ASIC input
capacitance of 0.215 pF, AC is the change in capacitance under the applied acoustic pressure,
and AP is the pressure change accounting for the back volume compliance change due to
diaphragm movement.

The frequency response of the microphone was measured in an anechoic chamber
and was compared to the simulated frequency response from the lumped element model
shown in Figure 19. A good correlation between the measured and the simulated curves is

established. The measured sensitivity at 1 kHz is —38 dBV /Pa. The microphone resonance
in air is 39 kHz.

S =20log,, <( (19)
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Figure 19. Measured frequency response along with the simulation.
7.2. Noise

The noise spectrum of the microphone can be obtained by measuring the power
spectral density in a sound isolation chamber. The measured noise spectral density is shown
in Figure 20 with the simulation results from the lumped element model from Figure 16.
Good agreement is observed between the simulated noise spectral density and the measured
noise spectral density. The total noise spectrum is the incoherent superposition of all the
noise sources. By solving the lumped circuit as per Figure 16 for responses from each noise
source individually, the total noise can be calculated.
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Acoustic Noise Spectral Density
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Figure 20. Measured and simulated noise spectral density. The component-wise noise spectra are
plotted together to show their contributions to the simulated noise spectrum in total.

By subtracting the ASIC noise from the total microphone noise, the acoustic SNR was
calculated to be 69 dBA. The acoustic SNR is a measure of the MEMS and package noise
contributions, which is calculated by excluding the ASIC noise from the total noise. The
typical A-weighted input-referred ASIC noise is approximately 3.4 uVrms. The microphone
SNR obtained is 67 dBA in a 3.25 mm X 1.9 mm X 0.9 mm package.

As shown in Figure 21a, the backplate damping with ~50% is the highest contrib-
utor for the acoustic noise source, followed by the back volume, vent, and port noises,
respectively. At the microphone level, including ASIC, as shown in Figure 21b, the analog
ASIC noise with 38% is the highest contributor to the noise source followed by backplate
damping, back volume, vent, and port noises.

Contributions to Mic-Level Noise Power
(A-weighted, 20Hz-20kHz)

Contributions to Acoustic Noise Power
(A-weighted, 20Hz-20kHz)
0% g9

30%
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19% 38%
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1 5%‘
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I_Backplate I 5V [ Vent :lPort‘ [-Backplate I 5V [ Vent [ Port :]ASIC‘

(@) (b)

Figure 21. Pie charts for the total acoustic noise contributors from (a) MEMS only and (b) a package
including MEMS and ASIC.

7.3. Resonance Peak

The noise spectral density is plotted in Figure 22 against the frequency by measuring
in vacuum and air. The resonance in the vacuum is purely the mechanical diaphragm

31



Micromachines 2022, 13, 22

resonance owing to no air damping and is reported to be 55.5 kHz, which is 2% higher than
the predicted diaphragm resonance (54.5 kHz) using the FEA model in Figure 14. Due to
the air loading effect, the microphone resonance in air is measured to be 39 kHz, which is
in excellent agreement with the lumped element model prediction, as shown in Figure 20.

10°°

Noise Spectral Density in Air and Vacuum with Frequency

—Air
Vacuum

-

o
&
T

Noise Spectral Density [V//Hz ]
S
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10" 102 10° 10* 10°
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Figure 22. Noise spectral density in air and vacuum with respect to frequency.

7.4. Total Harmonic Distortion

Figure 23 shows the measured total harmonic distortion (THD) of the microphone,
showing a distortion of 1.4% at 130 dB SPL and 7.2% at 134 dB SPL. The acoustic overload
point (AOP) of 10% THD is higher than 134 dB SPL, at which point the electrical signal
clips in the ASIC.

10" T

THD vs. Sound Pressure Level
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Figure 23. Measured THD curve.

In Table 9, the electroacoustic performance of the proposed MEMS microphone is
summarized. In addition, Table 10 shows a comparison with other bottom port MEMS
microphones available in the market with a similar package size. Our proposed MEMS
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microphone compares favorably with the available microphones in the market in terms of
sensitivity, SNR, and THD performance in a relatively smaller package.

Table 9. Summary of the electroacoustic performance of the proposed MEMS microphone.

Property Value
Sensitivity —38 dBV /Pa
Signal-to-noise ratio (SNR) 67 dBA
Total harmonic distortion (THD) 7.2% at 134 dB SPL
Bandwidth 35-10 kHz
Motor capacitance 0.9 pF
Bias voltage 37V
Pull-in voltage 50V

Table 10. Performance comparison of the proposed design and commercially available MEMS

microphones in market.

Microphone ASIC Interface Sensitivity (31;11:) ( dgcs)gL) (miaik;g; lezne“n)
Knowles, Proposed design Analog —38 dBV/Pa 67 >134 3.25 x 1.90 x 0.9
Infineon partner, MMA208-001 [36] Analog —38 dBV /Pa 67 135 3.35 x 2.50 x 0.98
Infineon partner, MMA208-W02 [36] Analog —38 dBV /Pa 66 136 3.35 x 2.50 x 0.98
Infineon partner, MA-ERA381-H43-1 [36] Analog —38 dBV/Pa 65.5 137 3.35 x 2.50 x 0.98
Infineon partner, S140B381 [36] Analog —38 dBV/Pa 65 135 3.35 x 2.50 x 0.98
TDK InvenSense, ICS-40618 [37] Analog —38 dBV /Pa 67 132 3.5 x 2.65 x 0.98
ZillTek, ZTS6554 [38] Analog —37dBV/Pa 67 120 3.35 x 2.50 x 0.98
ZillTek, ZTS6054 [38] Analog —38 dBV/Pa 65 125 3.35 x 2.50 x 0.98
TDK InvenSense, ICS-4078 [39] Analog —38 dBV /Pa 66 135 3.35 x 2.50 x 0.98

8. Conclusions

A semiconstrained diaphragm with a unique spring design supported with periph-
eral posts and a center post has been developed with performance of 67 dBA SNR in a
3.25mm X 1.9 mm X 0.9 mm package. This is among the highest SNR that has been re-
ported in this package as compared to other commercially available microphones. The
microphone has a diaphragm with eight serpentine springs consisting of a shorter arm
connected to the diaphragm side and a longer arm constrained on the anchor finger. The
peripheral posts near the springs have been designed along with a center support structure,
providing a simply supported boundary condition for the diaphragm under bias voltage.
An 85% increase in the effective area of the diaphragm in this configuration was found with
respect to a constrained diaphragm and a 48% increase with respect to a simply supported
diaphragm without the center post architecture. Under the bias condition, the effective
area further increases by 15%, as compared to the unbiased case. Detailed analytical, FEA,
and lumped element simulations were utilized to predict and optimize the performance
levels of the microphone. The results of the FEA and lumped element simulations show a
good agreement with the measurement values obtained for the microphone.
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Abstract: Currently, the most advanced micromachined microphones on the market are based on
a capacitive coupling principle. Capacitive micro-electromechanical-system-based (MEMS) micro-
phones resemble their millimetric counterparts, both in function and in performance. The most
advanced MEMS microphones reached a competitive level compared to commonly used measuring
microphones in most of the key performance parameters except the acoustic overload point (AOP).
In an effort to find a solution for the measurement of high-level acoustic fields, microphones with the
piezoelectric coupling principle have been proposed. These novel microphones exploit the piezoelec-
tric effect of a thin layer of aluminum nitride, which is incorporated in their diaphragm structure.
In these microphones fabricated with micromachining technology, no fixed electrode is necessary,
in contrast to capacitive microphones. This specificity significantly simplifies both the design and
the fabrication and opens the door for the improvement of the acoustic overload point, as well as
harsh environmental applications. Several variations of piezoelectric structures together with an idea
leading to electrically controlled sensitivity of MEMS piezoelectric microphones are discussed in
this paper.

Keywords: aeroacoustics; piezoelectric transducer; microphone; AOP; design; sensitivity control

1. Introduction

The field of micromachined microphones has seen significant advancements in recent
years with the growing demand for miniaturization and high-performance sensing capa-
bilities in various applications. For a long time, micro-electromechanical-system-based
(MEMYS) acoustic sensors have been the focus of academic and industrial research teams.
The first developments of micromachined microphones were enabled by the progress in
material science, fabrication technologies, miniaturization, and sensor techniques. Exam-
ples of these preliminary steps are the invention of the electret microphone [1] and progress
in silicon-based static pressure sensors [2]. Further developments of micromachined micro-
phones were achieved by many research teams and focused on the most common general
approach using a diaphragm as an active microphone element converting the acoustic sig-
nal to the mechanical signal, and then converting the mechanical signal to the electric signal
through known transduction principles. This effort resulted in the first microphones using
piezoelectric [3], capacitive [4], and piezoresistive [5] couplings. Later, the FET (field effect
transistor) microphone using a new principle, enabled only by silicon micromachining,
was invented [6]. Finally, an optical microphone was invented, in which a diaphragm and
a rigid structure form an optical waveguide with the geometry, and thus the transmission
properties dependent on the diaphragm deflections modify the intensity and the phase of
the transmitting optical signal [7].

Micromachines 2024, 15, 879. https:/ /doi.org/10.3390/mil15070879 36

https://www.mdpi.com/journal /micromachines



Micromachines 2024, 15, 879

From these early demonstrated micromachined devices, a capacitive microphone has
been adopted as the dominant microphone type for further development for several reasons.
The first reason was its much lower noise floor compared to piezoelectric or piezoresistive
microphones. The other reason was the applicability of currently used industrial microtech-
nologies for its fabrication, with no requirement for additional structural layers or process
steps. With strong industrial support, the micromachined capacitive microphone reached a
commercial form after more than twenty years of incubation and became one of the most
successful commercial MEMS products in the history of microsystem technology [8]. The
continuing research of this kind of microphone resulted in key performance parameters
such as sensitivity, signal to noise ratio, and distortion, meeting high requirements for
microphones for mobile applications [9].

More recently, the availability of aluminum nitride (AIN) layers in industrial fabri-
cation processes brought an increased interest in piezoelectric thin-plate-based microma-
chined devices. The following two kinds of acoustic devices using this new AIN-based
technology were developed almost simultaneously: piezoelectric micromachined ultrasonic
devices (PMUTs) and piezoelectric microphones.

PMUTs have been presented as counterparts of already mature capacitive micro-
machined ultrasonic devices (CMUTs). These kinds of thin-film-based micromachined
ultrasonic transducers (MUTs) have been investigated as an alternative to conventional
bulk, or thick-film, or piezocomposite ultrasonic transducers due to the advantages offered
by microsystem technologies, namely small size, low power consumption, easy intercon-
nexion, batch fabrication, and low cost. The working principle of CMUTs, like that of
capacitive microphones, relies on the conversion of mechanical energy into electrical energy
through an electrostatic field between two electrodes of a device. The energy conversion
can take place in both ways, so the device can both transmit and receive acoustic signals.
CMUTs have been demonstrated to work efficiently for both air and immersion appli-
cations and their main use is in medical imaging, but also in underwater imaging and
nondestructive evaluation [10]. PMUTs exploit a 31-mode of a piezoelectric layer to gener-
ate or detect an acoustic signal. In cases of detection, an acoustic signal deforms the device
diaphragm containing the piezoelectric layer and thus creates in-plain mechanical strain
(1-direction), which results in an out-of-plane electric field (3-direction) obtained through
the 31-transverse piezoelectric effect. The main applications of PMUTs are rangefinders [11],
fingerprint sensors [12], and implantable micro-devices [13].

A piezoelectric microphone works, like a PMUT, in a 31-transverse mode. The main
difference between the two devices consists of the useful frequency range definition. PMUTs
are resonant devices and their useful frequency range is spread in a relatively narrow
band around the resonant frequency. The useful frequency range of a microphone is
located under its resonant frequency. The frequency range is limited at its high end by
the resonant frequency and its low end is characterized by the leaks due to electrical
and acoustic resistances. The piezoelectric microphone structure, thanks to the absence
of a fixed electrode, offers a unique advantage due to its fabrication simplicity. The
piezoelectric microphone can bring improvements in ruggedness and in moisture tolerance
that are important in harsh environmental applications. Compared to the capacitive
microphone, the piezoelectric structure enables higher diaphragm excursions, limited only
by its nonlinear behavior, and thus higher acoustic overload point (AOP). This feature has
attracted attention for industrial and aerospace applications with extremely high acoustic
levels. One of the first piezoelectric microphones designed for aeroacoustic applications
reached an AOP of 172 dB, which is substantially higher than in the currently available
typical micromachined capacitive microphones [14].

The aim of this paper is to introduce modeling approaches and main design consider-
ations related to MEMS piezoelectric microphones, and to compare and discuss simulation
results for piezoelectric microphones with a circular diaphragm with a piezoelectric layer
located in two specific diaphragm regions (one is close to the center and the other is close
to the clamped edge). Based on the parametric optimization, the effects of several design
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parameters, such as the piezoelectric layer thickness and width, the sensing electrode
localization, and the pressure equalization hole dimensions, on the microphone sensitivity
and signal-to-noise ratio (SNR) are demonstrated in a typical case study. The optimiza-
tion towards a high AOP is presented and the expected performance of this parameter
is estimated.

The ability of a piezoelectric layer to serve not only as a sensor but also as an actuator
opens the space to advanced designs of acoustic devices aimed at the control of various
parameters such as resonant frequency, stiffness, or sensitivity. Various approaches using
piezoelectric layers have been applied to acoustic and ultrasonic micromachined devices to
achieve resonant frequency tuning [15,16] or sensitivity improvement [17]. A configuration
with a piezoelectric layer with two distinguished sections, one used as a sensor and the
other as an actuator, is also proposed in this paper. To the best of the authors” knowledge,
a similar solution demonstrating the diaphragm stiffening due to bias voltage, enabling
microphone sensitivity and AOP tuning, has not been applied in the audio frequency range.

After this short overview of micromachined microphones, Section 2 presents the
piezoelectric materials that are considered in the study, the microphone mechanical struc-
ture corresponding to the silicon on insulator (Sol) fabrication process, and the associated
acoustic elements. Modeling approaches are described in Section 3, and optimization pro-
cesses are explained in Section 4. Finally, Section 5 is devoted to the proposed microphone
structure aimed at electrically controlled sensitivity.

2. Piezoelectric Microphone Structure

The microphone structure involves mechanical elements, neighboring acoustic ele-
ments and components introducing electromechanical coupling, enabling its main
function—sensitivity to acoustic stimulation. The microphone’s performance is deter-
mined by the response of such a complete structure to an acoustic stimulus applied on
its diaphragm.

The number and dimensions of each layer composing the microphone structure,
as well as their material constants and associated stresses, depend heavily on the used
fabrication technologies. The choice of the piezoelectric material was made in agreement
with the technology applicable for its deposition and it also determined the appropriate
materials for the bottom and top electrode layers.

2.1. Piezoelectric Layer

The function of a piezoelectric device requires a capacitor structure with a piezoelectric
layer sandwiched between its top and bottom electrodes. If the main deformation of the
piezoelectric layer obtained in diaphragm-based microphones is considered, the general
tensor constitutive equation, coupling the electrical and mechanical domains, can be
reduced to the following equations [18]:

S1 =sh Ty +ds Es, 1)

D3 = d3; Ty + €133, )

where S1 and T are the mechanical strain and stress in axis 1, E3 and D3 are the electric field
and the electric density displacement in axis 3, s11F is the compliance constant at a constant
electric field, d3; is the piezoelectric constant, and e33” is the permittivity of the piezo-
electric material at a constant mechanical stress. The components of Equations (1) and (2)
correspond to the fact that the mechanical strain and stress are applied in the lateral di-
mension, which is perpendicular to the polarization, to the electric field and to the electric
density displacement axis. Such a situation is described by the ‘31" components of the
piezoelectric matrix and by the corresponding so-called ‘31" coupling mode of operation
for piezoelectric materials.
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In most of the applications using the bending of a piezoelectric thin film, the total
elastic properties of a bending structure are often dominated by a substrate, which brings
the main difference to the evaluation of the piezoelectric activity compared to bulk materials.
The anisotropic interaction between the piezoelectric film and the substrate results in
identical strains along in-plane directions (S; and S5), and the stress perpendicular to the
film surface is T3 = 0. Such a situation enables the derivation of effective piezoelectric
coefficients and an example is shown below [19]:

d3
E E
S11 512

®)

€31,f =

Compared to its intrinsic bulk value, the absolute value of the effective e-coefficient is
always larger than e3;. The effective piezoelectric coefficients can be conveniently used as an
evaluation index for the piezoelectric characteristics of thin films. These coefficients can also
be measured directly by unimorph cantilever-based methods [20]. Nevertheless, for numer-
ical simulation-based modeling, all materials building the microphone structure must be
described with complete matrices of intrinsic elastic, electric, and piezoelectric coefficients.

In this paper, an AIN layer is considered as a basic piezoelectric component of a
microphone structure. In specific arrangements requiring an actuation function, the ferro-
electric material lead zirconate titanate (Pb(Zr,Ti)O3), abbreviated as PZT, is also taken into
account. The main matrix components describing piezoelectric materials involved in our
study related to the ‘31" coupling mode of operation are listed in Table 1.

Table 1. Main physical properties of piezoelectric materials used in the simulations.

Property AIN PZT
Compliance Sil [TPa—1] 3.53 12.8
Compliance s7, [TPa~!] —1.01 —-3.7
Compliance sf3 [TPa~1] —-0.77 —5.8

Material density [kg/ m?] 3260 7700
Piezoelectric constant d3 [pm/V] —2.65 —118
Piezoelectric constant e3; [C/m?] —0.58 —4.1

Relative permittivity 63T3 [-] 9.5 1160
Dielectric loss angle (tand) [%] 0.3 2
Figure of merit My [10° Pa'/?] 20.9 9

The material parameters displayed in Table 1 depend heavily on physical parameters
applied during the fabrication process and good knowledge of these parameters is critical
for obtaining accurate simulation results. For the modeling purpose of this paper, focusing
various simulation cases, Table 1 was drawn from the reference literature [14,21-23].

Various figures of merit focusing on various criteria have been adopted for piezo-
electric transducers with bending elements. If the transmission of the acoustic signal is
focused, the effective transverse piezoelectric constant can be used as a figure of merit for
the transmission case.

My = ‘631,]"- 4

Materials with a higher value of M can produce larger sound pressure at the same
driving voltage, or the required driving voltage becomes lower to obtain the same pressure
level [24].

In a sense mode, when the membrane is deflected due to an impinging acoustic wave,
a piezoelectric g constant is important [24]. A corresponding figure of merit for a sense
mode is shown below.
€31,f

Mg =
€33€0

: ©)
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Another figure of merit representing the intrinsic signal-to-noise ratio of the material
has been defined as follows [23]:

€31, f

Vesseotand |

If both materials considered in this study are compared with the aid of the figures
of merit (4) and (5), AIN could be effectively applied to sensors, whereas PZT is better
suited for actuation purposes. The fast and simple comparison using the figures of merit
was confirmed by using multi-criteria decision-making (MCDM) material selection tech-
niques [25]. From the currently available piezoelectric materials, AIN clearly stands out
as the best candidate for use as a microphone sensitive layer. For voltage detection, alu-
minum nitride leads in the quantitative parameters with its low dielectric constant, high
resistivity, low loss tangent, and high SNR values. Moreover, AIN has good compatibility
with complementary metal oxide semiconductor (CMOS) processing and good process
quality control in manufacturing, which is important for device scaling and commercial
applications. However, if current detection is preferred for sensors, or if force performance
is required in actuating applications, the PZT appears as a clear leader among piezoelectric
materials [21].

My = ‘ ©)

2.2. Mechanical Body

The purpose of the modeling and simulation work exposed in this paper is to present
the effect of various design parameters on the microphone performance, and to propose
a microphone structure aimed at electrically controlled sensitivity. For the sake of clarity,
and to allow presenting main behavioral tendencies without secondary effects, a simplified
basic wafer, shown schematically in Figure 1, was considered for microphone modeling in
the first approach. Later, important effects due to additional layers required by a chosen
fabrication process must have been included in the model.

_Metaf A1 0.2um
___Piezoelectric layer AIN 1pm
— Device layer Si 1 to ﬁ,um ‘

N Buried SiOz 1um ~Sol

s
“\Handle layer Si 500um ‘

Figure 1. Basic Sol wafer with additional layers and their dimensions used for piezoelectric micro-
phone modeling.

The structure of Figure 1 consisting of the Sol wafer with deposited piezoelectric and
metallic layers was chosen as a good alternative to the wafer fabrication process. The top
silicon layer (device layer) can be chosen for the exact thickness, crystal orientation, and
conductivity required by the application, and the buried oxide layer provides brilliant etch
stop characteristics. The thickness of each wafer layer is freely adjustable and it can be,
depending on a producer, in the range of 340 to 725 um for the handle layer, 0.5 to 3 pm
for the buried oxide layer, and 1 to 300 pm for the device layer. During the fabrication
process of the microphone structure, the front side patterning is applied on the metallic
and piezoelectric layers to form the microphone sensitive parts. These sensitive parts are
formed by a sandwich composition in which the piezoelectric layer is placed between two
electrodes. In this study, the top electrode is formed of a metallic layer (aluminum), and
a silicon device layer serves as the bottom electrode. The microphone diaphragm can be
constructed using backside etching of the silicon handle layer and buried silicon oxide layer.

High-quality piezoelectric films cannot be grown directly on silicon. Depending on the
piezoelectric material and on its deposition process, inter-layers are necessary to provide
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an optimum nucleation rate or growth direction to prevent interdiffusion and oxidation
reactions or to improve adhesion.

In the case when AIN is used as a piezoelectric layer, commonly used underlying
materials include Pt, Ti, Al, and Mo. Platinum underlying layers have demonstrated their
ability to grow high-quality AIN, due to their inertness to nitrogen. However, it is not
used in most applications due to cost and patterning difficulties. Molybdenum is the most
common material used as the underlying seed layer, which ensures the high quality of the
piezoelectric layer and of the electrical contact [26].

The PZT films for most applications are grown on an electrode, which should neither
oxidize nor become insulating. The most often reported materials include Pt, and metal
oxides. Usually, the chemical barrier function is provided by two or more layers, including
the electrode. PZT /Pt/Ti/SiO,/Si is the most widely applied sequence, in which titanium
is needed as an adhesion layer [21,27].

The residual stress in structural layers appearing as one of the most common out-
comes of the integration of distinctly different materials must be well controlled during
the fabrication process. Even if strong consequences of residual stresses such as creep,
deformation, fracture, or fatigue are avoided, they can still affect the elastic properties of
the structure and have a strong influence on the final behavior of the device. Hence, the
assessment and regulation of residual stress are one of the prime challenges to predicting
the final performance of MEMS devices [28].

The residual stress in devices based on SoI-MEMS technology arises primarily from
the residual stress in the Sol wafer itself and from the residual stress formed during the
additional process to achieve the final device. Silicon direct bonding technology, used in
the preparation of Sol wafers, involves annealing and thermal oxidation steps, inducing
the residual stress generation within the wafer layers. The gradual release of the silicon
handle layer and buried SiO, layer disrupts the original stress balance mechanism within
the Sol structure and leads to the development of tensile residual stress in the released
silicon device layer. A mechanical theoretical model for the residual stress in Sol wafers
was established and verified through experimental characterization and gives values of
residual stress in the device layer in the range of 30 MPa [29].

The residual stress of additional processes is dependent on the materials deposited
and on deposition conditions, and its final stress levels are known only in a relatively large
interval of values. The thin film stress in polycrystalline AIN can range from compressive
to tensile stress levels depending on the deposition technique and the parameters used.
As an example, the residual stress in AIN thin films sputter-deposited in identical condi-
tions on Si substrates was found to be compressive and its values were in the range of
—300 (£50) MPa to —730 (£50) MPa. The difference in residual stresses can be attributed
to the microstructure of the films and mismatch between in-plane atomic arrangements of
the film and substrates with various orientations, including (111), (100) or (110) [30].

It is important to minimize the residual stress generated inside the device structure
to minimize its effect on the performance, reliability, and yield. Simple compensation
techniques to lower the overall stress are not sufficient, as AIN often exhibits a stress
gradient along the thickness of the thin film. An example of a modified sputter process
exploiting the influence of varying sputter pressure during deposition on the intrinsic stress
component is presented in [31]. In the process, AIN thin films were synthesized with a DC
magnetron sputter system at a temperature below 100 °C on p-type (100) silicon wafers.
The back pressure of the pure nitrogen atmosphere in the sputter chamber was applied in
two specific phases to reliably fine tune the resulting stress to —170 MPa, while keeping a
high piezoelectric coefficient.

In the previous paragraphs, it was demonstrated that detailed knowledge of all
components of the MEMS structure including the residual stress is highly important
for accurate device simulation and design phases. It was also shown that with stress
engineering, structures with piezoelectric films with low residual stress can be attained, but
their study and elaboration are beyond the scope of this paper. For the simulations, residual

41



Micromachines 2024, 15, 879

stresses were not considered, and the simplified structure of Figure 1 was used, which is
well in line with the purpose of the paper to present various microphone configurations
and their design parameters. Table 2 summarizes the main material constants values of
passive layers that were used in the work.

Table 2. Physical properties of passive mechanical layers used in the simulations.

Property Si SiO, Al
Compliance sf; [TPa~!] 7.67 13.7 14.3
Compliance s, [TPa™!] —-2.13 —-2.33 -5
Compliance le3 [TPa—1] —-2.13 —2.33 -5

Material density [kg/m?] 2330 2200 2700

It can be noted that although isotropic materials are typically described with two
engineering constants as Young’s modulus and Poisson’s ratio, here the compliance matrix
elements are presented to keep uniformity with Table 1.

In this study, the simulation results of the three axisymmetric microphone structures
shown in Figure 2 are compared. The colors of the structure layers used in Figure 2 are
identical to those described by the legend of Figure 1. Firstly, a microphone (type A, shown
in Figure 2a) with a circular diaphragm, as described in [14], with the sensing electrode
in the proximity of the clamped diaphragm edge is studied. In another microphone
structure (type B, shown in Figure 2b), the diaphragm has its sensing electrode located
around its center. Finally, the study is completed with a microphone structure (type
C, shown in Figure 2c), exploiting both electrodes, including a peripheral and a central
electrode [32]. This configuration can be used in two ways. Firstly, both electrodes are
used as sensing electrodes and the microphone output is obtained as a difference in both
electrode signals. Another method described in the paper consists of using one of the
electrodes as a sensor and the other one as an actuator helping to electrically control the
sensitivity of the overall structure.

(a) (b) (©)

Figure 2. Mechanical structures of piezoelectric microphones used for the study schematically

showing the electrodes (a) at the edge; (b) at the center; (c) both at the edge and at the center.

2.3. Acoustic Environment

Acoustic environment is a crucial part of the acoustic sensor. It is important not only
as the propagation medium, ensuring the interaction between a sound source and the
outer side of the diaphragm, representing the microphone input, but also for building
elements placed inside the microphone body, communicating with the inner side of the
diaphragm. Acoustic impedances of these elements must be taken into account together
with mechanical impedances of structural parts of the microphone. Here, the main acoustic
elements related to the microphone model are introduced, and simplified expressions
corresponding to our design in terms of dimensions and the frequency range are presented.
More detailed theory of this field can be found elsewhere [33].

The acoustic impedance Z, is the ratio of sound pressure p (in Pa) to volume flow rate
q (or volume velocity in m?/s). Using the electroacoustic analogy, basic acoustic elements
can be defined through simple structures presented by cavities and ducts.
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If acoustic pressure p is applied in a small cavity with the volume V, with dimensions
much smaller than the wavelength A, the fluid (air) in the confined volume acts like a
spring. In an analogy with mechanical compliance, a compact enclosed cavity is called an
acoustic compliance with the following value [33]:

Ci= s, )
oo
where py is the fluid density and ¢y is the speed of the sound. A cavity placed underneath
the diaphragm is an important part of a piezoelectric microphone. Its compliance can be
fixed in a large range of values, and thus can tune the resulting resonance frequency of
the microphone.

If a duct or pipe with a rectangular cross sectional area A and length L < A are
considered, the fluid in the duct vibrates due to an acoustic pressure difference p applied
across it. Such a component presents a complex acoustic impedance composed of the
acoustic inertance (mass) with of the following value [33]:

L
M, = %, ®)

and the acoustic resistance with the following value [33]:

12uL
Ra= T ©)

where y is the viscosity of the fluid, and b > h are the width and height of the duct. These
elements are used to model the flow through the pressure equalization vent channel of
the microphone.

The acoustic pressure p at the surface of the diaphragm, which can be approximated
by a rigid piston, is the pressure due to the impedance Z,,; of the radiation field. The
radiation impedance in the low-frequency approximation (ka < 1, where k = w/cg, and a is
the piston radius) can be simplified as a series combination of the radiation mass M4, 7,4
and the radiation resistance R;; ;4 [33].

8p0

Mud,md = m/ (10)
2
ow

Rad,md = gT[COI (11)

In diaphragm-based microphones, thin film deformations induced by acoustic pressure
play an important role in the device. It was verified that the corresponding stresses present
in the microphone structure are significantly lower than the materials’ tensile strengths.

3. Microphone Modeling
3.1. Finite-Elements Model

The modeling presented in the paper relies mainly on the following two approaches:
finite-element modeling (FEM) and lumped-element modeling (LEM). The finite-element
model was developed in the Ansys Workbench ver. 2022 R1. The proper definition of the
boundary and symmetry conditions facilitates modelling of only a portion of the actual
structure, which reduces the analysis run time and memory requirements with no losses in
accuracy. Most of the simulations were carried out on one quarter of the structure, and in
some cases, one eighth of the structure was used to speed up the calculation time. Structural
layers (5i, SiO, and Al) are meshed with SOLID 186 elements; the piezoelectric layer (AIN)
is meshed with SOLID 226 elements, allowing us to define piezoelectric properties. Meshing
size varies with the dimensions of the structure during the optimization process. Neverthe-
less, working with the linear lumped-element model towards the complete microphone
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evaluation was preferred for speed and availability purposes. FEM was thus an important
tool to define the lumped elements with high accuracy. It is briefly shown in Section 4.5
how FEM was used to evaluate the nonlinear behavior of the microphone diaphragm.

FEM also enables us to verify the stress situation in the structure and to predict the
deformation and stress fields when intrinsic stress is present. It was shown in [34] that
several restrictions exist in commercially available tools to combine a piezoelectric analysis
with intrinsic stress in a harmonic response analysis. The arising difficulties could be
overcome by employing a coupled thermo-electromechanical simulation in order to obtain
consistent static and harmonic response results. A 3D FEM including intrinsic stress effects
must be considered in advanced design, but this is not the focus in this paper.

3.2. Lumped-Element Model

Lumped-element modeling is a powerful and reliable method for predicting the mul-
tiphysics behavior of electroacoustic transducers. With this method, each element of the
transducer is transformed to a circuit model thanks to the mechanical (mass—damping-
stiffness) and electrical (inductor-resistor—capacitor) equivalence. Using this method re-
quires characteristic lengths of the system smaller than the wavelength of the associated
physical phenomena, which is satisfied in the audio-frequency range. Here, the LEM
shown in Figure 3 already presented in [14] is used. This model allows evaluation of
the microphone performance including its frequency range, sensitivity, noise, SNR, and
minimum detectable pressure (MDP) values.

Mac Cac  RadtRasras MadtMag s Cad O Res
] 8
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Figure 3. Lumped-element model of the piezoelectric microphone.

The model represents the mechanical elements transformed to its acoustic side (resis-
tance, mass and compliance of the diaphragm, R,;, M4, C,4), acoustic elements (diaphragm
radiation mass and resistance, My r44, Ryd rad, Mmass and compliance of the back cavity,
Mae, Rae, and the pressure equalization vent resistance, R;y), and the electrical elements
(sensing and parasitic capacitance, C,, C,, resistance of the piezoelectric layer and of the
connection lines, Rep, Res). The acoustic pressure at the microphone input p is transformed
to the output electrical voltage vy with the transducer factor .

The localized constants M,;, C,4, and C,;, are extracted from the finite element calcula-
tion, without making any assumptions about the geometry or the shape of the eigenmode.
In the vicinity of the resonance, the effective mass M,; of the microphone (in the z direction,
normal to the membrane) is given by the following equation [35]:

uTmu,

My = —n 2
“@ = UTIMU

(12)
where [M] designates the finite element global mass matrix; U is the eigenvector associated
with the natural frequency f, of the microphone. The displacement vector U, is such that
all its components in the z direction are equal to 1 and its other components are equal
to 0 in the vicinity of the resonance frequency. The effective mass M,; in the z direction
is linked to the effective stiffness K,; and to the resonance frequency f; by the following
relationship [35]:
K, UT[KlU

_ _ 2
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where [K] is the global finite element stiffness matrix. It follows that K,; is given by the
following equation [35]:
1
Cad '
The blocked capacitance of the transducer, Cy, is obtained from the following equa-
tion [35]:

Kat = (270f;)* Myg = (14)

1 1
Er;DT[K@@} b = Eceb V2, (15)

where K¢ is the overall dielectric matrix, V is an arbitrary voltage applied to the hot
electrode and @ is the overall voltage vector, such that the voltage is equal to V for the
nodes located on the electrode and 0 for the other nodes. The resulting relation for C,, is as
follows [35]:

Cep = D' [Kpo] P (16)

The remaining lumped elements, including M, Cac, Rav, Myg raq, and Ryg 49, Were
obtained analytically from the expressions presented in Section 2.3. This work is focused
on the presentation of the main structures applicable to piezoelectric microphones and on
the comparison of their performance parameters. The parameters, such as the resonant
frequency, the sensitivity, SNR, and AOP, used for the comparison are well known in the
field of acoustic sensors, and thus they are not presented here in detail. More information
on these parameters can be found elsewhere [14,36].

4. Parametric Optimization of the Microphone Structure

In piezoelectric microphones, thickness and lateral dimensions of all diaphragm
layers, including piezoelectric and electrode materials, are key parameters that need to be
optimized in the design loop. Typically, there is not a unique optimal solution satisfying
the microphone specifications, and widely used optimization algorithms often lead to
trivial solutions. For this reason, parametric optimization already used in [37] was applied.
The optimization process is performed in two computing environments (Ansys 2022 R1
and Matlab R2023a) and involves two selection levels. This approach helps to limit the
computational requirements by eliminating simulation cases not satisfying the condition of
the first selection level, and thus to limit the number of numerical simulations entering the
second selection level. The conditions corresponding to both selection levels depend on the
focused parameters of the specifications.

By default, the cases discussed in this section are based on the structure presented in
Figure 1 and on the variant (a) in Figure 2 with the use of the AIN piezoelectric layer. Any
deviation from this plan will be announced when necessary. The results are presented with
the aim of giving the main design tendency and for this reason, not all dimensions and
details are strictly listed.

4.1. Optimization of the Piezoelectric Layer Thickness

In order to show the effect of the piezoelectric layer thickness on the microphone
sensitivity and signal-to-noise ratio, the optimization process of the whole microphone
structure with the optimal design of a microphone matching the audio frequency bandwidth
is run first. To carry out this, the limits for the structure dimensions are set and static and
modal finite-element analyses (FEA) are executed. The obtained results are filtered through
the No. 1 condition of the optimization process. This condition is satisfied only by the
solutions with the frequency of the first mode in a predefined range, which are related
to the maximal frequency of the bandwidth. A number of suitable designs, depending
on the range size defined for the first condition, passes back to Ansys for the lumped
element extraction based on the static simulation, and then to Matlab for the evaluation
of the microphone characteristics. For the final step, the maximal value of the SNR is
selected as the No. 2 condition. The frequency response of the optimized geometry is then
compared with electromechanical harmonic analysis from Ansys [37]. The thickness of the
piezoelectric layer can be fine-tuned in an additional step, which gives the results shown in
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Figure 4. In the example shown in Figure 4, the diaphragm diameter was 880 um and the
thickness of the piezoelectric layer was considered in the range from 0.1 pm to 2 pm.
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Figure 4. Effect of the piezoelectric layer thickness on microphone sensitivity and SNR.

If both graphs of Figure 4 are compared, it is evident that, in this case study, the
maximal microphone sensitivity is achieved when the thickness of the piezoelectric layer is
close to 1 pm, whereas the maximal SNR is reached when the piezoelectric layer thickness
is 0.4 um. This difference is due to the dependence of the noise density on the total
electrical impedance of the piezoelectric layer and on the thickness at which it reaches its
minimal value.

4.2. Optimization of the Piezoelectric Layer Width

The optimization of the piezoelectric layer width is performed on two similar struc-
tures illustrated in Figure 5. The only difference between these two cases is the fact that
the structure in Figure 5a has the piezoelectric layer deposited on the whole diaphragm
surface, while in Figure 5b, the piezoelectric layer is patterned in the same way as the top
metallic layer. This difference may become important in view of the fabrication process, as
the ‘full piezo’ layer from Figure 5a will require fewer etching steps than the ‘ring piezo’
layer from Figure 5b.

(a) (b)

Figure 5. Microphone structure with the electrodes at the edge, with the piezoelectric layer deposited
(a) on the whole diaphragm surface (full piezo); (b) under the metallic electrode (ring piezo).

The optimal width of the piezoelectric layer can be found based on a similar process
as in the previous paragraph. The primary structure, optimized for the audio frequency
bandwidth, is subjected to an additional optimization step in which the width of the
piezoelectric layer is fine-tuned. The main layers of this primary structure have a diameter
of 880 pm and the thickness of the silicon layer is 3 um and that of the piezoelectric AIN
layer is 1 um. The obtained results shown in Figure 6 document, again, that the sensitivity
and SNR culminate at different values of the electrode width. Nevertheless, it is possible
to find a compromise width, for which both parameters maintain reasonably high values.
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Moreover, the structure with the piezoelectric layer covering the whole diaphragm surface,
which is technologically more suitable, shows substantially better sensitivity and SNR.
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Figure 6. Effect of the electrode width on the microphone sensitivity and SNR with the piezo-electric
layer fully covering the diaphragm (full piezo) or localized only under the electrode (ring piezo).

4.3. Effect of the Sensing Electrode Localization

According to the plate bending theory, if an originally stress-free thin circular plate
rigidly clamped on its boundary is uniformly charged, two zones with opposite stresses
can be distinguished on its surface. Both zones are delimited with a circle of radius r equal

to the following [38]:
1+v
= 17
o5 a7

where a is the plate radius and v is the Poison’s ratio of the plate material. Expression
(17), predicting a change in curvature and thus a change in stress polarity located at
approximately 60% of the plate radius for currently used materials, can serve only as a
rough estimation of electrode placement. Advanced mechanical analysis of the multi-layer
circular composite plate including a piezoelectric layer and initial stresses for the range of
parameters used in the microphone design was carried out in [39].

In this case study, the same structure dimensions as in Section 4.2 were applied. In
Figure 7, the sensitivity and SNR of structures shown in Figure 2a,b are compared. Both
configurations clearly demonstrate a sensitivity decrease for dimensions over the limit
given by the Expression (17). Even if the sensitivity for the structure in Figure 2b is
substantially more important than for the case of the structure in Figure 2a, both structures
can reach a similar performance in terms of the SNR.

If the zones defined by Expression (17) are respected, the annular ring electrode and the
circular central electrode are located on diaphragm sections exposed to an opposite polarity
of stress induced by the acoustic pressure. This fact can be exploited by appropriately
connecting both electrodes in series or parallel circuit configurations in order to optimize
raw voltage versus capacitance trade-offs [32].

A similar consideration of induced charge distribution of opposite signs in the central
and surrounding region of a piezoelectric ultrasonic transducer was exploited in [17]. The
respective two charge signals can be summed up effectively by complementary connection
of the capacitors corresponding to each region. Moreover, statically deflected diaphragms
cause a larger lateral strain in the piezoelectric layer compared to flat diaphragms. Sensors
combining these two effects have been designed and they have shown sensitivity over five
times higher than that of a conventional sensor.

47



Micromachines 2024, 15, 879

Open Circuit sensitivity (@ 1kHz) - full piezo layer
T T T

e oo = = TR R — |
o 300 L — = =0 -Ring Electrode
= ®0e0go T e g H| —o -Central Electrode|
;200 e T Sl T 7
§1oo S [~
=] = T .o
= e
g - =
% 0 L ! L ! L To=l= -0

0 50 100 150 200 250 300 350

Top electrode width or top electrode radius (um)

F20f et T Tt s ce e T T == ]
o ° o = = —o -Ring Electrode
@ ¢ P = ~ou —o -Central Electrode
[11] [ 4 ~
B0 /( o ~ q
4 (’ sl
P4
) “o

O 1 | 1 | 1 /|

0 50 100 150 200 250 300 350

Top electrode width or top electrode radius(um)

Figure 7. Comparison of piezoelectric microphones with metallic electrodes at the edge (ring elec-
trode), and at the center (central electrode).

4.4. Effect of the Pressure Equalization Hole

An important part of the microphone is a venting system designed to equalize the
static pressure on both sides of the diaphragm. The venting system is typically realized
by connecting the inside cavity of the microphone to the exterior space by a capillary. As
the capillary, representing the acoustic resistance with acoustic mass, together with the
inside cavity, representing the acoustic compliance, create a high-pass filter, all dimensions
must be carefully tuned in a way that only useless frequencies are cut off, and the required
frequency behaviour does not deteriorate. Figure 8 compares the effect of the vent hole
diameter on the frequency response of the microphone.
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Figure 8. Effect of vent hole diameter on the microphone frequency response.

For the purpose of the example shown here, the standard structure from the previous
paragraphs was used. In the simulation process, a minimal capillary length, corresponding
to the total thickness of the Si device layer (3 um), and AIN layer (1 um), was considered
and its diameter size from 1 um to 10 um was taken into account. It is worth noting that
the curve in Figure 8 corresponding to the smallest capillary diameter is masked by the
effect of the electrical resistance R, of the piezoelectric layer, which results in the change in
the frequency response slope in the low frequency range.

4.5. Optimization Towards the Acoustic Overload Point

If a microphone withstanding a high acoustic pressure is designed, it is necessary
to set the limits for the structure dimensions and to determine, through the nonlinear

48



Micromachines 2024, 15, 879

static analysis, the maximal diaphragm displacements for a given range of the input static
pressures. Based on the deviation between the obtained value of the nonlinear displacement
and the corresponding linear displacement, the acoustic overload point is obtained [14,37].
Figure 9 shows that there is an important difference between the linear and the nonlinear
displacement responses of the microphone structure. To evaluate the maximal displacement,
the optimization condition No. 1 corresponding to the difference between the linear and the
nonlinear displacement equal to 3% was set. Each structure fulfilling the No. 1 condition
for a predefined range of acoustic pressures passes towards selection No. 2. In this second
step, the maximal value of the SNR is used as the No. 2 condition. It can be expected that
the microphone with the structure described in the paper, with a diaphragm diameter of
880 um, can reach the AOP of 163 dB, sensitivity of 212 uV/Pa, and the resonant frequency
of 88 kHz.
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Figure 9. Maximal diaphragm displacement for the microphone structure obtained in linear and
nonlinear static FEA.

5. Microphone with Electrically Controlled Sensitivity

In this section, the idea of microphone sensitivity control through a DC bias voltage is
outlined. To this aim, the structure shown in Figure 2c, with one electrode at the edge and
the other at the centre, is exploited. A similar configuration is typically used in PMUTs,
where one electrode is activated with the electrical signal to be emitted and the other one,
associated with the sensing layer, provides the electrical signal corresponding to a received
stimulus. Unlike PMUTs, for microphone sensitivity control, a DC bias voltage is applied
to one of the electrodes to induce stress through the associated piezoelectric layer to control
the diaphragm overall stiffness.

5.1. Basic Approach

As discussed in Section 4.3, each electrode is located in a clearly distinguished zone
of the diaphragm, separated by the radius given by Expression (17). Two Sol-based
structures were considered, one with the AIN, and the other with the PZT piezoelectric
layers, optimized for a wide-frequency band, with a resonant frequency in the vicinity of
60 kHz. For a better demonstration of strains variations in the system, the residual stress
was not considered in the models of both structures. Nevertheless, as it was already stated
earlier, the components of the residual stress must be involved in future models to confirm
the hypotheses described in this section.

In the first simulation steps, FEM static analyses were carried out in order to compare
the diaphragms’ deformation profile due to the injection of a bias voltage to the external
and the central electrodes, respectively. Figure 10 shows the displacement profiles of
the diaphragms with AIN and PZT as a function of the bias voltage. Only half of the
symmetrical diaphragm is shown, with the central point located in 0. Due to the superior
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performance of the structure with the PZT layer, confirmed with the deformation profile,
only this structure was considered for the next simulation step.
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Figure 10. Displacement profile as a function of the static voltage applied on the ring electrode of the
microphone diaphragm with the piezoelectric layer formed by (a) AIN; (b) PZT.

5.2. Simulation Results

The initial FEM static analysis confirmed that the bias voltage of 10 V applied on a
PZT layer results in a clear change in the diaphragm profile. Such a modification of the
deformation curve gives evidence of a modified stress situation in the structure, which
can lead to the resonant frequency shift and to the variation in the microphone sensitivity.
Both these effects on microphone performance can be demonstrated through harmonic
analyses simulated with various bias voltages. The resulting frequency characteristics,
shown in Figure 11, allow us to expect that the sensitivity of this microphone structure can
be modified in the range reaching 10 dB with the bias voltage up to 10 V. The results are
focused on the sensitivity levels, and the effect of acoustic elements is not considered at this
stage. The decay on the low-frequency side of the response is due to the dielectric losses in
the piezoelectric layer, as was already mentioned in Section 4.4.

The electrically controlled sensitivity described above can be further enhanced by
the initial buckling of the diaphragm. The relationship between static deflection of the
diaphragm and the acoustic sensitivity was demonstrated by other teams. Diaphragm
static deflection due to compressive residual stress can be randomly oriented upward
or downward due to the bending moment of the diaphragm at the releasing step. The
lateral strain of a diaphragm is caused by bending as well as by expanding due to the large
static deflection.
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Figure 11. Frequency response of the microphone with the piezoelectric layer formed by PZT as a
function of the static voltage applied on the ring electrode.

These two kinds of strains on layers above the neutral plane are summed up in the
upward-deflected diaphragm but cancel each other in the downward-deflected diaphragm.
Supposing that the piezoelectric layer is located on top of the diaphragm structure, above
the neutral plane, it is exposed to higher stress in the upward-deflected diaphragm than in
the downward-deflected one. Detailed analysis of the multilayered diaphragm buckling
due to its sensitivity and the methods for deflection control using the buckling process
were proposed in [40].

6. Conclusions

In this paper, the modeling and optimization approaches applied to the structure of
piezoelectric MEMS microphones are presented. The basic aspects to be considered in the
micromachined microphone design are discussed on the basis of a typical case study. A
realistic estimation of the microphone performance, obtained following the optimization
towards the acoustic overload point, is in agreement with the currently published specifica-
tions for microphones required for aeroacoustic measurements in application fields where
commercialized MEMS microphones are inconvenient. Piezoelectric MEMS microphones
can thus satisfy requirements for applications in aircraft design and rocket launching ve-
hicles, as well as for new applications including the detection of gunshots or screams for
military and urban security systems, requiring a high sound pressure level detection and
harsh environment resistance [41-43].

Finally, a new approach enabling the feasibility of microphone sensitivity control
is introduced. This approach is based on the configuration with one circular electrode
located in the diaphragm center and one annular electrode placed close to the diaphragm
clamped edge. One of the electrodes serves as a sensor providing the microphone output
signal, while the other electrode is used as an actuator that can, with a DC bias voltage,
mechanically pre-stress the diaphragm and thus modify the microphone sensitivity. Such
an electrically controlled sensitivity has strong potential for applications dealing with high
acoustic loads that are already enumerated.
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Abstract: Microfabricated electroacoustic transducers with perforated moving plates used as micro-
phones or acoustic sources have appeared in the literature in recent years. However, optimization
of the parameters of such transducers for use in the audio frequency range requires high-precision
theoretical modeling. The main objective of the paper is to provide such an analytical model of a
miniature transducer with a moving electrode in the form of a perforated plate (rigid elastically
supported or elastic clamped at all boundaries) loaded by an air gap surrounded by a small cavity.
The formulation for the acoustic pressure field inside the air gap enables expression of the coupling of
this field to the displacement field of the moving plate and to the incident acoustic pressure through
the holes in the plate. The damping effects of the thermal and viscous boundary layers originating
inside the air gap, the cavity, and the holes in the moving plate are also taken into account. The
analytical results, namely, the acoustic pressure sensitivity of the transducer used as a microphone,
are presented and compared to the numerical (FEM) results.

Keywords: analytical modeling; electroacoustic transducers; MEMS microphones; perforated plate

1. Introduction

Currently, the vast majority of MEMS microphones production, increasing rapidly in
recent years, uses the electrostatic principle of electroacoustic transduction [1] (although
piezoelectric types exist [2]). Such devices consist of moving electrodes of circular [3],
square [4,5], or other [6] shapes and perforated single [3] or double backplates [7,8]. Note
that such MEMS structures can be employed in other domains than audio, such as energy
transfer, energy harvesters, and resonators [9-11]. However, new designs presenting
technological advances have been proposed recently in the literature, such as a microphone
with moving microbeam [12], or transducers (sources and microphones) with perforated
moving electrodes. The mean motivation for the work presented herein is the latter case
with electrodes in the form of elastic perforated plates clamped at all boundaries [13] or
rigid elastically supported perforated plates [14-17]. Although these experimental studies
contain approximate theoretical models, mainly based on the lumped elements approach,
the precise analytical modeling is still of high interest.

In order to provide high-precision results on sensitivity and bandwidth, the models of
electroacoustic transducers (miniaturized or not) should take into account the damping
effects of the viscous and thermal boundary layers originating in the narrow regions such
as the air gap between the moving and fixed electrodes. The strong coupling between the
displacement field of the moving electrode and the acoustic field inside the transducer
should be also accounted for when appropriate. In addition to these effects, the model
of the transducer with a perforated moving electrode has to deal with the acoustic short
circuit between the incident acoustic pressure and the pressure field inside the transducer
caused by the perforation. This leads to the sensitivity roll-off at lower frequencies, which
has to be calculated correctly when precise theoretical modeling allowing the optimization
of the transducer behavior in the audio frequency range is required.
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While the precise models of the transducers with perforated moving electrodes are still
missing, to our knowledge, several models taking into account the perforation of the fixed
electrodes and the acoustic short circuit can be found in the literature. The classical lumped-
element models of condenser microphones, such as [18], use the “porosity” approach;
the more recent lumped-element model [19] deals with acoustic short circuit through the
venting hole. With regard to more advanced models, ref. [20] and, more recently, [21,22]
took into account the effects of holes in the fixed electrode accounting for the position
of the holes, and ref. [23] employed the impedance approach. Vibration of a very thin
perforated backplate of an MEMS transducer was taken into account in [24]. In [25], the
effect of the acoustic short circuit through thin slits surrounding the moving electrode in the
form of a microbeam was included in the complex wavenumber for the acoustic pressure
in the air gap. In the same reference, the acoustic pressure in the air gap was expressed
using integral formulation with appropriate Green’s function, which was not expressed
as a series expansion over the eigenfunctions of the moving electrode. Such a fomulation
is also advantageous in the case of rectangular geometries [26,27] and is therefore used
herein. It is worth mentioning the numerical methods, namely, the finite element method,
which can take into account the thermoviscous losses and the coupling effects without
geometry-dependent approximations [28]. However, numerical methods generally suffer
from high computational costs, compared to analytical methods, and are usually used as a
reference against which the analytical results can be tested.

The present paper deals mainly with the theoretical modeling of the acoustic field
inside a miniaturized electroacoustic transducer with a square perforated moving electrode,
taking into account its coupling with the vibration of the moving electrode, the acoustic
short circuit through the perforation, and the thermoviscous losses originating in the
narrow regions inside the transducer. Two types of the perforated moving electrode are
considered: (i) the rigid elastically supported square plate, partially inspired by [14] (see
Figure 1a), and (ii) the flexible square plate clamped at all boundaries, partially inspired
by [13] (see Figure 1b).

Figure 1. MEMS transducers with perforated moving electrodes in the form of (a) the rigid elastically
supported square plate and (b) the flexible square plate clamped at all boundaries.

Section 2 presents viscous effects in short narrow holes and governing equations for
the acoustic pressure field in the thin air gap between the perforated moving electrode and
the fixed one (backplate) using the porosity approach. Then, the solutions for the acoustic
pressure are expressed for the case of uniform (piston-like) and nonuniform movement of
the moving electrode, corresponding to the rigid elastically supported and flexible plate,
respectively. The coupling of the acoustic field with vibration of the plates of both types,
leading to the expression of their displacements, is finally derived, with the eigenfunctions
of the perforated flexible clamped plate being given approximately in Appendix A. In
Section 3, the analytically calculated acoustic pressure sensitivities of the transducers used
as microphones are depicted and compared with the numerical (FEM) results. The influence
of some geometrical parameters is discussed. This section is followed by the conclusion in
Section 4.
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2. Analytical Solution

In this section, the analytical solution of the problem is expressed in frequency domain
(the time dependence being e/“*; w is the angular frequency). The acoustic field inside
the transducer and the displacement of the moving electrode is searched for as a response
to harmonic incident acoustic pressure p;,. (assumed to be uniform over the moving
electrode surface).

2.1. Description of the Device

The device consists of a moving electrode in the form of a square perforated plate
of side 2a and thickness 1, with N square holes of side a;, with the air gap between the
plate and the backplate of thickness ¢ surrounded by a peripheral cavity described by its
volume V. and acoustic impedance Z. (see Figure 2). The perforation ratio R = N ai / (4a2)
is the ratio of total surface occupied by the holes and the area of the plate. In the case of
a moving electrode in the form of a rigid elastically supported square plate (Figure 1a),
the plate displacement is uniform and the cavity is connected with the incident acoustic
pressure p;,. through slits of thickness /15 along the arms supporting the plate.
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Figure 2. Sketch of the whole system.

2.2. The Acoustic Pressure Field inside the Transducer

The system is supposed to be filled with thermoviscous fluid (air in this case) with the
following properties: the density pg, the adiabatic speed of sound cy, the heat capacity at
constant pressure per unit mass C;, the specific heat ratio -y, the shear viscosity coefficient
#, and the thermal conduction coefficient Aj,. Since the air gap thickness h, is supposed to
be much smaller than other dimensions of the air gap and smaller than the wavelengths
considered, even at high frequencies, the acoustic pressure in the air gap is assumed to
depend on the x, y spatial coordinates only and denoted p,(x,y). The particle velocity and
temperature variation (that generally depend on the z axis due to the viscous and thermal
boundary layers effects) are then replaced by their mean values over the air gap thickness.
The acoustic pressure in the cavity volume p,. is supposed to be uniform. The displacement
of the moving electrode is denoted ¢.

2.2.1. Viscous Effects Originating in the Holes in the Perforated Moving Electrode

For the sake of simplicity, the holes in the moving electrode are supposed to have
circular cross-section instead of the square one, with the radius of the equivalent cylindrical

2
hole being given by Rh = gh/ﬁ (thus R = N47;§h ), see Figure 3. The particle Velocity

v (r,z) in such a hole is governed by the diffusion equation [29]

19 8 ., 19
(Farras +18)ostr2) = 4 500(2) 0

1—j [wpo
ky = , 2
2\ ?

with the diffusion wavenumber
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with j being the imaginary unit, and subjected to the nonslip boundary condition at r = Ry,

vz(Rp, 2) = jwg(x,y)- ®)

The velocity of the moving electrode jw{(x,y) at the position of the hole is assumed
to be approximately uniform on the whole internal surface of the hole. The solution of the
problem (1) and (3) is given by

1 9

Z)Z(T’,Z) = —MEP(Z) |:1 - (EI({ ))] +jw§(x/y)

]O(kv7’>
Jo(koRy)’

where |, denotes the cylindrical Bessel functions of the first kind of order n. After relying
on the approximation of the pressure derivative in a very short hole of length 5,

4)

d __ Pinc — pe(x,y)
e ®)

the mean value of the particle velocity over the cross-section of the hole S;, = 7R? is

1 Pinc — pg(x,y) .
(v,(r,2) Sh // v,(r,z)dS), ~ jwpo iy Fo + jwi(x,y)Kyp, (6)
with
th =1- th/
2 Ji(koRy) ()

K., = _,
" koRy Jo(koRy,)

iv.(r,z)

i

Figure 3. Sketch of the hole in the moving electrode.

The viscous force acting on the interior surface of the hole 27tR,h), is proportional to
the normal derivative (here, d/dn = —d/9r) of the particle velocity (4)

9v,(1,
E = 271th,,;¢(”28(:2)> ) ®)
V:Rh

and in using (5) takes the following form

E.(x,y) ~ jwé&(x, )T, — R Kop [ pine — pg(x,)], ©)

with ks (koRy)
T, = 27tRy -2 "0 10
h PR (ko Ry) 10)
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Dividing this force by the area associated with one hole (4a?/ N) leads to the equivalent
pressure caused by the viscosity effects originating in the hole

. N
po(x,y) = jewl(x,y)h 5 = RKen [Pine = pg(x,y)]. (11)

2.2.2. Wave Equation Governing the Acoustic Pressure in the Air Gap

In order to express the wave equation for the acoustic pressure p¢(x,y) in the air gap,
the following contributions of the mass per unit of time in the gap element of dimensions
dx x dy x hg have to be taken into account (see velocity contributions in Figure 4):

e Change of the mass per unit of time in both x and y directions — 2 (v (w, z))- o dx dy g,
where w designates x and y.

e Contribution from the moving electrode —jw¢(x,y) po (1 — R) dx dy.

e Contribution form the holes —(v;(r,z)); po R dx dy, where (v;(r,z)), is given by

Equation (6).
—(vz(r,2))r R — jwl(x,y) (1-R) ov
‘ v +—=dy
o 7 0y
ov,
y —tv +t—dx
x Ox

h
g / dy 2
dx Yy
vy w X

Figure 4. Element of the air gap.

The sum of these terms is equal to jw (o), dx dy hg (conservation of mass) where (),
is the time-dependent acoustic density in the gap element averaged over the gap thick-
ness. The classical solutions of linearized Navier—Stokes equation and Fourier equation
for the heat conduction, under several approximations [29], give, respectively, the par-
ticle velocity and temperature variations profiles in the air gap, leading to the relations

(after introducing the latter into the gas state equation) (vgy(w,z)),; = —ﬁ ap%(zz'y) Fog

and (o). = pq(x,y) ['y — (v - 1)th} /c3 [29], with the mean values of the velocity and
temperature variation profiles over the air gap thickness given by

B tan (kohg /2)
P tan (kyhg/2)
T T khg /2

where k, is given by (2) and kj, = 1—\}2] wﬁfhcp . Note that these mean values are calculated

for nonslip and isothermal boundary conditions at both (nonperforated) electrodes. Alter-
natively, the relation accounting for more realistic boundary conditions on the perforated
plate [21],

I R tan (K(uhs /2)
(vm)g = 2 konhg/2

(13)

can be used.
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The combination of the above mentioned terms leads to the wave equation governing
the acoustic pressure p¢(x,y) in the air gap

|8+ 22| g y) = —U(x,y), (14)
where the source term is composed from U(x,y) = U1¢(x,y) + Uapine with

w?py(1 — RE,)

U= —F——,
Foghty (15)
Uy = FnR
F, g hg hP '
and the complex wavenumber is given by
=1 (=Dl FaR a8
c% Foq Fyghehy

2.2.3. Solution for the Acoustic Pressure in the Air Gap in Case of Piston-like Movement of
the Moving Electrode

Since the source term U in (14) does not depend on the spatial coordinates x, y in this
case, the solution of (14) takes the classical form

pe(x,y) = Acos(xyx) cos(kyy) — U/XZ, (17)

where x? = 2 + K§ (for square geometry xx = x, = x/ V2) and A is an integration
constant. The boundary condition is given by the acoustic pressure in the peripheral cavity
(supposed to be uniform in the whole cavity volume) p. = Z.wy,t, where Z is the acoustic
impedance of the cavity and wy; is the total volume velocity entering to the cavity. This
volume velocity is composed of the volume velocity at the output of the air gap and the
volume velocity entering to the cavity through the slits

where 8ah, is the output surface of the air gap, Ss is the total input surface of the slits,
and 7y & — ]Zﬁ W is the velocity in the slit, with Fps =1 — % being the mean
value of the velocity profile through the thickness of the slit & (the influence of the plate
velocity on the fluid particle velocity in the slits is supposed to be negligible here). This
leads directly to the boundary condition for the normal derivative of the acoustic pressure

at the output of the air gap

anpg = —Acpe + NoPine, (19)
with . S.F
JwWpPo stos
A=A Ny, NM=—7"—"T—, Np=—"7——"7"—.
c =My M e FeZe’ 2T BalighyFog

The continuity of the acoustic pressure at the boundary between the air gap and
the cavity can be approximately expressed using the value at the middle of the square
gap side p. = pg(a,0) (alternatively, the value at the corner pq(a,a) or the mean value
over the side of the gap could be used). Replacing d,p; and p. in (19) by (for example)
dxpg(a,0) and pg(a,0), respectively, and substituting from the solution (17) readily gives
the integration constant

A = (A1d + A2pinc)/ As, (20)

with

Al =AUy /X% Ay =AM+ AdL/x% Az =Ac cos(kxa) — Ky sin(xya). (21)
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2.2.4. Solution for the Acoustic Pressure in the Air Gap in Case of Nonuniform Movement
of the Moving Electrode

Due to the symmetry of the transducer’s geometry, the solution of (14) for nonuniform
U(x,y) is expressed here in the first quadrant only (namely, x,y € (0,a)). The chosen
Green’s function used in the integral formulation for the solution of (14) satisfies the same
Neumann’s condition (the first derivative vanishes) at x = 0,y = 0 as the solution for the
acoustic pressure, which can be expressed as follows [26,27,29]:

Pg(x/]/)Z/ / G(x, x0; Y, ¥0)U(x0, yo)dxodyo
+ / (x, x0; Y, )3y, Pg (X0, @) — By G(x, x0; Y, a) pg (x0, a) | dxg (22)

+/ (x,8;Y,0)0x, P (4, Y0) — 9x, G (%, @ ¥, y0) pg (@, y0) | dyo,

with the Green’s function being given by

G(x, x0; ¥, ¥0) = g(x, x0; ¥, v0) + §(x, —x0; ¥, o) + g(x, x0; ¥, —yo0) + §(x, —x0; ¥, —Y0), (23)

with

8(x, x0;9,¥0) = —ﬁHa <X\/(x—xo)2+ (y—yo)z) (24)

where H;, denotes the cylindrical Hankel function of the second kind of order “0”.
Taking into account the boundary condition (19), here without the slits (A vanishes),
solution (22) becomes

a a
pe(x,y) = /0 /0 G(x, x0;y,y0)U(x0,y0)dxodyo — pele(x,y), (25)

where
a a
Io(x,y) =M1 {/0 G(x, x0;y,a)dxg —i—/o G(x,a;y,yo)dyo}
. . (26)
+ [/0 8y0G(x,xo;y,a)dxo+/O axoG(x,a;y,yo)dyO}

The acoustic pressure in the cavity, calculated here as the mean value over the edge
of the gap, pc = (pg(x,a)) , where (f(w)),, denotes [ f(w)dw/a, can be then expressed
from (25) as follows:

Pc = / / (x,x0;a,Y0)) U(x0, yo)dxodyo. 27)

2.3. Coupling of the Moving Electrode Displacement Field and the Acoustic Pressure Field

In this section, the strong coupling between the acoustic field inside the transducer,
described in previous sections, and the displacement of the moving electrode in the form
of an elastically supported rigid perforated plate and a flexible perforated plate clamped at
all edges is presented.

2.3.1. Elastically Supported Rigid Perforated Plate

The equation governing the displacement ¢ of the elastically supported rigid plate
takes the form

a a
~Myw? + jwRy + Ky | & = /_ ) /_ [Ps(xy) = Pine = polx,y) ] dxdy, (28)
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where M), is the mass of the plate, K, is the stiffness of the elastic support, and R, is the
structural damping coefficient which is neglected here (all the damping in the system taken
into account here originates in the acoustic fluid-filled parts of the transducer).

Reporting Equations (11) and (17) using (20) to (28) gives, after straightforward calcu-
lation, the solution for the displacement of the rigid plate:

4[12(1 + RKUh) [sin(;cxa) sin(kya)Az (1 4 %)} Dine

Kxkya? Az

¢= (29)

sin(kya) sin(xya) A ] °
Kxkya? Az

—Mpw? + jwR, + Ky + jwrtN + 4a2(1 + RKyy,) [% -

2.3.2. Flexible Perforated Plate Clamped at All Edges

We will depart here from the classical equation governing the displacement of the
nonperforated plate [30] with the mass per unit area Ms = p,h, (0, designates the density

of the plate) and the flexural rigidity D = % (E and v being the Young’s modulus and
Poisson’s ratio, respectively)
[DAA - Mswz} ¢(x,y) = pg(x,y) = Pinc — po(x,Y), (30)

clamped at all edges

0
C(x,y) = aé(x,y) =0,x==+a,Vy € (—a,a),
(31)

d
S(xy) = @C(X,y) =0,y ==*a,Vx € (—a,a).

The displacement field can be searched for in the following form of series expansion
(with some truncation in practical implementation):

S(x,y) = ngni,bmn(xry)r (32)

where the orthonormal eigenfunctions ¢, (x, y) satisfy the homogeneous equation associ-
ated with Equation (30):

[AA - kﬁw} Y (%,y) =0, (33)

where k%w = (K2, + kﬁn)Z. An approximate form of such eigenfunctions can be obtained as
a series expansion over known functions from numerically (FEM) calculated results using
the method described in [31] for nonperforated rectangular clamped plates and in [32] for
perforated square clamped plates, the latter being used herein (see Appendix A).

Using the properties of the eigenfunctions [29], the modal coefficients ¢, in (32) can
be obtained from the relation (using Equation (11))

a a
. N
Cmn Dkf%,n — Msw? JF]‘UHhémz] = (1 —RKqn) / /[Pg(xl y) — pinc] Pmn (x, y)dxdy. (34)

—a—a

Using the relation for the acoustic pressure in the air gap pq(x,y) (25) along with
Equations (15) and (32), Equation (34) can be expressed as follows:

. N o
|:Dk§1,n — Msw? + jwIy 4(12:| Smn = Cmn — qurA(mn),(qr)r (35)
qr

or in the matrix form

[B—AJE =C, (36)
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where E is the column vector of elements &, B is the diagonal matrix of elements Dk%m —
Msw? + jwIy, %, C is the column vector, and A is the matrix whose elements ¢;,;, and
A(mun),(qr) are given, respectively, by

a a a a

Cmn = Pinc / / Yo (x,y)< Up //G x, X0; ¥, yo)dxodyo — MI,(x,y) | —1 pdxdy, (37)
Zala 00

and

A(mn),(qr) = ul//‘l)mn(xry) //G(x/xO;y/yO)qur(x/y)ded]/O_qulg(xry) dXdyr (38)
—a—a 00
with
EENIATT Ig / / (x, x0;4,Y0)) , dxodyo,

(39)

1
Ny = / /0 <G(x,xo;a,yo)>x%r(xo,yo)dxodyo-

1+ (Ig(x,a)), Jo
Solving Equation (36) for 2 gives the modal coefficients ;,, and thus the displacement
field of the plate &(x, ).

3. Analytical Results and Comparisons with the Numerical (FEM) Ones

In this section, the analytical results calculated using the present method are discussed
and compared with the numerical (FEM) results provided by the software Comsol Mul-
tiphysics, version 6.0. The numerical formulation for the acoustic field in thermoviscous
fluid inside the transducer, involving the acoustic particle velocity @, acoustic temperature
variation T, and acoustic pressure p using the Acoustics Module [33], was coupled with the
classical linear mechanical formulation for the plate provided by the Structural Mechanics
Module [34]. One quarter of the transducer geometry was used for the simulation (the rest
was symmetric), and the mesh consisted of tetrahedral elements combined with layered
prism elements (in the boundary layers). The number of degrees of freedom varied between
approximately 1 million and 3 million, depending on the dimensions of the holes in the
plate (smaller holes lead to finer mesh and thus higher number of degrees of freedom). The
properties of the air used in both numerical and analytical calculations are given in Table 1,
and the properties of the material of the plate (silicon) are summarized in Table 2.

Table 1. Properties of the air.

Parameter Value Unit
Adiabatic sound speed ¢ 343.2 ms~!
Air density pg 1.2 kg m~3
Shear dynamic viscosity u 1.814 x 107° Pas
Thermal conductivity Ay, 2577 x 1073 Wm 1K1
Specific heat coefficient at constant pressure per unit of mass Cp 1005 Jkg 1K1
Ratio of specific heats 7y 1.4 -

Table 2. Material properties of the plate (silicon).

Parameter Value Unit
Plate density pj 2330 kg m~3
Young’s modulus E 160 G Pa
Poisson’s ratio v 0.27 -

The displacement of the moving electrode given either by Equation (29) for the elas-
tically supported rigid perforated plate or by Equation (32) for the flexible perforated
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plate clamped at all edges was used to calculate the acoustic pressure sensitivity of the
electrostatic receiving transducer o = UyZ/ (hgPinc), where &= f f s, &(x,y)dS,]/ S, is the
mean displacement of the plate over the surface of the backing electrode S, = 44, and Uy
is the polarization voltage (here, Uy = 30 V).

Figure 5 shows the acoustic pressure sensitivity of the receiving transducer with an
elastically supported rigid perforated plate of dimensions 0.3 x 0.3 mm (2 = 150 um) and
thickness i, = 5 um with N = 256 square holes of side dimension a;, varying between
0.3 um and 3 um, as per the thickness of the slits is. The air gap thickness is hy = 4 pum,
and the peripheral cavity of thickness 50 um has the volume of V, = 2.72 x 10712 m3. The
mass of the plate is given by M, = pph;,(4a> — Na?), and the structural damping coefficient
is supposed to be negligible R, = 0Ns/m. The stiffness of the elastic support K, was
calculated from the simple numerical model of the mechanical moving part only (in vacuo)
at very low frequencies. The dimensions of the arms of 145 x 30 um lead to K, = 200 N/m.
Very good agreement between the analytical results was obtained using the present method
(Equation (29)), and the ones provided by the complete numerical model of the transducer
can be observed, especially for small a;, and ks. When the values of a;, and hs approach the
gap thickness h (Figure 5d)), the damping seems to be slightly underestimated. Generally,
it seems that the “porosity” approach using the ratio ® works better when the dimensions
of the holes are much smaller than the gap thickness.
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Figure 5. Magnitude (upper curves) and phase (lower curves) of pressure sensitivity of the transducer
with elastically supported perforated plate: comparison of the present analytical results (continuous
lines) with the numerical (FEM) result (black points) for the side of the holes and the thickness of the
slits being equal to (a) 0.3 um, (b) 1 um, (c) 2 um, and (d) 3 pm.

The acoustic pressure sensitivities of the receiving transducer with flexible perfo-
rated plate clamped at all edges of dimensions 4 = 0.5 mm and thickness &, = 10 um
with N = 400 square holes of side dimension a; varying between 2 ym and 7 um are
shown in Figure 6. Here, the air gap thickness is hg = 10 um, and the volume of the
cavity is V, = 1079 m3. The analytical result, calculated using the method described in
Section 2.3.2, here takes into account only the first mode of the vibration of the plate 91,
in Equations (37) and (38), which is sufficient in the audio frequency range. Very good
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agreement between this analytical result and the reference numerical one can be found in
the pass band of the transducer. At very high frequencies, the higher modes of the plate
vibrations (not contained in the analytical results) appear in the numerical results.
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Figure 6. Magnitude (upper curves) and phase (lower curves) of pressure sensitivity of the transducer
with flexible perforated clamped plate: comparison of the present analytical results (continuous
lines) with the numerical (FEM) result (black points) for the side of the holes being equal to (a) 2 um,
(b) 3 um, (c¢) 5 um, and (d) 7 pm.

At very low frequencies, the difference between the acoustic pressure in the gap
pe(x,y) and the incident acoustic pressure p;,. is very small due to the acoustic short
circuit through the holes (see Figure 7 for p;, = 1 Pa and hole side of 2 um (left) and 5 pm
(right) at f = 100 Hz). This leads to the numerical noise in the results of the integrals in
Equations (25), (37) and (38), especially for larger holes (Figure 7b)). Since this pressure
difference is the source for the plate displacement (see Equation (30)), the analytical results
are perturbed by the noise in the low-frequency range (see Figure 6c,d). However, when
using the transducer in the audio frequency range, the effect of the acoustic short circuit
should be reduced, which leads to the use of small holes. For this case, the present analytical
model gives correct results (Figure 6a)).

Using the present analytical model, the dimensions of the transducer can be further
optimized, as shown in Figure 8. Smaller dimensions of the holes improve the pass band
of the transducer in the lower frequency range (1, = 1 um in Figure 8a). The dependence
of the sensitivity ¢ on the air gap thickness h in the pass band of the transducer presents
the common sensitivity doubling (+6 dB) when halving the gap thickness for small holes
(a, = 1 um in Figure 8a, a;, = 2 um in Figure 8b), while in the case of larger holes, this effect
almost disappears (a;, = 5 um in Figure 8¢, a;, = 7 um in Figure 8d). However, the impact
of decreasing h, on increasing damping of the resonance, which is usual in condenser
microphones, is preserved in the case of a perforated moving electrode. Note that the
thickness of the plate hp influences the mass and stiffness of the plate, hence the resonance
frequency and amplitude of the plate displacement. Higher thickness &, leads to higher
resonance frequency (thus, higher pass band of the transducer) and lower sensitivity.
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4. Conclusions

The analytical model of an electroacoustic transducer with the moving electrode in the
form of a perforated plate (rigid elastically supported or flexible clamped at all boundaries)
was developed. The formulation for the acoustic pressure field in the air gap between the
moving and the fixed electrode was derived, taking into account the acoustic short circuit
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through the holes, the thermal and viscous boundary layers effects in the thin fluid film,
and the coupling with the displacement of the plate. The displacement of the plate and the
acoustic pressure sensitivity of the transducer used as a microphone was calculated, and
the latter was compared to the reference numerical (FEM) results. Very good agreement
between these models was found in the transducer pass band, and some discrepancies,
appearing generally out of the frequency range of interest, were discussed and explained.
The influence of some geometrical parameters of the transducer, such as dimensions of the
holes in the plate or air gap thickness, was investigated.

Note that only the first mode of the flexible plate vibration was taken into account
here using the analytically expressed approximation of its first eigenfunction calculated
numerically. This is sufficient in the audio frequency range; however, further research
should focus on improved expression of the eigenfunctions, providing better results at
the frequencies above the first resonance, where the higher modes of the perforated plate
vibration occur.
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Appendix A. Approximate Eigenfunctions of the Perforated Flexible Square Plate
Clamped at All Edges [32]

Since no exact analytical expression for the eigenfunctions of perforated plates is
known, to our knowledge, the eigenfunctions used in Section 2.3.2 are approximated using
the series expansion [32]

lpmn X, y ZC (gr),(mn) ¢q( )477(]/)' (A1)

where the basis functions ¢;(x), ¢,(y) are the symmetrical eigenfunctions of 1D beam
clamped at both ends, given by [27,35]

0S cosh (aZx
¢p(x) = fa cosE ; coshgagag ,  with tan(tx;a) :—tanh(zx;a), (A2)

and similarly for ¢;(y). Such a form of the basis functions ensures that the approximated
eigenfunctions ¢y, (x, y) verify the boundary conditions (31). A simple numerical (FEM)
simulation of the perforated plate only (not loaded by the acoustic parts of the transducer)
was performed in order to obtain the numerically calculated eigenfunctions ", (x, ).
The coefficients ¢(,y) () in (Al) were then calculated from these numerical eigenfunctions
as follows:

1 ~a a
Carpiom = 57 | [ (5,9 (x) ¢ (). (A3)
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Other important information provided by the simple numerical model of the per-
forated plate are the eigenfrequencies " f;;, associated with each eigenmode m, n. The
eigenvalues ky;, ky, are then expressed from these numerically calculated eigenfrequencies

" fun as follows:
2
o = | 2 Jm, (A%)
r

where ¢, = \/D/M; is the wave speed on the plate. Note that k,, has the same values as
ky in the case of a square plate.
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Abstract: Facilitated by microelectromechanical systems (MEMS) technology, MEMS speakers or
microspeakers have been rapidly developed during the past decade to meet the requirements of
the flourishing audio market. With advantages of a small footprint, low cost, and easy assembly,
MEMS speakers are drawing extensive attention for potential applications in hearing instruments,
portable electronics, and the Internet of Things (IoT). MEMS speakers based on different transduction
mechanisms, including piezoelectric, electrodynamic, electrostatic, and thermoacoustic actuation,
have been developed and significant progresses have been made in commercialization in the last few
years. In this article, the principle and modeling of each MEMS speaker type is briefly introduced
first. Then, the development of MEMS speakers is reviewed with key specifications of state-of-
the-art MEMS speakers summarized. The advantages and challenges of all four types of MEMS
speakers are compared and discussed. New approaches to improve sound pressure levels (SPLs) of
MEMS speakers are also proposed. Finally, the remaining challenges and outlook of MEMS speakers

are given.

Keywords: microelectromechanical systems; MEMS; loudspeakers; microspeakers

1. Introduction

With the rapid advancement of consumer electronics, the worldwide audio market
has been seeing a growing trend towards smaller devices with lower power consumption
and better performance in the last decade. Speakers, as one of the core components in
mobile electronic devices such as laptops, smartphones, wireless earbuds, and human-
machine interfaces, are highly demanded to be smaller, lighter, and more power efficient.
Currently, speakers in those mobile electronic devices are dominated by conventional
speakers with bulky moving coils, which are still challenging to be batch fabricated since
voice coils and permanent magnets must be assembled [1]. The miniaturization of these
conventional speakers also has a negative impact on the sound quality and reaches some
limits due to the employed materials and the fabrication approaches [2]. For example,
the plastic or polymer diaphragms of conventional speakers are too soft to be used as
high-quality radiator surfaces [3]. The simplification of the mechanical suspensions and
electromagnetic parts in the miniaturization would lead to reduced bandwidths and
increased nonlinearities, thus deteriorating the sound quality [2,4]. It is also difficult for
conventional manufacturing technologies to achieve high dimensional precision and good
reproducibility in the miniaturization of speakers.

By contrast, microelectromechanical systems (MEMS) speakers, or microspeakers,
have been drawing more and more attention due to their inherent advantages, e.g., small
form factors, low power consumption, batch fabrication, and potential on-chip integra-
tion with electronic circuits. Many researchers have developed MEMS speakers based
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on various transduction mechanisms and achieved promising results, including electro-
dynamic MEMS speakers [5-7], electrostatic MEMS speakers [8,9], piezoelectric MEMS
speakers [10-12], and thermoacoustic MEMS speakers [13,14]. Various materials and
fabrication approaches have also been explored for developing MEMS speakers [15-17].
The performances of MEMS speakers have been evaluated and compared with conven-
tional speakers in terms of several key specifications, such as device footprint, output
sound pressure level (SPL), power consumption, bandwidth, and total harmonic distortion
(THD) [2,9,10,17]. Among them, the SPL and bandwidth are two widely used parameters
to evaluate the acoustic performance of MEMS speakers. THD, defined as the sum of all
power radiated in frequencies other than the fundamental frequency relative to the total
emitted sound power, is an important parameter to evaluate the sound quality of MEMS
speakers [9].

To date, MEMS speakers have been developed mainly for in-ear applications (e.g.,
hearing aids) and headphones [15,18]. It is challenging for MEMS speakers and conven-
tional electrodynamic microspeakers as well to achieve both high SPL output and flat audio
frequency response due to the vibration mode complexity of the diaphragm and the limited
space for actuation. Thus, the actuation method, structure, and electrode pattern design
of the diaphragm as well as the enclosure design are crucial to the overall response and
performance of a MEMS speaker. Both finite element analysis (FEA) and lumped element
modelling (LEM) are typically employed to study the effects of various design parameters
and to optimize the overall performance of MEMS speakers [19,20]. Several approaches
in terms of material selection [12], special structural design [21,22], and electrode configu-
ration [23,24] have also been demonstrated to achieve the better acoustic performance of
MEMS speakers. Extensive research efforts have been devoted to developing better MEMS
speakers with promising results demonstrated, which is evidenced by a large amount of
literature produced.

With so many research efforts paid to the development of MEMS speakers, signif-
icant progress has been made in their commercialization. For example, piezoelectric
MEMS speakers developed by Usound have reached the market. With a chip size of
6.7 mm x 4.7 mm x 1.58 mm, the developed piezoelectric MEMS speaker can generate a
high SPL of around 116 dB in an acoustic coupler, under a driving voltage of 15 V [25]. The
TDK Corporation has developed a series of piezoelectric speakers called PiezoListen. With
a thickness of as small as 0.49 mm and footprints ranging from 20 mm x 10 mm to 66 mm X
30 mm, the developed speakers can be installed on almost any kinds of displays or surfaces
to generate sound over a wide frequency range from 400 Hz to 20 kHz [26]. In addition,
Audio Pixels has successfully implemented a digital sound reconstruction (DSR) technique
in a commercially feasible manner and developed MEMS speaker arrays to generate high
quality sounds [27]. Furthermore, by using moving beams with electrostatic actuation to
generate sound inside silicon chips, Arioso Systems has developed MEMS speakers with
high-fidelity sound and CMOS-compatible process for in-ear applications [28].

In order to better leverage the existing achievements, it is necessary to sort out the
recent development of MEMS speakers, understand the barriers, compare different types
of MEMS speakers, and point out the future perspectives with respect to these challenges.
Thus, the main purpose of this article is to provide a state-of-the-art review of MEMS
speakers and a future outlook as well.

This review article is organized as follows. In Section 2, we introduce the theories and
modeling of MEMS speakers, including device concepts, LEMs, and several transduction
mechanisms. In Section 3, we review different types of MEMS speakers, including their
fabrication technologies, characterization results, and approaches to improve the SPLs of
MEMS speakers with regard to structures, materials, and actuation methods. The focus is
on the piezoelectric MEMS speaker. In Section 4, we compare and discuss the performances
of different MEMS speakers. In Section 5, we summarize the review and discuss future
perspectives of MEMS speakers.
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2. Theory and Modeling of MEMS Speakers
2.1. Basic Structure

In general, the main structure of a MEMS speaker consists of an acoustic diaphragm,
an actuation mechanism, and an air chamber. When an AC voltage is applied to drive the
MEMS speaker, a bending moment will be generated by the actuation mechanism, forcing
the diaphragm to vibrate and thus generating a sound pressure output. Considering
a circular vibrating diaphragm, as shown in Figure 1, the pressure amplitude can be
calculated based on the Helmholtz equation and the Rayleigh integral and is readily given
by [29]:

pe) = pCef? [ S M

where p is the air density, f is the vibration frequency, a is the radius of the diaphragm,
w(r) is the vibration amplitude at the radial distance of r, and z is the distance from the
diaphragm to the listener.

«——— Actuator

Listener

//P(z)

w(f) |

Air chamber

Diaphragm

Figure 1. Schematic of a MEMS speaker with a piston-move diaphragm and the geometries for sound
pressure calculation.

When the vibration of the acoustic diaphragm is simplified as a piston on an infinite
baffle, the effective sound pressure output P,(z) and the sound pressure level (SPL) in
decibels (dB) can be further simplified as:

P(z) = Pf; _ Y2mpsuf” @

spL = 20 1g( 2 ?)
Py f

where S and w are the surface area and vibration amplitude of the diaphragm, respectively.
The reference effective sound pressure value P,.r is 20 uPa [30]. Typically, the SPLs of
MEMS speakers are measured by microphones placed at 1 cm away from the MEMS
speakers in open air. For MEMS speakers specifically developed for in-ear or hearing-aid
applications, their SPLs are measured in a 2cc coupler (a coupler with a volume of 2 cm?
that conforms to the ANSI S3.7 and IEC 60318-5 standards) [31].

The acoustic diaphragm is important in MEMS speaker designs. According to Equa-
tion (2), the sound pressure output generated by the acoustic diaphragm is proportional to
its surface area and vibration amplitude, and the square of the working frequency. Thus,
generating high sound pressure output at lower frequencies is more challenging, which re-

) ®)
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quires larger deflections under the same diaphragm size constraint, as indicated in Figure 2.
Figure 2 plots the required deflection amplitudes for circular diaphragms with different
frequencies and different diameters to achieve a 90 dB SPL at 1 cm. This plot shows the
decreasing trend of the required deflection amplitudes with the increasing frequencies and
the diaphragm sizes and gives a general indication of the design values. As can be seen,
for a circular diaphragm with a diameter of 4 mm, achieving a 90 dB SPL at 1 cm requires a
diaphragm deflection of 5.9 pm, 94.4 um, and 1.05 mm at frequencies of 4 kHz, 1 kHz, and
300 Hz, respectively.

10000
1 & « - 300 Hz
) | & 500 Hz
[ ' —
. 1000 - " A— 1kHz
€ 3 ! " v 2kHz
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Figure 2. Required deflection amplitudes for different diaphragm diameters to achieve a 90 dB SPL
at 1 cm at frequencies of 300 Hz, 500 Hz, 1 kHz, 2 kHz, and 4 kHz.

MEMS speakers are usually designed to work in a frequency range from 20 Hz to
20 kHz, which is consistent with the hearing range of humans. Since the frequencies of
audible sounds for humans in daily life typically varies from 100 Hz to 10 kHz, including
speeches in low frequencies (300 Hz-3.4 kHz) and musical harmonics in high frequencies
(>6 kHz) [32], MEMS speakers are normally evaluated in both of these low-frequency and
high-frequency bands. In general, piezoelectric, electrodynamic, and electrostatic actuation
are the three most commonly used approaches to excite acoustic diaphragms. Details of
these transduction mechanisms will be introduced in Section 2.2.

In addition to the deflection, resonant frequency is another important design parame-
ter of acoustic diaphragms. Most of MEMS speakers presented in literatures are developed
based on deformable diaphragms with edges clamped on the substrate. Their funda-
mental resonant frequencies are dependent on the dimensions and material properties of
the diaphragms. For a circular clamped vibrating diaphragm, the fundamental resonant
frequency fy is given by [33]:

E

t

4)

where t, a, E, p;, and v are the thickness, radius, effective Young’s modulus, mass density,
and Poisson’s ratio of the circular diaphragm, respectively.
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The fundamental vibration mode of the clamped diaphragm is the so-called drum
mode, whose deflection profile peaks at the center of the diaphragm and decreases from
the center to the edge. When designing the fundamental resonant frequency, there are two
considerations. On one hand, to achieve high SPL at low frequencies and thus improve
the acoustic performance over a wide frequency range, the fundamental drum mode
frequencies are typically designed at around 2 kHz to 3 kHz [16,34,35]. On the other hand,
from the acoustic point of view, the drum mode vibration with the deformed emissive
surface and higher harmonics stimulation due to nonlinearities will distort the acoustic
wavefront, therefore causing sound distortions and deteriorating the sound quality [2].
Thus, some special diaphragm designs other than edge clamped diaphragms have been
developed, such as rigid diaphragms with radial rib structures supported by suspension
beams [2] and circular diaphragms supported by four flexible dual-curve actuators [21], in
which piston mode vibrations at low frequencies can be employed to generate the sound
while the drum mode vibrations can be shifted to high frequencies to avoid the sound
distortion of MEMS speakers.

2.2. Transduction Mechanisms

MEMS speakers have been developed based on various transduction mechanisms,
including the piezoelectric transduction [36], electrodynamic transduction [37], electrostatic
transduction [38], and thermoacoustic transduction [13]. Figure 3 shows the schematics of
MEMS speakers with different transduction mechanisms. Among them, MEMS speakers
developed based on the first three types of transduction mechanisms rely on the mechanical
vibration of the acoustic diaphragm to generate the sound. By contrast, thermoacoustic
MEMS speakers produce the sound by the periodic contraction and expansion of the
medium around the diaphragm due to the heat exchange between the diaphragm and the
surrounding medium.

* Coll W ) Q Joule heating
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Figure 3. Schematic of MEMS speakers based on (a) piezoelectric, (b) electrodynamic, (c) electrostatic, and (d) thermoacoustic

transduction mechanisms.

As shown in Figure 3a, piezoelectric MEMS speakers work on the flexural vibration
of the piezoelectric diaphragm. When an AC voltage is applied across the piezoelectric
film sandwiched by two metal electrodes, an in-plane strain will be generated based on
the converse piezoelectric effect, thus causing the out-of-plane vibration of the diaphragm.
The relation between the in-plane strain € and the applied electric field E can be expressed
by [21]:

e=dnk @)

where d3; is the piezoelectric constant of the employed piezoelectric film.

For electrodynamic MEMS speakers, the acoustic diaphragm is actuated by electro-
magnetic (Lorentz) force. As shown in Figure 3b, when the current flows through coils,
Lorentz force will be generated due to the interaction between the external magnetic field
and the electric current, thus bending the acoustic diaphragm. For a planar concentric
coil with N turns carrying an electric current I, the Lorentz force Fj oy.nt, generated by a
magnetic field with a flux density B can be expressed as [2]:

- — N

Frorentz = 1 0 Bdl = ZZTIIRiBi 6)
i=1
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where | is the length of the coil, R; is the radius of the ith turn, and B; is the radial component
of the magnetic flux density on the coil plane corresponding to the ith turn.

Electrostatic MEMS speakers are driven by the electrostatic force between two conduc-
tive plates. As shown in Figure 3c, the acoustic diaphragm is suspended over the substrate
by a small gap d. Considering this structure as a parallel-plate capacitor with flat and rigid
electrodes for simplification, the electrostatic force exerted on the diaphragm under an AC
driving voltage V;, and a DC bias V¢ is given by [39]:

I 4 Vin+Vpc

)? @)
where € is the electric permittivity of air and A is the area of the diaphragm. Advanced
models considering the bending of the plate and pull-in limitations are presented in [40,41].

Different from the mechanical vibration sound generators described above, thermoa-
coustic MEMS speakers emit sound by the thermoacoustic effect, which converts the Joule
heat into sound. As shown in Figure 3d, when an AC current is applied to a conductive
film, the film will be heated and exchange the thermal energy with the surrounding air,
causing the periodic contraction and expansion of the air, thus generating sounds. The root-
mean-square sound pressure amplitude produced by a thermoacoustic thin film speakers

can be derived as [42]:
_ Vap 1, VE o,

Prms = o /Ty 7 G
where pg, &, and Ty are the mass density, thermal diffusivity, and temperature of the
ambient gas, respectively, r is the distance between the thin film conductor and the listener,
Py, is the input power, f is the frequency of the sound, C; is the heat capacity per unit area
of the thin film conductor, and M is a frequency-related factor.

®)

2.3. Modeling

The acoustic performance of MEMS speakers is dependent on many design param-
eters, including material properties, device structures, and acoustic enclosure designs.
Lumped element modeling (LEM) and finite element analysis (FEA) can be used to effec-
tively predict the acoustic performance of MEMS speakers and optimize the designs. For
example, Neumann Jr. et al. presented CMOS-MEMS diaphragms for acoustic actuation
based on electrostatic force, and developed a simplified acoustic model to investigate the
effects of the dimensional parameters of the diaphragms [43]. Huang et al. studied the
sound pressure response of miniaturized moving-coil loudspeakers using an equivalent cir-
cuit method (ECM), which can simulate the electrical, mechanical, and acoustical responses
and optimize the device designs [44]. These methods are also called electro-mechano-
acoustical modeling, or lumped element modeling (LEM), which can be applied to study
the effects of different acoustic enclosures and model the performances of MEMS speakers
based on different transduction mechanisms [16,45]. LEM is a simple and efficient tool for
designing and analyzing multiphysics systems as well as for predicting their responses.
In this method, the representation of spatially distributed physical systems is simplified
by using a set of lumped elements when the length scale of the device is much smaller
than the wavelength of the governing physical phenomenon. Since the acoustic wave-
lengths (34.3-343 mm for 1-10 kHz) for MEMS speakers are much greater than their sizes
(1-10 mm), LEM is applicable.
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Typically, MEMS speakers are packaged in enclosures with a front cover, a back
chamber, and vent holes. Figure 4a illustrates a simplified structure of a MEMS speaker in a
package. The LEM of this device is shown in Figure 4b, representing a multiphysics system
consisting of electrical, mechanical, and acoustical energy domains. In the electrical domain,
the effort and flow are voltage (in V) and current (in A), respectively. The electrical and
mechanical domains are coupled by a transformer or a gyrator that models the transduction
mechanism of the MEMS speaker. In the mechanical domain, the effort represents the
force (in N) that actuates the vibrating diaphragm while the flow represents the velocity
of the diaphragm (in m/s). The acoustical domain is coupled to the mechanical domain
by the effective area of the diaphragm. Thus, the effort and flow in the acoustical domain
correspond to the pressure (in Pa) and volume velocity (in m®/s), respectively. The lumped
elements sharing the same effort are connected in parallel, while those sharing the same
flow are connected in series.

In the electrical domain, the electrical input impedance of the MEMS speaker is
modeled as Z,, which can be resistance and inductance from the wires and coils for electro-
dynamic MEMS speakers, or capacitance and resistance for electrostatic MEMS speakers
and piezoelectric MEMS speakers. The electrical domain is coupled to the mechanical
domain by a transformer (or a gyrator), representing the energy transformation from the
electromagnetic force, electrostatic force, or the piezoelectric force.

In the mechanical domain, the vibrating diaphragm is modeled as a mass-spring-
damper system, governed by the following equation:

d2w dw  w

Mdﬁ—i_RdE_'— *Ft (9)

Cs
where w is the vibration amplitude of the diaphragm, F; is the total force applied on the
diaphragm, and M, C4, and R, are the equivalent mass, compliance, and damping of
the diaphragm, respectively. The mechanical and acoustical domains are coupled with
the effective area of the diaphragm, which converts the actuation force to the acoustic
pressure. Two separate transformers are used to account for the front and the back sides of
the diaphragm [44].

In the acoustical domain, the air in an acoustic chamber with a volume V, can be
modeled as an acoustic compliance C, that is readily given by [44]:

Ca - Va

= (10)
a

where p, and c are the air density and the sound speed, respectively. Therefore, the front
volume and the back chamber can be modeled as acoustic compliances Cy, and Cy,,
respectively. The air flow inside narrow spaces can be modeled as acoustic resistances and
masses, such as Ry, and My, of the acoustic holes in the front side and R, and M, of the
backside vent. The acoustic radiation impedance of the diaphragm is also approximated as
the acoustic resistance Ry 54 (Rp raq) and mass My 55 (M 1q4)- Details of the calculation of
these lumped elements are described in [44].
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Figure 4. Lumped element model (LEM) of a packaged MEMS speaker: (a) illustration of the structures and (b) the
equivalent circuit in multiple domains.

By solving the equivalent circuit in the LEM, the volume velocity U generated by the
MEMS speaker in the acoustical domain can be obtained. Thus, by assuming the MEMS
speaker as a point source at a far-field distance r (much larger than the Rayleigh distance),
the sound pressure output P can be calculated as [45]:

~kpﬂc i(wt—kr
P _]z—m-u-eﬂ ) (11)
where k and w are the wave number and angular frequency of the acoustic wave, respec-
tively. Here, it is worthy of note that the MEMS speaker is considered as a monopole
mounted on a baffle plate for far-field calculation. Since the plate restricts the acoustic
radiation only to the forward hemisphere, the pressure is twice that of a free radiation
without a baffle plate [46].

The LEM has been widely applied to predict the dynamic responses of MEMS speakers,
especially at low-frequency regions or in the neighborhood of the fundamental resonant
frequency due to its simplicity [16,47]. However, the LEM is not sufficient to model
higher order resonant modes and incapable to well predict the high frequency responses of
MEMS speakers. Therefore, LEM is often used together with FEA to calculate the dynamic
responses [5,44,48], analyze the enclosure designs [45,49], and optimize the diaphragm
structural designs.

3. Development of MEMS Speakers

The study of MEMS speakers started in the late 1990s. Since then, significant progress
has been made to develop MEMS speakers based on different transduction mechanisms,
especially on piezoelectric, electrodynamic, and electrostatic transduction. To achieve a
small size, high output sound pressure, and flat frequency response, various materials,
structure designs, and fabrication techniques have been employed. In this section, the
development of MEMS speakers will be reviewed based on their transduction mechanisms.

3.1. Piezoelectric MEMS Speakers
3.1.1. Design and Fabrication of Piezoelectric MEMS Speakers

Piezoelectric actuation, with the advantages of small driving voltage and large ac-
tuation force, has been widely used in many MEMS devices, including ink-jet printer
heads [50], MEMS scanning mirrors [51], ultrasonic motors [52], RF resonators [53], and
acoustic generators [54]. Among them, piezoelectric MEMS speakers are important appli-
cations and are attracting more and more interest. Piezoelectric MEMS speakers based on
different piezoelectric materials, such as zinc oxide (ZnQO), aluminum nitride (AIN), and
lead zirconate titanate (PZT), have been presented for hearing aid or earphone applica-
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tions [35,55,56]. Piezoelectric MEMS speakers mainly consist of a piezoelectric vibration
diaphragm and an acoustic cavity. Typical vibration diaphragms can be designed as beam-
like piezoelectric actuators [57] (Figure 5a), fully clamped diaphragms with piezoelectric
layers embedded [12] (Figure 5b), or partially clamped diaphragms surrounded by piezo-
electric actuators [21] (Figure 5¢). Various piezoelectric MEMS speakers based on different
designs have been demonstrated [12,58].

- Si substrate - SiO, Insulation layer - Piezoelectric layer Electrode

Figure 5. Schematics of typical structures of piezoelectric MEMS speakers in top view (top) and cross-sectional view

(bottom). (a) Beam-like piezoelectric actuator. (b) Fully clamped diaphragm with piezoelectric layer embedded. (c) Partially
clamped diaphragm surrounded by piezoelectric actuators.

The fabrication process of piezoelectric MEMS speakers with various structures can
be different, depending on whether the diaphragm needs to be released from both sides
(Figure 5a,c) or the backside only (Figure 5b), but their general steps are similar. Here, an
example for the design of MEMS speakers with a partially clamped diaphragm (Figure 5c)
is presented to illustrate the typical fabrication process. As shown in Figure 6, firstly, an
insulation layer (SixNy or Si0O,), a bottom electrode layer, and a piezoelectric layer are
deposited in sequence on a silicon-on-insulator (SOI) substrate (Figure 6a). After that,
the piezoelectric layer is patterned by wet etching or reactive ion etching (RIE) to expose
the bottom electrode [59,60] (Figure 6b). Next, a top electrode is deposited and patterned
(Figure 6¢). After that, RIE is used to define a diaphragm and a set of piezoelectric actuators
on the front side (Figure 6d). Subsequently, the acoustic cavity is defined on the backside
with a two-sided photolithography and formed by the deep reactive ion etching (DRIE) of
silicon or wet etching with KOH (Figure 6e). The buried oxide layer is used as the etch stop
and finally removed by RIE or vapor hydrofluoric acid to release the moveable structures
(Figure 6f). For the fabrication of fully clamped diaphragms in Figure 5b, the process step
shown in Figure 6d can be skipped.

In the design and fabrication of piezoelectric MEMS speakers, the material of the
piezoelectric layer is important as it will affect the selection of the fabrication method and
the performance of the fabricated devices. Next, the piezoelectric materials for making
MEMS speakers will be discussed.
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Figure 6. Typical fabrication process flow of a piezoelectric MEMS speaker. (a) Deposit insulation, electrode, and piezoelec-
tric layers. (b) Pattern the piezoelectric layer. (c) Deposit and pattern the top electrode layer. (d) Reactive ion etching to
define the diaphragm and piezoelectric actuators. (e) Etch the acoustic cavity. (f) Release the moveable structures.

3.1.2. Piezoelectric Materials

Lead zirconate titanate (PZT) ceramics, single-crystal lithium niobate (LiNbO3), and
single-crystal lead magnesium niobate-lead titanate (PMN-PT) are widely used bulk piezo-
electric materials with high piezoelectric coefficients and electromechanical coupling factors
for piezoelectric transducers [61]. However, how to thin down these materials remains an
issue in fabricating piezoelectric MEMS devices. With the advancement of thin film deposi-
tion technologies, piezoelectric thin films including ZnO, AIN, and PZT can be fabricated
by sputtering or sol-gel methods, which have been applied to fabricate piezoelectric MEMS
devices, such as microspeakers [62,63]. Among these materials, ZnO is one of the most
commonly used for making piezoelectric thin film devices such as film bulk acoustic wave
resonators (FBAR), surface acoustic wave (SAW) resonators, piezoelectric micromachined
ultrasonic transducers (pMUTs), and microspeakers in early years. ZnO-based piezoelectric
MEMS speakers have been developed as early as in 1996, when Lee et al. fabricated a piezo-
electric cantilever transducer that worked both as a microphone and a microspeaker [58]. In
their system, the 2000 x 2000 x 4.5 pm3 piezoelectric cantilever was fabricated based on a
0.5 um-thick ZnO layer with the magnetron sputtering method. In 2003, Ko et al. presented
a piezoelectric microspeaker based on a clamped 3000 x 3000 x 3 um?® diaphragm. This
micromachined transducer also has a thin ZnO film as the piezoelectric layer, which is
deposited on a membrane of low-stress silicon nitride of 1.5 um [64].

Another type of piezoelectric material, AIN, has also been well studied and charac-
terized in the past few decades. A thin film of AIN is normally deposited by the reactive
magnetron sputtering method. Sputtered AIN thin films have better chemical and thermal
stability than ZnO. The lower conductivity of AIN compared to ZnO also results in lower
power loss [65]. With these advantages, AIN has also been a good candidate for fabricating
the piezoelectric layer of MEMS speakers. In 2007, Seo et al. presented piezoelectric micros-
peakers with circular-type and cross-type electrode configurations based on a 0.5-pum-thick
AIN film [36]. With a diaphragm size of 4 x 4 mm?, the AIN-based microspeakers achieved
good acoustic performance with a high sound pressure level (SPL).

However, it is challenging to sputter ZnO and AIN with controlled properties. Their
morphology and crystalline quality will highly affect the piezoelectric constants of materials.
In a fabrication process, the sputtering rate and residual stress are dependent on the
sputtering condition and film thicknesses [66,67]. Sputtering with heated substrates (above
300 °C) have been reported with large residual stresses [35,68], which will wrinkle the
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diaphragm of fabricated piezoelectric MEMS speakers and affect the sound pressure output.
It is possible to deal with such residual stress problem by adding a stress compensation
layer or fabricating dome-shaped diaphragms to reduce the effect of the residual stress.
For example, in 2000, Han et al. reported dome-shaped piezoelectric MEMS speakers
built on 1.5-um-thick Parylene diaphragms, which can easily release the residual stress
through volumetric shrinkage or expansion [69]. In 2009, Yi et al. reported piezoelectric
AIN MEMS speakers with improved performance by controlling the residual stress of the
compressively stressed diaphragm using SixNy films [35]. The results revealed that the
SPLs of the piezoelectric AIN microspeakers were increased by more than 10 dB when the
residual stresses became more compressive, especially at the low frequency region.

Other limitations of sputtering ZnO and AIN thin films include low deposition rates
(tens of nm/min), small film thicknesses, and small piezoelectric constants [67,70]. The
lower value of piezoelectric constants will directly limit the vibration amplitude of a
piezoelectric diaphragm and lead to poor acoustic performance. By contrast, PZT thin films
have greater piezoelectric constants and are favorable for the applications of piezoelectric
actuation. The sputtering and sol-gel methods have also been employed to deposit PZT
thin films with typical thicknesses of 0.5-2 um, which can be applied to a wide range of
applications [63]. For example, in 2009, Cho et al. fabricated a piezoelectric MEMS speaker
based on a sol-gel PZT thin film with a thickness of 700 nm [11]. The fabricated MEMS
speaker had a circular diaphragm with a diameter of 2 mm, which achieved SPLs of 79 dB
at 1 kHz, 87 dB at 5 kHz, and 90 dB at 10 kHz under a driving voltage of 13 V. However,
sputtered and sol-gel PZT films also suffer from residual stresses and limited thicknesses.
Thicker sol-gel PZT films require multiple coatings and high temperature annealing, which
will cause serious stress issues. Moreover, since the piezoelectric properties of deposited
thin films are largely dependent on the crystal orientation and substrate condition, proper
buffer layers are required to prevent the material interdiffusion and oxidation and help to
obtain good piezoelectric properties with lower residual stress.

The material properties of these commonly used piezoelectric thin films and the
commercial ceramic PZT are summarized in Table 1. Since most of piezoelectric MEMS
speakers work on the d3; mode of the piezoelectric layer, only the ds; piezoelectric constant
is listed in the table for comparison. Among these materials, AIN thin films have the
smallest piezoelectric constant, while PZT thin films exhibit the highest piezoelectric
constant, which is about 10 to 20 times greater than that of ZnO thin films. However,
the piezoelectric constant of PZT films also vary in a wide range, dependent on the film
thickness, deposition, and poling conditions. In particular, the piezoelectric coefficient of
the commercial ceramic PZT (e.g., PZT-5H) can reach 300 pm/V [71], which makes it a
promising candidate for the construction of piezoelectric transducers.

Table 1. Material properties of commonly used piezoelectric thin films and the commercial ceramic PZT [21,71-76].

Property ZnO AIN Sol-Gel PZT Sputtered PZT Ceramic PZT-5H
Density (kg/m?) 5700 3260 7700 7700 7800
Young’s modulus (GPa) 98.6 283 96 96 50
Dielectric constant 8.8 8.5-10.7 650-1470 400-980 3400
Piezoelectric constant d3; (pm/V) 3.9-5.5 2-2.6 23-76 45-102 270-300

3.1.3. Approaches to Improve SPLs

Although a large number of piezoelectric MEMS speakers have been demonstrated
based on various piezoelectric thin films with promising results, inadequate sound pressure
level (SPL) outputs and non-flat frequency responses are common challenges of these
devices. High SPLs of over 90 dB were achieved in a few piezoelectric MEMS speakers,
but they were measured either in canals or ear simulators or at high-frequency resonances.
Piezoelectric MEMS speakers with high SPLs (90 dB or above) over wide frequency ranges,
especially in open air and low-frequency range, are needed for broader applications such

79



Micromachines 2021, 12, 1257

as mobile phones, laptops, wearable electronics, and Internet of Things (IoT) devices.
Therefore, several approaches have been proposed to improve the SPLs of piezoelectric
MEMS speakers in terms of materials and fabrication processes and structure designs,
which will be reviewed in the following.

Materials and Fabrication Processes

As discussed in Section 3.1.1, the commonly used piezoelectric thin films of ZnO and
AIN deposited by sputtering or sol-gel methods suffer from large residual stresses and
limited thickness. For sputtered or sol-gel PZT, their obtained piezoelectric constants are
also not comparable with those of bulk piezoelectric crystals or ceramics. As illustrated in
Table 1, the piezoelectric constant of ceramic PZT is over four times greater than that of
sputtered or sol-gel PZT. Thus, ceramic PZT was gradually employed in fabricating the
piezoelectric layer of MEMS speakers with particular fabrication process to thin down this
material. In 2009, Kim et al. thinned ceramic PZT down to around 40 um and fabricated
piezoelectric MEMS speakers based on it, and they measured an SPL of 90 dB (£5 dB) in
the audible frequency range under a 32-Vp, drive at 1 cm away from the MEMS speaker
in an anechoic box [17]. The fabricated MEMS speaker also exhibited a total harmonic
distortion (THD) of less than 15% from 400 Hz to 8 kHz. However, the acoustic diaphragm
was as large as 20 mm x 18 mm.

Since the resonant frequency of a diaphragm is affected by its area and thickness,
scaling down the diaphragm size requires a thinner piezoelectric layer to maintain a proper
resonant frequency. In 2020, Wang et al. presented a piezoelectric MEMS speaker based
on thin ceramic PZT [16]. By using wafer bonding and chemical mechanical polishing
techniques, ceramic PZT was thinned down to only 5 um and applied to fabricate MEMS
speakers. An optical image of the fabricated MEMS speaker and a cross-section SEM image
of the device layers are shown in Figure 7al,a2. Thin ceramic PZT not only exhibits much
greater piezoelectric constants than sol-gel or sputtered PZT thin films but also has a wider
range of thicknesses, thus allowing the scaling of diaphragms within size restrictions for
different applications. With a 6 mm diameter diaphragm, the fabricated MEMS speaker
achieved a maximum SPL of 119 dB measured at 1 cm under a 10-Vpp drive, as shown in
Figure 9a [16].
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Figure 7. Piezoelectric MEMS speakers based on new materials: (al) optical image and (a2) cross-section SEM image
of a thin ceramic PZT-based MEMS speaker (Reproduced with permission from Elsevier [16]); (b1) schematic and (b2)
cross-section SEM image of multilayer ceramics of a KNN ceramics-based MEMS speaker (Reproduced with permission

from IOP [77]).

Furthermore, lead-free piezoelectric ceramics with high piezoelectric constants have
also been explored for fabricating piezoelectric MEMS speakers. For example, in 2014,
Gao et al. fabricated piezoelectric MEMS speakers using potassium sodium niobate
((K,Na)NbOs3, KNN)-based multilayer piezoelectric ceramics [77]. They employed a tape
casting and cofiring process and used Ag-Pd alloys as an inner electrode. A schematic of
the multilayer ceramics based piezoelectric MEMS speaker and a cross-section SEM image
of the multilayer KNN-based ceramics are shown in Figure 7b1,b2, respectively. With a
form factor of 23 x 27 x 0.6 mm?, using three layers of 30-um-thick KNN-based ceramics,
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the fabricated MEMS speakers showed an average SPL of 87 dB from 1 kHz to 20 kHz
measured at 3.16 cm under a 5-V s drive.

Structure Designs

As illustrated in Section 2.1, the output SPL of a MEMS speaker is directly determined
by the frequency, area, and displacement of its diaphragm. Increasing the out-of-plane
displacement of piezoelectric diaphragms is an effective approach to improve SPLs, es-
pecially at low frequency, as a much larger displacement is required at low frequency to
achieve the same SPL at high frequency. Therefore, various designs of piezoelectric MEMS
speakers have been proposed to improve their SPLs by changing the diaphragm structures,
electrode configurations, or using an array form to enhance their acoustic performance.

Diaphragm Structures

In 2018, Stoppel et al. demonstrated a piezoelectric MEMS speaker based on a 2-um-
thick sputtered PZT with two open cuts on a square diaphragm (4 x 4 mm?) for in-ear
applications, as shown in Figure 8a [18]. Without a closed diaphragm, four individual
actuators are mechanically decoupled from each other and thus can achieve larger out-of-
plane displacements. The measurement in an ear simulator showed a high SPL of above 81
dB from 20 Hz and above 100 dB from 4.7 kHz to 15.8 kHz under a 2-Vy,;, drive, as shown
in Figure 9b. The measured THD was less than 2% at most frequencies, except for the
subharmonics of the resonance frequency, where the THD was increased to 7%.

In 2020, Cheng et al. presented a piezoelectric MEMS speaker with enhanced SPL by
designing suspension-spring actuators with a dual-electrode driving [21]. As shown in
Figure 8b, the designed MEMS speaker consisted of a circular moveable diaphragm and
four flexible spring actuators. Dual-curve spring actuators with dual-electrode driving
were utilized to achieve larger displacements than single-curve spring actuators under the
same form factor. Measurements in a 3-cm-long tube showed a maximum SPL of 90.1 dB
at the resonance of 1.85 kHz under a 2-Vp,, drive, which was 28 dB higher than the SPL
of a fully clamped diaphragm speaker at the same frequency (Figure 9c). The measured
THD of the dual-curve spring device was also lower than those of the clamped diaphragm
devices, which was less than 2% at most frequencies and low than 8% at the resonant or
harmonic frequencies.

In addition to employing unsealed vibration diaphragms with large displacements,
Wang et al. proposed a rigid—flexible vibration coupling mechanism in 2021. By depositing
a Parylene film on a pre-etched diaphragm, the fabricated MEMS speaker can maintain
large displacements of the unsealed diaphragms without acoustic loss. Measurement in
an ear simulator under a 2-V drive showed SPLs can exceed 59 dB from 250 Hz to 20 kHz,
with the maximum value of 101.2 dB obtained at the resonance of 6.7 kHz [78].

Figure 8. Optical images of piezoelectric MEMS speakers with novel structural designs. (a) A diaphragm with two open

cuts (Reproduced with permission from IEEE [18]). (b) A diaphragm with suspension-spring actuators (Reproduced

with permission from Elsevier [21]). (c) A diaphragm formed by four piezoelectric cantilevers with different dimensions

(Reproduced with permission from IEEE [79]).
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Figure 9. Measured frequency response of piezoelectric MEMS speakers with (a) a thin ceramic PZT-based diaphragm in free

field at 1 cm (Reproduced with permission from Elsevier [16]), (b) a square diaphragm with open cuts in an ear simulator

(Reproduced with permission from IEEE [18]), and (c) dual-curve spring actuators in a 3-cm-long tube (Reproduced with

permission from Elsevier [21]).

To improve SPLs over a broad frequency range, in 2021, Wang et al. proposed a
cantilever array design with an in-phase/out-of-phase hybrid driving method to realize a
broadband piezoelectric MEMS speaker [79]. As shown in Figure 8c, the device consisted
of four piezoelectric cantilevers with different dimensions, the four resonance frequencies
of which contribute to the broadband performance of the MEMS speaker. In this device,
in order to avoid the sound pressure cancellation due to the large phase shifts around the
resonances of the cantilevers, a hybrid drive voltage with a combination of both in-phase
and out-of-phase signals was applied to ensure that the cantilevers vibrate in the same
direction. Measurements showed a broadband frequency response from 100 Hz to 10 kHz
with an SPL of 70 dB or higher and a maximum SPL of 110 dB at 1.54 kHz in an ear
simulator under a 2-Vp,, drive.

Electrode Configurations

Efforts have also been devoted to improving the SPLs of MEMS speakers by the special
design of electrode configurations. Electrode configurations on piezoelectric diaphragms
are important as they largely determine the excitation mode, vibration displacement, and
electromechanical coupling efficiency. As introduced in Section 2.1, most piezoelectric
MEMS speakers work on the d3; flexural vibration mode of piezoelectric diaphragms
with the electrical field applied in the thickness direction and the strain generated in the
lateral directions. In addition to the ds; vibration mode, piezoelectric materials can also
be excited in the d33 mode with the applied electrical field and the generated stain in
the same direction, typically in the thickness direction. Typically, the magnitude of the
ds3 constant of a piezoelectric material is roughly two times larger than that of the d3;
constant. Therefore, by proper electrode configurations, the d33 mode of piezoelectric
diaphragms can be excited with larger out-of-plane displacements than the d3; mode. In
2015, Kim et al. presented a piezoelectric MEMS speaker based on the d33 mode PMN-PT
single crystal diaphragm with a circular inter-digitated electrode (IDE) configuration and
studied the effects of the patterned electrodes on the acoustic characteristics of the MEMS
speaker [23]. A single crystal PMN-PT was thinned down to 10 pm to form an 8.5 mm
diameter diaphragm by grinding, polishing, and inductively-coupled-plasma (ICP) etching,
followed by metallization with circular IDE patterns on the top, as shown in Figure 10a.
Measurements showed improved SPL with increasing area of the patterned IDE. With an
8 mm diameter IDE, the MEMS speaker showed an average SPL of above 70 dB from 1 kHz
to 10 kHz and a maximum SPL of around 100 dB at 1 cm under a 5-Vymg drive.

In addition to the IDE configuration that can excite the piezoelectric d33 mode for SPL
improvement, dual-electrode configuration has been investigated to improve the SPLs of
piezoelectric MEMS speakers working on the d3; mode. In 2020, Tseng et al. presented
a piezoelectric MEMS speaker with the SPL improved by dual-electrode driving [56].
The schematic of the designed MEMS speaker is shown in Figure 10b, where the square

82



Micromachines 2021, 12, 1257

PMN-PT Membrane

(b)

diaphragm consists of four triangular plates whose vibrations are synchronized by a
connection mass. The low frequency response can be enhanced by reducing the size
of the gaps between the triangular plates. Each triangular plate can be driven by an
inner electrode and an outer electrode with a 180° phase difference to actuate the piston
mode of the diaphragm to increase the SPL. Measurements showed a SPL enhancement
of 9.5 dB under the dual-electrode driving in comparison with the single (inner or outer)
electrode driving.
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Figure 10. Schematics of piezoelectric MEMS speakers with special electrode configurations. (a) Circular inter-digitated
electrode (Reproduced with permission from Springer [23]). (b) Triangular plates with dual electrode (Reproduced with

permission from IEEE [56]). (c) Circular diaphragm with dual electrode (Reproduced with permission from IEEE [24]).

In addition to the 180° out-of-phase, other phase differences in dual-electrode driving
and their influences on the SPL improvement of piezoelectric MEMS speakers have been
studied. In 2021, Wang et al. presented a ceramic PZT-based piezoelectric MEMS speaker
with the SPL improved by dual-electrode driving and studied the effects of the phase
difference at different frequencies [24]. As shown in Figure 10c, the reported MEMS speaker
consists of an inner circular electrode and an outer ring-shaped electrode. By applying
sine waves on these two electrodes with a phase difference tuned from 0° to 360° in the
experiments, the measurement results revealed that the SPL changed significantly with the
phase difference and was frequency dependent, peaking at different phase differences for
different frequencies. With the optimal phase differences, a 2-10 dB SPL improvement can
be achieved in the frequency band spanning from 600 Hz to 10 kHz, compared with the
single-electrode driving method.

Array Structures

Another approach to improve the SPLs of the piezoelectric MEMS speakers is using
digital sound reconstruction or speaker arrays. Different from traditional sound generation
techniques that rely on the vibration amplitudes and frequencies of a single or a few
diaphragms to achieve high SPL at specific frequencies, digital sound reconstruction
generates loud sound by adding the outputs of a large number of speaker pixels that can
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be excited individually by signals with different frequency compositions [80]. Typically, a
speaker array containing 2" speaker pixels is used in digital sound reconstruction, where
n is the bit number, and each pixel contributes a small amount of sound pressure in the
system. In 2015, Casset et al. implemented digital sound reconstruction with piezoelectric
MEMS speaker arrays [81]. Figure 11a shows the fabricated speaker array packaged on an
electronic board. With a chip size of 4 x 4 cm?, the speaker array contains 256 piezoelectric
diaphragms based on a 2-pum sol-gel PZT film. The output SPL of the speaker array reached
over 100 dB at 13 cm. In 2016, Arevalo et al. increased the bit number and presented a 10-bit
(1024 elements) piezoelectric MEMS speaker array with a chip size of 2.3 x 2.3 cm? [82].
An optical image of part of the speaker array is shown in Figure 11b. The characterization
results demonstrated the potential of piezoelectric MEMS loudspeaker arrays for digital
sound reconstruction, but more efforts are still needed to optimize the design for better
acoustic performances.
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Figure 11. Schematic and optical images of piezoelectric MEMS speaker arrays: (a) a 256-speaker array packaged on an

electronic board (Reproduced with permission from Elsevier [81]) and (b) part of a 1024-speaker array (Reproduced with

permission from IEEE [82]).

3.1.4. Summary of Piezoelectric MEMS Speakers

Piezoelectric MEMS speakers are reviewed above from piezoelectric materials, fabri-
cation techniques, and approaches to improve SPLs. Table 2 summarizes the key results
of these piezoelectric MEMS speakers. As shown in the table, sol-gel and sputtered PZT
films are popular piezoelectric materials for fabricating piezoelectric MEMS speakers due
to their higher piezoelectric constants than those of ZnO or AIN films. Piezoelectric MEMS
speakers based on sol-gel or sputtered PZT films with thicknesses of 1-2 pm typically have
diaphragm sizes of no more than 4 mm and can generate high SPLs over 90 dB in tubes or
ear simulators for in-ear applications. With optimized structure designs, their SPLs can be
significantly improved to reach maximum values over 110 dB under small driving voltages.
Moreover, piezoelectric MEMS speakers based on ceramic PZT or single-crystal PMN-PT
can generate high SPLs in open air, which have potential applications in consumer electron-
ics such as cell phones or laptops. Bulk ceramic PZT or PMN-PT with superior piezoelectric
properties can be thinned down to 540 um for fabricating piezoelectric MEMS speakers,
which enables larger diaphragm designs ranging from 6 mm to 2 cm and high SPLs of over
100 dB at 1 cm in open air.
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Table 2. Key results of different piezoelectric MEMS speakers.

Ref Piezoelectric = Diaphragm  1st Resonant Maximum Driving Note
) Layer Size Frequency SPL Voltage
Measured
[58] 05umzn0  2mmlensth g4y, 100 dB at 12 Vpp into a2 cm®
(square) 4.8 kHz
coupler
1 um 1.13 mm 90.1 dB at Measured in
[21] sputtered diameter 1.85 kHz 1 2.35 kHE; 2 Vpp a 3-cm-long
PZT (central part) ' tube
1 pum 2 mm side Measured in
[78] sputtered length 6.7 kHz 1061.7213-1?;,( (uns ze\c/i fied) an ear
In-coupler PZT (hexagon) ’ p simulator
measurement 2 um 2 Measured in
[79] sputtered 4 :nml 1.54 kHz 1132 4dkli_lat 2 Vpp an ear
PZT (rectangle) ’ z simulator
5-speaker
2 um 3.24 mm? array,
[56] sputtered (four ~6 kHz 118.1dB at 2 Vpp measured in
. 11.9 kHz
PZT triangles) an ear
simulator
2 um Measured in
[18] sputtered 4 I?m leng)gth 8.3 kHz 183 g iiat 2 Vpp an ear
PZT square ' z simulator
3 mm length 83.1dB at Measured at
[64] 0.5 um ZnO (square) 7.3 kHz 13.3 kHz 30 Vpp 1 em
5 mm length 92.4 dB at Measured at
[10] 0.5 um ZnO (square) 2.92 kHz 292 kHz 6 Vpp 2 mm
4 mm length 100 dB at Measured at
[36] 0.5 pm AIN (square) - 10 kHz 20 Vip 3 mm
Deviceina 4
104 dB at cm3 package,
[35] 0.5 pm AIN N - 3kHz 20 Vpp measured at
Free-field Tem
measurement [11] 0.7 pm 2 mm B 90 dB at 13V Measured at
sol-gel PZT diameter 10 kHz (unspecified) 1cm
256-speaker
2 um sol-gel 2.6 mm 8V array,
[81] PZT diameter 18 kHz ~110dB (unspecified)  measured at
13 cm
5 um ceramic 6 mm 119 dB at Measured at
[16] PZT diameter 4.3 kHz 9 kHz 10 Vpp lcm
40 pm 18 mm x 20 ~106 dB at Measured at
[17] ceramic PZT mm 049 kHz 5.5 kHz 32 Vpp 1cm
10 um 8.5 mm ~100 dB at Measured at
[23] PMN-PT diameter ~ AIBKHZ o, 10V2 Vi lcm

3.2. Electrodynamic MEMS Speakers

Electrodynamic MEMS speakers have been developed based on electromagnetic
actuation, which is the most widely used actuation mechanism in classical speakers. Elec-
trodynamic MEMS speakers have advantages of high power density, low driving voltage,
and linear responses. Efforts have been devoted to the development of electrodynamic
MEMS speakers with integrated magnetic materials and small form factors at low cost,
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while improving their sound performances. However, the full integration of magnetic
materials to realize electrodynamic MEMS speakers is still challenging.

In 2004, Cheng et al. presented an electrodynamic MEMS speaker for hearing instru-
ments. The device was fabricated with a low temperature process using an electroplated
Ni/Fe soft magnet, which was suitable for post-CMOS processing and potential integra-
tion with electronic circuits [5]. A schematic of the designed MEMS speaker is shown
in Figure 12a, which has a chip size of 5 mm x 5 mm and consists of a micromachined
polymer diaphragm on a silicon wafer, a single-curve Cu coil, an electroplated Ni/Fe soft
magnet, and a permanent magnet mounted on the backside. The frequency responses
of the fabricated device are measured in air and in a 2-cc coupler with results shown in
Figure 13a. At a low driving voltage of 1.5 V, the MEMS speaker generated a maximum
SPL of 93 dB at 5 kHz in a 2-cc volume. This work provided a concept and process for
micromachining electrodynamic MEMS speakers. Following that, several electrodynamic
MEMS speakers have been reported for lower power consumption, high-level integration
process, and improved SPL and sound quality.

In 2009, Chen et al. presented an electrodynamic MEMS speaker with improved
power efficiency through incorporating Ni nano-composites into Cu to make the voice
coil [83]. A cross-sectional view of the MEMS speaker structure is illustrated in Figure 12b,
where the coil is made of a Cu-Ni composite by mixing Ni nano-powders with alkaline
non-cyanide-based copper-plating solution in a colloidal bath. The frequency responses of
the fabricated MEMS speakers driven by the Cu-Ni nanocomposite and pure Cu coils are
measured and compared, as shown in Figure 13b. The experimental results showed that
the MEMS speaker with a Cu-Ni composite coil can averagely provide about 40% power
savings than the one with a Cu coil for the same SPL output at 70 dB.
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Figure 12. Electrodynamic

MEMS speakers: (a) typical structure of an electrodynamic MEMS speaker (Reproduced with

permission from IOP [5]), (b) cross-sectional view of a low-power electrodynamic MEMS speaker with Cu-Ni nanocomposite

coil synthesized (Reprodu

ced with permission from Journal of IEEE [83]), (c) schematic (top) and cross-sectional view

(bottom) of a fully integrated electrodynamic MEMS speaker (Reproduced with permission from IEEE [15]), (d) schematic
of an electrodynamic MEMS speaker with a rigid silicon diaphragm (Reproduced with permission from Springer [84]),
(e) schematic of an electrodynamic MEMS speaker showing a rigid silicon diaphragm and the optimized configuration of
coil and two face-to-face magnets (Reproduced with permission from IEEE [2]).
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As shown in Figure 12a,b, most electrodynamic MEMS speakers require the assembly
of a bulky permanent magnet, which will not only increase the overall footprint of the
device but also add challenge to the batch fabrication process and precise alignment
of the magnet to the diaphragm coil. In order to address this issue, in 2009, Je et al.
presented a fully-integrated electrodynamic MEMS speaker with an IC process-compatible
micromachined permanent magnets for hearing aid applications [15]. A schematic and
cross-sectional view of the presented MEMS speaker is shown in Figure 12¢c, where a
Parylene diaphragm containing embedded multi-turn coils and a soft magnet core is
suspended over an acoustic cavity. A rare earth Nd-Fe-B magnetic powder was mixed
into a wax binder and dispensed into pre-etched trenches to form the permanent ring
micromagnet. The fabricated MEMS speaker produced a 0.64 pm peak displacement at
1 kHz with a 46-mW power consumption. Referring to Figure 2, the achieved displacement
is too small to generate sufficient SPLs by a diaphragm with a diameter of 3 mm. Although
this work demonstrated the feasibility of fabricating fully integrated electrodynamic MEMS
speakers, further design optimization is required to improve the displacement and acoustic
performance.

Most MEMS speakers use clamped polymer diaphragms, such as polyimide, Parylene,
and SU-8, for flexural vibration and sound generation, whose small mass is in favor of
power efficiency and large deflection. However, the flexible nature of polymer diaphragms
will lead to dynamic deformations and numerous structural modes within the audio
frequency band, thus inducing sound distortion and non-flat frequency response. From
2012 to 2013, to improve the sound performance of electrodynamic MEMS speakers,
Shahosseini et al. proposed novel electrodynamic MEMS speakers based on rigid silicon
diaphragms and optimized structural designs [2,6,37,84]. The rigid silicon diaphragms
were designed with radial ribbed structures for increased stiffnesses and reduced masses,
thus enhancing the piston mode vibration for the sound generation and shifting other
modes out of the audio frequency band. Figure 12d shows the structure of such an
electrodynamic MEMS speaker, where the silicon diaphragm was connected to the substrate
by a set of flexible springs to provide out-of-plane displacements [84]. A 14-turn Cu
coil was shaped in a special geometry to prevent the damage near the springs’ clamp
areas, and it was located as close as possible to the permanent magnet to maximize the
electromagnetic force. The same research group also investigated the distribution of the
magnetic flux density under different configurations of the permanent magnets. In 2013,
another electrodynamic MEMS speaker with an optimized microcoil configuration and
two face-to-face magnets has been developed [2], as shown in Figure 12e. The fabricated
MEMS speaker had a circular diaphragm with a diameter of 15 mm and generated a SPL
of around 80 dB at 10 cm starting from 300 Hz to over 20 kHz, as shown in Figure 13c.

~=— Pure Cu
«— Composite

-
-
Sound Pressure Level (dB)
3 3
N
A,
SPL (dB) at 10 cm
PO
S o
7 g
2
£
=
o
<
—

1000 10000 100000

1
(a) frequency (kHz)

(b) Frequency (kHz) {c) Frequency (Hz)

Figure 13. Typical frequency responses of electrodynamic MEMS speakers based on (a) a polymer diaphragm and a Cu

coil and measured at 2 cm in air and in a 2-cc coupler (Reproduced with permission from IOP [5]), (b) pure Cu and Cu-Ni

composite coils and measured in a 2-cc coupler (Reproduced with permission from IEEE [83]), (c) a rigid silicon diaphragm

and measured at 10 cm in air (Reproduced with permission from IEEE [2]).
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Table 3 summarizes the key results of these electrodynamic MEMS speakers. As shown
in the table, electrodynamic MEMS speakers based on polymer diaphragms typically have
small size and low power consumption but limited SPLs. Their maximum SPLs are around
100 dB or less measured in 2-cc couplers or ear simulators. By contrast, electrodynamic
MEMS speakers with rigid silicon diaphragms can generate loud sound in open air at large
distance but suffer from large diaphragm size and high power consumption.

Table 3. Key results of different electrodynamic MEMS speakers.

Ref Diaphragm Material Diaphragm Size Maximum SPL Power Consumption Note
: 3
[5] Polyimide 35mm diameter 93 dB at 5 kHz 320 mW Measured ina 2 cm
volume
[7] Polyimide 3 mm diameter 106 dB at 1 kHz 0.13 mW Calculated based on
the displacement
.. . Measured in a sealed
[85] Polyimide 2.5 mm diameter 90 dB at 1,5,10 kHz — 1500 mm3 silicone tube
Around 85 dB at Measured in a 2 cm®
[83] SU-8 ) 5.2 kHz B volume
: 3
[86] PDMS 3.5 mm diameter 106 dB at 1 kHz 1.76 mW Measured ina 2 cm
volume
[2] Silicon 15 mm diameter 80 dB at 0. 33 kHz 0.5W Measured at 10 cm

3.3. Electrostatic MEMS Speakers

MEMS speakers based on electrostatic actuation have also been proposed, which
typically consist of parallel or lateral plate actuators. The advantages of such speakers
include easy fabrication, high electromechanical efficiency, and relatively flat frequency
response. In this section, the recent designs of electrostatic MEMS speakers based on differ-
ent diaphragm materials will be introduced first. Then, the approaches to improve SPLs
of electrostatic MEMS speakers while balancing the design constraints will be reviewed
in detail.

3.3.1. Devices with Different Diaphragm Materials

Electrostatic MEMS speakers have been demonstrated based on different diaphragm
materials [8,39,87,88]. In 2005, Kim et al. reported an electrostatic MEMS speaker based
on a Parylene thin diaphragm. As the cross-sectional SEM image shown in Figure 14al,
the speaker contains two separated chambers on the top and bottom, respectively, which
enables bi-directional actuation by electrostatic forces [88]. Figure 14a2 shows the measured
frequency response of the speaker. With a diaphragm size of 2 x 2 mm?, the fabricated
device generated high SPLs of 113.4 dB at 7.68 kHz and 98.8 dB at 13.81 kHz, which
were measured at a distance of 1 cm under a driving voltage of 150 V. In 2007, Roberts
et al. presented an electrostatically driven touch-mode MEMS speaker based on poly-
SiC diaphragms with a diameter of 800 um, which was robust and operable in harsh
environments [8]. Figure 14b1 shows the SEM image of the suspended poly-5SiC diaphragm
of the fabricated device. At a distance of 1 cm, a maximum SPL of 73 dB was obtained
at 16.59 kHz under a driving voltage of 200 V (Figure 14b2). Another material, graphene,
has also been explored for fabricating high-quality broad-band audio speakers due to its
extremely low mass density and high mechanical strength. In 2013, Zhou et al. presented
a miniaturized electrostatic speaker based on a 30 nm thin graphene diaphragm and
demonstrated a broad frequency response from 20 Hz to 20 kHz with the performance
matching or surpassing a commercial magnetic coil speaker [39].
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Figure 14. Electrostatic MEMS speakers based on different diaphragm materials: (al) SEM image and (a2) measured
frequency response of a bi-directional MEMS speaker with a Parylene diaphragm (Reproduced with permission from
IEEE [88]). (b1) SEM image and (b2) measured frequency response of a touch-mode MEMS speaker with a poly-SiC
diaphragm (Reproduced with permission from IEEE [8]).

3.3.2. Approaches to Improve SPLs

Most electrostatic MEMS speakers are based on the conventional parallel plate struc-
tures and have low SPLs due to the small deflections of their diaphragms, which is a
direct result of the balance between the electrostatic force and the mechanical restoring
force. In order to overcome the limitation of low SPLs, large electrostatic forces need to be
generated. As introduced in Section 2.2 and shown in Equation (7), large electrostatic forces
require high driving voltages and small separation gaps. However, the small separation
gap will limit the deflection range of the diaphragm and generate large squeeze film air
damping [89]. Moreover, the driving voltage must be reasonably lower than the pull-in
voltage of the parallel plates to ensure a good reliability. Therefore, tradeoffs have to be
made among the electrostatic force, the separation gap between the parallel plates, and the
driving voltage to increase the SPLs of electrostatic MEMS speakers.

To generate considerable SPLs and balance the above-mentioned constraints, several
approaches in terms of device structure and driving voltage have been applied in the
development of electrostatic MEMS speakers [9,38,90-92]. One approach to improve
SPL is to use multiple speakers, i.e., array structures. In 2016, Arevalo et al. presented an
electrostatic MEMS speaker array for digital sound generation, where each of the individual
MEMS speakers had a hexagonal diaphragm connected to an outer hexagonal ring by
tethers (Figure 15a) [91]. This work demonstrated the feasibility of generating sounds with
electrostatic MEMS speaker arrays but lacked acoustical characterization results.

Different from conventional MEMS speakers that work on the out-of-plane deflection
of a diaphragm, Kaiser et al. proposed a novel structure design in 2019, which consisted of
in-plane bending electrostatic actuators working in air chambers based on the so-called
nanoscopic electrostatic drive (NED) technology, as shown in Figure 15b [9,48]. Utilizing
the curvy geometric shape of the moving beams, electrostatic forces are translated into
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lateral forces and cause the bending of the beams. Therefore, high SPLs can be reached
by the large deflection of the beams in the air chambers and a large number of beams in
one chip, without the limitation of small separation gaps between electrodes [93]. This
novel structure utilized the chip’s bulk volume rather than the surface to generate sound
pressures. Figure 15c shows an optical image of such a fabricated electrostatic MEMS
speaker with in-plane actuators. The acoustic measurement in an ear simulator showed a
SPL of 69 dB at 500 Hz with a THD of 4.4%. The maximum SPL reached 104 dB at 11.4 kHz.

In 2020, Garud et al. designed and fabricated a MEMS speaker with peripheral electro-
static actuation [38]. Figure 15d shows the schematic of the designed electrostatic MEMS
speaker, where the clamped circular diaphragm has a peripheral electrode configuration
that can mitigate the squeeze film damping effect and increase the pull-in voltage. The
simulation results showed that as the peripheral electrode width was reduced from 100%
(full electrode coverage) to 10%, the pull-in voltage and the vibration amplitude of the
diaphragm could be increased by a factor up to 40 and 80, respectively.

To reduce or eliminate the DC bias of electrostatic MEMS speakers, electrets embedded
with quasi-permanent electrical charges have been integrated within the electrode structures.
In 2020, Sano et al. presented an electret-augmented electrostatic MEMS speaker and demon-
strated its sound generation under low driving voltages [92]. The schematic and an SEM
image of the fabricated MEMS speaker are shown in Figure 15e,f, respectively. By integrat-
ing the electrets into the MEMS speaker, the built-in electrical potential is equivalent to an
external DC bias, thus resulting in an increased displacement or a reduced bias voltage. The
characterization result showed that a —10 V electret-augmented electrostatic MEMS speaker
reached a maximum SPL of 50 dB at 1.5 cm under a 5-V,p, AC driving voltage.
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Figure 15. Electrostatic MEMS speakers with special designs: (a) optical image of a MEMS speaker array (Reproduced with

permission from IEEE [91]), (b) schematic and (c) optical image of a MEMS speaker with in-plane bending electrostatic

actuators working in air chambers (Reproduced with permission from Nature Portfolio [9]), (d) schematic of a peripheral

electrode configuration (Reproduced with permission from IEEE [38]), (e) schematic and (f) the corresponding SEM image

of an electret-augmented MEMS speaker (Reproduced with permission from MDPI AG [92]).

Table 4 summarizes the representative electrostatic MEMS speakers reported in the
literature. It can be seen that electrostatic MEMS speakers typically require high driving
voltage and large DC bias to generate considerable diaphragm deflection. Most of electro-
static MEMS speakers have small separation gaps (1-8 um) and limited sound pressure
output. High SPLs are generally obtained only at the high-frequency range.
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Table 4. Key results of different electrostatic MEMS speakers.

Ref

Diaphragm Size

Electrode Separation

Maximum SPL Driving Voltage Note

[92]

2 mm diameter

2 um, peripheral

50 dB at around 35 kHz
electrode

AC5 Vpp Measured at 1.5 cm

0.8 mm diameter

8 um, touch mode 73 dB at 16.59 kHz AC 200 Vpp Measured at 1 cm

[38]

3.1 mm diameter

1 pm, peripheral

75-78 dB at above 10 kHz
electrode

DC30V+AC30V Measured at 1 cm

(88]

2 mm length
(square)

7.5 um 113.4 dB at 7.68 kHz AC150V Measured at 1 cm

Measured in an ear

- 104 dB at 11.4 kHz .
simulator

DC 40V + AC 10 Vpyp

(a)

(d) Top view

3.4. Thermoacoustic MEMS Speakers

In addition to the above reviewed three major types of transduction mechanisms,
thermoacoustic transduction also has potential to be applied for making MEMS speakers.
Several thermoacoustic loudspeakers have been developed based on carbon nanotube
or graphene with research efforts focused on increasing the sound pressure output and
reducing the power consumption [13,14,42,94,95].

In 2008, Xiao et al. found that thin carbon nanotube films emitted sound when a
current in audio frequency was applied, which could be attributed to the thermoacoustic
effect [42]. Based on this finding, they successfully fabricated thermoacoustic speakers with
A4 paper sizes and cylindrical shapes (9 cm diameter and 8.5 cm height) based on one-layer
or four-layer carbon nanotube thin films, which could generate over 70 dB SPLs at 5 cm
starting from 1 kHz, with an input power of 3 Watts. Figure 16a shows the photograph of
a fabricated thermoacoustic speaker with an A4 paper size. This work demonstrated the
feasibility of developing thermoacoustic speakers using carbon nanotube films. However,
it required a large device size and a high power consumption to generate high SPLs.
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Figure 16. Thermoacoustic speakers: (a) photograph of a A4 paper size carbon nanotube thin film thermoacoustic speaker
(Reproduced with permission from ACS [42]), (b) photograph and (c) measured SPL of a graphene-on-paper speaker
(Reproduced with permission from ACS [94]), (d) schematic of a graphene speaker on a patterned substrate (Reproduced
with permission from Wiley [14]), (e) photograph of a graphene foam speaker (Reproduced with permission from Wiley [13]).

91



Micromachines 2021, 12, 1257

In 2011, Tian et al. observed thermoacoustic effect on graphene and demonstrated
graphene-on-paper speakers [94]. As shown in Figure 16b, the fabricated thermoacoustic
speaker had a 1 cm x 1 cm graphene sheet, which was placed on a piece of paper and con-
nected to a printed circuit board (PCB) using silver ink. Graphene sheets with thicknesses
of 20 nm, 60 nm, and 100 nm were used to fabricate speakers. Figure 16c shows the SPL
curves with the input power density normalized to 1 W/cm?, which indicated that thinner
graphene sheets produced higher SPLs and the SPL of 20 nm graphene sheets reached
85 dB at 5 cm with the frequency increased to over 15 kHz.

The sound performance of thermoacoustic speakers has been further studied and opti-
mized in terms of substrate material and structure design. For example, in 2012, Suk et al.
studied thermoacoustic sound generation with graphene on different substrates, including
glass, polyethylene terephthalate (PET), and polydimethylsiloxane (PDMS) [14]. The sub-
strate effect was also investigated by transferring graphene onto patterned substrates with
different porosities, as shown in Figure 16d. The experiments revealed that graphene on
the substrates with lower thermal effusivity and higher porosity exhibited better sound
performances. In 2015, Fei et al. presented a low-voltage driven thermoacoustic speaker
based on graphene foam synthesized by the nickel-template chemical vapor deposition
(CVD) method [13]. A photograph of the fabricated free-standing graphene foam speaker is
shown in Figure 16e. Benefited from high thermal conductivity and low in-plane resistance
of the 3D graphene foam, the speaker generated a SPL of around 50 dB at 3 cm and 10 kHz
with a power consumption of only 0.1 W.

In summary, thermoacoustic speakers made of carbon nanotubes or graphene films
have advantages of simple structure, light weight, and easy fabrication. The transparent
and stretchable nature of carbon nanotube or graphene films also makes it possible to
fabricate them into any shape and size, freestanding or on any insulating surfaces, showing
great potentials to be applied for developing thermoacoustic MEMS speakers. However,
current thermoacoustic speakers require large size (1-4 cm) and high power consumption
(0.1-3 W) to generate adequate sound pressure output.

4. Comparison of Different MEMS Speakers

As reviewed in Sections 2 and 3, MEMS speakers have been demonstrated based on
piezoelectric, electrodynamic, electrostatic, and thermoacoustic transduction mechanisms,
showing great potentials for various applications including hearing instruments and
portable electronic devices. Among them, piezoelectric MEMS speakers and electrodynamic
MEMS speakers are the dominant types of MEMS speakers, which have been extensively
studied and reported in a vast amount of the literature. Piezoelectric MEMS speakers have
advantages of relatively large driving force and high sound pressure output over other
MEMS speakers. High SPLs of over 90 dB have been achieved by several piezoelectric
MEMS speakers either in ear simulators or in open air. Piezoelectric thin films including
ZnO, AIN, PZT, and PMN-PT have been fabricated either by deposition or thinning down
bulk materials and applied for fabricating piezoelectric MEMS speakers. However, most
current piezoelectric MEMS speakers suffer from non-flat frequency responses due to
the resonance behavior of diaphragms. The nonlinearity and hysteresis of piezoelectric
materials are also drawbacks of piezoelectric MEMS speakers.

By contrast, electrodynamic MEMS speakers with quasi-linear behaviors are favorable
for high-fidelity sound reconstruction. Low power consumption and large mechanical
displacements are also advantages of electrodynamic MEMS speakers. Several electrody-
namic MEMS speakers have been developed based on polymer diaphragms or rigid silicon
diaphragms, with SPLs of 60-100 dB obtained in 2-cc couplers for in-ear applications.
However, the requirement of permanent magnets for electrodynamic MEMS speakers not
only increases the overall size of devices but also makes the full integration complicated
and challenging.

In comparison, electrostatic MEMS speakers do not require complicated fabrication
processes but suffer from small displacements, very high driving voltages, and pull-in
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limitations. Several approaches, such as nanoscopic electrostatic drive (NED) technology,
have been proposed to balance the driving voltage, pull-in limitation, and displacement of
the diaphragm. Improved SPLs and low THDs have been obtained on these electrostatic
MEMS speakers.

Compared with piezoelectric, electrodynamic, and electrostatic MEMS speakers, ther-
moacoustic MEMS speakers are special acoustic devices that do not rely on mechanical
vibration of diaphragms to generate sounds. Therefore, there are no resonant peaks in the
frequency response of thermoacoustic MEMS speakers. High transparency, high stretcha-
bility, and easy fabrication into any sizes and shapes are the advantages of thermoacoustic
MEMS speakers. However, current thermoacoustic speakers all require much larger sizes
to achieve comparable SPLs of piezoelectric or electrodynamic MEMS speakers. Large
power consumption is another concern of thermoacoustic MEMS speakers.

In common, all these MEMS speakers are required to improve their SPLs at specific
frequencies to satisfy a wider range of applications. Approaches have been proposed
and demonstrated on these MEMS speakers with improved SPLs, including applying
new materials and fabrication processes, designing novel structures and special electrode
configurations, and using large speaker arrays.

5. Summary and Outlook

In summary, MEMS speakers have been reviewed in terms of the theory, modeling,
transduction mechanisms, and development history in this article. Four types of MEMS
speakers, working on piezoelectric, electrodynamic, and electrostatic actuation and the
thermoacoustic effect have been introduced; their respective development milestones,
performances, advantages, and limitations are also discussed. Approaches to improve
the SPLs of MEMS speakers including special structures, new materials, electrode config-
urations, and speaker arrays are highlighted and discussed, especially for piezoelectric
MEMS speakers.

In the future, the SPLs of all types of MEMS speakers will continue to be improved by
the incorporation of new materials, novel fabrication techniques, and optimized device and
enclosure designs, as well as with deeper understandings of their modeling. In addition to
SPLs, fabrication challenges, frequency response, sound quality, and power consumption
will also be taken into account. Particularly, piezoelectric MEMS speakers will be exten-
sively investigated to obtain flat frequency responses. Electrodynamic MEMS speakers
will be further studied with electroacoustic efficiency improved and permanent magnets
fully integrated in batch processes. Electrostatic MEMS speakers, with efforts in reducing
driving voltages, and high-level integration with electronic circuits, may find broader
applications, especially in digital sound reconstruction. Finally, thermoacoustic MEMS
speakers will continue to be explored with efforts to reduce the device size and power
consumption. Thereby, MEMS speakers are expected to become a promising candidate not
only in the in-ear applications but also in a wide range of consumer electronics.
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Abstract: In piezoelectric transducer applications, it is common to use a unipolar operation signal
to avoid switching of the polarisation and the resulting nonlinearities of micro-electromechanical
systems. However, semi-bipolar or bipolar operation signals have the advantages of less leakage
current, lower power consumption and no additional need of a DC—DC converter for low AC
driving voltages. This study investigates the potential of using piezoelectric layers with an imprint
for stable bipolar operation on the basis of epitaxially grown lead zirconate titanate cantilevers
with electrodes made of a metal and metal oxide stack. Due to the manufacturing process, the
samples exhibit high crystallinity, rectangular shaped hysteresis and a high piezoelectric response.
Furthermore, the piezoelectric layers have an imprint, indicating a strong built-in field, which
shifts the polarisation versus electric field hysteresis. To obtain the stability of the imprint, laser
doppler vibrometry and switching current measurements were performed at different temperatures,
yielding a stable imprinted electric field of —1.83 MV /m up to at least 100 °C. The deflection of the
cantilevers was measured with a constant AC driving voltage while varying the DC bias voltage to
examine the influence of the imprint under operation, revealing that the same high deflection and
low nonlinearities, quantified by the total harmonic distortion, can be maintained down to low bias
voltages compared to unipolar operation. These findings demonstrate that a piezoelectric layer with
a strong imprint makes it possible to operate with low DC or even zero DC bias, while still providing
strong piezoelectric response and linear behaviour.

Keywords: MEMS; speaker; PZT; imprint; bipolar driving

1. Introduction

Piezoelectric transducers have been used for decades for a wide variety of applications,
such as energy harvesting [1], micropumps [2], electro-optical modulators [3], sensors [4]
and actuators [5]. The expectations of micro-electromechanical systems (MEMS) in terms of
cost, linearity and performance are constantly increasing. Due to its superior piezoelectric
properties, in particular the strong electromechanical coupling, Pb(Zry Ti;_y )O3 (PZT) is
a popular choice for the active layer material [6]. Thin film technologies are needed for
submicron-thick PZT layers to enable low operation voltages. The most commonly used
deposition technique is the sol-gel process due to its simplicity and low manufacturing
costs [7]. However, by depositing PZT layers via a sputtering or pulsed laser process, high
crystallinity, low impurity content and defined interfaces can be achieved [8,9]. These two
processes allow controlling the stoichiometric properties of the PZT layer by its underlaying
layers. The seed layer and the electrode stack on which the piezoelectric layer is grown play
an important role for the physical properties such as crystallinity, piezoelectric constant and
imprint [10,11]. The imprint is the property that one polarisation state is more likely than
the other one; thus, electric fields of different strengths are needed to switch the polarisation
from one state to the other. This asymmetric effect is reflected by a shifted polarisation
versus electric field (P/E) hysteresis loop. While the mechanism of the imprint is not yet
fully understood, it has been attributed to interface effects between the piezoelectric layer
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and the electrode stack which lead to self-polarisation [12,13]. The literature offers various
explanations for the underlying mechanisms of self-polarisation, such as flexoelectricity
where a strain gradient induces an electric field [14,15], charge defects between the bottom
electrode and the PZT layer [16,17] and asymmetric Schottky barriers created by using
different electrode materials or stacks which could lead to an internal electric field [18,19].

The property of an imprint can be useful for MEMS applications, since complicated
poling procedures can be avoided [19]. Furthermore, it is usual for MEMS actuators to use
a unipolar operation signal by applying a DC bias to circumvent switching of polarisation
and hysteresis behaviour, which leads to increased nonlinear behaviour and energy loss [20].
The effect of the imprint allows overcoming these problems due to a shifted hysteresis loop,
making semi-bipolar or bipolar operation possible, which is shown in this work. In addition,
the temperature stability and benefit of the self-polarisation regarding the operation signal
of a MEMS device is explained. For this purpose, the strength of the built-in electric
field was determined by the shift of the P/E hysteresis loop. To understand the stability
of the imprint, cantilever deflection measurements with a laser doppler vibrometer and
switching current measurements were performed at different temperatures. To substantiate
the benefit of the imprint, different bias voltages and a constant AC driving signal were
applied to the cantilever to see the difference regarding performance.

2. Materials and Methods

For the experiments, MEMS devices with cantilever structures were used. Cantilever
structures often form the foundation of MEMS applications, and due to their simplicity,
analytical and numerical equations can be used to compare different designs [21]. PZT
films of 2 um thickness were grown epitaxially by sputtering on an electrode stack using
silicon as the wafer material. As seed layer yttria-stabilized zirconia was used underneath
the bottom electrode stack, consisting of one layer each of platinum and SrRuOs; with
a total stack thickness of 150 nm. The 200 nm thick top electrode was made of SrRuQOs.
On top of the electrode is an insulation and protective layer stack made of metal oxides,
metals and a 45 um thick polymer layer. Each of the manufactured devices consist of
six trapezoidal cantilevers with a total area of 4 mm?, which are electrically connected
in parallel. Mechanically, they are connected at their tips with a piston (Figure S1 in
Supplementary Materials). This design enables the central part of the device to move
vertically in Z direction, compared to the bending motion of just a cantilever. The advantage
of this specific configuration is to maximise the actuator force, elongation and linearity,
chosen especially for audio applications.

To analyse the switching behaviour, which indicates the strength of the imprint of
the piezoelectric material, current measurements were performed using a source meter
(2450 SourceMeter, Keithley Instruments, Cleveland, OH, USA). The samples were initially
depolarised by a decaying bipolar signal to assure a defined state [22]. For this purpose,
a 10 V peak AC signal with a frequency of 1 kHz was applied, and the signal reduced
in 1V steps every second. After the depolarisation, the samples were subjected to a DC
voltage that was ramped down from 30 V to —30 V and back up to 30 V again, during
which the electric current was measured. The voltage steps were fixed to 250 mV with
a delay time of 10 ms between the voltage step and the current acquisition. It should
be noted that the switching current amplitudes depend on the measurement delay and
the chosen voltage steps. Since the total generated surface charges caused by the dipole
switching is constant for a given device and the electrical current is defined as charges
per time, the measuring speed changes the measured current amplitude. In addition, if
wider voltage steps are chosen, more displacement happens during one step which leads
to more charges and results in a higher switching current. For these reasons, the voltage
steps and the delay time were kept constant to compare the measurements. The measured
electric current is the sum of the displacement current of the dipole switching, the leakage
current and the charging current of the capacitor. The leakage current could be neglected
due to the high electrical resistance of piezoceramics and the lower applied electric field in
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comparison to the breakdown field [23,24]. The decaying charging current was visible at
the first few voltage steps but became negligible for the voltage region of interest where the
dipole switching occurred. To focus on the switching current of the dipoles the charging
current was cut off (Figure S2 in Supplementary Materials) [25]. In addition, P/E hysteresis
loops were measured with a Sawyer—Tower circuit and an oscilloscope (DSOX1204G,
Keysight, Santa Rosa, CA, USA), applying a 30 V peak AC signal at 1 kHz to the setup
using a function generator (PSV 500, Polytec, Waldbronn, Germany) in combination with
an amplifier (2105 gradient amplifier, AE Techron, Elkhart, IN, USA), in order to determine
the imprint [26]. The working principle of the Sawyer—Tower circuit is explained in
Supplementary Materials (Section 4). The amplitude of the imprint Ejj;y;,s was calculated
by the arithmetic mean of the negative coercive field E. and the positive coercive field
Ec+ [27]:
Eimprint = EH—#M : @
In order to assess the temperature stability of the devices, measurements of the hys-
teresis loops and switching currents were performed at different temperatures. In addition,
the piston deflection was used as a measure of performance of the fabricated cantilever
structures in this research. The setup used to measure deflection and hysteresis loops under
temperature is shown in Figure 1. The MEMS devices were fixed to a hotplate (Polyimide
heating film, Thermo Tech, Rohrbach, Germany), with a thin metal plate between the
hotplate and the device to ensure homogeneous heating. Micropositioner needles (XYZ
300 TR, Quarter Research & Development, Bend, OR, USA) used to electrically contact the
sample provided sufficient pressure to generate good contact between the MEMS and the
plate beneath. The hotplate was powered using a DC power supply (PWS54323, Tektronix,
Berkshire, UK), while the temperature was measured by a self-sticking thermocouple type
k. To evaluate the impact of the temperature on the MEMS performance, piston deflection
measurements were performed using a laser doppler vibrometer (PSV 500, Polytec, Wald-
bronn, Germany), applying a 1 kHz 10 V peak AC signal with a 10 V DC bias for a duration
of 10 min at room temperature, at 100 °C and again at room temperature, respectively.
Measurements were made in 1 min intervals. To ensure a temperature equilibrium, a 30 min
stabilization time was chosen before measurements at each different temperature. The 10 V
DC bias was added to prevent any switching from occurring during the measurements,
considering the results shown in this work. Switching current measurements were per-
formed using the source meter as described in the previous paragraph under the same
three temperature conditions, to analyse the influence of the temperature on the switching
behaviour.

hysteresis measurement deflection measurement

| | deflection signal

laser doppler vibrometer

e

—o o
CH1 CH2

temperature control

oscilloscope

Af CH1 CH2
[OINO)
S

Figure 1. Setup for measuring the polarisation versus the electric field hysteresis loop of the piezo-
electric device with a Sawyer—Tower circuit (green). As a measure of performance, the deflection of
the MEMS was measured by a laser doppler vibrometer (blue). To obtain the temperature stability of
the used devices, a hotplate was heated up by a DC power supply, and the temperature monitored by
a thermocouple (red). Micropositioners are not shown for visibility.
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To reveal the advantages of a strong imprint regarding possible operating signals, the
piston deflection of the MEMS devices was measured at room temperature using a laser
doppler vibrometer, applying different DC bias voltages with a constant 10 V peak AC
driving voltage at 1 kHz. The applied DC voltage was reduced from 10 V DC to —9 V DC
in 1V intervals. These operation signals revealed the MEMS behaviour at unipolar, semi-
bipolar and bipolar actuation. As a quantitative measure of nonlinearity, the total harmonic
distortion (THD), which represents the ratio between the sum of displacement of the first
five higher harmonics and the displacement of the fundamental actuation frequency, was

calculated as:
y/ Xo1 An?
THDs, = A -100,
where A, are the amplitudes of the higher harmonics of the fundamental actuation fre-
quency and Ay is the amplitude of the fundamental actuation frequency [28,29].

2

3. Results and Discussion

The bell-shaped switching current and the polarisation hysteresis loop from a device
measured at room temperature are shown in Figure 2. Measurements of other devices
showed the same characteristics, the results thereof are listed in Supplementary Materials
(Sections 3 and 4). By using Equation (1) for the shifted hysteresis loop shown in Figure 2, a
built-in field of —1.83 MV /m results. The imprint of the measured switching current can be
calculated analogously, where the coercive fields are given by the position of the two current
peaks. This gives a value of —2.25 MV /m for the built-in electric field. The calculated
imprints are in the range of other reported values [13,14,27]. The mismatch of the coercive
fields could be explained by the different characteristics of the presented measurement
methods. The hysteresis was measured with a true AC signal with a frequency of 1 kHz,
while the switching current was measured quasi-statically by a DC voltage ramp and a
delay time between the steps for high current resolution. An investigation in the frequency
dependence of the methods showed that the frequency using the Sawyer—Tower circuit
had no appreciable influence on the coercive fields between 10 Hz and 1 kHz (Section 6
in Supplementary Materials). This extends the stable range of 15 to 200 Hz reported by
Liu et al. [30], based on BaTiO3/BTO samples. However, the imprint estimated from the
peak positions of the switching current was found to vary by roughly 0.5 MV/m when
varying the duration of an entire IV loop between 5 and 1000 s (Section 6 in Supplementary
Materials). The reason for this dependency on the measurement speed could lie in the
switching dynamics of the measured devices; however, a detailed investigation escapes the
scope of this work. Furthermore, the individual switching current peaks display a degree
of asymmetry, which affects how accurate the estimation of the coercive field is using the
peak position.
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Figure 2. Shifted switching current (solid violet) and polarisation P (dashed green) as a function
of the applied electrical field E to the PZT structures revealing a built-in electrical field, also called
an imprint. The measurement direction is indicated by arrows. The strength of the imprint can be
calculated by the negative (E.—) and positive (E.,) coercive fields.

The impact the temperature has on the switching behaviour can be seen in Figure 3a,
showing the switching currents of a measured device at room temperature, at 100 °C
and again at room temperature after exposure to 100 °C. Lower voltages are needed to
switch the dipoles at higher temperature compared to room temperature. The imprint
reduces from —2.25 MV/m at room temperature to a value of —1.62 MV /m at 100 °C.
These results fit to the work of Pintilie et al. [31], where they recorded a decrease of the
built-in electric field at higher temperatures. At higher temperatures, the Schottky barrier
height decreases which leads to a decrease of the built-in electric field [31,32]. Akkopru-
Akgun et al. [27] studied the mechanism and origin of the imprint with Nb-doped and
Mn-doped PZT films. They hypothesized that charges from the electrodes are injected
and trapped in the interface region due to Schottky emission, which could be the origin
of the imprint. This coupling between the Schottky emission and the built-in electric field
could be an explanation for the reduction of the imprint at higher temperature in this
work. Furthermore, the I/V curve at 100 °C shows that the peak heights of the switching
current are asymmetrical. This effect was also reported in the work of Chirila et al. [33],
where PZT/SRO/STO/ (5i) structures showed an increasing asymmetrical behaviour with
increasing temperature. They observed that the dielectric constant has an asymmetric
voltage dependency regarding the measuring voltage. This suggests that more free charge
carriers are present on one PZT —electrode interface than on the other. These free charge
carriers compensate the polarisation charges, which is reflected by a lower switching
current [33]. Due to epitaxial growth, the defect density of the bottom interface is lower
than the top one, which could cause the asymmetical current peaks [31]. The bell-shaped
peak at positive applied field diverges, but the area under the peaks is of the same order of
magnitude. Nevertheless, the switching characteristics recover after the high temperature
to the same as initially measured, which shows the stability of the imprint. The deflection
measurement results shown in Figure 3b agree with the data from the switching behaviour.
The peak deflection after the high temperature equals the initial deflection. At 100 °C the
peak deflection is higher than at room temperature, which is explained by the softening of
the polymeric insulation layer on the cantilevers and the connectors between the cantilever
tips and the piston with temperature [34]. The shift of the resonance frequency at different
temperatures, which implies a softening of the polymer, is in accordance with the higher
deflection with temperature (Section 7 in Supplementary Materials).
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Figure 3. Temperature-dependent switching behaviour of the piezoelectric PZT layer and the de-
flection of the MEMS device. Measurements at room temperature (solid green line) as the initial, at
100 °C (dashed red line) and at room temperature after heating the sample (dotted blue line) were
performed. (a) The switching currents as a function of the electric field where a decrease of the
imprint at higher temperature is observable; (b) the peak deflection before, at and after heating up
the sample as a function of time.

The piston deflection signals measured at different DC bias voltages are shown in
Figure 4a. The nonlinearities start to rise when the applied voltage is in the range of the
switching voltage. Outside of the switching voltage range, the applied bias voltage does
not have an appreciable influence on the MEMS behaviour. In Figure 4b, the peak-peak
deflection amplitude and the THD of the deflection signal, calculated using Equation (2),
are shown as a function of the DC bias. At the operation signal of 10 V peak AC and
—8 V DC, the negative electric field amplitude —E;;;y has a value of —8 MV /m, which is
in the range of the negative coercive field —E.. Consequently, the dipoles begin to switch
polarisation. When lowering the DC bias past the switching behaviour, the applied voltage
signal and the deflection signal are in phase. Figure 4c,d shows the measured MEMS device
in the laser doppler setup, where the six trapezoidal cantilevers are connected with a central
piston.

In summary, the imprint of fabricated PZT ferroelectric thin films and its temperature
stability were studied. Due to the epitaxial growth of the thin films, a built-in electric
field of —1.83 MV /m occurred in the ferroelectric layer. The imprint could originate from
internal strain-gradients which induce an electric field by the flexoelectric effect, charge
defects at the PZT interfaces or from the asymmetric electrodes. Further investigations
must be made to distinguish the emergence of the built-in field. Nevertheless, the imprint
of the fabricated MEMS devices investigated in this work was found to have a temperature
dependence and to recover to its initial value after cooling down. The present study
showecases beneficial operation possibilities for MEMS with a strong built-in electric field.
With an imprint bipolar, unipolar or semi-bipolar driving signals can be used for actuators
without unwanted switching behaviour. By lowering the DC bias voltage, the leakage
currents and the power consumption are reduced. In addition, if the amplitude of the
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driving voltage is lower than the battery voltage of the device, there is no need for additional
DC—DC converters to generate the DC bias, which reduces cost and space.
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Figure 4. The performance of the MEMS device under different DC bias voltages and a constant
applied AC driving voltage: (a) the deflection signals at different DC bias voltages; (b) the THD
(dashed red line) and the peak deflection (solid blue line) as a function of the bias voltages; pictures
from the laser doppler vibrometer of the measured MEMS device (c) and during operation (d).
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Abstract: We propose a method to evaluate the Total Harmonic Distortion generated by a cantilever-
based PZT loudspeaker inside an IEC 60318-4 coupler. The model is validated using experimental
data of a commercial loudspeaker. Using the time domain equations of the equivalent electrical circuit
of the loudspeaker inside the coupler and a state space formulation, the acoustic pressure response is
calculated and compared to the measurement of the manufacturer. Next, the stiffness, transduction
and capacitance nonlinear functions are evaluated with a Double-Beam Laser Interferometer (DBLI)
and a nanoindenter on test devices and on the commercial loudspeaker. By introducing the nonlinear
functions into the model as amplitude-dependent parameters, the THD generated by the loudspeaker
is calculated and compared to the value provided by the manufacturer. The good agreement between
the measurement and the simulation could allow for a rather quick simulation of the performance
of similarly designed loudspeakers at the early stage of the design, by only estimating the static
linearity of the main nonlinearity sources.

Keywords: MEMS; piezoelectric; loudspeaker; total harmonic distortion; state space; IEC 711;
thin film; PZT

1. Introduction

Loudspeakers are used to converting an electrical signal into sound waves, as accu-
rately as possible, with a sufficiently high sound pressure level. This is usually achieved
with a piston-like membrane, behaving as a first-order oscillating system, actuated by an
electromechanical transducer. Driven by the forever growing industry of portable and
connected devices, research was carried out in order to make the loudspeaker compatible
with microfabrication processes, in order to reduce the manufacturing tolerances, the cost
and the thickness of the devices. An interesting performance was demonstrated with Micro
Electromechanical Systems (MEMS) electrodynamic loudspeakers [1,2] and pieozoelectric
loudspeakers [3-7]. Nevertheless, the achieved performance is not competitive compared
to non-MEMS loudspeaker. However, as in-ear sound generation requires less mechanical
displacement, MEMS loudspeakers have shown interesting results in terms of frequency
response and sound pressure level when evaluated in couplers [8-10]. A few MEMS
loudspeakers for in-ear applications have demonstrated to fulfill the industry required
performances, with electrostatic [8] and piezoelectric transduction [9,10].

The second most important characteristic of a loudspeaker after its frequency response
is its linearity. This characteristic is often evaluated using the Total Harmonic Distortion
(THD). The THD is the ratio of the power of all harmonics over the total power. Studies
have shown that depending on the order of the harmonics, the human ear can be sensitive
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to a THD as low as 0.1% [11-14]. Electrostatic transduction is inherently nonlinear, and the
reachable displacement is not sufficient to advantageously replace non-MEMS electrody-
namic loudspeakers. The most promising transduction is the piezoelectric transduction
and more specifically the one using PZT (lead zirconate titanate) actuators, providing a
high transduction factor for low actuation voltages in the case of thin films. Unfortunately,
thin-film PZT shows a ferroelectric and electrostrictive behavior, creating a wide variety of
nonlinearities [15-18].

To model the nonlinearities of classical electrodynamic loudspeakers, state space
models, port-Hamiltonian systems, Hammerstein models and power series have been
extensively used [19-25]. State space models are the most commonly used models to
simulate nonlinear effects in electrodynamic loudspeaker and have shown accurate results.
However, for piezoelectric transduction, such a model has not been reported yet. Recently,
a model for the simulation of nonlinear effects in coupler for electrostatic transduction was
reported [26]. Accurately, modeling the nonlinear behavior of loudspeakers from static
nonlinear measurements of the transduction transfer function could be an efficient way for
estimating the total harmonic distortion, without using expensive prototypes. In addition,
an accurate model of the nonlinear behavior of the loudspeaker could help developing
methods to actively reduce the nonlinearities, as it has been extensively performed with
electrodynamic non-MEMS loudspeakers [27]. In addition, accurately simulating the
nonlinearities generated by a loudspeaker could be used to simulate the subjective audio
quality of the loudspeaker in the early phases of the design, using models of the perceptual
components of the loudspeaker [28-31]. The aim of this study is to provide such a model
to evaluate the distortion generated by a cantilever-based piezoelectric MEMS loudspeaker
using static measurements and a lumped equivalent circuit in order to shorten the linearity
optimization step of this type of loudspeakers in the design phase. Parameters are adapted
to compare the results with the measurements of the Usound UT-P 2018, in order to validate
the model.

2. Nonlinear State Space Model

As most loudspeakers behave as a simple mechanical oscillator for a wide range of
frequencies, they can be well approximated as a first-order mechanical oscillator, two trans-
formers and an electrical circuit. In the case of piezoelectric loudspeakers, the usual gyrator
used for the electromechanical transduction is replaced by a transfomer, and the electrical
circuit is a simple capacitor. The equivalent electrical circuit of the loudspeaker detailed
in [32] is presented in Figure 1, where Ry is the output resistance of the amplifier and the
resistance of the connection lines, C,, is the piezoelectric capacitance, vy is the transduction
ratio of the piezoelectric layer, R;;s represents the viscous losses of the mechanical oscillator,
M,;s is the moving mass of the loudspeaker, C,;s is the compliance of the loudspeaker and
S, is the effective radiating area of the membrane.

Cimns (X )
; R ; R M
in(t)p AS i) Ly(u)  o(H) e [ | Sail
BEAAN - ANV T i
fia I
Ui () uc(t) T Cp(ue) Fin(t) Zs
Electrical Domain Mechanical Domain Acoustical Domain

Figure 1. Equivalent electrical circuit of the loudspeaker.

In the case of cantilever-based piezoelectric loudspeakers, the transduction factor v
can be estimated using the unimorph piezoelectric cantilever model described in [33]. A
schematic representation of a unimorph cantilever is depicted in Figure 2 with the relevant
dimensions and axes. Considering the cantilever clamped on one end and guided on the
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other end and using a null displacement at the tip of the cantilever, the blocked force Fy
generated by the actuators as a function of the input voltage can be written:

_ 6Wt, AB(B+1) ( Kk
48l L AB+1 kp + ka

bl ) ea1 (st + st uc 1)
where W is the width of the actuator, ¢, is the thickness of the piezoelectric layer, sfl and
sfz are the elastic compliance of the piezoelectric layer at constant electric field in the 1
and 2 direction, L is the length of the cantilever, t,, is the thickness of the elastic layer,
A= sfl /81y, B = tm/tp, and k, and k) are the apparent stiffnesses of the active and passive
parts of length L and L, of the actuators. The transduction factor <y is the the ratio of the

blocked force F,; over the voltage 1.

Fy

1 tt’" 't,, / }/m

2 L L,

Y
/_' Piezoelectric Layer
x

Elastic Layer

Figure 2. Schematic representation of a unimorph piezoelectric cantilever.

In our case, the load impedance Z; is the acoustical impedance seen by the front side
of the membrane and is equal to the acoustical impedance of the coupler. Due to the size of
diaphragm of MEMS loudspeakers, which are mostly smaller than 1 cm?, the back acoustic
radiation impedance of the loudspeaker is not considered, due to its insignificant effect on
the frequency response. A coupler is a mechanical device used to simulate the acoustical
impedance of the average human ear, following the definition given in the IEC standard
IEC 60318-4 [34]. The known electrical equivalent circuit is depicted in Figure 3.

Qin(t) le m%gb\QLj(t) f(f%gﬁ\—Q»M
Ry Ry
pe,(t)
Qa(t) Qa(t)
pin(t) po,(t)| ——C Ly G Ly ——Gs Pout (t)
pCz(t) Pcy (t)
G TG

O

Figure 3. Lumped equivalent network of the coupler.

Using the circuit resulting of the combination of Figures 1 and 3, time domain dif-
ferential equations can be derived. For the system to be fully defined, one state variable
is needed for each capacitive or inductive element. The displacement x is also chosen,
because it is used to evaluate the apparent stiffness of the actuators. The thirteen equations
of the state variables are given in Appendix A. Equations (A1)-(A13) can be used in a
matrix form and solved by using a differential approximation scheme [35]. The state space
equation then writes:

%x:Ax+&%U) @)
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with
uc(t) |
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Equation (2) is of the form:
X = AX+ Bu

, (©)
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0o 0 0 0 0
0o 0 0 0 0
0 0 0 0 0
o 0 0 0 0
o 0 0 0 0 @)
-2 0 0 0 0
3 1 1
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T =
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and thus, matrices can be discretized using a bilinear transform:

A= <1 — AT,
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and

-1
B, = (1 - ;ATS> BT, 8)

with Ts = 1/ f; the sampling period. Using matrices A; and B; and an input signal, the
output can be computed:
X(k+1) = Agx(K) + Bgu(k) ©)

From the computed output pressure in the state vector X, the THD, which is the
ratio between the sum of effective values of the harmonics and the effective value of the
fundamental harmonic and other harmonics, is calculated using:

ZH: UZ
THD = 100 - 7%2’1 (10)
\/ =1 Z’%

3. Static Measurements

As other loudspeakers state space models, this model uses nonlinear functions as input
parameters. The nonlinear functions can be measured dynamically using adaptive state
space models, calculated analytically, computed with finite element models or determined
from static measurement. In this paper, we propose to use static measurements of the
nonlinear transfer functions, measured on a commercial loudspeaker [36] and on PZT
test devices. Since internal dimensions of the loudspeaker are unknown and difficult to
measure, the lumped element parameters of the equivalent circuit Cyys, Sg, Ms and Cp are
taken directly from the data sheet.

3.1. Nonlinear Electromechanical Function

The e3¢ piezoelectric coefficient of thin-film PZT is extracted from the d33 r measure-
ment, with the procedure described in [37], as a function of the applied electric field, using
the DBLI, on a standard PZT test device. As the piezoelectric coefficient es; is calculated for
a piezoelectric material on wafer with this specific machine, it would be difficult to measure
it on the loudspeaker directly. The parameter e3; is known to be highly dependent on the
applied electric field, due to intrinsic and extrinsic various effects, such as electrostriction,
ferroelectric behavior and the domain movements. With the complete physical interac-
tions being not completely understood, these nonlinearities are often simulated using
phenomenological models, whose parameters are deduced from measurements [38,39].
The parameter e3¢ and the fitted logarithmic function are depicted in Figure 4.

20 - —

ez (C/m?)

+ Measured
— Fitted

50 100 150 200 250
Electric Field (kV/cm)

Figure 4. Measured and fitted function for the nonlinear transverse piezoelectric coefficient.
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As it has been reported in multiple papers, the transversal piezoelectric coefficient of
piezoelectric thin film increases for low electric fields, until it converges to the maximum
value, due to the alignment of the domains of the material [40—44]. After the saturation
of the rotation of the domains, the piezoelectric coefficient decreases slowly. The fitted
function of e3,  1s then used in Equation (1) to calculate the nonlinear transduction factor
7Y(uc). Depending on the actuators geometry, the fitted e3; ¢ function can be used in any
other electromechanical transduction function.

3.2. Nonlinear Stiffness

Using the setup depicted in Figure 5, the nonlinear relation between the force and the
displacement of the commercial loudspeaker, not subjected to any voltage, is measured.

I I +«—— T.oading Unit

<+«— Guiding Springs

— ..
< Position Sensor
I

Indenter Shaft

Indenter Tip
« Sample
<« Sample Stage

<+<— Indenter Frame
Figure 5. Schematic representation of a nanoindenter.

The commercial loudspeaker is placed on the sample loader. The nanoindenter,
equipped with a spherical tip of radius 50 pm, applies a precise and well-known force on the
moving part of the sample, until reaching the previously defined maximum displacement
of 30 pm. After a processing of the raw data by the embedded software, the curve of the
force applied on the sample and of the displacement of the shaft is retrieved and presented
in Figure 6.

14

12 + —

10 + s

Force (mN)
.

=+ Measured
= Fitted Function
= = = Linear Approximation

0 5 10 15 20 25 30
Displacement (um)

Figure 6. Nonlinear stiffness of the loudspeaker.

A third-order polynomial function, known to accurately represent the nonlinear
behavior of clamped-guided structures, is used as the nonlinear fitting function. The linear
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approximation is calculated from the V45, which is the equivalent compliance volume
value given in the loudspeaker data sheet, using;:

Vas
Cis = 11
ms poC%Sg ( )

with pg the density of air at room temperature, cy the speed of sound in air at room
temperature and S, the effective radiating surface of the loudspeaker [45]. From the fitted
function, the nonlinear compliance Cy;s(x) can be calculated. This nonlinear function can
also be calculated knowing the geometry of the loudspeaker and a finite element model
or analytically.

3.3. Capacitance

As the PZT thin film is ferroelectric, the capacitance created by the piezoelectric layer
between the electrodes varies with the applied electric field. The nonlinear relation was
measured on a layer of PZT using the AixACCT TF Analyzer 2000. The measured variation
of the capacitance and the fitted Lorentz function are presented in Figure 7.

50 T

Measured
Lorentz Function

w S IS
(92§ (=] (23

Capacitance (nF’)
w
(=)

—20 —10 0 10 20
Voltage (V)

Figure 7. Non linear capacitance of the loudspeaker.

From the fitted Lorentzian function, the nonlinear capacitance Cp (1) can be calculated.
The curves can be adjusted in order to match the value of the data sheet of the loudspeaker.

4. Results

Using Equation (9) and a scaled dirac whose amplitude at the first sample is fsu,/2
as an input signal, the linear frequency response of the loudspeaker inside the coupler
is computed. The computed frequency response is compared to the frequency response
of the commercial loudspeaker, in Figure 8. The parameters for the circuits presented on
Figures 1 and 3 are derived or directly taken from the data sheet of the loudspeaker [36]
and taken from the literature for the coupler [46]. Although the influence of R, is negligible,
it is set to 1 m() to have a properly scaled A; matrix. The value of M, is computed from
the previously determined value of Cy;s and the value of the resonance frequency given in
the data sheet using;:

1

Myps =~ ——
" 42 f2C,

(12)

The value of Ry;s is determined using the quality factor of the data sheet using;:

1 [ My
R, .= — 13
" Q\ Cus -
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All parameters are summarized in Table 1.

Table 1. Table of lumped elements circuits parameters.

Parameter Value Unit
Rq 1 mQ
Cp 39 nF
Rins 5x 1073 Ns/m
Mis 1.16 mg
Cuns 3x1073 m/N
S4 12 mm?
Ly 82.9 Pas?/m3
L, 9400 Pas?/m?
Ls 130.3 Pas?/m3
Ly 983.8 Pas?/m3
Ls 133.4 Pas?/m?3
C 1x 10712 Pa/m3
Cy 1.9 x 10712 Pa/m?3
C3 1.5 x 10712 Pa/m3
Ca 2.1 x10712 Pa/m?>
Cs 1.517 x 10~ 12 Pa/m3
Ry 50.6 x 10° Pas/m?>
R, 31.1 x 10° Pas/m?3
150 T
Usound UT-P 2018 Measurement
140 + Calculated
/E 130 +
Q
120}
g
3 110 +
o]
2 100t
7
A 90|
=
Z 80t
wn
70
60 1 1 1
107 10? 10*

Frequency (Hz)

Figure 8. Simulated frequency response of the commercial loudspeaker and measured frequency

response of the loudspeaker adapted from [36].

Despite some high-frequency mismatches, due to the modal behavior of the membrane
above 20 kHz, and a slight difference between the quality factors of the coupler resonances
at, respectively, 12,710 and 20,970 Hz, the simulated frequency response gives a good

approximation of the manufacturer measurement.

Using the identified nonlinear functions for parameters 1, Ky;s and Cp, and a pure sine
of 1 kHz of amplitude 1.41 V as an input signal, the Fourier transform of the output signal
can be calculated and is presented in Figure 9, for different input signals, as well as the

linear frequency response.
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Figure 9. Nonlinear loudspeaker model responses to different input signals with the linear frequency
response as a reference in frequency and time domain.

In Figures 9a,b, the response of the loudspeaker to a pure sine of, respectively, 100 Hz
and 1 kHz are given, and one can see the second and third harmonic clearly appear.
In Figure 9c, the displacement and input voltage in time domain are given. In Figure 9d,
the response of the loudspeaker to a sum of two pure sines with f; =70 Hz and f, = 600 Hz,
is depicted, and one can see that the intermodulation appears with the components of
frequencies f2 + fl/ f2 + 2f1, 2f2 + fl and 3f2 + fl .

The THD is computed point by point using a pure sine as the input signal for
200 points. The simulated THD is compared to the THD measured by the manufacturer in
Figure 10. The pressure signal is low pass filtered at 16 kHz before the THD estimation, as
it is described in the data sheet of the loudspeaker. There is a good agreement between the
absolute level of the THD between 40 and 200 Hz, where the difference between the two
curves is below 20%. Above 500 Hz, the difference between the simulated and measured
frequency responses is the cause of the difference between the THD curves and around
the distortion peak at about 6.4 kHz, the difference is maximum and above 100%. Qual-
itatively, the shape of the curve around the resonance of the loudspeaker has a similar

shape, capturing the effect of the resonance of the loudspeaker and the one of the coupler
on the THD.
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Figure 10. Simulated THD of the commercial loudspeaker and measured THD of the loudspeaker
adapted from [36].

In Figure 11a, the respective contributions of «(uc), Cius(x) and Cp(uc) to the total
harmonic distortion are shown. As the displacement, the harmonic distortion generated
by Cpus(x) is maximum below the resonance frequency of the loudspeaker and negligible
above the resonance frequency. The harmonic distortion generated by the transduction
factor 7 (1) is modulated by the frequency response of the loudspeaker but remains high
in the whole audio bandwidth. The contribution of C,(u,) is three orders of magnitude
below the other ones and then negligible. In Figure 11b, the THD for three different input
levels is presented.

Total —1V

-, —_—53V
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Figure 11. THD generated by individual parameters (a) and THD as a function of input level (b).

5. Conclusions

The model presented in this paper allows one to evaluate the THD generated by a
cantilever-based MEMS loudspeaker, by only measuring the nonlinear relations between
the stiffness and the displacement, the capacitance and the electric field, and the force
and the electric field. It also could allow one to use predistortion techniques to reduce
the said total harmonic distortion in MEMS loudspeakers. Although open-loop correction
of loudspeaker nonlinearities is tedious for non-MEMS loudspeakers, due to large man-
ufacturing discrepancies, this technique could be more suited for MEMS design, due to
the tightest tolerances of the manufacturing processes. This model is also very efficient in
terms of computational power compared to a finite element modeling solution and could
be used in the early stages of piezoelectric MEMS loudspeakers development, to evaluate
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the linear performance of the loudspeaker. The discrepancies between the model and the
measurement can be attributed to the assumptions made in the model of the loudspeaker.
For example, the nonlinear behavior of the PZT is known to widely vary with frequency
and to create hysteresis. In addition, other different nonlinear parameters were not taken
into account, such as the nonlinearities due to high velocity in the coupler slits, but can be
added easily to the model.
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Abstract: Micro-Electro-Mechanical Systems (MEMS) acoustic transducers are highly sophisticated
devices with high sensing performance, small size, and low power consumption. To be applied
in an implantable medical device, they require a customized packaging solution with a protecting
shell, usually made from titanium (Ti), to fulfill biocompatibility and hermeticity requirements. To
allow acoustic sound to be transferred between the surroundings and the hermetically sealed MEMS
transducer, a compliant diaphragm element needs to be integrated into the protecting enclosure. In
this paper, we present a novel fabrication technology for clamped micron-thick Ti diaphragms that
can be applied on arbitrary 3D substrate geometry and hence directly integrated into the packaging
structure. Stiffness measurements on various diaphragm samples illustrate that the technology
enables a significant reduction of residual stress in the diaphragm developed during its deposition
on a polymer sacrificial material.

Keywords: implantable acoustic transducer; packaging; titanium/platinum multi-layer diaphragm;
polymer sacrificial material; DC magnetron sputtering; intrinsic stress; stress measurement; stress relief

1. Introduction

The fast growth of the telecommunication market over the last two decades has
enabled high investments in the research and development of MEMS transducers such
as gyros, accelerometers, and acoustic transducers. The result are off-the-shelf MEMS
transducers with a miniature size, low cost, and low power consumption, but at the same
time with a sensing performance that meets the requirements of most electronic devices
for daily use [1]. In the medical field, implantable sensor solutions play an increasingly
important role, but for most applications, the market is too small to justify the required
high investment in the development of application-specific, high-performance MEMS
transducers that are designed to meet the stringent requirements for the biocompatibility
and reliability of implantable devices [2,3]. If so, an eligible solution could be to use off-
the-shelf MEMS transducer chips and the application-specific integrated circuit (ASIC) and
package them in a customized, biocompatible, and hermetic enclosure that protects the
delicate MEMS parts and electronics against the harsh environment in a living subject and
vice versa. However, such an approach involves several design difficulties if applied to an
acoustic MEMS transducer.

Most acoustic MEMS transducers use a thin flexing element (usually a clamped
diaphragm) to capture the smallest pressure fluctuations in the surrounding fluid (receiver)
or to radiate sound into the surroundings (transmitter) [4,5]. As soon as the transducer
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is installed in a hermetic enclosure, the direct access to the surroundings is interrupted.
To overcome this problem, a flexible diaphragm-like element must be integrated into the
protecting shell that can transmit acoustic sound energy into the transducer’s interior or
the surroundings (cf. Figure 1a). We call this design element the protective diaphragm (PD).
The PD adds to the mechanical impedance of the MEMS transducer and hence reduces the
receiving (or transmitting) sensitivity. Therefore, it must be designed to exhibit maximum
compliance and must be arranged close to the transducer’s diaphragm to reduce the volume
that couples the two flexible elements. Another difficulty of a hermetic encapsulation of the
acoustic transducer is that static pressure equalization between the surroundings and the
interior of the packaging structure cannot occur. Excessive loading of the PD by ambient
pressure changes can lead to a varying or not tolerable loss in sensing performance. A
deeper discussion of that problem and a proposal for a system that can maintain pressure
equalization in a hermetically sealed microphone system are given in [6].

Ti enclosure

/

Ti enclosure

ASIC

(@
(24
<

multiple PDs

\ N
& Ti micro-tube
J
(4

'\.
profective diaphragm (PD)

(sound receptor)

(a) (b)

Figure 1. Schematic drawings of a MEMS microphone and the corresponding ASIC packaged in a
biocompatible and hermetic Ti enclosure with a PD that can transfer the sound energy to the MEMS
transducer. (a) A generic enclosure geometry with one larger PD located directly in front of the
MEMS microphone diaphragm; (b) a more specific enclosure geometry that was developed for an
intracochlear acoustic receiver [6]. Four PDs are integrated into a tube-like part of the enclosure to
allow the recording of the liquid-borne sound pressure in the human inner ear with sufficiently high
receiving sensitivity.

To maximize the PD’s mechanical compliance, several design parameters characteriz-
ing the PD geometry (size and thickness) and material (Young’s modulus) can be adjusted
under the consideration of different design constraints. The PD area is often restricted by
the miniature size of the transducer. The requirement for a long-term hermetic encapsula-
tion of a typical implantable transducer restricts the material choice to metals and ceramics
and makes it difficult to reduce the PD thickness below 1 um [7]. Fabrication-related
properties of the PD, such as residual stress or the number of pinholes or voids within the
PD structure, have either a direct impact on the PD stiffness or augment, for instance, the
lower PD thickness limit.

A practical example of a packaging concept that illustrates these design guidelines is
the intracochlear acoustic receiver (ICAR), which is currently under development by our
group [6,8]. The receiver is designed to be used as an implantable microphone solution
for a fully implantable cochlea implant. It is built upon a commercially available MEMS
condenser microphone with a customized Ti enclosure that exhibits four circular PDs
with a diameter of 0.6 mm and 1 pm thickness. Multiple PDs free of intrinsic stress are
required to minimize the loss in sensing performance caused by the encapsulation of the
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MEMS transducer. Using a theoretical model, a loss in sensitivity of approximately 10 dB
was predicted below the resonance operation of the sensor at 3.5 kHz [6]. The inertia of
the PDs that are in contact with the perilymph (similar to water) in the inner ear defines
the resonance and limits the bandwidth of the ICAR to approximately 6 kHz. To enable
sound pressure recording in the tiny human inner ear (cochlea), the PDs are arranged in
a pair configuration and on opposite sides within the tip region of a tube-like part of the
enclosure (cf. Figure 1b). Titanium is chosen as the enclosure material due to its excellent
biocompatibility, hermeticity properties, and inherently higher fracture toughness than
ceramics or typical semiconductor materials [9,10]. In addition, it allows the combination of
micro- and macro-machining processes such as thin film deposition and etching combined
with milling, turning, and welding processes.

The fabrication of micron-thick and sub-millimeter large Ti diaphragms suspended in
a Ti structure with a complex geometry is a challenging task. Cold-rolled 1 um thick Ti foils
are commercially available (American Elements, Los Angeles, CA, USA), but the fixation of
such a thin foil on the carrier by micro-laser welding or mechanical clamping or bonding
is not feasible due to size, mechanical stability, and hermeticity constraints. Mechanical
structures with such small dimensions are usually fabricated based on MEMS fabrication
technology, which is mostly applied on semiconductor materials such as single-crystal
silicon (SCS). MEMS condenser microphones, for instance, which exhibit a sub-micron thick
sensing diaphragm sitting on an SCS support and separated from the rigid backplate by
few microns, are fabricated based on bulk and surface micromachining technology [11,12].

Various research papers report bulk and surface micromachining processes for Ti as
substrate material [13-17]. The most common bulk micromachining process for Ti that is
currently widely commercially available is a wet etching technology, called photochemical
machining (PCM) [15]. The process is isotropic and thus limits the minimum feature size
to approximately the metal sheet thickness if the sheet needs to be etched through [18].
Another bulk micromachining technology for Ti was developed by Aimi et al. [13]. It is
a highly anisotropic dry etching technique called the metal anisotropic reactive ion etch-
ing with oxidation (MARIO) process. The process allows users to etch straight sidewalls
with a high-aspect-ratio and features on the micrometer scale using common dry etching
equipment. Bulk micromachining should be better suited than surface micromachining
to fabricate a highly compliant PD structure from a Ti substrate because surface micro-
machined mechanical structures often exhibit high residual stress and hence show high
stiffness, high mechanical failure, and high batch to batch variation [19]. However, to obtain
a 1 pm thick PD by bulk micromachining, the etch process needs to be stopped very pre-
cisely as soon as the targeted etch depth is reached. A time etch stop is not accurate enough
to obtain uniform and repeatable structures with micron thickness. Etch stop techniques,
as known from the wet etching of SCS (e.g., doping or electrochemical control [20]), which
might provide the required etch stop accuracy, do not exist for the PCM of Ti to the best of
our knowledge.

To fabricate highly accurate Ti structures at micrometer-scale, bulk and surface machin-
ing need to be combined, similar to the case of MEMS fabrication based on semiconductor
materials. Such an approach applied to PD fabrication would start with an electrochemically
polished Ti substrate with a reactively sputtered TiO; layer covered also with a sputtered
structural Ti layer that forms the PD element. The PDs are released from the substrate’s rear
side using the MARIO process with the oxide layer as a precise etch stop. The remaining
oxide layer is stripped to end up with a pure Ti PD. The process looks simple at first glance,
but technologies such as the MARIO process and also the electrochemical polishing of Ti
are typically not well established in commercial or research fabrication labs (clean rooms).
Creating a more complex enclosure geometry with multiple PDs, as required for the ICAR,
creates another difficulty associated with this fabrication approach that is limited to 2D
substrates. Thermal compression bonding might be a solution to combine multiple already
processed Ti layers, but the compatibility of that quite rough bonding process with the deli-
cate PDs is questionable. To overcome the listed difficulties would require a high process
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development effort in well-equipped clean-room fabrication facilities, which is associated
with high development costs. Therefore, we have developed an alternative fabrication
approach for thin diaphragms on a Ti supporting structure that comprises commercially
available fabrication processes and processes that can be performed outside of clean-room
facilities. In contrast to dry etching techniques, the new fabrication technology can be
applied on unpolished substrates with a complex 3D geometry and, therefore, provides
more freedom in the design of packaging structures for acoustic MEMS transducers.

The approach is based on the deposition of the structural Ti layer forming the PD on a
low-temperature decomposable polymer sacrificial material (SM) as a temporary support.
So far, we could confirm the feasibility of producing robust 1 um thick Ti diaphragms on
unpolished substrates with 2D and 3D geometry using this new fabrication approach [6].
We could also show that the method incorporates a stress relief mechanism that originates
from a change in the PD’s surface geometry upon releasing from the SM.

The present paper introduces the novel diaphragm fabrication method applied on
2D Ti substrates that belong to a testbed developed for process development and the
investigation and testing of the fabricated PDs. The other focus is related to the stress-relief
mechanism, which is demonstrated and analyzed on numerous PDs. The paper concludes
with a discussion of the results and ongoing studies that are being conducted to obtain
robust and hermetic PDs with vanishing residual stress.

2. Materials and Methods
2.1. Diaphragm Fabrication
2.1.1. Process Overview

The process is applied on a substrate with pre-fabricated cavities or through-holes
that define the outer size and geometry of the diaphragms. In the first step, the cavities are
filled with a fully decomposable polymer sacrificial material (SM) such as polypropylene
carbonate (QPAC, Empower Materials, New Castle, DE, USA) dissolved in a solvent (cf.
Figure 2a). The solution is added to the cavities using standard adhesive dispensing
equipment. For filling, the substrate is mounted on a heated carrier that properly seals the
bottom side of the through-holes. Because most of the volume of the added SM (dissolved
state) is lost during the curing process, the filling is conducted in multiple steps. The
elevated processing temperature of 85 °C enhances the curing process and hence reduces
the processing time. After the cavities are filled with SM, a thin metallic film, which forms
the diaphragm, is deposited on the front surface of the substrate using physical vapor
deposition (PVD) technology such as magnetron sputtering (cf. Figure 2b). Finally, the
polymer SM is fully decomposed during thermal treatment in a vacuum or an inert gas
atmosphere, releasing the diaphragms from the SM (cf. Figure 2c). The used SM (QPAC)
requires a temperature of 350 °C for a full decomposition in various atmospheres, evenin a
vacuum, forming carbon dioxide and water.

2.1.2. Substrate

The development of the process for diaphragm fabrication was carried out by experi-
mental means, requiring a larger amount of test samples. Accordingly, the substrate was
designed to keep the complexity of substrate and diaphragm fabrication small and to enable
the simple testing and inspection of the diaphragms. The substrate is a 30 mm x 30 mm
large Ti plate with a thickness of 0.3 mm (cf. Figure 3a). It carries 57 through-holes with a
circular geometry and a diameter of 0.6 mm. The through-holes are arranged in equally
distributed groups of seven and five holes on the substrate. Each group is surrounded
by a release trench which forms circular samples with diameters of 3, 4, and 5 mm. Only
a narrow connecting bar holds the sample in place during processing on the substrate
level and prevents excessive mechanical stress being caused by the handling of the thin
substrate, which might potentially damage the delicate diaphragms. Different sample
diameters were considered to account for sample integration on different testing and in-
spection equipment. The diaphragm size of 0.6 mm was chosen to match the corresponding
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dimensions of the implantable microphone (ICAR). The substrate was fabricated by photo
etching (TiME process, Advanced Chemical Etching, Ltd., Telford, UK) of a 0.3 mm thick
unalloyed commercially pure Ti sheet from grade 2. The substrate thickness of 0.3 mm
results from the trade-off between the minimum feature size that can be etched for a specific
substrate thickness and the need for a sufficiently high mechanical stiffness of the substrate.
Figure 3b,c are optical microscope images showing the etch profiles of the through-holes
with a uniform, slightly rounded edge geometry and sided walls with only a small etch
cusp at half the profile depth.

/
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Figure 2. General overview of the diaphragm fabrication process. (a) Step 1, filling process: sacrificial
material (SM) is added to the substrate; (b) Step 2, thin film deposition: metallic coating that represents
the diaphragm is deposited on the substrate using chemical vapor deposition; (c) Step 3, diaphragm
release: the diaphragm is released from the SM during a thermal treatment process.

mm

0.1 mm
=

Figure 3. (a) CAD drawing of the substrate specifically designed for the development of the di-
aphragm fabrication process; (b) optical microscope image of one of the nine samples on a sub-
strate containing five through-holes; (c) microscope image showing the etch profile of a 0.6 mm
large through-hole.
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2.1.3. Filling Process

The filling process was performed in a dust-free environment under a laminar airflow
hood. QPAC 40 (Empower Materials, New Castle, DE, USA), a low-temperature decompos-
able polymer, was chosen as the SM for diaphragm fabrication. The granulate (20 wt.%)
was dissolved in y-Butyrolactone (TCI GmbH, Eschborn, Germany). The solution was
filtered using a Whatman GD/X syringe filter (GE Healthcare, Chicago, IL, USA) with a
regenerated cellulose membrane and a pore size of 0.45 um. A pneumatic dispenser (PDS
7350, Poly Dispensing Systems, Orgeval, France) and a tiny dispensing needle (size 32 G)
were used to control the amount of added QPAC solution. During the dispensing of the
SM, the tip of the needle was partially inserted into the cavity or positioned slightly above
the cavity opening. The needle position was set by visual observation through a surgical
microscope (Wild M650, Leica AG, Heerbrugg, Switzerland) at the highest magnification
(40x). The up and down movement of the syringe was adjusted using a manually con-
trolled motorized micro-positioning unit (M-443, Newport, Irvine, CA, USA + T-NA0SAS50,
Zaber Technologies Inc., Vancouver, BC, Canada). Going from one cavity to the other, the
substrate mounted on the carrier was manually moved in the lateral direction on a stable
support plate.

Small doses of SM were successively added to each cavity to prevent the solution
from flowing over the cavity boundary. The filling process was conducted at an elevated
temperature of 80 °C to enhance the evaporation of the solvent, causing a high volume
loss of the added material. The filling was therefore repeated several times before the
actual curing was performed. During curing at 130 °C for 1 h in a vacuum (>—0.8 bar)
atmosphere, the remaining solvent and entrained air were removed from the polymer.
At 130 °C, QPAC40 becomes a melted mass of low viscosity, forming by capillary forces
a free surface at the cavity rim, which is smooth, uniform, and has a concave shape. The
surface curvature of the polymer filling is a critical parameter for stress relief in the
diaphragm after it is released from the SM (cf. Section 3). During a repetitive filling and
curing process (up to 10 cycles), an optimum surface curvature is adjusted by adding
the right amount of SM to the cavity. The substrate was heated using two 100 Watt
cartridge heaters installed in the aluminum substrate carrier at a maximum heating rate
of approximately 10 °C/min (cf. Figure 4). The cooling rate was mainly controlled by
the laminar airflow. A digital PID temperature controller (KS20, West Control Solutions,
Kassel, Germany) and a PT1000 temperature probe were used to control a predefined
substrate temperature.

Proper sealing of the bottom side of the through-holes is crucial to maintain high
filling repeatability and short processing times. The sealing was achieved with a circular
PTFE nub (height: 0.1 mm, diameter bottom area: 0.6 mm) pressed against the bottom rim
of the through-hole (cf. Figure 4). PTFE was chosen to prevent adhesion between SM and
the nub. In addition, PTFE shows high chemical and temperature resistance and, due to
the low hardness, it can adapt to any irregularities of the rim geometry. The nub structure
was created by adding a 0.1 mm thick PTFE foil as a separator between the substrate and a
supporting plate. The latter plate has the same geometry as the actual substrate, but the
through-holes are filled with high-temperature epoxy adhesive. The amount of the epoxy
was precisely adjusted using the aforementioned dispensing system to create a surface
topography on the supporting plate, which was used to stamp the corresponding nubs
into the PTFE foil. A laser-cut stainless-steel plate (thickness 0.5 mm) uniformly clamped
the whole stack of the individual plates down to the carrier using 16 M2.5 screws. The
clamping force was induced at the border of each circular sample plate of the substrate
using spring elements (lock washer) attached to the clamping plate. The support plate
was reusable, whereas the PTFE foil was replaced when a new substrate was installed
on the carrier.
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Figure 4. CAD drawings of the instrumented substrate carrier used for the filling process. (a) Exploded
view showing the different plates for sealing and clamping of the substrate and the heating system
of the carrier; (b) carrier with the substrate and heating system installed; (c¢) zoomed view on one
sample of the substrate illustrates the sealing and clamping mechanism.

2.1.4. Thin Film Deposition

The diaphragms considered in the present study were made from a 1 pm thick Ti
monolayer and titanium/platinum multilayer coatings (Ti/Pt ML). They were deposited
on the pre-processed substrate by physical vapor deposition (PVD) in an industrial inline
DC magnetron sputter facility Z600 (Leybold Heraeus, Steinhausen, Switzerland) at the
company SwissNeutronics AG in Switzerland (Klingnau, Switzerland). To provide good
thermalization of the substrate during the deposition, the substrate was screwed down on
the carrier plate of the sputtering device. High-purity Ti (PK500 6 mm) and Pt (PK75 2 mm)
targets were used for the deposition process. A distance of 61 mm between the substrate
and cathode was maintained for all deposition runs. The argon pressure or flow rate were
kept constant at 1.2 x 1073 mbar or 55 sccm, respectively. These sputter gas settings were
used in literature to produce 1 um thick Ti layers with low tensile stress [21]. A deposition
rate for Ti of approximately 1.2 nm/s and 1.5 nm/s for Pt were achieved with a sputtering
power of 1000 W (Ti) and 200 W (Pt), respectively. To prevent excessive load acting on
the growing film as a result of the thermal expansion of the SM, it was crucial to keep the
substrate temperature during the initial phase of the deposition process well below 40 °C,
which is the glass transition temperature of QPAC 40. Using a system for time-resolved
substrate temperature monitoring on the Z600 sputtering facility enabled the evaluation of
the required low-temperature deposition process. Reverse sputtering, which is described
by Tsuchiya et al. 2005 [21] as a mechanism to reduce residual stress in thick (>0.5 pm) Ti
films, is not compatible with a polymer SM due to the excessive heating of the substrate
during this process step. The active cooling of the substrate might be a solution to mitigate
that problem. However, Ti/Pt ML deposition is regarded as an alternative approach for
lowering residual stress that is compatible with a low-temperature deposition process and
fulfills biocompatibility requirements. In an ideal multilayer system, the two materials
exhibit residual stress with opposite signs, a stress level, and layer composition that in
combination produce a stress-free multi-layer coating [22]. The fact that zero stress prevails
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only for a specific design temperature is less critical for an implant that operates in the
human body at a constant temperature. We want to emphasize that the investigations of
residual stress formation in multilayer coatings are still ongoing and not the focus of the
present paper.

For a comparison of the residual stress estimated from the measured diaphragm
stiffness data, stress measurements based on the deflection method applied on an SCS
test beam were conducted as well. The coated silicon test beam with a certain curvature
was placed on a precision edge, and the resulting maximum gap was measured with
a calibrated digital microscope. From the distance and the beam dimensions (length:
150 mm, thickness: 0.3 mm), the stress was determined using Stoney’s equation [23] with a
measurement uncertainty of 0.06 GPa.

2.1.5. Thermal Decomposition of the SM

The thermal decomposition of QPAC 40 was carried out in argon to prevent oxide
formation on the diaphragm and hence, an additional source of stress generation. During
the decomposition in an inert gas atmosphere, QPAC 40 went over into a cyclic carbonate
vapor leaving minimal ash residues (<10 ppm) [24]. The decomposition process was
completed at 350 °C. A stainless-steel pressure container with a cylindrical processing
chamber (@50 mm x 80 mm) was used for the thermal treatment process. The chamber
temperature was monitored using an integrated PT1000 temperature probe. A circulating
air oven (SNOL 58/350 LSN11, Boldt Warmetechnik, Biebertal, Germany) was used to
heat the container to the desired temperature. Before heating, the processing chamber was
purged with argon with repeated evacuation steps (10x) in between (60RVD, Sirio Dental
SRL, Meldola FC, Italy). The substrate was heated up to 350 °C with a maximum heating
rate of 2.8 °C/min followed by a holding phase of 2 h before the oven was switched off
and the substrate was cooled down to ambient temperature with a maximum cooling rate
of 1 °C/min. Before the cooling phase started, the purge cycle was repeated to remove all
decomposition products from the processing chamber. Before the purge gas entered the
chamber, it was heated up to the substrate temperature using a coil heat exchanger in the
gas supply line that was situated together with the pressure container inside of the oven.

2.2. Diaphragm Inspection and Testing
2.2.1. Diaphragm Surface Shape Characterization

The surface geometry of the diaphragm was characterized by optical inspection and
by measuring its curvature depth (CD) before and after the diaphragm was released from
the SM. Both procedures were conducted using a Leica DMR light microscope (Leica,
Heerbrugg, Switzerland) equipped with different polarization filters. The CD is defined
as the vertical distance between the rim and the center of the diaphragm (cf. Figure 5).
A frequently used measure for surface curvature is the radius of curvature (CR), which
can be calculated from the CD using the formula in Figure 5, where r depicts the radius of
the diaphragm.

CR/
: . CD? + r?
CD ~2CD

Figure 5. Relationship between the curvature depth (CD) and the curvature radius (CR) of a clamped
circular diaphragm with a radius r.

The CD of the diaphragm was measured by the focus variation (FV) technique using
the light microscope. The FV technique uses the small depth of field (DOF) of high-
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magnification microscope optical systems to obtain the depth information of the object’s
surface topography. The DOF for an objective with a magnification of 20 and a numerical
aperture of 0.5 is approximately 2 pm [25]. During CD measurement, the diaphragm’s
edge and the center were successively brought into focus by the visual observation of the
corresponding roughness topography and by moving the vertical micro-positioning stage
of the microscope. The corresponding vertical position was read with an optical incremental
encoder (AEDB-9140, Broadcom, San José, CA, USA) and a LabView interface (Version
2017, National Instruments, Austin, TX, USA). Despite the very smooth diaphragm surface,
an uncertainty of CD measurement below 5 um was achieved using the FV technique.

2.2.2. Diaphragm Stiffness Measurement

The diaphragm stiffness K;;, was determined by measuring the diaphragm response
to acoustic stimulation using a single-point laser Doppler velocimeter (LDV, CLV-2534,
Polytec GmbH, Waldbronn, Germany). The stiffness represents the ratio between the force
acting on the diaphragm and the corresponding diaphragm dynamic center displacement
w, obtained from the LDV measurement (Equation (1)). The force is the product of the
stimulation sound pressure p and the diaphragm’s surface area A.

_ra
=B

Kin )

The interrogation laser beam was directed normal to the front surface of the diaphragm
and manually adjusted in the center under a surgical microscope. The acoustic sound
impinged the diaphragm from the rear side of the sample (cf. Figure 6). To interface the
individual samples with the sound source (ER-2 loudspeaker, Etymotic Research Inc., Elk
Grove Village, IL, USA), the substrate was installed on a sample carrier with a pressure
port underneath each sample. An airtight coupling between the sample and the carrier was
achieved using a rubber X-ring seal underneath each sample and the same clamping plate
as employed for sample filling. To minimize deformations of the sample from clamping
and hence clamping-induced variations of the diaphragm stress, only a small clamping
force was applied on the sample. A Luer-Lock pneumatic fitting was used to interface
the sound delivery hose of the loudspeaker system with the pressure port of the sample
under investigation. The sound pressure driving the diaphragm was monitored using
a microphone (ER-7C, Etymotic Research Inc., Elk Grove Village, IL, USA) optimized
for measurements in a human ear canal and thus well suited for measurements inside
the closed cavity underneath the sample. The tiny probe tube of the microphone was
fed through the pneumatic connector, and the tube’s free end was positioned directly in
front of the sample’s rear side (cf. Figure 6). A multi-channel audio analyzer (APx585,
Audio Precision Inc., Beaverton, OR, USA) was used to acquire the microphone and the
LDV output signals and for outputting the signal that drove the loudspeaker via a power
amplifier (RMX 850, QSC Audio Products LLC, Costa Mesa, CA, USA). The data acquisition
and signal generation were controlled from a custom-built LabVIEW interface (Version
2017, National Instruments, Austin, TX, USA). To increase the robustness of the stiffness
measurement, five frequency points between 1 and 5 kHz were considered to finally obtain
an average stiffness value. The LDV signal representing a velocity was filtered using a
digital narrow bandpass filter (third-order Butterworth, one-third octave band) before the
RMS value was calculated and the velocity divided by the frequency to obtain the vibration
amplitude. An excitation sound pressure between 115 and 125 dB SPL was applied to
drive the diaphragms in the considered frequency range. With a proper installation of the
sample (low clamping force) the setup allowed diaphragm stiffness measurement with an
uncertainty smaller than 5% of the measured stiffness value.
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Figure 6. Schematic drawing of the setup for stiffness measurement on the fabricated diaphragms.
The method relies on the measurement of the diaphragm response to acoustic stimulation using a
single-point LDV system. The microscope image shows a sample with diaphragms clamped down on
a rubber seal ring. The interrogation laser beam is positioned in the center of the diaphragm. Three
of the five diaphragms are broken and thus sealed with epoxy adhesive.

2.2.3. Intrinsic Stress Estimation

The intrinsic stress in the diaphragm with a thickness t and radius r was estimated
from the measured diaphragm stiffness and using a semi-empirical formula that represents
the relationship between the pressure load p acting on a flat, circular diaphragm with
intrinsic stress o and the resulting diaphragm center deflection w. (Equation (2) [26]).

rt 16 4or*\ (w 283 (w?
2= (st + ) (2 + 25 (2 ®
Et 3(1—-v?) Et t (1—v2) \ ¢
The Young’s modulus and Poisson ratio of the diaphragm are denoted with E and
v, respectively. The second term on the right side of Equation (2) accounts for a large
deflection behavior (w, > t), which does not prevail for the present application. Hence,

the term is neglected. To obtain a formula (Equation (5)) that directly relates the stiff-
ness and the intrinsic stress, the equation was rewritten using the following definitions

(Equations (3) and (4)):
E
143
D= El ; =E'l 4)

Equation (4) describes the flexural rigidity D of a plate, where E’ denotes the effective
Young’s modulus (Equation (3)) and I the area moment of inertia per unit length.

1 647tD

Most of the fabricated diaphragms represent multi-layer coatings built from Ti
(Er; = 102 GPa, vy; = 0.33) and Pt (Eps = 172 GPa, vp; = 0.38) with different layer
designs and hence a different flexural rigidity E’I. Based on the approach described by
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Guo et al. [27], the parameter D was calculated for all layer designs considered in the
present study (cf. Table 1). The chosen material properties are typical values for bulk Ti
(grade 2) and Pt which might deviate from the corresponding properties of sputtered Ti and
Pt films. Therefore, the present approach must be regarded as an estimate of the intrinsic
stress in a clamped, circular diaphragm with flat surface geometry.

Table 1. Coating designs, sputter process parameters, and material properties of the diaphragms
considered for the present study. For all sputter runs, argon at 55 sccm (0.9 mTorr) was used as a
sputtering gas.

Sample No.

. Number of Power Ti/Pt  Intrinsic Stress on  Flexural Rigidity
Coating

Layers [#] Target [W] SCS [MPal [Nm x 10-9]1
H2 425 nm Ti/150 nm Pt/425 nm Ti 3 1000/200 91 9.49
H3 460 nm Ti/90 nm Pt/460 nm Ti 3 1000/200 334 9.76
H4 425 nm Ti/150 nm Pt/425 nm Ti 3 1500/200 110 9.49
I3 227 nm Ti [30 nm Pt/227 nm Ti] 3 7 1000/200 345 9.76
14 82 nm Ti [10 nm Pt/82 nm Ti] 10 21 1000/200 221 10.14
J1 300 nm Ti [10 nm Pt/60 nm Ti] 10 21 1000/200 115 9.94
J2 1000 nm Ti 1 1500 340 9.47

! The flexural rigidity was calculated based on the approach described by Guo et al. and assuming the following
material properties for Ti and Pt: E; = 102 GPa, vy; = 0.33, Ep; = 172 GPa, vp; = 0.38

3. Results

Figure 7a,b shows microscope images of a typical 1 um thick and 0.6 mm large Ti/Pt
diaphragm fabricated on a 0.3 mm thick Ti substrate using the new developed fabrication
technology. The right image is taken at higher magnification and zooms to the edge region
of the diaphragm. The diaphragm has a flat geometry and an estimated surface roughness
in the nanometer range (specular appearance under visible light). In contrast, the estimated
surface roughness of the substrate is in the order of the diaphragm thickness. Preliminary
tests have shown that the diaphragms can withstand static pressure loads of up to 1 atm
and fulfill requirements for hermeticity according to typical helium leak tests (He leak
rate <1 x 10719 mbar L/s).

(b)

Figure 7. Microscope images of a typical Ti/Pt diaphragm supported by a commercial pure cold-

rolled Ti plate: (a) image taken at a magnification of 100 x; (b) zoomed view on the edge region of the
diaphragm (magnification 200x).

The first eigenfrequency of a clamped circular Ti diaphragm with a 0.6 mm diameter
and 1 pm thickness undergoing free vibration in air is located above 30 kHz [28]. Well
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below the resonance frequency, the diaphragm is purely stiffness driven; i.e., the vibration
amplitude is directly related to the mechanical stiffness of the diaphragm. The cavity
underneath the sample is sufficiently large to neglect any contribution to the diaphragm’s
stiffness. Figure 8a confirms the stiffness-controlled vibration behavior of the diaphragms
by the flat frequency response to acoustic stimulation between 800 Hz and 5 kHz (maximum
considered frequency). The data represent the diaphragm stiffness calculated according
to Equation (1) and determined from LDV measurements on various diaphragms with
different stiffness values, which were driven with sound pressure levels as depicted in
Figure 8b. At low frequencies, the stiffness starts to deviate from a flat behavior. The
falling stiffness is associated with a low signal-to-noise ratio that results from a decaying
vibration velocity with decreasing frequency and stimulation strength (cf. Figure 8b). At
frequencies below 1 kHz and low vibration velocities, the noise of the LDV increases
with decreasing frequency, leading to the measurement of a higher diaphragm response
and correspondingly lower stiffness values than expected [29]. Diaphragms with low
stiffness show a flat response already above 200 Hz, whereas for high stiffness values, flat
behavior arises first above 800 Hz. To ensure robust stiffness measurement even for very
stiff diaphragms, only data between 1 kHz and 5 kHz were considered for averaging over
the frequency band (cf. green area in Figure 8a,b). The upper frequency bound was set to
maintain sound pressure levels above 110 dB SPL and to prevent resonance phenomena in
the acoustic supply line of the loudspeaker.
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Figure 8. (a) Diaphragm stiffness as a function of the stimulation frequency between 100 Hz and
5 kHz. The stiffness data were determined from vibration amplitude measurements (LDV) on the
diaphragms driven with acoustic sound; (b) sound pressure levels driving the diaphragms between
100 Hz and 5 kHz. The green area in both figures indicates the frequency range considered for
averaging the stiffness data over the frequency.

The diaphragm fabrication trials revealed that, depending on the surface shape of
the SM that defines the shape of the deposited coating, diaphragms with a flat or curved
geometry are formed. Moreover, it was observed that the noted surface geometry of the SM
has a significant influence on the diaphragm’s intrinsic stress. This dependence is illustrated
in Figure 9 by data from diaphragms of two (H2 and H4) of the total seven substrates
considered in the present study (cf. Table 1). The coating design of both substrates is
identical. It represents a three-layer design composed of two Ti outer layers (425 nm) and
one Pt middle layer (150 nm, cf. Table 1) with an overall thickness of 1 um. The deposition
process differs only in the sputter power for Ti, which was increased from 1 kW to 1.5 kW
for substrate H4. The figure shows the averaged (over frequency) stiffness data Ky, of
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the diaphragms plotted as a function of the curvature radius CRBR that characterizes
the shape of the diaphragm before it is released from the SM. The curvature radius was
determined from the measured CD data according to the equation depicted in Figure 5.
The intrinsic stress calculated from the corresponding stiffness data using Equation (5) is
shown on the right y-axis of Figure 9. The stress data are only valid for diaphragms with a
flat surface geometry.
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Figure 9. Diaphragm stiffness as a function of the diaphragm’s curvature radius before it is released
from the SM (CRBR) for diaphragms of the substrate H2 (filled markers) and H4 (empty markers).
Group 1 diaphragms are indicated with red circles, group 2 with black squares, and group 3 with
blue triangles. The stiffness-related intrinsic stress is indicated on the right y-axis (only valid for
group 2 diaphragms). The dashed lines represent trendlines assuming linear behavior if the stiffness
is considered in linear space. (a—g) Optical microscope images showing the diaphragm’s surface
geometry (after release) depending on the CRBR. The CRBR and the intrinsic stress values are
indicated in the images with a red and yellow background color, respectively. The group name is
highlighted green.

Diaphragms with a concave shape with high curvature before they are released from
the SM (i.e., small CRBR) show very high stiffness. The stiffness rapidly drops with
increasing CRBR and reaches minimum values for CRBRs of approximately 1.3 mm. With
further increases in the CRBR value, the stiffness starts to rise again but with a smaller
slope than for CRBRs below 1.3 mm. Above a CRBR of 3 mm, the stiffness takes a constant
value of approximately 2500 N/m.

Considering the diaphragm’s surface geometry after it is released from the SM allows
the diaphragms to be classified into three groups. Group 2 represents the diaphragms that
are flat after the release process (cf. Figure 9f,g). These diaphragms arise when the CRBR
is higher than 1.3 mm. In group 3, the diaphragms remain curved with a concave shape
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even after they are released from the SM (cf. Figure 9a). They exhibit very high stiffness,
which mainly originates from the reinforcement effect associated with a spherical thin-wall
geometry. Finally, group 1 contains all diaphragms with a surface geometry that describes
an intermediate state between a flat and a curved shape (cf. Figure 9b—e). Within that group,
the diaphragm stiffness decreases with smaller CD (after release) and as the fraction of the
flat diaphragm surface increases. The lowest stiffness values are reached at the transition
between group 1 and group 2. It has to be emphasized that the estimated stress values are
only valid for flat diaphragms (group 2). Considering the group 2 diaphragms (flat surface
geometry), the varying stiffness with CRBR can be only attributed to varying intrinsic stress.
The data of group 2 diaphragms indicate that the intrinsic stress in the diaphragm can be
significantly reduced (from approximately 200 MPa to 30 MPa) if the surface geometry of
the SM is adjusted for an optimum CRBR (~1.3 mm) during the filling process.

From Figure 9, it is obvious that the diaphragms of group 2 change the surface
geometry while they are released from the SM. As depicted in Figure 10, this is also true
for the diaphragms of the two other groups. The figure shows optical microscope images
of representative diaphragms of each group before (first row) and after (second row) the
release process. The corresponding CD is indicated by the red tag in each image. Before
release, all diaphragms show a curved geometry with a CDBR between 25 pm and 54 pm,
whereas after release the diaphragms adopt a geometry with smaller curvature. The
curvature change (ACD) provoked by the release process varies in a broad range with
the largest change for the group 2 diaphragm (from 25 um to 0 um) followed by group 1
(from 34 um to 22 um). For the diaphragm of group 3, only a small change in the CD was
identified (from 54 um to 50 pm).

group 1 group 2 group 3

before diaph. release

after diaph. release

ACD: 12pm

Figure 10. Optical microscope images of typical diaphragms of the three groups before (first row) and
after (second row) they are released from the SM. The corresponding curvature depth is indicated
with a red tag in the images. The bottom row shows schematic illustrations of the diaphragm profile
geometry of each group before (BR) and after release (AR). Dimensions do not scale.

In Figure 11a, the ACD data of all diaphragms on substrate H2 and H4 are plotted
against the CD before they are released from the SM. The data are again color-coded
according to the three diaphragm groups. The effect of the ACD on the diaphragm stiffness
is illustrated in Figure 11b. The ACD of group 2 diaphragms increases linearly with
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increasing CDBR up to the transition region (TR) where the group 2 diaphragms go into
group 1. The TR is associated with the occurrence of the lowest intrinsic stress or stiffness,
respectively. From there, the ACD starts to drop rapidly with further increases in the
CDBR up to the diaphragms of group 3 where only a small ACD was identified. The high
spreading of the group 1 data is explained with the uncertainty of CD measurement of
5 um and the less defined surface geometry (curved and flat parts) after diaphragm release
compared with a flat (group 2) or fully curved (group 3) diaphragm geometry. We assume
that the intrinsic stress in the diaphragm formed during the deposition process is the driving
force for the ACD causing full or partial stress relief while the diaphragm is released from
the SM. Despite the expected full stress relief for the diaphragms of groups 1 and 3, they
exhibit high stiffness as a result of the non-flat surface geometry. With an increasing CDBR
and hence higher diaphragm stiffness, the stress relief mechanism loses its effectiveness as
a driving force for ACD.
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Figure 11. (a) Release induced change of the diaphragms’” CD (ACD) as a function of the correspond-
ing CD value before the release process (CDBR). Considered are again data of the diaphragms on
substrate H2 (filled markers) and H4 (empty markers). The data are color-coded depending on the
diaphragm group. The green shaded area represents the transition region between group 1 and 2
diaphragms; (b) mechanical diaphragm stiffness plotted versus ACD.

Different Ti/Pt multi-layer coatings were tested to reduce the intrinsic stress in the
diaphragm by optimizing the coating design and the sputtering process. The goal was to
verify if, in combination with the stress relief mechanism discussed above, nearly stress-free
diaphragms can be fabricated. The coatings that were tested so far showed a tensile stress
on SCS beams (reference method for stress characterization) between 90 and 345 MPa (cf.
Table 1). The corresponding stress values obtained from measurements of the diaphragm
stiffness are shown in Figure 12. The data are again plotted as a function of the CRBR
to illustrate the effect of the different coating designs on the stiffness of diaphragms of
the different groups. The stiffness of group 1 and 3 diaphragms (CRBR < 1.3 mm) is
not affected by the coating design at all. This outcome appears to be reasonable, as the
stiffness of these diaphragms is mainly determined by the curved geometry. Because of
the stress relief mechanism, the contribution of intrinsic stress on the diaphragm’s stiffness
should be negligible. In contrast, the flat diaphragms (group 2) show clear variations in
intrinsic stress between the different substrates. To compare the diaphragm stress with the
measured stress on the SCS beams, diaphragms with CRBRs larger than 3 mm (stress relief
mechanism should have a small effect) were considered. On substrate H3, similar stress
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levels were observed as on the corresponding SCS stripe, whereas the diaphragms of the
substrates I3 and ]2 showed considerably lower stress than the corresponding reference
values (>340 MPa). In contrast, the low reference stress in the range of 100 MPa was
not found on the diaphragms. The deviations are not surprising. In contrast to the SCS
beams, the diaphragms were deposited on a polymer SM which could influence the crystal
growth during deposition. It is also conceivable that, compared with SCS, a different
adhesion between the coating and SM influences the evolution of intrinsic stress during the
deposition process that differs from the adhesion on SCS and causes stress relief. At last,
the diaphragms form a free-standing, clamped plate structure with boundary conditions
that could influence stress formation. Considering the group 2 diaphragms closer to the
TR, stress variations between the substrates could not be assigned to the specific sputter
process but rather to the strong dependence of the CRBR on the diaphragm stress within
the TR.
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Figure 12. Intrinsic stress as a function of the CRBR for different mono- and multi-layer coatings. The
stress values are only valid for diaphragms with a flat surface geometry (group 2, CRBR > 1.3 mm).
The stress levels of the coatings deposited on SCS beams are indicated in the legend.

4. Discussion

The present study introduces a new fabrication process for micron-thick Ti and Ti/Pt
multilayered diaphragms. In contrast to typical MEMS fabrication technology for di-
aphragm fabrication, the introduced fabrication process does not rely on anisotropic dry
etching, which is not well established for the processing of Ti substrates. In addition, dry
etching in combination with a sacrificial material layer as an etch stop requires highly
polished substrates. Such substrates made from Ti are not off-the-shelf products such as
silicon wafers; they have to be custom-made by chemical mechanical polishing (CMP), a
process that is also not very well established for Ti in typical MEMS fabrication facilities.

We could show that the introduced fabrication process seems to be compatible with
unpolished substrates with a surface roughness similar to the thickness of the diaphragm.
The possibility of using untreated Ti substrates lowers the fabrication complexity and
the associated costs but also provides more freedom during the design process of the
diaphragm support structure (i.e., 3D geometries such as tubes, etc.). We assume that
the higher roughness of the substrate might even improve the strength of the interface
between the diaphragm and the support, providing a kind of interdigitation mechanism
with an increased contact area at the interface. Currently, a study is ongoing to better
understand and assess the interface between the diaphragm and the support using more
dedicated inspection techniques, such as scanning and transmission electron microscopy in
combination with static pressure loading and hermeticity tests.
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Another advantage of the new diaphragm fabrication technology is the ease of defining
a nonplanar surface shape of the diaphragm before it is released from the SM. Currently,
the SM is applied as a solution with low viscosity where surface tension forces enforce
the formation of a spherical surface shape with a curvature radius defined by the filling
state. During the thermal decomposition of the SM, the diaphragm tends to adopt a flat
surface geometry. It is assumed that the mechanism is driven by tensile intrinsic stress in
the coating and results in full or partial stress relief while the diaphragm is released from
the SM. A similar stress relief mechanism was reported by Wang et al. [30] on single deeply
corrugated diaphragms (SDCD) fabricated from polysilicon on a silicon substrate. The
design contained a flat membrane with suspending sidewalls forming a deep corrugation.
They observed a zero-pressure deflection (cf. ACD) of the thin-wall structure when it was
released from the sacrificial layer. Compared with a flat diaphragm design with equal
intrinsic stress, the SDCD showed the considerably higher mechanical sensitivity of the
transducer, which was increasing with higher corrugation depths. Wang et al. concluded
that the suspending side walls have a relieving effect on the intrinsic stress in the sensing
membrane. The group 2 diaphragms of the present study can be regarded as an SDCD
before they are released from the SM. In contrast to the design of Wang et al., the group 2
diaphragms undergo a larger zero-pressure offset during their transition into a flat geometry
state. Similar zero-pressure offset values as reported by Wang et al. were only observed
on diaphragms of group 3 with CDBR values (cf. corrugation height) larger than 40 pm.
Such diaphragms show very high stiffness as a result of the curved geometry, whereas the
SDCD design benefits from the flat and stress-free section that is used for pressure sensing.

The CRBR transition region (TR) between group 1 and group 2 diaphragms
(CRBR = 1.3 mm) is narrow and is characterized by the occurrence of lowest stress values
that increase rapidly on both sides of the TR (cf. Figure 13). The limited accuracy of CD mea-
surement using the focusing technique and the number of available data do not currently
allow a more precise characterization of the TR, such as the width and potential shifts in CR
depending on the stress level of the coating. The coatings considered in the present study
were mainly designed to obtain low stress. Hence, the largest stress differences between
the coatings are not larger than 100 MPa (considering the stress of group 2 diaphragms
at high CRBRs). It is expected that if the stress in the coating is further reduced, the TR
will shift to higher CRBRs (cf. red curve in Figure 13). Higher stress levels should shift
the TR in the opposite CRBR direction. Although diaphragms within the TR could benefit
from a high stress relief, the steep gradients on both sides would make the control of the
fabrication process difficult. The design point on the Km-CRBR characteristic curve must
be situated on the right side of the TR (group 2 diaphragms) in a region where the slope
of the curve complies with the allowable part-to-part variation. To shift the design point
as close as possible to the TR and hence benefit from a high stress relief, the process for
applying the SM on the substrate (i.e., cavities) needs to be optimized concerning a precise
adjustment of the desired CRBR or CDBR, respectively.

However, to obtain diaphragms nearly free of intrinsic stress, the stress relief mecha-
nism must be combined with other technologies for stress reduction in the coating, such as
sputter process parameter optimization, multi-layer coatings, and thermal annealing. A
potential multi-step strategy is depicted in Figure 13. In the first step, the intrinsic stress
in the coating must be reduced by an optimization of the sputtering process and by the
use of a multi-layer coating design. The minimum stress that can be achieved will result
from a trade-off behavior between the stress and the mechanical strength of the diaphragm
(pores, voids, and defects). Using the stress relief mechanism presented in the present
study would be the second step to further reduce the stress in the diaphragm. Here, the
potential of stress reduction depends on the aforementioned fabrication process consid-
erations and the characteristics of the Km-CRBR curve at low-stress level values, which
are currently only estimated. Thermal annealing is considered as the third step to end up
with a stress-free diaphragm. Annealing could be an efficient way to reduce stress in a PD
because the protective enclosure of the transducer in which the PD is integrated is free of
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electronic parts that would limit the process to low annealing temperatures. Currently, a
study is ongoing to evaluate a Ti/Pt multi-layer coating with low stress, high mechanical
strength, and long-term hermeticity. In addition, thermal annealing shall be applied on the
diaphragm samples to verify if it is suitable to fully eliminate the remaining residual stress.
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Figure 13. A possible strategy for the fabrication of stress-free diaphragms illustrated in a Km-CRBR
plot: (1) Ti/Pt multi-layer coating optimized for low stress and high mechanical strength; (2) stress
relief mechanism as a result of the adjustment of an optimum diaphragm surface shape before it is
released from the SM; (3) thermal annealing. Remark: The stress values are valid for a diaphragm
with 0.6 mm diameter and 1 mm thickness and made from an H2 coating. For zero intrinsic stress,
the diaphragm exhibits a stiffness of 22 N/m.

As reported in Prochazka et al. [6], the diaphragm fabrication technology was already
applied on the sound receptor of the ICAR, which represents a tube-like structure with a
rectangular cross-section and multiple PDs arranged within the tip region on two opposite
sides (cf. Figure 1b). The feasibility of critical process steps such as the more complex
filling with SM and the release of gas products through a micro-channel during the thermal
decomposition of the SM were verified by several tests. Further process optimizations are
ongoing. In addition to the aforementioned evaluation of a process for PDs free of intrinsic
stress, the filling process needs further optimization to make the process faster and more
repeatable. Currently, a polymer solution with only 20 weight percent of QPAC is used as
an SM for filling the cavities. The process must be conducted in multiple steps because
most of the added QPAC volume is lost during the curing of the solution. Using a polymer
melt instead of a solution might considerably reduce the required filling cycles, but is also
associated with a more complex dispensing system required for a melt instead of a solution.
Further improvement of the filling efficiency but also precision and repeatability might be
achieved by an automated filling process using an appropriate robot system.

5. Conclusions

Overall, our results clearly show that using thin film deposition techniques on a low-
temperature decomposable polymer as a SM seems to be a promising technology for the
fabrication of thin-walled metallic encapsulations in packaging solutions. In particular,
the technology is beneficial if the packaging solution incorporates substrate materials
and a complex 3D geometry that are not in line with the typical requirements of classical
MEMS fabrication processes such as the use of polished silicon 2D substrates. The present
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study demonstrates the capability of the technology for the fabrication of 1 pm thick and
sub-millimeter large Ti (or Ti/Pt multi-layer) diaphragms on an unpolished commercially
pure Ti substrate. Currently, the SM is applied on the substrate using adhesive dispensing
technology, which suits application with a non-planar surface shape of the deposited
diaphragm before it is released from the SM well. After the removal of the SM, the
diaphragm takes a surface shape with a smaller curvature, causing a certain relief of
intrinsic stress. We could determine a curvature range with the largest stress relief from
stiffness measurements on numerous diaphragms with different surface curvatures before
their release.

A next step would be to further optimize the fabrication process to obtain robust
and hermetic diaphragms with near-zero intrinsic stress. These PDs are required for the
encapsulation of implantable acoustic transducers, such as for a fully implantable cochlear
implant system. Further research and development work is required to explore further
advantages but also limitations of the present technology in comparison with the classical
MEMS technologies for diaphragm fabrication based on bulk and surface micromachining,.
The focus will be laid on the mechanisms controlling the interface between the PD and
the unpolished substrate surface and on alternative processes for the dispensing of the
polymer SM to make the process more efficient, precise, and repeatable.
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Abstract: Recent publications on acoustic MEMS transducers present a new three-dimensional folded
diaphragm that utilizes buried in-plane vibrating structures to increase the active area from a small
chip volume. Characterization of the mechanical properties plays a key role in the development of
new MEMS transducers, whereby established measurement methods are usually tailored to structures
close to the sample surface. In order to access the lateral vibrations, extensive and destructive sample
preparation is required. This work presents a new passive measurement technique that combines
acoustic transmission measurements and lumped-element modelling. For diaphragms of different
lengths, compliances between 0.08 x 10715 and 1.04 x 107> m3/Pa are determined without using
destructive or complex preparations. In particular, for lengths above 1000 pm, the results differ from
numerical simulations by only 4% or less.

Keywords: acoustic transmission; characterization; MEMS transducer; modeling; folded diaphragm

1. Introduction

Micro-electro-mechanical systems (MEMS) enable the integration of miniaturized
transducers for various sensing and actuation applications in different domains. Particu-
larly in the acoustic field, a major drawback of miniaturized transducers is performance
limitations due to smaller active areas and higher compliances. Innovative MEMS de-
vices are being developed to overcome these limitations. While out-of-plane vibrating
membranes are slit [1] or corrugated [2] to increase the displaced volume through higher
deflections, three-dimensional approaches with in-plane vibrating structures enable larger
active areas from small chip sizes [3,4].

The development of especially three-dimensional MEMS structures relies on effi-
cient and precise characterization methods, e.g., to measure the mechanical or mechano-
acoustical properties. In state-of-the-art measurement methods, bulge tests [5] or atomic
force microscopy [6] statically deform near-surface structures in the vertical direction in
order to determine mechanical stiffness parameters. For lateral motion transducers, these
methods can be performed only with extensive sample preparation, where the structures
of interest are extracted and mounted to vibrate out-of-plane. However, this changes the
behavior of the sample to be characterized and therefore no longer represents the boundary
conditions of the intended application. Alternatively, optical measurement techniques such
as laser Doppler vibrometry (LDV) or digital holographic microscopy (DHM) are an effec-
tive way to characterize MEMS components with out-of-plane and in-plane vibrations [7,8].
The quality and precision of such techniques depend on the structures of interest and their
motion being close to the surface and therefore optically accessible. In the case of the
folded MEMS diaphragm from [4], the lateral motions of the vertical sidewalls are optically
inaccessible because they are deep within the high-aspect-ratio trenches of the diaphragm.
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This paper presents a new measurement technique that allows the determination
of the mechanical properties of three-dimensional folded MEMS diaphragms. This tech-
nique utilizes acoustic transmission measurements (ATMs) to characterize the dynamic
mechanical behavior of such membranes without extensive sample preparation. ATMs
have been used in several publications to determine the acoustic absorption properties of
macroscopic samples such as building materials [9] or structural skin elements [10]. Unlike
there, this work passively actuates a MEMS diaphragm, which on the other hand radiates
an acoustic signal into a receiving chamber. Combining this method with lumped-element
modelling (LEM) allows the determination of mechanical properties on a miniaturized
scale for MEMS transducer diaphragms with hidden or deep vertical elements. This will
provide an efficient and application-oriented measurement method that will advance the
latest developments in three-dimensional acoustic MEMS transducers.

2. Experimental Method

The presented measurement concept utilizes ATMs in order to characterize deep ver-
tical structures of MEMS transducers. This allows a non-destructive characterization of
mechanical properties that are essential for the development and optimization of MEMS
transducers such as microphones or loudspeakers. The idea of this measurement method
is to use two chambers, which are separated by the diaphragm to be characterized. Both
chambers contain microphones (Figure 1). A reference loudspeaker is placed in the trans-
mission chamber, where it is acoustically coupled to the MEMS diaphragm to excite it. This
creates a damped pressure wave in the second receiving chamber. Parameter fitting with
LEM determines the mechanical parameters of the diaphragm from the difference between
the two sound pressures.

Reference PCBs
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microphone

sample chamber

T g L
1
Loudspeaker Cover 1
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Back volume™| I
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Figure 1. Schematic illustration of the experimental setup.

Figure 1 shows the realization of this measurement concept. The transmitting chamber
is a conical volume inside an aluminum block. It contains an electrodynamic loudspeaker
(GF0401M) from CUI Devices in Lake Oswego, OR, US and a %-inch pressure microphone
set (46BP-1) from GRAS Sound & Vibration in Holte, Denmark with a flat frequency
response up to 80 kHz [11]. A defined back volume is added to prevent external influences
on the acoustic measurements and loudspeaker behavior. The diaphragm sample is glued
to a carrier PCB with a hole for the sound port.

The volume of the receiving chamber is as small as possible in order to maximize the
received SPL, allowing the characterization of low-compliance MEMS samples. This is
achieved by using a MEMS microphone (IM69D130) from Infineon in Neubiberg, Germany.
The ports of the PCBs thereby define the volume of the receiving chamber. A cover is
utilized to mount the components together to ensure an acoustically sealed setup.

To reveal its influence on the acoustic signal caused by resonances or passively vibrat-
ing structures, the measurement setup is characterized in advance. Ensuring that only the
diaphragm characteristics are measured, a chip frame without the diaphragm is mounted
on the PCB as shown in Figure 2a. This configuration analyzes the total influences of all the
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elements expected to affect the diaphragm itself. Both microphones measure the pressure
radiated from the reference loudspeaker.
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Figure 2. Schematic illustration of (a) the measurement setup without a folded diaphragm; (b) its
measured acoustic damping behavior.

Subtracting the received signal from the transmitted signal reveals the damping caused
by the setup, as shown in Figure 2b. This graph shows that between 100 Hz and 3 kHz,
the setup does not affect the acoustic measurements. Below 100 Hz, the signal is damped
towards lower frequencies due to the characteristic sensitivity of the MEMS microphone,
which is integrated into the receiving chamber [12]. For higher frequencies, the setup shows
a resonance at 16.6 kHz. These effects are considered later to avoid misinterpretation of the
measurement data from the folded diaphragm samples.

3. Acoustic Measurements

These acoustic experiments are carried out with folded MEMS diaphragms, which are
mounted on carrier PCBs. Deep reactive ion etching (DRIE) of a 100-silicon wafer defines the
folded structure of the diaphragm. Chemical vapor deposition (CVD) ensures a conformal
coverage of the deep structures with the thin film stack of 400 nm SiO,, 1000 nm n-doped
poly-crystalline silicon (Poly-5i), and 110 nm Si3Ny [4]. For these experiments, three samples
each of 500 um, 1000 pm, and 2000 um long diaphragms with 210 um deep structures are
fabricated. The upper and lower bridges are 80 um and 90 pm wide. Figure 3 shows a
cross-section of such a diaphragm, imaged by scanning electron microscopy (SEM). The
enlarged section proves that the diaphragm is completely released. This ensures that no
residual silicon (Si) will affect the mechanical behavior and therefore the results of the
subsequent measurements in this work.

An Audio Precision audio analyzer APx525 is used to perform the measurements. As
an example, Figure 4a shows the measured SPLs in both chambers of the three 2000 um long
samples. The SPL in C; includes the results in the transmitting chamber for a loudspeaker
drive voltage of 160 mVp. The measured values reflect the frequency response of the
reference loudspeaker with its resonance at 1.1 kHz, as well as the flat response at lower
frequencies and the SPL drop after the resonance. For the receiving chamber C,, the results
show the signal radiated by the folded diaphragm. It can be seen that the fundamental
behavior of the reference speaker is transmitted through the sample. The measurement
setup causes the drop towards low frequencies and the increase in SPL above 10 kHz
(Figure 2).

Subtracting the SPL values of C; and C, determines the damping characteristics of the
folded diaphragms (Figure 4b). This also eliminates the characteristic of the measurement setup
to extract the effective transmission of the folded diaphragm only, revealing a flat response of
the diaphragm up to 10 kHz. At higher frequencies, the folded diaphragm dampens the setup
resonance, as shown by the negative peak in the effective transmission curve. Nevertheless, the
mechanical behavior of the diaphragm is expected to be flat in this region. For this reason, this
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measurement setup should only be used for frequencies below 10 kHz to perform the parameter
extraction of the mechanical diaphragm properties. No further resonances of the specimens
are detected in this frequency range. Due to this flat behavior, the extraction in this work is
performed representatively at a single frequency of 1 kHz.

Figure 3. SEM micrograph of a cross-section of a polished, folded diaphragm.
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Figure 4. Results from the acoustic measurements showing (a) the measured SPL in both chambers
for three 2000 um long diaphragms; (b) the determination of their damping characteristics.

4. Lumped-Element Modelling

As mentioned above, LEM is used to extract mechanical parameters from the ATMs. A
valid representation of the transducer requires its characteristic length scale being smaller
than the wavelength of interest. In the case of the folded MEMS diaphragm, the 200 um
high sidewalls mainly define the mechanical behavior of the transducer. In the acoustic
frequency range, wavelengths of interest are between 17.15 m and 17.15 - 10~3 m. This
proves the validity of such a model for frequencies from 20 Hz to 20 kHz. A circuit with
equivalent elements models the measurement setup, including the diaphragm sample,
in the impedance analogy. As the LEM method is primarily used for linear behaving
systems, the behavior of the folded diaphragm and the measurement setup are determined
in advance with regard to their linearity. Figure 5 therefore shows the radiated SPL at
1 kHz for all diaphragm lengths for different SPLs radiated by the loudspeaker.
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Figure 5. Radiated SPL at 1 kHz through the folded diaphragm for different input pressures.

This plot concludes that the analyzed diaphragms behave linearly over this range of
applied input pressures. Mechanical damping and non-linear stiffening effects therefore do
not affect the mechanical vibration of the diaphragm. As a result, LEM is well suited for
modelling the setup and extracting the mechanical properties.

The equivalent circuit model of the setup including the folded diaphragm is shown in
Figure 6a. The system is modelled in the acoustic domain. Both chambers are represented
by the acoustic compliances C,; and C,». Equation (1) defines them with the chamber
volume V, the density of the gas pg, and the speed of sound c [13].
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Figure 6. Illustration of (a) the lumped-element model of the measurement setup; (b) the resulting
compliance extraction for 2000 pm long diaphragms.

A single sidewall of the folded MEMS diaphragm is modelled as a mass-spring-
damper system, assuming a piston-like motion. Based on the results in Figure 5, this model
neglects the mechanical damping in the range relevant to this work. The equivalent circuit
of the folded diaphragm is composed as a simplified series circuit of its mass M, p;, and
its compliance C, p;,. Figure 4 shows that the resonances of the diaphragms are above the
frequency range that can be measured with this setup. Since the influence of the mass is
evident only in the resonance, it is calculated from the geometric parameters and material
properties from the literature, which are summarized in Table 1. Within the measured
frequency range, the compliance of the diaphragm is dominant and can be deduced from
the measured transmission characteristics.
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Table 1. Material properties of the diaphragm layer stack.

Thin-Film Material Thickness [nm] Density [kg/m3]
Si0, 400 2180 [14]
Poly-Si 1000 2300 [15]
SisN, 110 3187 [16]

The loudspeaker in the transmitting chamber radiates the pressure P;, and the volume
velocity g;,. Accordingly, the folded diaphragm radiates Poys and goy into the receiving
chamber. Fitting its value until the same simulated transmission characteristics are obtained
between P;, and Py, determines C, p;,. Since the model represents only one sidewall of the
transducer, it multiplies the radiated pressure by the total number of sidewalls, assuming a
constant behavior along the diaphragm. Figure 6b shows a linear correlation between the
fitted acoustic compliance and the resulting transmission characteristics. In the case of a 2000
um long folded diaphragm, the transmission SPLcp—SPL¢ is a damping of —41 + 0.9 dB.
According to the LE model, this results in an acoustic compliance of 1.04 tg;gg-m—ﬁ m?3/Pa.

5. Numerical Simulations

To validate the extracted values from the transmission measurements, finite element
(FE) simulations are performed and compared with the LEM results. For this purpose,
a three-dimensional model of the folded diaphragm is set up. In order to introduce the
boundary conditions of the diaphragm clamping along the chip frame, the end faces are
provided with a fixed support function in the y-direction. Only one lamella is meshed,
whereas the others are mirrored via symmetry functions. The model applies a full surface
pressure to one side of the diaphragm to simulate the input signal of the reference loud-
speaker inside the transmission chamber. Figure 7 shows an example of the resulting lateral
deflection of a 2000 pm long diaphragm along the x-axis of the diaphragm. For an acoustic
input SPL of 94 dB, each vertical sidewall has a peak deflection of 0.33 nm for 500 um and
0.36 nm for 1000 pm and 2000 pm long diaphragms. This causes a volume displacement in
the receiving chamber.
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Figure 7. Numerical simulation of the deflected folded diaphragm with input pressure P;,.

To calculate the expected SPL Lrgy from the numerical model, Equation (2) determines
the pressure difference Ap caused by the folded diaphragm with the adiabatic index k, the
volume V¢», and the ambient air pressure py. It is assumed that the wavelengths are longer
than the largest dimension of C, and that there is no leakage [3].
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Vea ’

Ap 2
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Here, the multiplication of the number of active sidewalls N, the sidewall area Ag,,
and the averaged displacement of a single sidewall w;,,, equals the total displaced volume
of the folded diaphragm. In Equation (3), the SPL is calculated with the ratio of Ap to the
reference pressure py,r of 20 pPa [13].

Ap 1
L =20-log | —-—= |dB, 3
FEM g (pref \/§> 3)

To validate the results, the difference between the simulated input and output SPLs is
determined and compared to the measured transmission of the folded diaphragms. For the
folded diaphragms, simulated transmission values of —54.5 dB, —46.2 dB, and —39.8 dB
are expected at an input SPL of 94 dB.

6. Results and Discussion

In order to extract their acoustic compliances, this work performs acoustic transmission
measurements on the three-dimensional folded diaphragms shown in Figure 3. Three lengths
of 500 um, 1000 pm, and 2000 um are fabricated with three samples each. For validation, each
diaphragm geometry is numerically simulated using the model from Section 5. The resulting
compliances for the three different diaphragm lengths are shown in Figure 8. Theoretically, the
acoustic compliance of the diaphragm should increase linearly with its length and therefore its
effective area. In comparison with the numerical model, this behavior is given for diaphragm
lengths above 1500 pm. Below this, the compliance starts to decrease non-linearly. A similar
behavior can be observed for the compliances extracted from the experimental setup. For
the 1000 pm and 2000 um long diaphragms, the measured results differ from the simulated
values by only 3.7% and 4.0%. The shorter 500 um diaphragm also shows that the simulated
and measured acoustic compliance decreases non-linearly compared to the theoretical model.
However, the extracted compliance from the measurements is almost half of that from the
numerical simulations, meaning that the characterized samples transmit 6 dB less of the
acoustic input signal than expected from the models.
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Figure 8. Comparison of extracted acoustic compliances from transmission measurements, numerical
simulations, and theory.

The three-dimensional folded design, particularly its clamping within the chip frame,
causes the non-linear behavior of the acoustic compliance for shorter diaphragm lengths.
As described in previous work, the aspect ratios of the deep etched trenches are the key
to achieving lateral sidewall deflections and hence volume displacement [4]. For longer
diaphragms, the height of these structures is the main determinant of their compliance. As
the sidewall length decreases, the influence of the stiff clamping at the front faces of the
trenches begins to dominate the behavior of the diaphragm. This causes a lower transmitted
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signal than theoretically expected due to the smaller displacement of the sidewalls. In the
case of the 500 um long diaphragm, the numerically simulated signal is higher than the
measured one. This could be caused by the simplified representation of the diaphragm
suspension in the FE model. A detailed implementation of the chip frame could increase
the accuracy of the numerical simulations.

The ATM approach provides a fast method to characterize MEMS transducers with
hidden or optically difficult-to-access structures, such as the vertical sidewalls of the three-
dimensional folded diaphragm. This makes it possible to characterize these folded MEMS
diaphragms without the need for extensive and destructive sample preparations. In con-
trast to state-of-the-art measurement methods, such diaphragms can now be analyzed with
mechanical boundary conditions close to the final application. The resulting determination
of mechanical parameters is a significant input for the development and simulation of
systems with these structures, allowing the early design towards desired applications.
However, the measured acoustic signals are always the sum of all vibrating structures
within the sample. Characterizing the setup in advance increases the accuracy by elimi-
nating its influence on the measurements. The volumes of the chambers have no direct
influence on the measurement results, as this method determines the differential pressure
for the parameter extraction. However, it is important to determine the dimensions of the
chambers so that the MEMS sample of interest can still generate an acoustically measurable
signal. To reduce processing time, LEM or FE simulations are built assuming that all active
elements of a folded transducer behave the same and are independent of the adjacent
structures. As the vertical structures close to the chip frame are clamped differently to those
in the center, it can be assumed that they also show a different behavior. This could lead to a
less accurate determination of an effective acoustic compliance, especially for a diaphragm
with a lower number of vertical structures. For this reason, future work on this topic should
focus on quantifying the influence of the diaphragm suspension by characterizing samples
with varying numbers of vertical structures per diaphragm. The results should then be
implemented into the lumped-element model as a secondary compliance. In addition
to the diaphragm clamping, following studies should analyze the general measurement
accuracy of this method. The manufacturing tolerances and the tolerances of the micro-
phones should be taken into account, and their influence on the results should be described.
The compliance values obtained in this work are compared with state-of-the-art MEMS
transducer diaphragms in Table 2. Characterization of the dynamic mechano-acoustical
behavior of the folded diaphragm samples shows that increasing their length also leads to
higher acoustic compliances. In the case of the 2000 um long samples, the results are in the
same order of magnitude as those obtained with state-of-the-art diaphragms.

Table 2. Comparison of determined acoustic compliances to state-of-the-art transducer diaphragms.

Acoustic Compliance

Transducer [m3/Pal Transducer Area [mm?]

Folded diaphragm (2000 pm) 400 24
Folded diaphragm (1000 pm) 1000 1.2
Folded diaphragm (500 um) 110 0.6

[17] 0.026 x 10715 2.25

[18]1! 14.4 x 101 1.44

[19]1 34.75 x 1071 20.25

[20] ! 14 x 1071 0.57

1 Calculated from given mechanical compliance values.

The results of the three variants with different lengths allow a demonstration of the
advantages of this new measurement method and to validate the experiments in this work.
Figure 8 shows that three-dimensional transducers such as the folded diaphragm can be
successfully characterized using this technique. This is also expected to be the case for other
diaphragm geometries besides the demonstrated folded structure. Future work will include

148



Micromachines 2024, 15, 1070

References

the testing of more diaphragm variants in order to consolidate the understanding of their
behaviors and limitations. In addition to the number and height of lamellas, other lengths
below 1000 um and especially below 500 um will be investigated in order to determine the
exact influence of the clamping within the chip frame. This will result in more accurate
results for shorter samples. Lengths above 1000 um will also be studied to confirm the
small deviations from the numerical simulations and to find critical constraints for longer
diaphragms. Nevertheless, the current results of this work show that this measurement
technique is a useful tool to support the research and development of MEMS diaphragms.

The principle of this measurement method makes it easy to use in practical applications.
Differential pressure measurements allow a high degree of freedom in chamber design and
sample integration. The chamber volumes are dimensioned in such a way that loudspeakers
and microphones can be integrated without leakage paths and that the acoustic signals can
be measured. Leakage in the measurement setup or in the MEMS membrane will falsify
the results. In this case, the microphone in the receiving chamber would also measure the
characteristics of the reference loudspeaker. It must also be possible to simulate the system
with LEM to enable a valid parameter extraction. As described in Section 4, the dimensions of
interest of MEMS diaphragms limit the valid frequency range for this measurement method.

7. Conclusions

In this work, a new measurement technique has been developed utilizing non-destructive
ATMs and LEM to determine the mechanical properties of three-dimensional folded MEMS
transducers. While state-of-the-art optical methods are not suitable for such structures, the
acoustic approach of this work allows the extraction of their dynamic behavior without
extensive sample preparation. The setup consists of two chambers, which are separated
by the sample to be characterized. It is acoustically characterized in advance in order to
quantify and later on subtract its influence from the measurement results. An equivalent
circuit model is used to extract the mechanical properties by parameter fitting. It shows
that the diaphragm behavior is mainly defined by its compliance, while the mass can be
calculated from its geometry, and the damping can be neglected. FE simulations of the folded
diaphragm validate the measured and extracted values. For the longer samples (1000 um and
2000 um), the results are in very good agreement with the numerical simulations. For shorter
diaphragms, the deviation between measurement and simulation increases non-linearly. This
is due to the additional stiffness of the chip frame suspension, which dominates the mechanical
behavior of shorter lengths. Further investigation and adaptation of the model with a detailed
reconstruction of the chip frame could improve the accuracy of the parameter extraction.

The three-dimensional folded design offers a wide range of possibilities to tailor its
behavior for various applications. The new measurement method presented in this paper
plays a key role in this development, advancing it through its simplicity and efficiency.
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Abstract: Preparing and pre-testing experimental setups for flight tests is a lengthy but necessary task.
One part of this preparation is comparing newly available measurement technology with proven
setups. In our case, we wanted to compare acoustic Micro-Electro-Mechanical Systems (MEMS) to
large and proven surface-mounted condenser microphones. The task started with the comparison
of spectra in low-speed wind tunnel environments. After successful completion, the challenge was
increased to similar comparisons in a transonic wind tunnel. The final goal of performing in-flight
measurements on the outside fuselage of a twin-engine turboprop aircraft was eventually achieved
using a slim array of 45 MEMS microphones with additional large microphones installed on the same
carrier to drawn on for comparison. Finally, the array arrangement of MEMS microphones allowed
for a complex study of fuselage surface pressure fluctuations in the wavenumber domain. The
study indicates that MEMS microphones are an inexpensive alternative to conventional microphones
check for with increased potential for spatially high-resolved measurements even at challenging experimental
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conditions during flight tests.
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The characteristics of pressure fluctuations on the airplane fuselage govern the vibro-
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microphones are reasonably thin (thickness between 1.4 mm to 2.5 mm) so that they do
not excessively protrude into the TBL during the measurement. They are suitable for the
measurement of the acoustic excitation of an aircraft fuselage by (acoustic) wavelengths
larger than the sensitive surface size (acoustic wavelengths of frequencies up to 20.00 kHz).

The measurement of small, high-energy TBL structures connected to fuselage excita-
tion is a complex task compared to the assessment of acoustic pressure fluctuations. In the
acoustically relevant frequency range, the wavelengths of typical hydrodynamic pressure
fluctuations are small compared to acoustic wavelengths [1]. Thus, the acquisition of data
in the flight test scenarios requires prior knowledge of the measurement environment and
a careful design of the MEMS array.

The discourse in this paper will go as follows: after a brief introduction to the state of
the art, the challenges of measuring in a flow using sensors of different sizes are described
in Section 2. The in-house MEMS pressure sensor array is introduced in Section 3 followed
by the ground tests conducted with and without flow (Section 4). The setup for the final
in-flight measurements is presented in Section 5 including selected results demonstrating
the feasibility and performance of the introduced MEMS microphone array.

State of the Art

Currently, the state-of-the-art sensors for measuring these fluctuating pressure dis-
tributions are small (pinhole-mounted) piezoresistive pressure transducers (e.g., Kulite)
as shown for in-flight measurements [2,3]. These sensors typically are rather expensive.
Moreover, using this type of sensor has several drawbacks. The inherent noise level may
mask the lower level acoustic excitation, which can nevertheless contribute to the fuselage
excitation due to its large spatial coherence. The space required for mounting the sensors
limits possible locations for measurements on the fuselage mostly to passenger windows
replaced by dummy windows. Furthermore, the mounting condition of the sensors gov-
erns the achievable results by possible flow-induced self-noise, pressure damping within a
sound hole, or the minimum distance between two sensors (see Section 2).

Alternatives to these pressure sensors are MEMS microphones due to their small
size and low cost. In aeroacoustic testing, one must distinguish between in-flow sensors,
which are mounted on any kind of surface that is exposed to the flow-field, and out-of-flow
sensors, which are mounted out of the flow-field of an open jet wind tunnel. A recent
example with out-of-flow sensors by Zhou et al. [4] shows the application of a 256 MEMS
microphone array in an open jet wind tunnel for aeroacoustic measurements. In the
current paper, only the in-flow placement of acoustic sensors and their unique problems
are discussed.

In 1999 Sheplak et al. [5] developed the first custom aeroacoustic MEMS microphone.
They also defined the critical performance parameters of an aeroacoustic MEMS micro-
phone which state, that the dynamic range should be 60 dB to 160 dB and the upper
frequency limit should be higher than 50 kHz. The resulting sensor implementation offered
an upper frequency limit of 6 kHz (predicted 300 kHz) with a noise floor of the packaged
sensor of 92 dB/+v/Hz (predicted 63 dB/+/Hz). The maximum sound pressure level was
155 dB.

Several publications on custom aeroacoustic MEMS microphones were published
since then (see Table 8-2 in [6]). A good summary of these developments and details
on the fabrication process are the Ph.D. theses of Williams [7] and Reagan [6]. Both
authors developed new custom MEMS microphones which are meeting the requirements
stated above. However, these sensors are not available on the open market. Therefore,
implementations of MEMS microphones in experimental acoustic setups are based on
commercially available sensors.

In comparison to surface microphones, commercially available MEMS microphones
have a limited Acoustic Overload Point (AOP) of 135 dB maximum. While being sufficient
for the consumer market, the small-scale hydrodynamic excitation within the TBL can
exceed this limit already at moderate flow speeds of 30-50 m/s (see Section 4.2.1) and
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overload the sensors. Microphones in general show a nonlinear attenuation of the output
amplitude response once the input amplitude has an order of magnitude similar to the
AOP. Depending on how this compression of the signal is implemented in the sensor for
very high input amplitudes, an undetectable and irrecoverable shaping of the signal, a high
nonlinear distortion or sensor malfunctioning may occur.

Shams et al. [8] developed a 128 MEMS microphone array for aeroacoustic testing in
2004 and successful aeroacoustic measurements in a wind tunnel were first conducted by
Humphreys et al. [9] in 2005 using MEMS microphones from Knowles. Both authors do not
mention a problem with a low acoustic overload point. Sanders et al. [10] embedded digital
MEMS microphones in trailing-edge serrations in order to measure the hydrodynamic
coherence length. They state that MEMS microphones with a higher acoustic overload
point should be used for Reynolds numbers larger than 7 x 10° due to problems with
signal clipping. Leclere et al. [11] and Salze et al. [12] used a MEMS microphone array for
turbulent boundary layer measurements in a wind tunnel and turbofan duct. Both do not
report any type of acoustic overload with measurements conducted at speeds from 0 m/s
to 50 m/s free stream velocity.

To overcome the limitations of the low overload point, the MEMS microphones in the
current study were covered with a Kapton foil of thickness 25 um to attenuate the pressure
excitation by approx. 38 dB. Covering the sensors has the positive side-effect of protecting
the MEMS sensors on the fuselage from humidity while at the same time smoothing the
surface by covering surface irregularities in the vicinity of the sensor (e.g., pinhole edges).
The response of this Kapton foil to acoustic waves must be considered in the analysis.
Calibration measurements of the foil are introduced in Section 4.

2. Sensors in Flow

When measuring pressure fluctuations underneath a turbulent boundary layer, the
ratio of the size of the sensitive microphone surface relative to the “size” of the turbulent
structure in the boundary layer can affect the measurement output. More specifically, the
wavenumber of the turbulent structure’s pressure fluctuation has to be small enough in
order for the sensor to spatially resolve the fluctuations. If the sensor is not able to resolve
the turbulent structure, signal attenuation can occur.

This was described by Schewe [1] who recorded signals from microphones of various
sizes flush-mounted underneath a TBL. Schewe introduced a dimensionless sensor diame-
terdt = du. /v dependent on the inner wall variables, such as the wall shear velocity u
and the kinematic viscosity v. This dimensionless sensor diameter was used to describe
the dependence of several higher-order moments of the the normalized total fluctuating
pressure, including power prms/qe and flatness p*/ phys.

The fluctuating power was found to decrease with dimensionless sensor size and is
connected to rare high-power events, indicated by a similar increase in flatness of probabil-
ity density function of the pressure fluctuations. The effect is quite significant: when using
a sensor of d™ =~ 300, only half of the pressure power is received compared to the power
estimated at an extrapolated value of d* = 0. The larger share of power measured with
high-resolution sensors implies that a lot of fluctuating power is contained in the small-
scale structures of the boundary layer. In addition to possibly underestimating the power
content of the pressure fluctuations, the pressure applied by these small-scale structures
may exceed the AOP of sensors used. Schewe found that the portion of fluctuation power
not resolved by larger diameters was connected to higher frequencies of the fluctuations,
thus linking the higher frequencies with higher wavenumbers.

The dampening of higher wavenumbers can be modeled by averaging a fluctuation
over a sensitive surface of the desired shape. For circular and various other transducer
shapes this was done by Ko [13] and will be shown below in Section 2.1. The wavenumber
characteristics of TBL surface pressure fluctuations were described by Corcos [14] who
formulated a spectral dampening compensation for power levels at higher frequencies.
The effects of different pressure characteristics on the results are described in Section 2.2.
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2.1. Sensitive Surface Averaging

Concerning the characterization of signal attenuation as a function of the wavenumber,
Ko [13] modeled the effect of a cosine-shaped surface pressure fluctuation over a circular
shaped transducer. The resulting attenuation was found to be a function of the size ratio
a = k - r of sensitive surface radius » and wavenumber k of the surface pressure fluctuations.
The gain s(k, r), resulting from the modeled surface attenuation is given by

2J1(k-7)

s(k,r) = PR

@
with J;(...) being the Bessel function of first kind of order one. The gain s(k, r) resulting
from Equation (1) is shown in Figure 1 in dB for a range of frequencies with exemplary
propagation velocities. For TBL convection, the phase propagation wavenumber k), is used
for the relation of sensor size and wavenumber in Equation (1) It is obtained by using
ky = f/u, with u, being the phase velocity. The phase velocity describes the speed of
signal phase changes over the array and takes values of approximately u, ~ 0.7u, with
u being the flow velocity determined from the Mach number M = u/cy. Furthermore, f
describes the frequency, and c¢o = 340 m/s the speed of sound. With constant phase velocity,
wavenumber is proportional to the frequency and thus, the stronger the attenuation effect
gets. For TBL pressure fluctuations propagating over the largest sensitive surface area
(r =12.7 mm =1/2in) at a velocity of M = 0.2 the loss in gain does not exceed 1 dB below
10 kHz. At first glance, this appears to be sufficient for most acoustic full-scale tests with
Helmholtz-number unity. However, TBL pressure fluctuations have a limited coherence
length which pushes some of the wavenumber content of the convective propagation
towards higher wavenumber values. This will be explained below.
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Figure 1. Modeled attenuation of hydrodynamic surface pressure fluctuations as a function of
frequency at different Mach numbers and sensitive surface radii.

2.2. Influence of Limited Coherence Length

While acoustic pressure fluctuations keep their self-similarity when propagating over
large distances, hydrodynamic TBL pressure fluctuations do not. The hydrodynamic prop-
agation mechanism has a limited coherence length-a characteristic length to describe the
size of a pressure patch where pressure is applied to a surface coherently. Besides the
lower propagation velocity of subsonic hydrodynamic pressure fluctuations, their limita-
tion in coherence length enlarges the wavenumber content contained in the propagation
mechanism and adds to the attenuation of spectral power. The effect was described by Cor-
cos [14]. Figure 2 shows an exemplary hydrodynamic source modeled in the wavenumber
domain after Graham [15] at a frequency of 10 kHz for two velocities M = 0.2 in Figure 2a
and M = 0.3 in Figure 2b. The velocity fraction for convective transport was assumed
again at 0.7. fraction At a frequency of 10 kHz, this results in convection wavenumbers of
ke ~210mtand k, ~ 140 m~! respectively, where the center of the convective ridge is
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located. Using a set of limited coherence lengths of [y = 5 cm and [, = 5 mm on the sources
leads them to spread out in ky- and k;-direction rather than being a point source located at
k.. Especially due to the shorter coherence length in y-direction, the convective ridge can
be observed to be spread out much more prominently in k,-direction, resulting in a much
higher wavenumber content.

In Figure 2, the —3 dB B-thresholds of sensors sizes 1/2 in, 1/4 in, and 1 mm are
shown as orange, blue and green, respectively. For the case of M = 0.2 the center of the
convective source is still contained within the —3 dB-line of the 1/2 in sensor. However,
due to the limited coherence length, the hydrodynamic source is spread out towards higher
wavenumbers and less content is contained within the passband of the spatial filter of the
sensitive surface. This leads to this wavenumber content being attenuated.

Raising the flow velocity to M = 0.3 shifts the center of the convective ridge closer to
the origin of the plot. However due to the large spread of the convective ridge still only
a fraction of the energy is picked up by the sensor. This applies as well for the 1/2 inch
sensor with its —3 dB line shown in blue, but to a lesser extent. Using a sensor of size 1 mm
will yield a much larger passband of the spatial filtering as shown by the green curve. Here,
almost the entire energy contained in the convective ridge is picked up.

The amount of source content contained within the —3 dB-line for each of the two
sensor sizes is shown in the legend of each figure segment as a percentage of the total
energy contained in the simulated source. In this simplified exemplary case, a sensor
having a diameter of 1/2 inch would only capture 48% of the total energy at M = 0.2 and
55% at M = 0.3. The simulated 1/4 inch microphone would yield 75% and 77% for the
two Mach numbers, and the 1 mm sensor is able to recover 99% of the energy for both
simulated velocities under consideration.

Small sensors are therefore required for characterizing the TBL surface pressure
fluctuations. Apparently, the difference in measured signal level due to the sole influence
of velocity and convective wavenumber has a minor impact compared to the impact of a
small coherence length.

The use of the —3 dB-threshold in the above example was used exemplary for illus-
tration of the passband of the spatial filter constituted by each sensor’s size. This is not to
be seen as a hard cutoff, but rather as a smooth transition from passband to stopband as
shown in Figure 1.

-3dB line, 1/2 inch
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—— -3dB line, 1 mm
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Figure 2. Exemplary attenuation caused by broadening of sources in the wavenumber domain due
to limited coherence length. (a) M =0.2 (b) M =0.3.
2.2.1. Influence on Measurement Time

Besides having a smaller sensitive surface, smaller sensors can be placed closer to-
gether on a surface. This enables the measurement of smaller coherence lengths when
measurement time is limited. A sketch of this effect is shown in Figure 3 where the sig-
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nal coherence level is modeled [16] exemplary for small sensor separation distances in
cross-flow direction Ay in the presence of a very small coherence length in cross-flow
direction [, = 5 mm. I, takes very small values in the presence of thin boundary layers
that may occur at the position of the flight deck in the front of the aircraft. The noise level
is proportional to the inverse square root of the number of averages applied to the signal
when evaluating and thus, very long measurement times are required to reduce the noise
level. This can be circumvented to some extent by using sensors spaced closer together in a
way that a higher signal coherence is still present and above the noise level even for shorter
measurements. In order to better capture the proceedings underneath the boundary layer,
in this region of the fuselage, the use of small sensors is advisable.

coherence length jy = 5mm

1.0

0.8

0.6

0.4 1

coherence y

0.2 noise level

0.0 - !
d; =1/4in

0.000 0.005 0.010 0.015 0.020 0.025 0.030
spacing Ay, mm

Figure 3. Different sensor sizes allow for different sensor spacings. The level of coherence between
two signals from sensors spaced closer together is high, allowing for the determination of the
coherence drop even at higher noise levels.

2.2.2. Requirements for Sensors in Flow

Resulting from the aforementioned characteristics of sensors in flow, several require-
ments can be deduced in order to optimize an array for flow measurements.

®  The sensor should be able to resolve small turbulent structures of high wavenumber.
This requires a small sensor. Typically, the characteristic size of the sensor should be
small compared to relevant scales in the TBL (e.g., the boundary layer thickness and
inner length scales)

e Sensors should be placed closely together to allow for capturing hydrodynamic signal
correlation even of small turbulent structures. This requirement calls for small sensors
as well.

e The sensor should have a high dynamic range (not mentioned in the section above):
Acoustic and hydrodynamic pressure fluctuations typically do not exhibit the same
amplitude. Often, one of the two sources has a significantly higher amplitude than the
other one. In order to resolve a source with low amplitude in the presence of a source
with a very high amplitude, the dynamic range of the sensors needs to be large. This
applies not only to combinations of hydrodynamic/acoustic sources but also to com-
binations of acoustic/acoustic sources and hydrodynamic/hydrodynamic sources.

3. MEMS Array Structure

In this section, the MEMS microphone array used for the flight test is introduced,
presenting its general properties and structure as well as the microphones.

With the intention in mind to perform array measurements in parallel with analogue
high-precision condenser measurement microphones for reference, analogue MEMS sen-
sors of type ICS-40617 [17] were selected for the array. For time-synchronous acquisition,
all analogue sensors were recorded by the same data acquisition system.
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The MEMS microphone has dimensions of 3.50 mm by 2.65 mm with a thickness of
0.98 mm. The diameter of the sensor port and the diaphragm is 1 mm. It was mainly chosen
for its reasonably high dynamic range of 111 dB and an AOP with 10% THD+N at 129 dB.
However, for aeroacoustic measurements the AOP at 2% is of interest to gain reliable data
for the evaluation. According to the data sheet [17], at 2% the AOP is approximately around
127 dB. The sensor also shows a nonlinear amplitude output response above the AOP, i.e.,
signal compression, as mentioned in Section 1.

The MEMS microphone array was constructed on the basis of a flexible Printed Circuit
Board (PCB) to enable an application onto curved surfaces. The PCB was manufactured
in multilayer design using 6 layers with the two outer layers being used for shielding the
signal lines on the inner layers. The selected dimensions for the aperture of the array were
chosen to be 400 mm by 300 mm as depicted in Figure 4 (left side) with a thickness of
the PCB of 0.45 mm. In combination with the thickness of the MEMS sensor a combined
thickness of 1.45 mm was achieved.

400 mm

L]

Figure 4. Left: Schematic of the printed circuit board with dimensions. Right: Bending demonstration
of the array.

The sensor port of the MEMS is located at the connector side which enabled an
installation on the far side of the PCB with regard to the flow. Each sensor port was aligned
with a through-hole of size 1 mm in the PCB connecting it to the smooth flow side of the
array. For flush mounting on smooth surfaces, for insulating the electronic parts, and for
moisture and dust protection during a test, the backside of the array (with the protruding
sensor) was cast with silicone to an overall and equal thickness of the array of 1.55 mm.
The finished MEMS microphone array on the flexible PCB responded well to bending as
illustrated in Figure 4 (right side) without damaging the solder joints on the circuit board.

In total, 45 acoustic MEMS sensors were placed on the PCB to form the array with
the focus set on demonstrating their applicability in flight testing in general. The MEMS
microphones were arranged in a Vogel spiral suitable for acoustic beamforming [18].

The point spread function for wavenumber space beamforming is shown in Figure 5
for selected frequencies.
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Figure 5. (a-d) Point spread function (PSF) of the array in wavenumber space at selected frequencies.

As expected, a unity source in the center of the map exhibits a broad main lobe. The
main lobe width decreases as the evaluation frequency increases. For a dynamic range of
15 dB some grating lobes start to appear at f = 590 Hz in the selected focus grid range of
—10 < ky/ko, ky/ko < 10 approximately 9 dB below the maximum. At 4500 Hz, the width
of the main lobe further decreases, yielding a higher resolution of the array. However,
more grating lobes appear reaching levels of approximately 6 dB below the maximum.
The analytical point spread functions are used for a DAMAS2.1 deconvolution attempt in
Section 5.

The maximum difference in cable length was estimated to be the diagonal of the array
area and thus 0.5 m. With an estimated delay caused by the cables of roughly 5 ns/m
(corresponding to 0.67 times the speed of light), a maximum time delay of 2.5 ns is estimated
between two channels of the array. This accounts for a maximum phase error of 0.09 deg at
100 kHz which is considered to be acceptable.

The MEMS required an electrical power supply voltage of 3 V which was provided by
two batteries of type AA. The power was delivered to the array by utilizing two dedicated
pins in the cable connectors.

3.1. Data Acquisition System

In this paper, two similar data acquisition systems were used. One system (“GBM
Viper-48") is capable of recording 48 channels up to 250 kHz at a bit depth of 16 bit, allowing
for a maximum dynamic range of 96 dB.

The other system (“GBM Viper-HDR”) is capable of recording 64 channels up to
250 kHz at a bit depth of 24 bit, allowing for a maximum dynamic range of 144 dB.

Each channel of the two systems is equipped with its own sigma-delta A /D conversion
unit and all A/D converters are synchronized and receive their clocking signal from one
common clock source. Both systems possess a second-order high-pass filter with a cutoff
frequency of 500 Hz which was used to reduce the influence of the low-frequency noise
prior to A/D conversion and to make better use of the dynamic range of the system.

4. Preliminary Tests

The array and the sensors had to be examined extensively to ensure their functionality
for the flight test. A total of four preliminary tests were performed. First, the in-situ
frequency response of the individual microphones was determined without flow in an
anechoic chamber. Second, a test was performed to study their behavior at low flow speeds.
Observations made here lead to the introduction of Kapton foil as a treatment. Third,
the influence of the foil on the frequency response was measured. Forth, a final test at
comparable flight speeds in an industrial wind tunnel was performed in order to assess the
influence of the foil and flow on the MEMS microphone’s frequency response compared to
a reference sensor.

4.1. Frequency Response

The data sheet [17] lists a frequency response that is typical for this type of microphone,
showing a flat response from 200 Hz to 10 kHz. Here, the individual frequency response of
the MEMS sensors for a range up to 100 kHz was measured in the anechoic chamber of the
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aeroacoustic laboratory of DLR Gottingen. This was performed using two loudspeakers: a
calibration speaker (B&K Omnisource 4295) for frequency range up to 6 kHz and a tweeter
(ELAC-4Pi-II) for the frequency range from 5 kHz to 100 kHz. The MEMS microphone
array was positioned at a 3.00 m distance to the speakers. A condenser microphone (B&K
Typ 4944) with known frequency response was used as reference. This microphone was
positioned in the center of a metal plate that had the dimensions of the MEMS microphone
array, to mimic the influence of the array itself. In order to minimize the influence of source
directionality especially of the tweeter special attention was paid to exact positioning when
the MEMS array was exchanged for the reference plate. Here, the 24-bit GBM Viper-HDR
data acquisition system was used (see Section 3.1).

The frequency response H was then calculated by comparing the reference microphone
spectrum Gy with those of the MEMS array microphone spectra Gx:

_ Gx(f)
Gy(f)

the measurement time was 30 s at a sampling frequency of 200 kHz. The data was then
processed using an overlap of 50% and a fast Fourier transform block size of 5000 samples,
with a Hann window, yielding 2399 averages and a narrowband frequency resolution of
40 Hz. The calculated results were then smoothed with a Savitzky-Golay filter [19] with a
window length of 51 and a poly order of three.

Figure 6 shows the frequency response which was calculated by merging both results
from the two separate measurements with different speakers and frequency range from
5 kHz to 10 kHz using a linear weighted transition. For the range of 300 Hz to 10 kHz the
frequency response is approximately constant. For higher frequencies, a resonance peak
is visible at 22 kHz and an anti-resonance drop at 44 kHz. The standard deviation of the
frequency responses of all microphones is almost negligible with somewhat larger values
from 500 Hz to 1 kHz and around the anti-resonance drop.

In general, the measured mean frequency response shows a low standard deviation
between all MEMS sensors. The frequency response from the data sheet shows an almost
perfect flat response from 10 Hz to 17 kHz. The comparison shows somewhat lower values
of the measured frequency response below 1 kHz and somewhat higher values above 1 kHz.
These deviations are probably due to inaccuracies in the measurement setup (influence of
the measuring room and setup).
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Figure 6. Mean frequency response of all array sensors with standard deviation in comparison to the
data sheet.
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4.2. Tests in Flow Conditions
4.2.1. First Tests (AKG)

The first flow application tests were performed in the aeroacoustic wind tunnel
facility (AKG) of the aeroacoustic laboratory of DLR Gottingen. This small wind tunnel of
Gottingen type has a 0.4 m by 0.4 m open test section with a length of approximately 2 m
and can be operated at flow speeds up to # =50 m/s.

The microphone array was flush-mounted in a plate that was used as a extension of
one wind tunnel wall with its surface aligned with and extending the bottom wall of the
nozzle of the wind tunnel as shown in Figure 7. The tests were performed at different flow
speeds ranging from u =5m/s tou =40 m/s.

Here, the 24-bit GBM Viper-HDR data acquisition system was used (see Section 3.1).
To lower the required dynamic range for recording the signals, which is mainly caused by
the dominant low-frequency wind tunnel noise and hydrodynamic pressure, the 500 Hz
high-pass filter was applied.

Figure 7. Photo of the measurement setup for the first tests under flow conditions. The MEMS array
is mounted on the plate that is used as an extension of the bottom wind tunnel wall.

The individual MEMS measurements were investigated as time signals and spectra.
While observing the live-feed from an ongoing measurement, it appeared that some online
spectra would freeze and not change their shape even after turning off the wind tunnel.
The observation was made at flow speeds from u = 20 m/s and above. Therefore, the time
signals of the microphones were investigated in detail. Figure 8 shows a segment of a
recorded time signal from an exemplary microphone at a flow speed of u = 40 m/s (blue).

160



Micromachines 2021, 12, 961

100 — 40 m/s 100 — 40 m/s 1091 — 10mss
01 0 5

~100 ~100 0-

—200 A —200 A
39.595 39.596 39.597 39.598 39.599 44.707 44.708 44.709 44.710 44.711 21.180 21.185 21.190

150 1 — 40m/s
100 4
50
oA

©
o

o —50 A
—100 -

—150 A

—200 A

38 40 42 44 46 48
ts

Figure 8. Time series of a chosen MEMS microphone at 40 m/s (blue) with zoomed-in sub-figures of
peculiar events. For comparison, a zoomed-in result is shown at 10 m/s (red).

Several isolated peaks are conspicuous, exceeding the predominant fluctuation ampli-
tude by far. An interesting observation can be made after the second peak in Figure 8 at
t = 44.7 s. The fluctuation intensity takes different levels before and after the peak, with
the higher level continuing throughout the end of the graph. At a closer inspection after
zooming in, the isolated peaks exhibit peculiar details. For the first event att ~ 39.6 s, a
quick increase of fluctuation energy can be observed leading up to a strong peak exceeding
140 Pa (corresponding to 137 dB). After the peak, an exponential decay of the signal can be
observed, leading to an apparent regular signal again after one to two milliseconds. The
second event shows a similar behavior, with the first exponential decay being followed
by a steep and sudden drop (—200 Pa within 1 sample) in level and a subsequent second
exponential mitigation.

The exponential decay after the high-amplitude events is caused by a clipping of the
signals in the sensor and the signals being recorded with a 500 Hz high-pass filter applied
to them.

Contrary to the first event, the overall fluctuation amplitude appears to be increased
by a factor of two. The signal of this channel persisted to fluctuate even after turning off
the wind tunnel. After a waiting time of several minutes, the sensor behavior returned to
normal. This behavior occurred in approximately 10% of the sensors when subjected to
flow velocities exceeding 20 m/s. Sensors exhibiting this behavior were located exclusively
within the shear layer on the right and left sides of the array, produced by the corresponding
nozzle edges. Both, the sensor behavior returning back to normal after some time, as well as
the highly localized occurrence of the phenomenon in the experiment lead to the conclusion
that it was not just a bad batch of sensors causing the observed behavior.

For comparison, a comparable signal from a sensor exhibiting the strange signal
behavior is shown in Figure 8 for a lower flow velocity of # = 10 m/s (red). Although an
event is visible exhibiting a similar fluctuation behavior leading up to a main peak, no
exponential drop is observed after the main peak. For the case at # = 10 m/s, this type of
event was found significantly more often at locations where previously at higher speeds
the peculiar signal behavior was observed. The signals are likely caused by footprints of
instabilities from the widening shear layer.

Probably due to the small sensor size (see Section 2) the sensor is able to capture
hydrodynamic structures with a small coherence length and/or high wavenumber. It is
likely that the amplitude of these small structures takes very high values which were not
fully captured due to the integration effect of the sensitive surface of larger microphones.
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It appears that this signal cannot be fully captured because of the limitation set by the
AOQOP of the microphones. This leads to a significant overload which can also lead to a
temporary malfunction.

The question arises, why this peculiar behavior of the sensors has not been observed
or reported in prior studies (see Section 1). There, implementations of signal compression
could result in such events not being observed due to undetectable shaping of the signal.
For the sensors used in the present study, one explanation could be that the implementa-
tion of signal compression leads to the observed peculiar behavior (nonlinear distortion
or malfunction).

The findings in the previous section can be summarized into three points:

*  due to the small sensor size the MEMS microphone is capable of capturing small
(short coherence length and high wavenumber) hydrodynamic structures.

e These structures may sometimes exhibit a very high pressure amplitude which leads
to exceeding the AOP of the MEMS microphones.

¢ This results in signal artifacts being imprinted onto the signal for a limited but signifi-
cantly long duration and sometimes temporary malfunction.

Therefore, either sensors with a higher AOP must be used or measures are required to
increases the AOP value of the employed sensors. Currently, sensors with higher AOP are
not available to the authors and therefore, the application of Kapton foil for increasing the
AQP value is presented in the following section.

4.2.2. Surface Treatment: Application of Kapton Foil

To overcome the limitations of the MEMS microphones observed in the first tests
under flow conditions, a one-sided adhesive Kapton foil of 25 um thickness was applied
in order to attenuate the pressure excitation covering all the port holes on the PCB. As a
positive side-effect, this coverage provides protection to the MEMS microphones on the
fuselage from humidity and dust particles.

The influence of this treatment on frequency response was measured in the anechoic
chamber of the aeroacoustic laboratory of DLR Géttingen. This was performed using
a rectangular plate with the surface-mounted MEMS microphone array and a surface-
mounted reference condenser microphone (B&K type 4944). As a sound source, an Adam
A3X speaker was used in the frequency range of 50 Hz to 60 kHz. The Kapton foil response
was achieved by comparing the measurement with foil to the one without foil with respect
to the reference microphone. The reference microphone was used to take into account the
influence of the setup such as imperfections of the anechoic environment and differences
in the excitation from the speaker. Thus, the transfer function of the Kapton foil Hx was
calculated in the frequency domain by comparing the cross-spectrum R between the case
of MEMS microphones with Kapton applied Xx to the case of MEMS microphones without
Kapton Xg by means of a reference microphone Y.

_ RXK,Y (f)
Ry v (f)

for each MEMS microphone. Here, the 24-bit GBM Viper-HDR data acquisition system was
used (see Section 3.1). The measurement was performed for 60 s at a sampling frequency of
200 kHz and processed using an overlap of 50% and a fast Fourier transform block size of
5000 samples, with a Hann window, yielding 4799 averages and a narrowband frequency
resolution of 40 Hz. The calculated result was then smoothed with a Savitzky-Golay
filter [19] with a window length of 51 and a poly order of three.

In order to investigate the dependence on the application procedure, Kapton foil was
applied a second time onto the MEMS microphone array and the measurement procedure
was repeated. In the second application, a felt card was used as a tool to apply the
contact pressure. It should be noted that measurement #1 was performed with the very

Hy 3)
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exact Kapton foil applied to the MEMS microphone array as used in the final flight test
(Section 5), without removing the foil in between.

Figure 9 shows the resulting frequency response with the confidence interval for
both measurements. Both results show an approximately flat attenuation of —40 dB to
—38 dB (measurement #1) and —34 dB (measurement #2). After a minimum at 23 kHz, the
attenuation drops to about —10 dB to —5 dB at 36 kHz. Thereafter, it further increases and
decreases in the attenuation range from —10 dB to —25 dB with different courses for both
measurements up to 60 kHz.
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Figure 9. Mean frequency response of all array sensors treated with Kapton foil with standard
deviation for two different applications of the coating with the Kapton foil (measurement #1: exact
treatment as used in this paper). The respective standard deviation is depicted by the envelopes.

As an important outcome, the comparison of both results shows that the application
of the Kapton foil can lead to different results, dependent on the method of application
(usage of pressure tool, applied contact pressure). Thus, the transfer function should be
measured individually for each Kapton foil application.

4.2.3. Validation Measurements (TWG)

The validation measurements at increased Mach numbers were performed in the
Transsonic Wind Tunnel Goéttingen (DNW-TWG) facility, which is a DNW research and
development facility at the DLR Goéttingen site. This wind tunnel of Géttingen type has a
1.0 m by 1.0 m closed test section and can be operated for Mach numbers from of M = 0.3
to M = 2.2 under vacuumed and pressurized conditions.

Here, embedded in another experiment, the MEMS microphones used in this paper
treated with Kapton foil and a 1/2 inch B&K microphone (type 4134) were compared at
a Mach number of 0.3. The microphones were flush-mounted into the wind tunnel wall
as shown in Figure 10. For this measurement, the 16-bit GBM Viper-48 data acquisition
system was used (see Section 3.1) using a 500 Hz high pass filter. The results were later
corrected with regard to the filter response.
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Figure 10. Photos of the microphones on the wind tunnel wall. Left: MEMS microphone array with
Kapton foil. Right: flush mounted reference 1/2 inch microphone.

The spectra of a Kapton-foil-treated MEMS microphone and a reference microphone
are presented in Figure 11. The black line shows the spectrum of the reference microphone.
To illustrate the influence of the frequency response corrections explained in Section 4.1
(frequency response of the MEMS microphone itself) and Section 4.2.2 (Kapton foil) three
different spectra are shown for the data acquired using the MEMS. The uncorrected spec-
trum is shown by the red dotted line, whereas the spectrum corrected for the Kapton foil is
shown by the red dashed line. The fully corrected spectra are shown by the red solid line.
The uncertainty range, which results from the combined standard deviations of the two
correction measurements, is depicted by the orange envelope.
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Figure 11. Comparison of the MEMS microphone spectrum and the reference microphone spectrum
in the TWG at a Mach number of 0.3. The orange envelope illustrates the combined error margin
obtained from the Kapton foil and frequency response measurements.
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First, the fully corrected MEMS microphone spectrum is compared to the spectrum of
the reference microphone. Second, the application of the frequency response corrections
is assessed.

From 100 Hz up to a frequency of 3 kHz both spectra collapse very well, showing an
slight downward slope of about 10 dB. Within this frequency range, some peaks appear at
500 Hz and 1 kHz and a double peak at about 2.5 kHz. After 3 kHz the reference micro-
phone spectrum continues the downward slope until about 50 kHz where it transitions
to a constant floor level of 25 dB at 60 kHz. The MEMS microphone spectrum, however,
continues with a much less significant downward slope up to a frequency of 25 kHz. Then
the spectrum decreases with superimposed ripples in the downward slope down to a level
of 50 dB.

For the interpretation of the spectra, it is assumed that the broadband spectra are
dominated mainly by the boundary layer noise. In the wind tunnel, no artificial sound
source was present, thus only the peaks at 500 Hz and 1 kHz (wind tunnel drive, 1st and
2nd Blade Passing Frequency (BPF) order) and the peaks around 2.5 kHz are assumed to
be of acoustic nature. The frequency where the strong downward slope starts (3 kHz vs.
25 kHz) is similar to the modeled attenuation for the correspondent sensor sizes in Figure 1,
Section 2.1.

The estimated amplitude attenuation due to surface integration shown in Figure 1
exhibits significantly less attenuation than can be seen between the MEMS microphone
signal and the reference microphone signal in Figure 11. The attenuation difference be-
tween a 1 mm MEMS microphone and a 1/2 inch microphone due to surface integration
(Section 2.1) was estimated to be approximately —1 dB at 10 kHz in Figure 1. However, at
10 kHz in Figure 11, a difference in power level of approximately 10 dB is observed in the
measurement. The remaining difference is due to the strong influence of a short coherence
length of the TBL pressure fluctuations as discussed in Section 2.2.

For validation, the application of the frequency response corrections on the MEMS
microphone is discussed. Applying the Kapton foil correction leads to an increase of the
spectrum by approximately 40 dB. With the foil correction alone, the MEMS spectrum’s
overall amplitude coincides well with the reference microphone below 3 kHz. At 22 kHz
an additional hump is now observed which coincides with the resonance frequency of the
MEMS microphones already known from the calibration in Figure 6. Applying the MEMS
calibration curve to the measured spectrum removes the hump at 22 kHz and leaves a
smooth spectrum up to 26 kHz. At higher frequencies, the spectrum still shows a wavy
response which already is observed in the uncorrected spectrum. It can be concluded that
in the frequency range greater than 26 kHz, the corrections cannot be meaningfully applied.

5. Application for In-Flight Measurements
5.1. Setup

Experiments were conducted on a DLR test carrier, the Dornier 228-101 propeller
aircraft as shown in Figure 12. One window bank on the left-hand side of the aircraft was
equipped with a dummy window. The dummy window allowed the passage of the cabling
from the MEMS array which was attached on the fuselage close to the window and directly
opposite of the propeller.

Figure 12 also shows a sketch of the MEMS microphone array mounting. The fuselage
was coated with a flight-approved aluminum tape. As described in Section 3, the backside
of the PCB of the MEMS microphone array was coated with silicone. Thus, the MEMS
microphone array was applied via adhesion between the tape and the silicone. In order to
attenuate the pressure excitation as motivated in Section 4.2.2 the MEMS microphone array
was also coated with a Kapton foil. For the final fixation, the array was completely secured
with the flight-approved tape around the edges.

Additionally, an array of 1/2 inch aerospace surface microphones (Briiel&Kjeer type
4948) was mounted on the fuselage. Surface microphones in the vicinity of the MEMS
microphone array will be used as a reference here. All signals were routed to the data acqui-
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sition system inside the aircraft. Here, the 24-bit GBM Viper-HDR data acquisition system
was used (see Section 3.1) using a 500 Hz high pass filter. The results were later corrected
with regard to the filter response. The microphone signals of the MEMS microphone array
and the surface microphones were recorded simultaneously with a sampling frequency of
250 kHz. Spectra will be shown up to a frequency of 5 kHz. To reduce the influence of the
low-frequency boundary layer noise, high-pass filter with a cutoff frequency of 500 Hz was
used. The acquired data were corrected with regard to the filter response. The data were
processed using an overlap of 50% and a fast Fourier transform block size of 65,536 samples,
with a Hann window, yielding a narrowband frequency resolution of 3.81 Hz.

Figure 13 depicts the positions of all MEMS microphones and the surface microphones
chosen as a reference.

tape

galinAir SOV

"

Figure 12. Photo of the propeller aircraft with the MEMS microphone array mounted on the fuselage
and a sketch depicting the MEMS microphone array mounting.

® Reference microphones R-3
® MEMS Array
—— PCB external dimensions: 30cm x 40cm

aircraft height

aircraft length axis

Figure 13. Position of all MEMS microphones (red) and the chosen reference surface micro-
phones (blue).

5.2. Results

The spectral content of the signals from both the reference microphones and the MEMS
microphones in the form of an array yield valuable information about the characteristics
of the surface pressure fluctuations. This information can be deduced from the autospec-
tra and by looking at the wavenumber maps computed from the signals of the MEMS
microphone array.
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5.2.1. Autospectra of MEMS and Reference Microphones

Figure 14 compares the mean spectra of the reference microphones to the MEMS
microphones obtained from one in-flight measurement.

0

—— mean spectrum: reference microphones 1/2"
—— mean spectrum: MEMS microphones (fully corrected)

normalized Lp, dB

—-60

10? 163

frequency, Hz
Figure 14. Comparison of the mean spectra of the MEMS microphones and the reference microphones
with standard deviation.

In general, both spectra show a general broadband decrease over the frequency and a
dominant peak at approx 133 Hz with its n-th order harmonics. It can be assumed, that
the dominant structures are of acoustic nature. The dominant peak at 133 Hz and its n-th
order harmonics are related to the propeller. The speed of the propeller was measured
to be n =~ 1590 rpm. Taking into account the five propeller blades this leads to a BPF
fepr & 26.5 Hz x 5 =~ 133 Hz which equals the measured peak frequency.

While the dominant tonal components (which are assumed to be of acoustic nature as
they coincide with multiples of the BPF) measured with both the reference microphone
and the MEMS microphone are very similar, some differences are visible for the broadband
shape of the signal.

Above 2 kHz the reference microphone exhibits a stronger drop in signal compared
to the MEMS microphone. This drop in signal amplitude at higher frequencies is due to
the surface integration of the larger microphone modeled in Section 2.1, shown in Figure 1.
Here, the 1/2 inch microphone exhibits a strong level decrease at about 2 to 3 kHz.

5.2.2. Wavenumber Maps

Wavenumber maps were calculated by applying a beamforming algorithm with planar
wave steering vectors without removing the diagonal elements of the cross-spectral matrix
as done by Haxter and Spehr [3]. In the present case, the normalized focus grid was of
size 255 by 255, extending over a normalized wavenumber range of —10 < ky,/ko < 10.
A DAMAS 2.1 [20] deconvolution algorithm using N = 10° iterations was applied to the
maps for enhancement.

Resulting maps at are shown in Figure 15 for the first BPF of 133.5 Hz in Figure 15a.e,
the third BPF of 400.5 Hz in Figure 15b,f, and selected broadband ranges in Figure 15¢,g
as well as Figure 15d,h. The top row in Figure 15 shows the direct beamformer output (or
“dirty map”) without the DAMAS 2.1 enhancement algorithm applied to it. The bottom row
shows the output of the DAMAS 2.1 algorithm for the respective frequency or frequency
range of the map shown above. The solid circle in the center of each map represents
the domain of the acoustic propagation mechanism. Sources located within this circle
propagate at the speed of sound or above. The dashed circle shown is the integration
map used to separate the acoustic surface pressure fluctuations from all other pressure
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fluctuations. To compensate for the main lobe width of sources even after a deconvolution
attempt, the acoustic domain was increased to 3kp which should incorporate the remaining
imprecision in source appearance. The flight speed was sufficiently low for the convective
ridge to be located reasonably far away from the acoustic domain. This gap allowed for the
increase in acoustic domain threshold with no overlap of enlarged acoustic domain and
convective ridge occurring.

f=400.5 Hz f=[549.3 Hzto 629.4 Hz] f=[4001.6 Hz to 5001.1 Hz]

f=133.5Hz
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Figure 15. Wavenumber dirty maps and deconvolved maps at selected frequencies, plotted with
a dynamic range of 15 dB. The acoustic domain is shown as a solid circle in the center of the
map. The expanded integration border for separation of acoustic and other types of pressure
fluctuations is shown as a dashed line surrounding the acoustic domain. (a)/(e): narrow band dirty
map/deconvolved map at 133.5 Hz; (b)/(f): narrow band dirty map/deconvolved map at 400.5 Hz;
(c)/(g): integrated dirty maps/deconvolved maps from 549.3 Hz to 629.4 Hz; (d)/(h): integrated
dirty maps/deconvolved maps from 4001.6 Hz to 5001.1 Hz

At different frequencies, different sources can be seen to dominate the spectrum. At
the first BPF at f ~ 133 Hz a single source is visible in the center of the map in Figure 15a,e.
In the upper Dirty Map, the source is located in the center of the map but is spread
out over a very large wavenumber region due to the poor resolution at low frequencies.
Applying the DAMAS 2.1 deconvolution in the lower map reduces the source size, but
also introduces some ghost sources at various positions in the map. However, source
integration over the acoustic domain is enhanced since the size of the central source is
reduced, enabling a sharper separation. Relative to the acoustic domain, the center of
the dominant source appears to be located on the right-hand side of the acoustic domain,
indicating a propagation direction from front to back over the array.

For the third BPF at f ~ 400 Hz in Figure 15b, a dominant source occurs within
the acoustic domain as well. Its location relative to the acoustic domain appears to be
on the upper edge of the domain, indicating a propagation at the speed of sound from
the lower end of the array towards the top. Besides this acoustic source, there are four
other appearances in the wavenumber map worth mentioning. The first appearance is a
large elongated source on the right-hand side representing the TBL pressure fluctuations
at subsonic speeds. As mentioned in Section 2.2, this convective ridge inherits its shape
from the limited coherence lengths of the TBL pressure fluctuations. With the source being
located to the right of the map origin and its main elongation being in k;-direction it can
be concluded that the flow is passing over the array from front to back (as expected) and
that the coherence length in cross-flow direction is smaller than the coherence length in
in-flow direction. Two other sources of interest are located above and below the center
acoustic source at ky/kg ~ 0Oand 5 > ky/kg > 6. With the propeller passing in an
upward motion on its side facing the array, the upper source location represents the direct
near-field pressure fluctuation passing over the array. The lower source is possibly caused
by a reflection of the near-field pressure fluctuations at the bottom side of the wing, thus
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propagating over the array in the opposite direction from top to bottom. It appears that
the bottom source is located closer to the origin of the spectrum than the upper source,
indicating that the wavenumber of the presumably reflected source is slightly smaller.

The fourth source is located towards the left of the acoustic domain, indicating an
upstream propagation below the speed of sound. We could not find an explanation for this
source so far. Whether or not this source is real or is just an artifact of signal processing
remains an open question. Other sources in the corners of the map are likely side lobes
from real sources in the map.

With DAMAS 2.1-enhancement applied to the source map at 400.5 Hz in Figure 15f,
the size of the center acoustic source is significantly reduced. However, the shape of the
convective ridge on the right-hand side has been dissolved. Many ghost sources have
appeared over the entire map. While the two sources from the near-field of the propeller
above and below the acoustic domain are still present and even have increased in relative
amplitude with enhancement, their presence does not stand out any more relative to the
ghost sources.

In the frequency range 549.3 Hz > f > 629.4 Hz in Figure 15c both an acoustic source
in the bottom left part of the acoustic domain, as well as the convective ridge on the right-
hand side, are visible. A high background noise level is present in the map. The DAMAS 2.1
enhancement is able to remove most of the background noise with the convective ridge
keeping its characteristic shape. Several ghost sources are visible within the confinement of
the extended acoustic domain. Regarding the near-field sources visible at lower frequency,
there is only a small dot visible in the enhanced bottom map at the lower position. This
however might just be a spurious processing artifact.

The last frequency range is shown in Figures 15d,h from 4001.6 Hz to 5001.1 Hz.
Only two distinct acoustic sources are present: a dominant source in the center and a
secondary source on the the left hand side of the acoustic domain. The remaining noise
in the map exhibits a slight radial pattern centered around this acoustic source which is
a characteristic feature of distinct source maps integrated over several frequencies. The
image enhancement by DAMAS 2.1 is able to singularize this source, leaving only thin
traces of noise behind. Remarkably, there is no convective ridge visible which is likely
due to the small coherence length of TBL pressure fluctuations at these high frequencies.
The array was not designed to measure this kind of pressure fluctuations and thus the
convective ridge vanishes.

5.2.3. Separation of Spectra

Using the extended acoustic domain as a separation between the propagation types,
the deconvolved source maps can be integrated over each separated region to obtain
the separated spectra. For a noise threshold of —15 dB the separated spectra are shown
in Figure 16. The spectrum obtained from integrating the extended acoustic domain is
shown in red. It exhibits very distinct peaks at the BPF and higher harmonics. With
increasing frequency, the broadband noise level appears to be connected to the level of
hydrodynamic pressure fluctuations shown in blue. This is likely due to ghost sources
resulting from incomplete source map enhancement by the DAMAS2.1 leaking into other
parts of the spectrum.

The hydrodynamic spectrum is shown in blue in Figure 16 and it exhibits a rather
complex appearance. At lower frequencies, indicated by the dashed blue line, a distinct
drop in power is visible. This is very likely due to the turbulent structures breaking down
at low frequencies as their size is limited by the boundary layer thickness. This diminishes
the coherent pressure footprint and considerably reduces the signal correlation between
different microphones which is required for wavenumber analysis. The acoustic peaks
mostly remain unchanged as the acoustic propagation still leaves a coherent signal on all
transducers in the array. The increased hydrodynamic power at the BPF is likely caused by
both, the limited dynamic range of the analysis as well as near field effects as observed in
Figure 15b being located outside the extended acoustic domain used for source separation.
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An increased constant noise floor would likely not be reconstructed by the DAMAS 2.1
algorithm as such but rather be approximated by distributed small sources that would
explain the noise. Additionally, the likelihood of phase mismatches between measurement
and Green’s function is increased at higher frequencies which could explain a drop in
efficiency of the enhancement algorithm. The close resemblance of the acoustic spectrum by
the hydrodynamic spectrum at high frequencies is again likely due to the limited dynamic
range of the analysis.

In the mid-frequency range from ~400 Hz to ~2.2 kHz the hydrodynamic spectrum
exhibits a slow decrease of fluctuation power with intermediate peaks at the higher harmon-
ics of the BPF which are likely caused by the near-field of the propeller. At slightly higher
frequencies, the influence of the peaks at BPF increasingly dominates the hydrodynamic
spectrum. Whether or not this is a real phenomenon remains uncertain at this time.
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—— hydrodynamic
hydrodynamic (mostly invalid)
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—40 1
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Figure 16. Separated spectra of acoustic pressure fluctuations and hydrodynamic pressure fluctua-
tions. The performance of separation is best in the mid-frequency range as indicated by the solid line
for the hydrodynamic pressure fluctuations.

Overall, the wavenumber spectra provide valuable insights into the origins and
characteristics of the surface pressure fluctuations when measured by an array of surface-
mounted sensors.

6. Summary

The paper describes the process of preparing MEMS microphones within a flexible
circuit board array for the measurement of unsteady pressure fluctuations on an airplane
fuselage during flight tests.

The MEMS sensors have a small sensitive surface area which allowed them to capture
the presence of high-energy small-scale structures within the turbulent boundary layer
when pre-testing them in a low-speed wind tunnel environment. Although the relationship
between the sensitive surface area size of the sensor and an increasingly high measured
amplitude is known, it can easily be overlooked if such high amplitudes are not expected.
As measurements nowadays are performed more frequently using small-scale MEMS
sensors, higher measured amplitudes are bound to occur more frequently as well.

With the high measured amplitudes resulting from the matched size ratio of the
turbulent boundary layer pressure fluctuations to the sensitive surface area of the sensor, it
is possible to elicit nonlinear behavior in the response of the MEMS sensors due to them
temporarily exceeding the upper limit of their dynamic range.

Some makes of MEMS sensors respond to exceeding this limit by either clipping or
compressing the signal, which may cause an inaccurate underestimation of the amplitude
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of the small-scale hydrodynamic pressure fluctuations. If compression is used by the
internal signal conditioning of the sensor, such a distortion may go unnoticed.

To overcome these limitations of current MEMS microphones and be able to apply
them in flight tests, the sensitivity of the MEMS array was decreased by the application of
Kapton foil of 25 um thickness. The damping resulting from the applied foil was measured
and revealed a mean insertion loss of 34 to 40 dB with a variation of +3 dB between single
microphones in the frequency range of interest.

After a low-speed test, the Kapton-covered MEMS were reviewed further in a high-
speed wind tunnel test. The test was aimed at comparing the signals from a reference
1/2 inch microphone to the signal from the MEMS microphones with frequency response
correction and Kapton foil response correction applied. The analysis of the high-speed lead
to the conclusion that the application of both frequency responses to the MEMS microphone
signals leads to a very good agreement with the reference signals with expected differences
due to sensitive surface size.

Finally, flight tests were conducted on the DLR Dornier 228 propeller aircraft with the
MEMS microphone array mounted on the left-hand side of the fuselage, opposing the left-
hand-side propeller. The comparison with 1/2 inch microphones mounted in the vicinity
of the MEMS microphone array shows a good general signal agreement in the expected
frequency range when applying the appropriate frequency corrections. Apart from the
good general agreement, some differences were visible as well. The mean broadband
spectra of the MEMS microphones revealed more fluctuating energy especially in the range
above 2 kHz. Using a wavenumber analysis it was determined that these increased levels
were caused by hydrodynamic pressure fluctuations.

The results indicate that the Kapton foil covering the MEMS microphones was able
to damp the pressure fluctuations as expected, while still preserving the critical phase
information required for wavenumber analysis.

A great advantage of MEMS microphones lies in their small size and the possibility to
arrange them closely-spaced and flush-mounted in a very thin array that can be applied
to follow the shape of the underlying fuselage structure. The close spacing and small
sensitive surface area of the sensors allows for analyzing the wavenumber spectra of both,
the acoustic pressure fluctuations as well as the overlaying turbulent boundary layer. The
results of the wavenumber analysis from the flight test measurements reveal the presence of
both the acoustic pressure fluctuations induced by propeller and engine and the convective
ridge of the hydrodynamic pressure fluctuations at different relative amplitudes depending
on frequency.

It can be concluded that MEMS microphones are an inexpensive alternative to con-
ventional microphones even at challenging experimental conditions during flight tests.
Due to their small size the MEMS exhibit an increased potential for spatially high-resolved
measurements which larger sensors are not capable of.
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Abbreviations

The following abbreviations are used in this manuscript:

A/D Analog-to-digital converter

AOP Acoustic Overload Point

BPF Blade Passing Frequency

DAMAS  Deconvolution Approach for the Mapping of Acoustic Sources

DLR Deutsches Zentrum fiir Luft-und Raumfahrt (German Aerospace Center)
DNW Deutsch-Niederlandische Windkanile (German-Dutch Wind Tunnels)
FR Frequency response

MEMS Micro Mechanical System

PCB Printed Circuit Board

SNR Signal-to-Noise Ratio

THD+N  Total Harmonic Distortion + Noise

TWG Transonic wind tunnel facility
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Abstract: The paper presents a technique to obtain an electrically-tunable matching between the
series and parallel resonant frequencies of a piezoelectric MEMS acoustic transducer to increase the
effectiveness of acoustic emission/detection in voltage-mode driving and sensing. The piezoelectric
MEMS transducer has been fabricated using the PiezoMUMPs technology, and it operates in a plate
flexural mode exploiting a 6 mm x 6 mm doped silicon diaphragm with an aluminum nitride (AIN)
piezoelectric layer deposited on top. The piezoelectric layer can be actuated by means of electrodes
placed at the edges of the diaphragm above the AIN film. By applying an adjustable bias voltage
V}, between two properly-connected electrodes and the doped silicon, the d31 mode in the AIN
film has been exploited to electrically induce a planar static compressive or tensile stress in the
diaphragm, depending on the sign of V},, thus shifting its resonant frequency. The working principle
has been first validated through an eigenfrequency analysis with an electrically induced prestress
by means of 3D finite element modelling in COMSOL Multiphysics®. The first flexural mode of
the unstressed diaphragm results at around 5.1 kHz. Then, the piezoelectric MEMS transducer
has been experimentally tested in both receiver and transmitter modes. Experimental results have
shown that the resonance can be electrically tuned in the range Vy, = +8 V with estimated tuning
sensitivities of 8.7 = 0.5 Hz/V and 7.8 £ 0.9 Hz/V in transmitter and receiver modes, respectively. A
matching of the series and parallel resonant frequencies has been experimentally demonstrated in
voltage-mode driving and sensing by applying V}, = 0 in transmission and Vj, = —1.9 V in receiving,
respectively, thereby obtaining the optimal acoustic emission and detection effectiveness at the same
operating frequency.

Keywords: MEMS; piezoelectric; PiezoMUMPs; acoustic transducer; tunable; resonant frequency;

finite element modelling

1. Introduction

Acoustic transducers based on micro electro-mechanical systems (MEMS) represent
a lively research field and, at the same time, provide a significant number of concrete
solutions and commercial devices. Specifically, thanks to the advantages provided by
MEMS technology such as compact sizes, low production costs and high compatibility
with IC technology [1], acoustic MEMS transducers have been extensively employed in
different applications. In biomedical fields they have been exploited to monitor heart and
lungs sounds [2,3] and for cochlear implants [4]. In the livestock sector MEMS acoustic
transducers have been used to estimate the state of health of animals [5] while in industrial
fields they have been used for noise and vibration measurements [6], as resonant photoa-
coustic combustion gas monitors [7] or as hydrophones for pipeline leak detection [8]. In
recent years MEMS acoustic sensors and actuators have been extensively produced for
consumer applications as microphones for wearable devices [9,10] and voice controllable
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systems [11,12] or as microspeakers for in-ear devices [13,14]. MEMS acoustic transduc-
ers rely on the conversion of energy between mechanical /acoustic and electrical domains
which can be achieved by different transduction mechanisms. The most commonly used are
the electrostatic [15-17], piezoresistive [18] and piezoelectric [19-23] mechanisms. Specifi-
cally, the piezoelectric transduction mechanism compared to other principles has higher
energy density and does not require polarization voltages [24]. A crucial parameter for the
development of an acoustic piezoelectric MEMS transducer is the resonant frequency of
the MEMS structure, since it influences the frequency response of the device [25] and also
represents the condition around which the transducer has the maximum transmission and
receiving effectiveness in narrowband operation. Usually, a piezoelectric transducer near
resonance can be described by an equivalent electrical circuit composed of two parallel
branches, i.e., the motional and the electrical branches [26]. The mechanical properties such
as the effective mass, mechanical damping, and stiffness of the resonator are modelled by
the motional branch, while the electrical branch is associated to the capacitance arising
from the dielectric nature of the piezoelectric material [27]. Therefore, the frequency re-
sponse of the device is characterized by two resonances which differ in value named the
series resonant frequency fs and parallel resonant frequency f,, [28]. According to such an
equivalent circuit, a piezoelectric acoustic transducer, under voltage excitation, exhibits
the highest transmitting output at the series resonance, while, under voltage readout, it
displays the highest receiving sensitivity at the parallel resonance, shifted to a higher
frequency [29]. However, when only a single piezoelectric element is used as a transceiver
for both transmitting and receiving acoustic signals at resonance, a dynamic frequency
tuning would be desirable to obtain the maximum transmitting-receiving effectiveness [30].
Typically, to reach that goal, additional electrical tuning circuits or matching networks
can be dynamically added to the transducer [31-34]. However, in systems with several
transducers such as in arrays, multiple networks are required to connect all transducer
elements thus increasing the complexity of the overall system. Other solutions rely on the
application of DC voltages to change mechanical properties of the transducer allowing to
increase the bandwidth merging two closely-spaced resonance modes [35].

In this context, the present work proposes a technique to obtain an electrically-tunable
matching between the series and parallel resonant frequencies of a single piezoelectric
MEMS acoustic transducer to increase the effectiveness of acoustic emission/detection in
voltage-mode driving and sensing. A DC bias voltage is applied to the piezoelectric layer
inducing a controllable stress thus leading to a matching of the series and parallel resonant
frequencies in transmitter and receiver modes. At first, the working principle has been
validated through a 3D finite element modelling employing a parametric two-step study
to compute the first flexural mode of the structure considering the influence of a static
electric field applied across the piezoelectric layer. Then, the proposed technique has been
experimentally verified by configuring the fabricated MEMS acoustic transducer in both
emitter and receiver modes with applied DC bias. Finally, the matching of the acoustic
emission and detection characteristics with the same operating frequency in voltage-mode
driving and sensing has been experimentally achieved.

The paper is organized as follows: fabrication technology and device design (Section 2),
finite element analysis of the piezoelectric MEMS device (Section 3), experimental results
(Section 4) and conclusions (Section 5).

2. Fabrication Technology and Device Design

The top view of the proposed piezoelectric MEMS device, taken from the graphic
design system (GDS) file, is reported in Figure 1. The proposed 9 x 9 mm MEMS device
exploits a 6 x 6 mm highly doped silicon diaphragm with an aluminum nitride (AIN)
piezoelectric layer deposited on top that can be actuated by eight interdigital transducers
(IDTs), each composed by two interlocking metal comb-shaped arrays of twenty equally
spaced fingers. The IDTs are placed on the inner and outer edges of the diaphragm and
disposed symmetrically with respect to its centre. The doped silicon layer can be electrically
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connected employing the four metal pads located at the die corners. The layout of the device,
and specifically of the IDTs, has been designed to create a general-purpose piezoelectric
MEMS platform exploitable in different applications. In particular, the IDTs have been
exploited to generate Lamb waves in the diaphragm at frequencies in the megahertz range
to drive mechanical vortexes in liquids for biological applications [36].

4
Diaphragm
Piezoelectric layer
S 7 i IDTs metal layer
"6 Hm Metal pad
£
£
o
£
£
o
3 9 mm

Figure 1. Top view image of the proposed piezoelectric micro electro-mechanical systems (MEMS)
taken from the graphic design system (GDS) file.

In this work, on the other hand, to induce a planar static compressive or tensile stress
in the diaphragm and to excite/detect acoustic signals, the IDTs have been employed
as top plates over the piezoelectric layer, while the highly doped silicon layer has been
used as a common bottom plate, thus configuring the electrodes to produce in all respects
parallel-plate transducers. Therefore, the IDTs layout, and specifically the spacing between
two consecutively electrodes, does not affect the presently proposed application.

The piezoelectric MEMS has been manufactured by employing the piezoelectric
multi-user MEMS processes (PiezoMUMPs) technology developed by the MEMSCAP
foundry [37]. The manufacturing process steps are illustrated in Figure 2a—f. The process
employs a 150 mm <100> oriented silicon-on-insulator (SOI) wafer where the silicon, the
oxide and the silicon substrate have thicknesses of 10 + 1 um, 1  0.05 um and 400 + 5 um,
and are shown in Figure 2 with red, black and blue colours, respectively. A bottom side
oxide layer, shown in green colouy, is also present on the starting substrate. The process
begins with the doping step of the wafer reported in Figure 2a. This step involves the
deposition of a phosphosilicate glass (PSG) layer, shown in purple colour, and its annealing
at 1050 °C for 1 h in argon. The PSG layer is subsequently removed using wet chemical
etching. The piezoelectric film lift-off occurs as the second step of the manufacturing
process, reported in Figure 2b. The piezoelectric film consisting of 0.5 pm of aluminum
nitride (AIN), shown in cyan colour, is deposited over the wafer by reactive sputtering. The
third step involves the pad metal lift-off, reported in Figure 2c. A metal stack consisting of
20 nm of chrome (Cr) and 1000 nm of aluminum (Al), shown in grey colour, is deposited by
beam evaporation.

176



Micromachines 2022, 13, 96

| PSGlayer . Silicon layer -Oxide layer . Substrate layer . Bottom oxide layer

Piezoelectric layer Metal layer . Frontside protection layer

Figure 2. Manufacturing process steps (a—f) of the piezoelectric multi-user MEMS processes
(PiezoMUMPs) technology involved for the fabrication of the piezoelectric MEMS device.

A front side polyamide protection coat, shown in Figure 2d in orange colour, is then
applied to the top surface of the wafer. The wafer is then reversed, and the substrate layer
is lithographically patterned from the bottom side, as reported in Figure 2e. Reactive ion
etching (RIE) is used to remove the bottom side oxide layer while a DeepRIE (DRIE) is
subsequently used to etch the substrate layer up to the silicon layer. Finally, the front side
protection material is stripped during the release step, as reported in Figure 2f. Top and
bottom views of the fabricated piezoelectric MEMS device are reported in Figure 3a,b,
respectively. The proposed device embeds electrical terminals for each comb-shaped arrays
of fingers, while four electrically shorted metal pads are placed in each corner of the device
to contact the highly doped silicon layer beneath the AIN piezoelectric layer, as reported in
Figure 3c,d, respectively. Each comb-shaped array of the IDTs includes fingers with width
of 28 um and pitch of 112 pum, as reported in Figure 3c.

Comb-shaped
arrays terminals

Figure 3. Top (a) and bottom (b) views of the fabricated piezoelectric MEMS device. Enlarged images
of the comb-shaped arrays terminals (c) and metal pad (d).
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The possibility to obtain an adjustable matching between the series and parallel reso-
nant frequencies of the first flexural mode of the piezoelectric MEMS transducer to increase
the effectiveness of acoustic emission/detection has been investigated by electrically tuning
the mechanical characteristics of the diaphragm. The displacement and the section view of
a fully-clamped square plate vibrating at the first flexural mode is reported in Figure 4a,b,
respectively.

First flexural mode

IDT3  IDTH
IDT4

]
j :
7
z I
Y5
Figure 4. Displacement (a) and section view (b) of a fully-clamped square plate vibrating at the first
flexural mode. Simplified schematic of the proposed piezoelectric MEMS device (c).

Two IDTs, namely IDT1 and IDT3, placed on the opposite inner edges of the di-
aphragm, shown in the simplified schematic of Figure 4c in blue colour, have been shorted
and employed as a top plate over the piezoelectric layer.

The doped silicon layer, contactable by employing the metal pads shown in Figure 4c
in dark red colour, has been grounded and employed as a bottom plate. The four IDTs on
the outer edges of the diaphragm, i.e., IDT5-IDT8, shown in black colour, have not been
employed and thus left unconnected. The remaining two IDTs, namely IDT2 and IDT4, on
the inner edges of the diaphragm, shown in green colour, have been adopted for excitation
or detection of acoustic signals.

By applying a DC bias voltage Vy, between IDT1 shorted with IDT3 and the silicon pad,
it is possible to exploit the d31 mode in the AIN film to induce a planar static compressive
or tensile stress in the diaphragm, depending on the sign of the bias voltage V},, as reported
in Figure 5a,b, respectively. The application of an electrically controllable mechanical stress
allows the mechanical resonant frequency fro of the diaphragm to be shifted thus leading
to tunable resonant frequency. Studies have proven that a stress induced to a clamped
square plate leads to variations of the frequencies of its vibrational modes, including the
first flexural mode [38,39]. Considering the spacing of 28 um between two consecutive
fingers and the thickness of the AIN layer of 0.5 um, the electric field E induced within
the AIN layer below each finger can be assumed as in the configuration of parallel plates,
where the top plate is the corresponding finger, and the bottom plate is the highly doped
silicon layer. Given the piezoelectric polarization vector P oriented along the negative
direction of the z-axis, by applying a positive bias voltage V}, > 0, an expansion along the
z-axis and a contraction along the x-axis of the piezoelectric material is produced at each
finger, as reported in the inset of Figure 5a.
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Figure 5. Cross-sectional view of the piezoelectric MEMS device with positive (V}, > 0 V) (a) and
negative (V}, <0 V) (b) bias voltage.

Consequently, a planar static tensile stress is induced into the diaphragm as indicated
by the arrows, thus increasing the mechanical resonant frequency fr, i.e., fr > fro. On the
contrary, by applying a negative bias voltage V}, < 0 a contraction along the z-axis and
an expansion along the x-axis of the piezoelectric material is produced at each finger, as
reported in the inset of Figure 5b. Consequently, a compressive stress will be induced
into the diaphragm as indicated by the arrows, thus decreasing the mechanical resonant

frequency fR, i.e., fR <fRo-

3. Finite Element Analysis of the Piezoelectric MEMS Device

The electro-mechanical behaviour of the piezoelectric MEMS device described in
Section 2 has been investigated by means of 3D finite element modelling in COMSOL
Multiphysics®. Top and bottom views of the developed 3D model of the device are
reported in Figure 6a,b, respectively.

Figure 6c reports an enlarged view of the structural layers that have been included
in the 3D model. The nominal dimensions reported in Section 2 have been considered,
i.e., neglecting tolerances in layer thicknesses produced by the manufacturing process. In
the reported 3D model, the metal layer has been considered as made by Al, thus Cr has
been neglected, since the Al thickness is 50 times higher than the Cr thickness. The four
IDTs on the outer edges of the diaphragm have not been included in the model since, as
described in Section 2, they have not been actuated and they do not affect the mechanical
properties of the diaphragm to any significant extent. The SiO, has been used as the oxide
layer material while Si <100> has been adopted for the substrate and the silicon layer.

The piezoelectric coefficients d3; = —2.78 pC/N and ds3 = 6.5 pC/N have been spec-
ified for the AIN piezoelectric layer as reported in [22,35]. A rotation of 180 deg around
the x-axis of the coordinate system has been adopted for the piezoelectric layer to correctly
align the poling direction with the negative direction of the z-axis. The piezoelectric effect
has been considered by including in the simulation the piezoelectric multiphysics which
combines the solid mechanics with the electrostatics physics.
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Metal layer
Piezoelectric layer
. Silicon layer
. Oxide layer
. Substrate layer

Figure 6. Top (a) and bottom (b) 3D model views of the proposed piezoelectric MEMS device.
Enlarged image of the layers employed in the simulation model (c).

Regarding the solid mechanic physics, a fixed boundary constraint has been applied
to the bottom surface of the substrate while for the piezoelectric layer a strain-charge
constitutive relation has been specified including the AIN material properties. The gravity
constraint has been applied to the domains of the whole structure.

Regarding the electrostatics physics, a charge conservation boundary condition has
been applied to the AIN layer. Terminal constraints have been specified to the domain
of each comb-shaped arrays of fingers. The metal pads placed in the device corners to
contact the silicon layer beneath the piezoelectric layer have not been included in the 3D
model since a ground constraint has been applied to the top surface of the silicon. The
mesh domain has been carefully designed to obtain a convergent solution while reducing
the computational workload. Top and bottom views of the mesh domain are shown in
Figure 7a,b, respectively. Layers that compose the diaphragm have been studied with a
finer mesh, while layers laid on the outer edges of the diaphragm with a coarser mesh, as
reported in Figure 7c. Specifically, top surfaces of the metal and AIN layers that compose
the diaphragm have been meshed with a mapped resolution distribution of 1 um and with
a free triangular minimum element size of 36 pm, respectively. Whereas, a free triangular
mesh with a minimum element size of 90 um has been applied to layers laid on the outer
edge of the diaphragm and swept down to the substrate layer.

A two-step study with parametric sweep has been employed to evaluate the effect of
the electrical DC bias to the resonant frequency of the diaphragm. The terminal voltage V},
of IDT1 shorted with IDT3 has been varied within the range of +8 V with a step size of 2 V
while leaving the terminals of IDT2 and IDT4 electrically floating.

As a first step, a stationary study has been employed to analyse the mechanical effect
of the electric static load, i.e., an electrically induced prestress, on the diaphragm.
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Figure 7. Top (a) and bottom (b) view of the mesh domain developed for the 3D model of the
piezoelectric MEMS transducer. Enlarged view of the mesh of the comb-shaped arrays (c).

The stationary study results of the z-axis displacement for Vi, =8 Vand V;, = -8V
have been reported with a 3D representation, not in true scale, in Figure 8a,b, respectively.
It can be noticed that, as expected, the convexity of the diaphragm deflection is function
of the sign of the applied bias voltage V3, due to the induced planar static compressive
or tensile stress. The z-axis displacement wyp of the point laid on the top of the AIN
surface in the centre of the diaphragm as a function of the bias voltage V}, is plotted in
Figure 9. A displacement of 0.48 pm and —0.51 pm has been obtained at V}, = 8 V and
Vi, = =8V, respectively.

Vo=-8V
T T —( )

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Figure 8. Z-axis displacement, not in true scale, of the MEMS device with V}, =8V (a) and V}, = =8 V (b).
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Figure 9. Z-axis displacement wy, of the point reported in the inset as a function of the bias voltage V1,.

With V, =0V, i.e., without electrically induced prestressed, wy, is equal to —15 nm
due to the gravity effect included in the simulation.

As a second step, an eigenfrequency study has been employed to compute the first
flexural mode of the structure considering the influence of the electric static load previously
evaluated by means of the stationary study. The simulation results of the prestressed eigen-
frequency study related to the first eigenmode of the structure are reported in Figure 10.
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Figure 10. Simulation results of the resonant frequency fR of the first eigenmode of the diaphragm as
a function of the bias voltage V3,.

Specifically, the mechanical resonant frequency fr of the piston-like first flexural
vibrational mode of the diaphragm is plotted versus V},. The estimated resonant frequency
varies from 5.06 kHz for Vi, = —8 V up to 5.19 kHz for V}, = 8 V. Therefore, by adjusting
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the voltage V}, it is possible to electrically tune the resonant frequency of the diaphragm.
As expected, this could provide the system with the capability of reaching the coupling
between the series and parallel resonant frequencies of a piezoelectric MEMS acoustic
transceiver. The tuning sensitivity S = 8.6 Hz/V of the system defined as the linearized
ratio between the resonant frequency shift and the applied bias voltage has been estimated
by taking the angular coefficient of the linear fitting of simulated data shown in Figure 10.

4. Experimental Results

The possibility to improve the receiving-transmitting effectiveness through an applied
DC bias voltage V}, was experimentally investigated by testing the piezoelectric MEMS
device in both acoustic receiver and transmitter modes.

The block diagram of the piezoelectric MEMS device configured as acoustic receiver is
reported in Figure 11a. In receiver mode the direct piezoelectric effect was exploited by
measuring the voltage signal vout(t) at frequency near the mechanical resonant frequency.
The MEMS device can be represented by the equivalent Butterworth—Van Dyke model
(BVD) reported in Figure 11b, where the effective mass, mechanical damping, and elastic
compliance are represented by the inductance Ly, resistance Ry, and capacitance Cp,
respectively. The force induced by the impinging acoustic signal is represented by the
voltage v,(t) in the mechanical branch while the parallel capacitance Cp, represents the
dielectric nature of the piezoelectric material. According to such an equivalent circuit,
the piezoelectric acoustic device, under voltage readout, displays the highest receiving
response at the parallel resonance f, [29], defined as:

1 [Cp+ Cm
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Figure 11. Block diagram (a), equivalent Butterworth—Van Dyke (BVD) model (b) and experimental
set-up (c) of the piezoelectric MEMS device in acoustic receiver mode.

A sinusoidal excitation voltage vexc(t) with peak amplitude Aexe =1 V and frequency
fexc within the bandwidth 5.3-5.6 kHz, provided by the lock-in amplifier (HF2LI, Zurich
Instruments: Zurich, Switzerland), was applied to a speaker (FRWS5, Visaton: Haan,
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Germany) with a flat response in the frequency region of interest placed at 6.5 cm above
the diaphragm, as shown in Figure 11c.

The output voltage signal voyt(t) was measured across the parallel connection of IDT2
and IDT4, while the bias voltage V}, was applied between IDT1 shorted with IDT3 and
the silicon pad using a power supply (Polytec: Grenoble, France). The acquired voltage
Vout(t) was synchronously demodulated with the excitation signal vexc(t) by the lock-in
amplifier, thus providing the magnitude ratio |vout| /| vexc | of the resulting receiving
transfer function which is plotted as a function of fex for different values of V}, in Figure 12.
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Figure 12. Measured magnitude ratio |vout |/ |vexc | as a function of the frequency fexc for the
acoustic receiver mode at different values of the bias voltage V.

The results of Figure 12 show that by acting on V, it is also possible to electrically tune
the resonant frequency of the piezoelectric MEMS device configured as an acoustic receiver.

The tuning sensitivity S was derived by the linear fitting of experimental data reported
in Figure 13. The uncertainty for fp was estimated as o = 5 Hz, and the uncertainty of S was
obtained exploiting the error propagation approach [40]. The tuning sensitivity S results
7.8 £ 0.9 Hz/V for the receiver mode. Given the electrical constraints imposed for the
FEM simulation reported in Section 3 the simulated mechanical resonant frequency fr
is expected to approach the parallel resonant frequency fp defined in Equation (1). The
obtained values of sensitivity show a good agreement between simulated and experimental
results, demonstrating that a tunability of the parallel resonant frequency can be obtained
in the explored range for V},. Discrepancies between the simulated and experimental results
of f, are probably related to the tolerances introduced by the fabrication process of the
device which were not taken into full account in the simulations.

The block diagram of the piezoelectric MEMS configured as acoustic transmitter is
reported in Figure 14a. In transmitter mode the converse piezoelectric effect was exploited
by applying the alternating excitation voltage vexc(t) at frequency near the mechanical
resonant frequency. The MEMS device can be represented by the equivalent BVD model of
Figure 14b. The velocity of the diaphragm causing the emitted acoustic signal is represented
in electrical formalism by the current i,(t). According to such an equivalent circuit, the
piezoelectric acoustic device, under voltage excitation, exhibits the highest transmitting
output at the series resonance f [29] defined as:

1 1
fs = % %mem (2)
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Figure 13. Measured parallel resonant frequency fp (circles) and linear fitting (dotted line) as a

function of Vy,. The error bars extend one standard deviation o on each side of the experimental data.
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Figure 14. Block diagram (a), equivalent BVD model (b) and experimental set-up (c) of the piezoelec-
tric MEMS device in acoustic transmitter mode.

The excitation voltage vexc(t) was applied by means of the lock-in amplifier to the
parallel connection of IDT2 and IDT4. The DC bias voltage V}, was applied between IDT1
shorted with IDT3 and the silicon pad and swept within the range of + 8 V with a step
size of 2 V. The generated acoustic signal was measured by a microphone (2670, Briiel &
Kjaer: Neerum, Denmark) placed at 2 cm above the diaphragm, as shown in Figure 14c. The
microphone output was fed to an amplifier (Nexus 2690, Briiel & Kjaer: Neerum, Denmark)
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set with a sensitivity of 1 V/Pa. The measured output signal vout(t) was fed to the lock-in
amplifier input for synchronous demodulation with the excitation signal. The magnitude
ratio |vout | / | Vexc | Of the resulting transmitting transfer function is reported as a function
of fexc for different values of V}, in Figure 15.
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Figure 15. Measured magnitude ratio |vout | / | Vexc | as a function of fex. for the acoustic transmitter
mode at different values of V.

The results of Figure 15 show that by acting on the prestress caused by the bias voltage
Vy, itis possible to electrically tune the resonant frequency of the piezoelectric MEMS also in
transmitter mode. Considering the maximum of the magnitude of the transmitting transfer
function vout/ Vexe, the series resonant frequency fs was estimated.

The tuning sensitivity S of the system was derived by the linear fitting of experimental
data reported in Figure 16. The uncertainty for fg, as for the receiver mode, was estimated
as 0 = 5 Hz. The tuning sensitivity S results 8.7 &= 0.5 Hz/V for the transmitter mode. The
reported data demonstrates that a tunability of about 130 Hz can be obtained in the explored
range for V},. The obtained experimental values of S in the receiver and transmitter modes,
taking into account their uncertainties, are compatible with each other in metrological
sense [40] and closely approach the simulated value.

The measured tuning sensitivities and frequency shifts obtained in both receiver and
transmitter modes demonstrate that matching of the series resonant frequency with the
parallel resonant frequency can be obtained by acting on the bias voltage in either one of
the two working modes. A comparison between the receiver and the transmitter modes
in terms of the normalized measured magnitude ratio as a function of the frequency fexc
without and with the applied tuning by V, is reported in Figure 17a,b, respectively.

Specifically, a bias voltage V}, = —1.9 V was applied to the device configured as receiver
to match the resonant frequency of the device configured as transmitter. Therefore, by
electrically tuning V7, it is possible to finely control the resonant frequency of the device,
thus obtaining the optimal acoustic emission and detection characteristics with the same
operating frequency in both voltage-mode driving and sensing.
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Figure 16. Measured series resonant frequency f (circles) and linear fitting (dotted line) as a function
of V. The error bars extend one standard deviation o on each side of the experimental data.
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Figure 17. Comparison between the receiver and transmitter mode in terms of the normalized
measured magnitude ratio as a function of the frequency fexc without (a) and with (b) the tuning
effect induced by Vy,.

5. Conclusions

This work has presented a technique to electrically tune the resonant frequency of
a piezoelectric MEMS acoustic transducer to obtain matching between the series and
parallel resonant frequencies. The piezoelectric MEMS device has been fabricated with the
PiezoMUMPs technology exploiting a doped silicon diaphragm with an AIN piezoelectric
layer deposited on top. Electrodes disposed symmetrically with respect to the centre of the
diaphragm allow for actuating and sensing. By applying a bias voltage V}, between the
bottom doped silicon layer and top electrodes on the AIN layer, an electrically-controllable
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stress can be induced into the diaphragm, thus leading to the tuning of the resonant
frequency.

The working principle of the proposed technique has been studied by 3D finite ele-
ment modelling in COMSOL Multiphysics® and experimentally verified configuring the
piezoelectric acoustic transducer in both receiver and transmitter modes.

Experimental results have shown a tuning sensitivity S = 7.8 & 0.9 Hz/V in re-
ceiver mode, whereas a frequency shift of 130 Hz for V}, = £8 V and a tuning sensi-
tivity S = 8.7 = 0.5 Hz/V have been reached in transmitter mode. A comparison between
the receiver and the transmitter modes has been performed by applying a bias voltage
Vi, = —1.9 V to the device configured as receiver to match the resonant frequency of the de-
vice configured as transmitter, thus obtaining the optimal acoustic emission and detection
characteristics with the same operating frequency in voltage-mode driving and sensing.

Taking advantage of the non-directional response in the low-frequency range, the
proposed device can be employed in pulsed-echo mode as a proximity/presence, or gesture
detector. Furthermore, the proposed technique can be transferred to a properly down-scaled
structure to obtain a tunable piezoelectric micromachined ultrasound transducer (PMUT).
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