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Course content and schedule

Dates Lectures Lecturers Mean

20.02
Introduction

D. Briand / G. Villanueva Live
Transducers review: pre-recorded lectures

27.02
Sensors part I

D. Briand Live
Exercices

05.03
Sensors part II

D. Briand Live
Industrial seminar #1

12.03
Students presentations D. Briand / G. Villanueva

Live

19.03
Actuators and Optical MEMS

D. Briand Live
Industrial seminar #2

26.03
Acoustic and Ultrasonic MEMS

G. Villanueva Live
Industrial seminar #3

09.04
RF-MEMS

G. Villanueva Live

16.04
NEMS

G. Villanueva Live

23.04
Interactive session

D. Briand / G. Villanueva Live

30.04
Thermal and gas sensors

D. Briand Live
Industrial seminar #4

07.05
Packaging

D. Briand Live

14.05
Packaging

D. Briand Live
Industrial seminar #5

21.05
PowerMEMS

D. Briand Live

28.05
Quiz + oral exam instructions 

All Live
Evaluation of the course
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MEMS MICROPHONES

Image source: eetimes
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Why?
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MEMS Microphones

➢ MEMS Microphones have become a 

commodity

➢ Manufacturers can select from multiple 

vendors with similar performance

Several Microphones for improved

➢ Hands-free calling

➢ Siri Voice Commands

➢ Audio Fidelity in Video Recording

➢ Noise Cancellation

➢ Audio Recording
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MEMS Microphones – Performance
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MEMS Microphones – By player
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MEMS Microphones – Fields of Application
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MEMS Microphones: Capacitive Readout

- Which parts are moving?

- What are the holes for?

- Why is the bottom plate disconnected?
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- capacity change between a fixed plate (back-plate) and a movable plate 

(membrane) 

- Capacitive change caused by the sound, passing through the acoustic 

holes, that moves the membrane modulating the air gap comprised 

between the two conductive plates 

- The Ventilation hole allows the air compressed in the back chamber to 

flow out and consequently allowing the membrane to move back

MEMS Microphones

Source: ST Micro, Application Note 4426 
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MEMS Microphones: Capacitive Readout
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MEMS Microphones: Capacitive Readout
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MEMS Microphones – Fabrication process
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Sound Inlet Strategies

better protection from particles, easier assembly

better SNR, more challenging assembly

Source: ST Micro, Application Note 4426 
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MEMS Microphones – Knowles

Source:  http://uk.farnell.com

http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html

• Capacitive read out

• Surface micromachining → “SUMMiT V“ process

• For hearing aids

• More than 1 billion devices sold

1. surface and bulk micromachining

2. Diaphragm: low-stress polySi membrane

3. Back-Plate: thick polySi + highly tensile SiN (rigid reference electrode)
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MEMS Microphones – Knowles

Sourcee  http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html

• Capacitive read out

• “SUMMiT V“ process, 11 masks

• For hearing aids

• More than 1 billion devices sold
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MEMS Microphones – Knowles
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MEMS Microphones – Knowles

Sourcee  http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html

• Capacitive read out

• “SUMMiT V“ process

• Silicon nitride membrane

• Poly-silicon electrodes

• Layers thickness:

1 µm poly-Si, 1.5 µm Si3N4
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MEMS Microphones – Knowles

Sourcee  http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html

• “SUMMiT V“ process

• Partial dicing/sawing + cleaving
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MEMS Microphones – Knowles

• Separate electronics

• For hearing aids

• Mobile devices

• Acoustic port “far” away

1094 M.A. Huff et al.

Fig. 14.29 SEM image of the backplate from above showing damping holes (small), support posts,

and etch holes (large) (Reprinted with permission, copyright Knowles, Inc.)

Fig. 14.30 Cross-section diagram of the MEMS microphone sensor and circuit ASIC in the open

cavity package (Reprinted with permission, copyright Knowles, Inc.)

14.8.2.5 Silicon Resonator (SiTime)

Quartz crystal oscillators are mechanical resonator devices that exploit the piezo-

electric effect in quartz material to create an electrical signal with an extremely

precise frequency. These devices are used in a number of timing applications includ-

ing quartz clocks and wristwatches, stable and precise clocks for most electronic

systems, digital integrated circuits and computers, and frequency stabilization for

communication systems. The market for quartz crystals is very large and is currently

estimated to be over 17 billion devices sold each year.

Recently, silicon MEMS-based oscillators have been developed and introduced

into the marketplace to compete with quartz oscillators. There are basically two

approaches: one is to have a discrete MEMS oscillator that is pin-for-pin compatible

Source:  Reza Ghodssi, Pinyen Lin (Editors), “MEMS Materials and Processes Handbook”, Springer, 2011, DOI 10.1007/978-0-387-47318-5,

and  http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html
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MEMS Microphones – Knowles
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MEMS Microphones – Knowles
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MEMS Microphones – Die size reduction

Why is the Membrane the same size?

What allows size reduction of the chip?
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MEMS Microphones – Others

Sourcee http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html

Infineon

• Found in the iPhone 4

• Three electrodes

• Microphone diaphragm

• Top plate

• Poly-Si guard ring
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MEMS Microphones – Others

Sourcee  http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html

Analog Devices

• Found in the iPod Nano 5G

• Two electrodes

• Special springs to reduce

stress in membrane
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MEMS Microphones – Akustica (Bosch Group)

Sourcee  http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html

Akustica / Bosch Group

• First MEMS company that uses CMOS !

• Metal layers for diaphragm:

• M1 & M3

• CMOS will allow for

integrated electronics!

• Meander pattern to

reduce stress in

membrane
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Akustica: 1-chip vs. 2-chip solution

Image Source: Akustica
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MEMS Microphones – Akustica (Bosch Group)
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MEMS Microphones – Akustica (Bosch Group)
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MEMS Microphones – Differential Readout

http://www.analog-eetimes.com/news/mems-microphone-design-better-audio/page/0/1

- loud sounds - high deformations 

– distortions

- differential read-out

- Release 

Process?

- Spikes?

(Infineon)
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1) Particle damage → obstructing 

diaphragm motion

2) Stiction due to water damage

3) Stiction due to mechanical shock / 

acoustic overload. 

MEMS Microphones – Failure Mechanisms

Source: EDN Network

http://www.edn.com/design/analog/4457396/3/SmartEverything-and-the-rise-of-the-microphone-array
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MEMS Microphones – Moving to Piezoelectric

iMicronews Report 

22 Feb 2017

…stay tuned… 

- Particle and Humidity Tolerance

- Suitability for Arrays (Beamforming)

- Piezoelectric Materials
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MICROMACHINED 

ULTRASONIC 

TRANDSDUCERS (MUT)

Credits go to 

Prof. D. Horsley
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30+ Years of MUTs
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30+ Years of MUTs
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What has changed? What do we have now?

• Technology

– PZE materials have 

greatly improved

– Well developed 

manufacturing

– MEMS foundries

– Packaging…

• Market

– Strong market pull 

for new sensors

– IoT, drones, AuV, 

AR/VR, …

– Phones!
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Nature shows the way - Bats

• Use ultrasounds to navigate

• Identify insects from wing velocity

• Target mosquitoes from a meter away
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Existing (conventional) Ultrasonic Transducers

• High output pressure

• Directionality possible

• Inefficient coupling to air

– Matching layer needed

• Not suited for consumer electronics

• Lots of electronics to process signal
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MUTs – Micromachined Ultrasonic Transducers

• Extremely low power (15 µW)

• Long range (>1 m)

• Small size (1000x smaller than conventional)

• Digital interface

– All signal processing on-chip

– Autonomous operation for always-on sensing
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Features of MUTs

• Suspended plate

• Low acoustic impedance → Large coupling

• Array fabrication possible

• Plate properties tunable via micro-patterning
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Actuating Air-Coupled MUTs

• Goal: Large output pressure

– Large transducer displacement

– Piezoelectric actuation 
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Typical AlN PMUT cross section
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PZE materials for PMUTs

AlN PZT ZnO

Transmission 𝒆𝟑𝟏
C

m2 -1 -15 -1

𝜺𝟑𝟑,𝒓𝒆𝒍 10 1020 11

Reception
𝒆𝟑𝟏
𝜺𝟑𝟑

GV

m
-11 -1.6 -10



MICRO-534  /  Advanced MEMS / Acoustic Devices /  D. Briand, G. Villanueva 46

Time of Flight (ToF) with PMUTs
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How does it work ToF?

• What frequency is better to be used?

• What determines the accuracy?
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Air Absorption

Frequency Absorption loss Range

40 kHz 1 dB/m 10 m

200 kHz 10 dB/m 1 m

800 kHz 100 dB/m 10 cm
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Resolution, Accuracy, Bandwidth

𝚫𝒓 ≈ 𝚫𝑻 · 𝒄 ≈ 𝟎. 𝟒
𝒄

𝑩𝑾

𝚫𝑻

𝝈𝒓 ≈
𝒄

𝟐𝑩𝑾

𝟏

𝟐. 𝟏 𝑺𝑵𝑹
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Phased Arrays

• Using 2D arrays of PMUTs:

– Power scales 𝑵𝟐

– By dephasing each PMUT, we can control shape of beam

– Beam width 
𝝅

𝑵

– Spacing 
𝝀

𝟐
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Ultrasound Fingerprint Sensor

J. K. Schneider, “Ultrasonic Fingerprint Sensors”, Avances in Biometrics, 2008
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Operational Principle
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Biometric Identity
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Typical AlN PMUT cross section
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PMUT Cross-Section with electronics
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PMUT Design

𝑳 ↓ → 𝑫𝑷𝑰 ↑

𝑳 ↓ → 𝒇𝒓𝒆𝒒 ↑

𝑳 ↓ → 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 ↓
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PMUT Array Design
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Array of sensors
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Array of sensors
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Array of sensors
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Array of sensors
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MICROSPEAKERS
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Some new companies on the block
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XMEMS
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Arioso
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