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Dates Lectures

Lecturers Mean

27.02  [ensors part!
Exercices
12.03 Students presentations

hermal and gas sensors
30.04 Industrial seminar #4
Packaging
14.05 Industrial seminar #5

Quiz + oral exam instructions
Evaluation of the course
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MEMS MICROPHONES




ECMVS MEMS MICROPHONE MARKET EVOLUTION
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MEMS Microphones

Evolution of the audio part within the iPhone family

# of MEMS Mic (Smartphone) # of MEMS Mic (Head

Several Microphones for improved
» Hands-free calling

» Siri Voice Commands

» Audio Fidelity in Video Recording
» Noise Cancellation

» Audio Recording

" a

MEMS Microphones have become a
commodity

Manufacturers can select from multiple
vendors with similar performance
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Microphone SNR breakdown evolution - % - 2010/2022 .,

100% :
90%
80%
70%
60%
50%
40%
30%
20%
10%
0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

o

R

mLow SNR (<60dB)  mMid SNR (60<65dB) M High SNR (65<70dB) M Very High SNR (>70dB)



2016 Microphone MEMS Die Revenue Market Share by player
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MEMS Microphones — Fields of Application

MICROPHONE APPLICATIONS

o Wy © /; o
| i

Event localization

3 Hearing aids Office/Building surveillance
o Home care/Predictive diagnosis Headset & Throat mic
- Failure diagnostics (machine, Defusing/Assault Robots
pipes ...)
- Business communication
- Movie/audio making industry
M EMS >1M units
Microphone
has captured oM unies >1B units
the full range vee >100M units
of consumer command/Interface
products and Shock detection
markets
~—| - Voice Personal - Smart watch
Assistant (VPA) - Headset (over/on/in)
- Access by voice - Professional headset
command - Headset active noise cancellation
- Sound-activated - Earphones (Tethered, untethered)
devices - HMD (AR, VR

yNYOLE

" -

)7 | www.yole.fr | Acoustic MEMS and Audio Solutions n
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Transduction principle is the
coupled capacity change between @
a fixed plate and a movable plate.

- Which parts are moving?
- What are the holes for?
- Why is the bottom plate disconnected?



Electrode holed rigid and Fixed plate
Acoustic Holes  (Dback-plate)
! \ sound pressure
R R S - B
S L e LS e

o - p—

XXy
| o Teap X4
i pressure reference — I-._..a R
I (back-chamber) A—— A
/ nmpﬂ&ERSSEd membrane
Ventilation movable and conductive plate bending
Hole (membrane)

Source: ST Micro, Application Note 4426

- 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



Transduction principle is the
coupled capacity change between @
a fixed plate and a movable plate.




Transduction principle is the
coupled capacity change between @
a fixed plate and a movable plate.




Polysilicon
» Diaphragm
« Poly 1 —1um
_/
Oxide
(PSG)
\
» Sacrificial layer 2
* PSG - 3.6um
_/

Polysilicon

\
» Backplate
Electrode
« Poly 2 — 0.5um
J




Sound Inlet

\\\ J) )

ASIC Sensor Back Chamber

better protection from particles, easier assembly

Sound Inlet

Front
chamber

-

chamber

better SNR, more challenging assembly
Source: ST Micro, Application Note 4426



'MEMS Microphones — Knowles

» Capacitive read out

« Surface micromachining 2 “SUMMIT V* process
* For hearing aids

* More than 1 billion devices sold

Q{N OWILES
ACOUSTICS

Bockplale electrode
P Backplate

Bond paoad

Bond pod aL D/
DE;}E{DD Al
\ Substraote
Diaphragm .,f"f

1. surface and bulk micromachining
2. Diaphragm: low-stress polySi membrane
3. Back-Plate: thick polySi + highly tensile SiN (rigid reference electrode)

Source: http://uk.farnell.com
http://mwww.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.htmi
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'MEMS Microphones — Knowles

Backplate electrode
Air gap

Capacitive read out Bond pod
“SUMMIT V* process, 11 masks DE}E{DD :j:ID

For hearing aids
More than 1 billion devices sold

Diaphragm

i2e-JuL-86
KG

flexible
release and diaphragm
air damp hole

release hole

poly 2
top plate
interconnect

199853 5.8 kV . X688

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

Diaphragm hole

MEMS Backplate - SEM View
© 2011 by SYST US CONSULTING, all nghts reserved. Knowles SPU040SLESH — MEMS Microphone




Capacitive read out WD7 12: 53 29-AUG-886
KNOWLES SPB1B3BE3-—-5 RS
“SUMMIT Vv« process CHIPWORKS P2sSe
Silicon nitride membrane
POIy'Si |iC0n eleCtrOdeS silicon nitride membrane flexible diaphragm
Layers thickness: l nitride
. . poly 2 top plate
1 pm poly-Si, 1.5 pm SigN, stop
|
- : po,ly;» o bottom plate
WDhE 15: 31 12-JUuL-—-846 -
KNOWLES SPB183BES3 KG
CHIPWORKS
flexible g 4
release and diaphragm cavity
air damp hole
111943 5.8 kV X2.088K 15.0rn
release hole . Bockplate electrode
poly 2 Bond pod 7 99P /
top piate
interconnect

u:}qunnﬁ:j:u

Yy
%
!

L1

D iophragm

1889853 5.0 kV X608 09B.0rm

===

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



MEMS Microphones — Knowles _
° “SUMMIT V“ process obottomplaleconnection
 Partial dicing/sawing + cleaving

——————

chipworks

wppbm

top plate connection

bottom plate
sawn
edge
cavity
cleaved
~55 edge

substrate 500 um

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

Separate electronics

For hearing aids

Mobile devices

Acoustic port “far” away

Diaphragm & Back-plate
b 3

wall—¥%

| ]
/ Back Volume

MEMS
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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« The Package is composed by three portions of FR4 PCB

electrically connected with a conductive adhesive.
4.72mm x 3.76mm X 1.25mm
« The two dies are glued on the bottom portion of the

package and wire bonded.

« The ASIC die is encapsulated with a glob-top epoxy

- w“N
resin.

S ——

Package Side view

" Acoustic Port |’ =1 1o

[ p 4 2 portion
Glob-Top Wire bonding
Conductive Side
adhesive [ portion

- | Bottom
portion

Schematic package composition

SR SYSTEMPIu=
b

CONSULTING




'MEMS Microphones — Knowles

Package Opening — SEM top view
Bonding material: Gold

Bonding diameter: 20pm

Bonding number: 5

v Between ASIC & Package: 3
v' Between MEMS & ASIC: 2

© 2011 by SYSTEMPLUS CONSULTING, all rights reserved Knowles SPUO409LESH - MEMS Microphone

Package Opening — SEM top view

E-FFL MICRO-534 / Advanced MEMS / Acoustic Devices / D. Briand, G. Villanueva
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2006 Knowles S2.14, 1.6 mm x
1.6 mm, MEMS microphone die,
with a 0.64 mm diameter
diaphragm. The Knowles

microphones use a separate
N ASIC dia —

2007/2008 S3.15is 1.35 mm x
1.35 mm and features only two
bond pads, as compared to the
four seen on the S2.14. The
diaphragm is 0.64 mm in
diameter.

2010 S4.10 microphone. The microphone die is

only 1.1 mm x 1.1 mm, with a 0.64 mm
diaphragm. Itis worth noting that Knowles
does not appear to have changed the basic

layout of the technology, rather they have been

shrinking the die, thus allowing them to lower
the cost. They have achieved greater than

50% shrink in the die area between the S2.14

product and the newer S4.10 product, implying
a doubling of the chip yield per wafer, while

keeping the microphone diaphragm constant in

size.

/\
OO®
CHIPWORKS

Why is the Membrane the same size?
What allows size reduction of the chip?



Infineon

* Found in the iPhone 4

* Three electrodes
* Microphone diaphragm
* Top plate
* Poly-Si guard ring

“ connection

B
-

Sourcee http://lwww.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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Akustica / Bosch Group
First MEMS company that uses CMOS !
Metal layers for dlaphragm
* M1 & M3

CMOS will allow for
integrated electronics!

Meander pattern to
reduce stress in
membrane

passivation

M3

e =TT 7/, ,. .‘f~.

£L44 connection to“: \/’ /f\\/ '/ / // <Y/7

= lnterlor of d|e — ’/ 4 =/
i~ / e S \//\7/ = /\// [\ \J/\

(\——‘*/ ,/\/ f\M1 dlaphragm T P e \/ /) /

-//, )/, AL = —y ,»\
= -@‘T\///\/‘ Ve Sl =7 =/ W '
T4L LT —— NS V7 77 e — /" /‘— —_—
L7 ,’:3/\:/{ L) -"1(\ 5 /\ / <, » // =
S A=, W=~ |
Sl < S o S i ,\\k/f >
Acc.\V Spot Magn Det WD “0 Mm i ) -
10.00kV 3.0 1000x SE 135  Akustica AKU2000 P1 chipworks

Sourcee http://www.memsinvestorjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-applications.html
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Akustica: 1-chip vs. 2-chip solution

Akustica 2-chip MEMS Microphone Akustica Monolithic MEMS Microphone

MEMS Microphone Chip MEMS Microphone

Structure

Circutry Chip Circuitry Area

Image Source: Akustica
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MEMS Microphones — Akustica (Bosch Group)

SEMICON West, July 12, 2011

Bosch, Reutlingen Site(s)

>World’s Smallest Monolithic MEMS Device AKUSTI(A

Bosch Group

>Fully-Integrated Digital Microphone

>0.70mm? Single-Chip Die Includes
-Acoustic Transducer
-Pre-Amplifier
-Sigma-Delta Modulator

> 15t Akustica MEMS Microphone to leverage
Bosch MEMS Design & Production expertise

>Industry-Standard Form, Fit & Function

»>Used by World’s Leading PC OEMS

125 é%ﬂ Research and Technology Center North America

22 RTC5-NA, SEMICON West Presentation | 7/12/2011 | © 2011 Robert Bosch LLC and affiliates. All rights reserved.
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MEMS Microphones — Akustica (Bosch Group)

SEMICON West, July 12, 2011

AKU230 Digital Microphone

> Market need: Improved voice quality in
laptops for online communication

> Design Challenge: Overcome noisy notebook
environments

> Solution: Digital MEMS Microphones

-Enables movement of microphones to
laptop display

-Eliminates audio-signal interference from
RF and EM noise sources

-Single-wire stereo output for microphone
arrays

Interference-free audio

Audio signal with signal (digital microphone)
interference

(analog microphone)

1;;%5;9232 Research and Technology Center North America @ BOSCH

RTC5-NA, SEMICON West Presentation | 7/12/2011 | © 2011 Robert Bosch LLC and affiliates. All rights reserved
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MEMS Microphones — Differential Readout

Varas
Single Back-plate /’,7 f
I ] [ 1 L /] L /] [ ! ] [ 1 [ 1 II'IFG %
/\Diap hragm
Sound

-\
Dual Back-plate

Bottom Back-Plate

(Infineon)

-

e AP

- loud sounds - high deformations

— distortions
- differential read-out

- Release
Process?
- Spikes?
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MEMS Microphones — Failure Mechanisms

L B B B - - I
|

- N - - .. - - - - -
s s 4 » [rn ] ..

1) Particle damage = obstructing
diaphragm motion

2) Stiction due to water damage

3) Stiction due to mechanical shock /
acoustic overload.

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 Vesper VM1000 Piezoelectric Microphone

First piezoelectric MEMS microphone could disrupt consumer applications

P Vesper has developed the first piezoelectric MEMS technology ina

ey - . microphone. This breaks new ground in the MEMS microphone
world, which has been exclusively composed of capacitive silicon
MEMS for more than ten years. It is a very robust technology. The
VM1000 is an IP68 microphone, meaning it is water and dust proof,
taking a step toward the waterproof smartphone.

- Particle and Humidity Tolerance
VM1000 - Suitability for Arrays (Beamforming)

' . : - Piezoelectric Materials
Piezoelectric MEMS Microphone

pinzoelectric plates _
‘;._.\: e

e
y 5

.3

Incoming Sound

...stay tuned... Incoming Sound

= MICRO-534 / Advanced MEMS / Acoustic Devices / D. Briand, G. Villanueva 32

"ol il



" -

Credits go to

MICROMACHINED
ULTRASONIC
TRANDSDUCERS (MUT)

Prof. D. Horsley |

35



MOs
ARPLIFIER

PMUT
nticne Royer et al (Honeywell)
SNA 1983

ulr)
: ““\‘““?\\\1\\ : Ei:: C M U T
Haller & Khuri-Yakub
| simswnse — (Stanford)
- IUS 1994




. 30+ Years of MUTs

(Siemens)

Eccardt, Niederer, Scheiter,

Hierold

=
o)
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Nl >

CMOS technoloqgy

IUS 1996

30x30 CMUT Array

37
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~What has changed? What do we have now?

* Technology « Market
— PZE materials have — Strong market pull
greatly improved for new sensors
— Well developed — |oT, drones, AuV,
manufacturing AR/VR, ...
— MEMS foundries — Phones!
— Packaging...

== MICRO-534 / Advance d MEMS / Acoustic Devices / D. Briand, G. Villanueva
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« Use ultrasounds to navigate
* ldentify insects from wing velocity
« Target mosquitoes from a meter away




_ 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

2omm

muratamericas.com

== MICRO-534 / Advance d MEMS / Acoustic Devices / D. Briand, G. Villanueva
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Extremely low power (15 pW)
Long range (>1 m)
Small size (1000x smaller than conventional)

Digital interface
— All signal processing on-chip
— Autonomous operation for always-on sensing




Suspended plate

Low acoustic impedance - Large coupling
Array fabrication possible

Plate properties tunable via micro-patterning




« Goal: Large output pressure
— Large transducer displacement
— Piezoelectric actuation

Capacitive (CMUT) Piezoelectric (PMUT)
- -

Onide passivation
Top electrode

Silicon nitride membrane
Vacuum

Insulating layer

S. Shelton et al., IEEE 1US, 2009

R. Przybyla et al., IEEE Sensors J., 2011
Wygant et al., IEEE TUFFC 2009 Zyby 1






. PZE materials for PMUTs

| AN _PZT | ZnO_

C
Transmission e3q (F) -1 -15 -1
£33 rel 10 1020 11
) €31 GV
Reception -11 -1.6 -10
€33 m
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Time of Flight (ToF) with PMUTs

== MICRO-534 / Advanced MEMS / Acoustic Devices / D. Briand, G. Villanueva
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« What frequency is better to be used?
 What determines the accuracy?

i ‘

,h
|

I

l “l“l lllllllllllll el ” | l “““l Aadag
1L 1

|l
!‘l
Time

|

Time of Flight




Absorption loss

40 kHz 1 dB/m 10 m

200 kHz 10 dB/m Im

800 kHz 100 dB/m 10 cm
60

o
=]

.
(=)

[
O

PJ
o

—
o

Absorption CoefTicient, dB/m

?D'D 200 300 400 500
Frequency, kHz

D.A. Horsley, R.J. Przybyla, M.H. Kline, S.E. Shelton, A. Guedes, 0. lzyumin, and B.E. Boser,
IEEE MEMS 2016



Voltage
A

C
A.=~Ar-c~ 0.4— -““HWD%
r T C BW

Magnitude
A

C 1

Oy

NZBWZ_I\/m J P PR i S

= 2.15 x BW

Time
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« Using 2D arrays of PMUTSs:

— Power scales N?
— By dephasing each PMUT, we can control shape of beam

_ - Angle(degrees)  mmm X Axis
— Beam width — 0 s Y Axis
330 ”ﬁ\ 30
.2 = o
— Spacing 5 d |

/ 2’D'abrr‘ay:, %

MHEME




Ultrasound

Reference Image

A Single

Minutia Point

Key

56 Total
Minutiae

21 Total friensang
Minutiae

J. K. Schneider, “Ultrasonic Fingerprint Sensors”, Avances in Biometrics, 2008







_Biometric Identity

Epidermis

Level 2 Features: Minutia Points

N 722777 1) AW

FBI Standard 500 dpi S

Level 3

N

500+ dpi Pores

Sensor
Resolution
Requirement

Lateral | 500 dpi
Axial 200 ym

== MICRO-534 / Advance d MEMS / Acoustic Devices / D. Briand, G. Villanueva

"ol il






. PMUT Cross-Section with electronics

PMUT

evos A Bottomﬂ- Topl-h

Bonding  plactrode  Electrode Anchor




= z—oy ‘ 15 MHz;590dpi ‘
é 45 Iissinid | =Measurement in Fluid
lZ 5 5 o $ ) g P - SO
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g o I 1 L 1 ]
i 20 30 40 50 60 70
Length (um)
’ é 1.5 | «Measurement in Fluid
dy~1 ;..:— 1+
p~fxd, 2. .| ==
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a 0 1 1 1 1 J
g 20 30 40 50 60 70
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E # Theoretical
pry.FF T —
253 L“ —
Fill Factor (FF) & o 21 g1 o
ill Factor = © 15 25 35 45 55
Total Area a Fill Factor (%)
Anchor

Fill Factor | Pressure
at 500 um

18% 1.6 kPa
52% 8.1 kPa

X. Jiang et al, “Monolithic 591x438 DPI Ultrasonic Fingerprint Sensor,” IEEE MEMS 2016.




Array of sensors

" a

Parameters

Pixel size

Value
43x58um2 |

Resolution

582x431 dpi

Fill-factor

91.7%

6160 pixels

MICRO-534 / Ad
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\/do o gectmde ) 300 um

Top
m @\ { electrode
\ separation
Top electrode Eutectlc
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Bonding
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56 pixels measure§




MICROSPEAKERS




Arioso Systems

* Size: 10mm?

* Upto 120 dB SPC

* Tech:All-silicon Nanoscopic
Electrostatic Drive (NED)

AudioPixels

* Tech: Digital Sound
Reconstruction (DSR) - arrays
of pressure generating drivers

xMEMS

* Full bandwidth 20Hz-20kHz
with flat frequency response at
1 15dB SPL sealed

* Size: 50mm?

* Thickness less than Imm

* Better SPL/mm?

* Tech: Monolithically integrated
piezo-MEMS

yMOLE

M

- ARIOSO
SYSTEMS

U)SOUND

SONICEDGE#.

Sonic Edge

Principle: modulation of an
ultrasound signal to generate
a high-quality sound

USound

Size: 4.7mm x 6.7mm
Width: 1.6mm
Up to 74 dB SPC

* Tech: MEMS PZT actuators

with classic membrane on top




FULLY MONOLITHIC PIEZO-MEMS DESIGN
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Arioso
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