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MEMS the World!



Un peu d’histoire…

• D’où viennent les MEMS?
– De la technologie CMOS!

• Les premiers MEMS viennent directement de
Transistors CMOS

• Tests dans les labos d’IBM et l’université de
Stanford, fin des années 60, pour réduire les
capacités de grille Cox, et augmenter la
vitesse de fonctionnement des transistors
MOS

• Début du micro usinage du silicium pour la
réalisation de composants mécaniques à
l’université de Stanford



Du Transistor MOS au MEMS…

• Vue en coupe (simplifiée) d’un transistor MOS 

Grille (Polysilicium)

Zone Dopée

Zone Dopée

Substrat Silicium

Oxyde de Grille



Du Transistor MOS au MEMS…

• Vue en coupe (simplifiée) d’un transistor MOS 

La grille est libre !



Transistor à grille résonante de 
Nathanson



Accéléromètres

3

MEMS Sensors in Consumer Electronics

New York Times, http://www.nytimes.com/2006/12/21/technology/21howw.html?th&emc=th



Analog Devices Polysilicon MEMS



Analog Devices Polysilicon MEMS



ADXL50 Sensing Mechanism

• Mesure d’une variation de capacité différentielle
• Sous l’effet d’une accélération, les plaques des capacités se
déplacent, et changent la tension de sortie

• Le circuit sur puce applique une tension de contre-reaction pour re-
centrer la masse et les plaques de la capacité



Analog Devices Polysilicon MEMS



Ø Digital Micromirror Device (DMD)
Ø Larry Hornbeck  Texas Instrument
Ø Commutateur mécanique de lumière
Ø Réseau de 1,3 millions de miroirs sur 2 cm²
Ø Chaque miroir 1/5 de diamètre de cheveu
Ø 1 miroir = 1 pixel
Ø Fabriqué sur une puce CMOS

DLP Imaging System



DLP Imaging System

Ø Digital Micromirror Device (DMD)
Ø Larry Hornbeck  Texas Instrument
Ø Commutateur mécanique de lumière
Ø Réseau de 1,3 millions de miroirs sur 2 cm²
Ø Chaque miroir 1/5 de diamètre de cheveu
Ø 1 miroir = 1 pixel
Ø Fabriqué sur une puce CMOS



Ø Not operating – parked at 0 degree
Ø On – Tilt +10 degrees
Ø Off – Tilt –10 degrees
Ø On/Off Switching – 1000 times/sec

Ø 848 x 600 DMD
Ø Consists of 508,800 tiny, 

tiltable mirrors
Ø A glass window seals and protects the mirrors.

DLP Imaging System



DLP Imaging System



Tête d’Imprimantes jet d’encre

Microtechnology group, TU Berlin



Systèmes d’Echographie

https://www.engineeringsolutions.philips.com/looking-expertise/mems-micro-devices/mems-micro-devices-
applications/capacitive-micromachined-ultrasonic-transducers-cmut/

CMUT: Capacitive Micromachined Ultrasonic Transducers



Micro Gyros

• Exemple Invensense
 

 
 
 

 
Figure 2: Fully functional, hermetically sealed, 3-axis gyroscope 
and standard QFN package. 
 
GYROSCOPE DESIGN 
 
Nasiri-Fabrication provides a platform well-suited for gyroscope 
design. The process provides controlled vacuum, thick 
structures, low parasitics, and built-in reliability. Nonetheless, 
the gyroscope design challenges are formidable. The design 
must work within the process: it must be robust against 
inherent process variations and against the package stresses 
brought on by low-cost packaging. The design must meet the 
consumer market demands of cost, size, performance, and 
reliability and the design cycle must meet the rapid 
development time required to be the first in the market. The 
key to meeting these challenges has been to comprehend the 
fundamental issues in gyroscopes and properly design the 
integrated system to compensate for the error sources.  This 
was achieved by developing good simulation capabilities and 
structured design flows.  While this already existed for the IC 
industry, this was relatively new for the MEMS industry. 
 
Mechanical Architecture 
 
MEMS vibratory gyroscopes measure rotation rate by vibrating 
a proof-mass and sensing the Coriolis force caused by angular 
velocity. Beyond the goal of making a vibrating structure that 
gives rise to a Coriolis force, the true goals of the gyro 
transducer are to minimize the error sources that corrupt the 
Coriolis signal and to simplify the IC architecture. The former is 
achieved by a design that minimizes Brownian noise, rejects 
external vibrations, survives shock, rejects package stresses, 
and minimizes cross-axis sensitivity. The latter is achieved by a 
design that has high transducer sensitivity, minimal quadrature, 
carefully designed resonant modes, and minimal parasitic 
capacitance. 

 
All InvenSense X- and Y-axis gyroscopes are based on coupled 
dual-mass (tuning fork) proof-masses that are driven out-of-
plane and generate Coriolis forces in-plane, as shown in Figure 
3. The vibration mode consists of a five-mass system. The two 
proof-masses translate out-of-plane coupled together through 
lever arms connected to three separate torsion plates. The 
torsion plates are mounted on springs that act as pivot points, 
which is the key to achieve vertical motion using thick silicon. 
Aluminum electrodes on the IC are located under the torsion 
plates forming parallel-plate electrodes that can exert torque 

on the torsion plates for actuation and detect the torsion plate 
angle for feedback to resonate and provide amplitude 
control.

  
Figure 3: X-axis gyroscope driven mode 

 
The coupled mass system is essential for rejecting external 
vibrations because the design is fully balanced and therefore 
does not move in response to linear acceleration. However, the 
first generation gyroscopes, which operated in the 12 kHz to 15 
kHz range, were found to respond to acoustic interference. 
Later generation gyros were designed to operate in the 25 kHz 
to 30 kHz range to avoid interference from sound and other 
ambient sources of noise found in consumer applications.  

 
The key to reducing size has been to improve the Coriolis 
sensing system. In the first generation sensors, the three 
torsion plates were connected to a sensing frame. The sensing 
frame was suspended such that it could only rotate. The 
Coriolis forces from the proof-masses created a torque that 
rotated the ring in plane. Motion of the ring was detected by 
capacitive combs. The full scale angular rate in image 
stabilization generated merely ~1Å of mechanical deflection of 
the sensing frame. Sensing the deflection required lots of 
capacitive combs and low-noise electronics. 

 
 
In the next generation InvenSense introduced patented “dual-
mode sensing,” in-which the two outer torsion plates are 
anchored to the substrate, and the center torsion plate is 
flexibly connected to the sense frame. By flexibly connecting 
the drive system and sense system, two resonant modes are 
created, and the drive resonant frequency is in the middle. This 
introduced several benefits including lower sensitivity variation 
as well as 2x higher mechanical sensitivity.  The design 
improvement resulted in smaller MEMS that met the same 
performance with higher resonant frequency to avoid the audio 
range. In the third and current generation, the sense frame was 
further optimized into a four-bar linkage. The Coriolis torque 
moves the four-bar linkage which is sensed in-plane using 
capacitive electrodes, as shown in Figure 4. The four-bar linkage 
has lower inertia than the corresponding rigid frame structure 
of the past. This generation also anchors the structure at two 
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CONCLUSION 
 
InvenSense entered the consumer market for gyroscopes in 
2006 based on Nasiri-Fabrication and novel dual-axis gyroscope 
design.  The fabrication platform has been proven to be 
reliable, low-cost, and suited for high volume production. The 
gyroscope design has met the market needs for size, cost and 
performance culminating with nearly 100 million units shipped.  
Continuing design innovation to reduce size, improve 
performance, and integrate additional sensors has earned 
InvenSense the technological leadership. InvenSense has 
enabled the motion processing market, with expected demand 
to reach over one billion units annually by 2015. InvenSense is 
preparing to meet this exciting demand by increasing capacity 
and to continually introduce high value products. 
 
Table 1: InvenSense gyroscope product history  
Product IDG-1000 IDG-600 IXZ-600 MPU-3000  

MP Date 2006 2008 2009 2010  

Gyro Axes X/Y X/Y X/Z X/Y/Z  

Package  6x6x1.4 
QFN 

5x4x1.2  
QFN 

5x4x1.2  
QFN 

4x4x0.9  
QFN 

mm3 

Die Size 12.2 7.4 7.4 6.7 mm2 

MEMS Area 4.1 2.8 2.8 2.9 mm2 

CMOS 
technology 

0.5um 0.35um 0.35um 0.18um  

Output  Analog Analog Analog Digital  

 

 
Figure 7: MPU-3000, 3-Axis gyroscope in 2.8mm x 2.4mm  
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Figure 8: MPU-3000, sensitivity variation of 30 units (90 axes) 
from -40ºC to 105ºC.  
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Figure 9: MPU-3000, Allan deviation for 4 units (12 axes) 
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Quelques exemples: Switches

• Menlo Micro
– Développé par GE pour des applications IRM



Résonateurs MEMS

• Résonateurs (SiTime), présents dans tous les 
produits Apple



Résonateurs MEMS Piezoélectriques

• Résonateurs piezoélectriques suspendus

PiezoElectrique

Electrodes



Tuners de téléphones portables



Historique

U. de Stanford 
K. Wise

U. of Michigan

R.S. Muller
Berkeley

1965-1970

1980
1990

2000
2010

1 eraccéléromètre

MEMS 1979

Stanford

1 eraccéléromètre

MEMS Produit!

15 ans

IBM

LIMMS
CNRS+U. Tokyo

U Limoges !!!

Airbags - Automobile
Electronique
Grand Public

Introduction 
de l’Iphone

Introduction 
de la Wii

2006

G. Rebeiz
U. of Michigan



LES ACTIONNEURS

• Comment ça bouge?
• Les MEMS = Electrostatique
• Un peu de piezoélectriques
• La force dérive de l’énergie potentielle de

capacités à gap
• Force non-linéaire, analyse des actionneurs

un peu compliquée



Les actionneurs à plaques parallèles
• Les MEMS sont des structures très “plates”
• L’actionneur à plaques parallèles génère la force -> 

c’est le moteur!

Dielectric layer

Moveable plate
Suspension spring

Electrostatic 
gap

Applied 
voltage

Fixed plate



Les actionneurs à plaques parallèles

• Vue en coupe d’un actionneur

V
!

k!
Fr!

Fe!hup!

Force électrostatique sur la plaque

Chapter 2

Parallel Plate Electrostatic
Actuator

2.1 Introduction

toto

2.2 Forces on a parallel plate actuator

A parallel plate actuator is shown on figure 2.1. It is a planar capacitor, with
one its electrodes suspended to a spring, allowing its vertical movement.
The second electrode is fixed, and covered with a thin dielectric layer. When
a voltage is applied on this structure, an electrostatic force is generated,
causing the plates to be attracted towards each other. The applied voltage
on the structure is V and the resulting electrostatic force is given by:

Fe =
1

2
Q.E (2.1)

Dielectric layer
!

Moveable plate
!

Suspension spring!

Electrostatic gap
!

Applied !

voltage
!

Fixed plate
!

Figure 2.1: Schematic view of a parallel plate electromechanical actuator

5

Force de rappel sur la plaque



Les actionneurs à plaques parallèles

• Forces sur l’actionneur
Les 2 forces Fe et Fr sont identiques

2/3 hup

V: 

Vp is: 



Les actionneurs à plaques parallèles

• Choses à se rappeler
Un actionneur à plaques parallèles est
Instable. L’entrefer ne peut être changé

Que sur une faible portion: 30% en théorie
10% max en pratique 

Les tensions d’abaissement sont de
Quelques dizaines de volts

La présence d’humidité affecte fortement
La fiabilité

2/3 hup



Les actionneurs à plaques parallèles

• Caractéristique C(V)



Les actionneurs à plaques parallèles
• La mécanique de l’actionneur est contre-

intuitive:
Pour une tension de commande donnée, plus le gap est petit, plus les 

forces sont grandes
(… et les dispos sont plus fiables, et les pooutres sont plus épaisses)

Ex. Le switch MEMS de Radant:



Petit Test
• Exemple: on considère deux plaques parallèles de

1m² séparées de 1m. A 15V de tension, quelle est la
force qui s ’exerce sur elles? 1µm x 1µm séparées
par 1µm? 1mm x 1mm par 1µm à 150V?

1m²x1m 1µm²x1µm
1mm²x1µm
150 Volts

1/2 e V²

Rapport Aire/gap²

Force Fy

1nN 1nN

1 1

1nN 1nN



Petit Test
• Exemple: on considère deux plaques parallèles de

1m² séparées de 1m. A 15V de tension, quelle est la
force qui s ’exerce sur elles? 1µm x 1µm séparées
par 1µm? 1mm x 1mm par 1µm à 150V?

1m²x1m 1µm²x1µm
1mm²x1µm
150 Volts

1/2 e V²

Rapport Aire/gap²

Force Fy

1nN 1nN 100nN

1 1 1 000 000

1nN 1nN 0,1 N !



Exemples
• Plein de MEMS!



Les actionneurs CombDrive

Fx
Fy

Plaque 1

Plaque 2

Plaque 3
V

Gap g

La plaque 2 est soumise à:
Fx=(1/2 e V²)(2t/g)

=1nN@15 volts
Indépendant de x!
Proportionnel à t



Les actionneurs CombDrive

Fx
Fy

Plaque 1

Plaque 2

Plaque 3
V

Gap g

La plaque 2 est soumise à:
Fx=(1/2 e V²)(2t/g)

=1nN@15 volts
Indépendant de x!
Proportionnel à t



Résonateurs acoustiques – Quelques 
calculs

• Les filtres de sélection de fréquences FBAR 
(Film Bulk Acoustic Resonators)

• Utilisés dans tous les Smartphones (~10 par 
Téléphones)

• Principe: On lance une onde de volume dans 
un matériau piézoélectrique (AlN) et on 
obtient une résonance acoustique fixée par 
l’épaisseur du matériau



Résonateurs acoustiques

Substrat

h

Résonance acoustique
d’épaisseur

Gap d’air

Matériau
PiezoElectrique

f
Transmission 1.8 GHz

50 MHz



Résonateurs acoustiques
• VAlN=10400 m.s-1
• f0=1.8 GHz

𝑉𝐴𝑙𝑁 = 10400 𝑚. 𝑠−1
𝑓0 = 1.8 𝐺𝐻𝑧

𝜆 =
𝑉𝐴𝑙𝑁
𝑓0

𝜆 =
10400
1,8.109

= 5,77µ𝑚

𝜆
2 = 2,88µ𝑚

ℎ =
𝑉𝐴𝑙𝑁
2𝑓0

𝑑ℎ
𝑑𝑓

= −
𝑉𝐴𝑙𝑁
2𝑓02

∆ℎ = −
𝑉𝐴𝑙𝑁
2𝑓02

∆𝑓

∆ℎ = −
𝑉𝐴𝑙𝑁
2𝑓02

∆𝑓

∆ℎ = −
10400

2.3,24.1018 ∆𝑓

∆ℎ = −
10400

2.3,24.1018 50.10
6

∆ℎ = −
1,04.104

2.3,24.1018 50.10
6

∆ℎ = −
52.1010

2.3,24.1018

∆ℎ = −8,02.10−8𝑚

Pour 1 MHz

∆ℎ = −16,04.10−10𝑚

50 MHz



Résonateurs acoustiques

• VAlN=10400 m.s-1
• f0=1.8 GHz ∆ℎ = −16.10−10𝑚



Conclusions - Takeaway

• Les MEMS sont des composants dérivés de la 
microélectronique:
– Applications grand public, fort volume

• La physique des MEMS est « classique »: 
mécanique + électrostatique

• Les applications sont principalement dans les 
smartphones

• Ces composants sont souvent disponibles 
pour d’autres applications (Arduino, Drones, 
projecteurs « head up » de voitures etc..) 


